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Reactive electrophilic species (RES) have emerged in recent years as bona fide 

cellular signaling mediators, controlling myriad cellular processes. RES such as the 

lipid-derived electrophile (LDE) 4-hydroxynonenal (HNE) engage specific targets in 

cells featuring kinetically-privileged cysteine residues able to react rapidly with the 

RES. These modification events trigger signaling cascades to produce a cellular 

response. The growth of the RES signaling field has coincided with an explosion of 

interest in covalent drugs, which can target kinetically-privileged cysteines to produce 

a therapeutic effect. For instance, dimethyl fumarate (DMF; Tecfidera®)—a relatively 

simple electrophile—was approved in 2013 for the treatment of multiple sclerosis, and 

is now a multi-billion dollar drug. 

In spite of these advances, electrophile signaling and mechanisms of action of 

drugs that are believed to function through electrophile-signaling-like mechanisms 

remain particularly challenging to study. The pleiotropic nature of these molecules 

along with the often pleiotropic effects engendered by cellular electrophile exposure 

make pinning down the mechanisms by which they evoke cellular responses difficult. 

This is underscored by the fact that DMF was approved without a clear mechanism of 

action, and prior to our work there existed no identified target of DMF whose 
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modification was fully sufficient to explain the clinical effects of this drug, namely 

induction of apoptosis in immune cells. 

Herein, we leveraged our lab’s Targetable Reactive Electrophiles and Oxidants 

(T-REX) electrophile delivery platform to delineate a novel signaling cascade 

controlling apoptosis of neutrophils and macrophages in zebrafish exposed to DMF. 

Unlike previous studies proposing targets of DMF, knockdown or inhibition of the 

protein players we identified to control the effects of DMF—Keap1, Wdr1, Cfl1, and 

Bax—was able to fully suppress apoptosis of immune cells, clearly demonstrating the 

necessity of these proteins in DMF’s mechanism of action. 

Moving to the realm of RES signaling in regulation of mRNA, we sought to 

characterize the reported electrophile sensing abilities of two key, disease-relevant 

mRNA binding proteins (mRBPs), HuR and AUF1. These studies led us to identify an 

unexpected novel regulatory axis controlling the Nrf2-driven antioxidant response 

(AR), a key stress response pathway upregulated in cells exposed to oxidants and RES. 

Testifying to the pleiotropic nature of these regulatory events, HuR regulation of Nrf2-

mRNA produced divergent effects on AR under non-stimulated and HNE-stimulated 

conditions. Furthermore, in contrast to previous reports suggesting the electrophile-

sensing abilities of both HuR and AUF1, we found that only HuR features kinetically 

privileged HNE-sensing ability. 

Taken together, these studies have revealed novel signaling events controlling 

diverse cellular pathways/processes engendered by RES. Additionally, identification of 

a sufficient mechanism by which DMF functions and the privileged RES sensing ability 

of HuR point to inroads for novel/improved therapeutics for these druggable pathways. 
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1 CHAPTER 1 
 

ELECTROPHILE SIGNALING AND EMERGING IMMUNO- AND NEURO-
MODULATORY ELECTROPHILIC PHARMACEUTICALS 

 
 
This chapter is based on a manuscript published in Frontiers in Aging Neuroscience.1 
 
 
1.1 Abstract 

With a lipid-rich environment and elevated oxygen consumption, the central nervous 

system (CNS) is subject to intricate regulation by lipid-derived electrophiles (LDEs). 

Investigations into oxidative damage and chronic LDE generation in neural disorders 

have spurred the development of tools that can detect and catalogue the gamut of LDE-

adducted proteins. Despite these advances, deconstructing the precise consequences of 

individual protein-specific LDE-modifications remained largely impossible until 

recently. In this perspective, we first overview emerging toolsets that can decode 

electrophile-signaling events in a protein/context-specific manner, and how the 

accumulating mechanistic insights brought about by these tools have begun to offer new 

means to modulate pathways relevant to multiple sclerosis (MS). By surveying the latest 

data surrounding the blockbuster MS drug dimethyl fumarate that functions through 

LDE-signaling-like mechanisms, we further provide a vision for how chemical biology 

tools probing electrophile signaling may be leveraged toward novel interventions in 

CNS disease. 
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1.2 Introduction: Electrophile signaling in the CNS 

Both endogenous reactive electrophilic metabolites [e.g., lipid-derived electrophiles 

(LDEs)] and exogenous electrophilic agents are particularly relevant to the CNS. The 

abundance of polyunsaturated fatty acids (PUFAs) in neuronal membranes together 

with heightened reactive oxygen species (ROS) generation caused by high oxygen 

consumption drive LDE production.2 Further elevated build-up is implicated in 

neurodegenerative diseases.3 Although not the focus of this perspective, ROS levels are 

positively correlated with LDE levels, as ROS can oxidize PUFAs, generating LDEs.4 

Abundance of redox-active metals in neuronal tissues further assists LDE generation. 

By contrast, the key enzymes involved in LDE-detoxification [e.g., glutathione S-

transferases] are expressed at low levels in mammalian brain tissue.5 Collectively, these 

factors render the CNS rife with LDEs. Indeed, 4-hydroxynonenal (HNE, a prototypical 

LDE) accumulates to a greater extent (~2-fold) in the brain than other tissues in mice.6 

Other endogenous electrophilic metabolites, such as fumarate [a product of the TCA 

cycle 7, 8] and itaconate [produced by Irg1 in macrophages from cis-aconitate generated 

by the TCA cycle 9, 10] are also increasingly implicated as CNS signaling mediators 11. 

Great effort has thus been put forth to develop tools with which to study LDEs and their 

protein targets.   

 

1.3 High-throughput chemoproteomics methods to profile potential LDE sensors 

As methods to examine LDE-modifications have been reviewed extensively,12 we focus 

only on select target-identification and signaling-validation/interrogation tools. From 

the initial identification (in 1980) of HNE as a product of microsomal lipid 
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peroxidation13 to until mid-2013, all strategies to probe LDE-signaling relied on global 

administration of LDEs, which modifies many targets simultaneously. Among the bolus 

regimens, activity-based protein profiling (ABPP), pioneered in the 1990s, remains a 

go-to platform for target-ID.14 The ABPP-workflow to profile potential LDE-sensitive 

proteins15 consists of parallel test groups: globally LDE-treated (typically in 

lysates/homogenates) samples; and non-treated controls. Both groups are subsequently 

globally treated with a putatively more promiscuous, isotopically-labeled proxy 

electrophile probe, featuring an enrichment handle (e.g., biotin). Following enrichment, 

peptide-digest, and LC-MS/MS, hits are scored based on the ratio of their detection in 

the two groups (Figure 1.1A). ABPP is the first high-throughput platform capable of 

ranking hits quantitatively, while enabling the identification of LDE-modification sites. 

However, because ABPP relies on an indirect/loss-of-signal readout, different target 

spectra are obtained depending on the identity of proxy probe deployed, even for the 

same LDE assessed.16, 17 Setup in lysates lacks biological context, and analyses are 

inherently biased towards the detection of high-occupancy LDE-modifications. Recent 

advances in proteomic profiling techniques have attempted to obviate some of the 

limitations of traditional ABPP through, for instance, elimination of the need for proxy 

probe treatment.18, 19 
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Figure 1.1 ABPP and REX technologies profile LDE sensors and/or interrogate 
target-specific LDE signaling. (A) In ABPP, parallel test groups (typically 
lysates/homogenates) are first treated with the LDE of interest, or not treated (typically, 
DMSO control). Subsequently, both groups are treated with a broadly-reactive proxy 
electrophile probe, which is isotopically labeled. The samples are then mixed, enriched, 
digested, and subjected to LC–MS/MS, where loss of proxy probe labeling allows 
quantitative ranking of LDE modification events. (B) Top, In T-REX, a Halo-POI fusion 
is expressed in live cells, worms, or zebrafish. The system is then treated with a 
photocaged precursor to an LDE of interest (REX probe; see panel C). After removal of 
excess REX probe, the system is exposed to UV light (365 nm, 5 mW/cm2, 1–5 min) to 
liberate, in the vicinity of the POI, the LDE (in an amount maximally stoichiometric to 
the in vivo concentration of Halo-POI). Provided the POI is a kinetically-privileged 
sensor (KPS) of the LDE, it will react before the LDE diffuses away. LDE-sensing 
ability and downstream signaling effects can then be assayed by a number of 
downstream procedures.20 Bottom, G-REX is similar to T-REX except that it involves 
expression of HaloTag with no POI fusion. The liberated LDE (with maximum dosage 
equivalent to in vivo HaloTag concentration) is captured by endogenous KPSs, which 
are profiled by standard quantitative proteomics (e.g., SILAC, TMT) following 
enrichment and digest.20 Hits identified by G-REX can then be fed into the T-REX 
workflow to validate their LDE-sensing ability and investigate target-specific 
consequences of LDE modification. (C) REX probes are modular, bio-inert, bind 
selectively and irreversibly to HaloTag in vivo, and allow rapid release of LDEs on 
demand. (D) Technical controls in applying REX techniques include no treatment, light 
exposure alone, and REX probe treatment alone. Functional controls in applying T-REX 
include LDE-sensing-defunct mutant POIs (by mutation of the LDE-sensing cysteine) 
and split constructs where Halo and POI are expressed separately (conditions where the 
POI cannot be LDE-modified upon T-REX). Inset: capabilities of REX inaccessible by 
other tools. (E) Structures of select endogenous signaling LDEs and electrophilic drugs 
and inhibitors discussed in the text. 
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1.4 REX technologies profile LDE-responsive targets at low occupancy and 
probe on-target LDE signaling 

 
To address the longstanding problem underlying the lack of protein-specific tractability 

in LDE-signaling, T-REX (targetable reactive electrophiles and oxidants) was 

introduced in mid-2013 (Figure 1.1B).21 T-REX employs a HaloTag-fused protein of 

interest (POI) and a photocaged precursor to a specific LDE (REX probe hereafter). 

These biologically inert REX probes bind specifically and irreversibly to HaloTag 

(Figure 1.1C). Upon light exposure, the LDE is liberated in the vicinity of the Halo-

POI. If the POI is a sensor of the LDE, it is captured before diffusion away from the 

POI. T-REX thus provides a previously inaccessible opportunity to trace LDE-

information flow at the POI-specific level. It further informs quantitatively on ligand 

occupancy and modification-site-ID.22 With a clear link between occupancy and on-

target signaling, T-REX has shown that a subset of LDE-sensor proteins does not 

require high RES-occupancy to evoke a dominant signaling response: these proteins are 

termed kinetically-privileged sensors [KPSs23]. LDE occupancy ranges from ~10–30% 

for several KPSs studied, explaining why they are not scored as hits in ABPP. To enable 

high-throughput searches for KPSs, G-REX (global reactive electrophiles and oxidants) 

was developed.24 With omission of POI-fusion, LDE released from HaloTag is captured 

by KPSs. Standard enrichment and proteomics procedures enable rapid target-ID. 

Critically, hits can be faithfully validated by T-REX for LDE-sensitivity and signaling 

propensity (Figure 1.1B). As the amount of LDE delivered in vivo is tunable by 

adjusting the expression level of the Halo(POI), intracellular LDE dosage is controlled. 

Control of HaloTag-expression locale and light-exposure time offers spatiotemporal 
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resolution. REX approaches do rely on HaloTag-overexpression (with/without POI 

fusion) and UV light exposure (1-5 min at 5 mW/cm2); however, potential artifacts are 

controlled for by a suite of technical controls (e.g. UV light exposure alone; REX probe 

treatment alone) and RES-sensing-defunct-but-otherwise-functional mutant 

POIs/constructs (Figure 1.1D).  

 

1.5 LDE regulation of Keap1/Nrf2/antioxidant response (AR) signaling in 
multiple sclerosis (MS) 

 
Emerging classes of broad-specificity covalent drugs featuring electrophilic motifs 

similar to those in LDEs have recently received FDA-approval or entered 

clinical/preclinical trials for CNS-related diseases, e.g., MS (Figure 1.1E). MS is an 

incurable autoimmune disease characterized by chronic inflammation of the CNS. 

Plaque-like inflammatory lesions lead to damage of myelin sheaths, the protective, 

insulating coating of neurons.25 This damage ultimately produces the neurologic 

disabilities MS patients experience. MS lesions contain macrophages, T cells, 

antibodies and complement.26 Interestingly, mutations in immune genes comprise the 

largest group of genetic risk factors identified for MS.27 Thus, the immune system, 

which is itself heavily modulated by LDE signaling, is critically important in MS 

development/progression. Based on our latest understanding of electrophile signaling in 

the CNS and immune system, we here discuss how LDE regulation interplays with 

Keap1/Nrf2/AR signaling, a major stress defense pathway implicated in MS. 

The transcription factor Nrf2 drives the expression of a suite of antioxidant/detoxifying 

genes to mount a cytoprotective response, the AR.28 Nrf2-protein is activated in 
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response to LDE modification of Keap1, the negative regulator and cytosolic anchor of 

Nrf2. Nuanced regulatory mechanisms of Nrf2-mRNA under stress are also increasingly 

appreciated29 but poorly understood. Nrf2 plays key roles in CNS and autoimmune 

disease, particularly MS, through suppression of inflammation.30 In MS patients, Nrf2 

activation is a good predictor of therapeutic response to some MS drugs.31 Evidence for 

a protective effect of Nrf2 in MS has been demonstrated in experimental autoimmune 

encephalopathy (EAE) mice (a widely-used MS model), where activation of Nrf2 by 

electrophiles (e.g., sulforaphane; Figure 1.1E) significantly attenuates disease 

development/progression.32-34 The benefit of treating a rat EAE model with dihydro-

CDDO-trifluoroethyl-amide (CDDO-TFEA, a bardoxolone-methyl derivative and Nrf2 

activator; Figure 1.1E) appears to extend to remyelination of damaged neurons.35 

Despite these significant findings, studies involving global administration of reactive 

electrophiles fail to render unambiguous links between target engagement and 

signaling/therapeutic output. Our lab thus began to address some of these key questions. 

Applying T-REX against various controls documents that substoichiometric 

HNEylation of Keap1 alone is sufficient to trigger AR.22, 36 This finding opens the 

possibility of designing Keap1-selective electrophilic agents to upregulate Nrf2/AR. 

Because REX probe design is modular (Figure 1.1C), mechanisms-of-action (MOAs) 

and structure-activity relationships (SARs) of novel candidates can be studied using T-

REX. Another conflicting aspect surrounding the Nrf2/AR pathway in CNS-disease lies 

in the benefit of Nrf2-activation versus -inhibition. Many Nrf2-inhibitors and -inducers 

have reached late-stage clinical trials, although context-specific aspects (cell type, 

subcellular locale, disease stage/subtype, etc.) of Nrf2-regulation remain unsolved.30 
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For instance, low Nrf2-expression levels in neurons imply that neuroprotective effects 

of Nrf2 activation in MS lesions arise from another cell type.37, 38 T-REX-assisted 

Keap1-specific modification executed in particular cell types, and parallel assessment 

of inter- vs. intracellular Nrf2/AR-pathway communications is a promising way of 

shedding light on these unresolved questions. Because T-REX is a transient 

electrophile-delivery procedure, it is particularly suited to tackling these questions in 

sensitive cells, where classical genetic approaches involving persistent changes to gene 

expression may be detrimental. These examples underscore the need for understanding 

context-specific LDE regulation in disease. As we relate below, the recent emergence 

of broadly reactive electrophilic MS drugs further highlights the paramount importance 

of understanding electrophile signaling. 

 

1.6 Dimethyl fumarate in the treatment of MS 

Although no cure is currently known for MS, several disease modifying therapies 

(DMTs) have been FDA approved for the treatment of MS (Figure 1.2). These comprise 

small molecules, monoclonal antibodies, several formulations of the cytokine interferon 

1β, and glatiramer acetate, a mixture of random peptides. Generally, these drugs aim to 

reduce the destructive activity of immune cells in MS patients by: reducing their 

proliferation (teriflunomide, cladribine, mitoxantrone); preventing their recruitment to 

MS lesions (siponimod, fingolimod, ozanimod); targeting them for destruction by 

neutralizing cell surface markers (natalizumab, alemtuzumab, ocrelizumab, 

interferons); or inducing apoptosis (DMF, diroximel fumarate). The mechanism of 
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action of glatiramer acetate is complex and not fully understood, but it has been 

proposed to act as a decoy for activated T cells, diverting them from active MS lesions.39 

 

Figure 1.2 FDA approved DMTs for MS. Years listed indicate the year(s) FDA 
approval was granted for use in MS patients. 

 

Of the currently-approved therapies for MS, DMF (Tecfidera®) is one of the most 

promising. Its rapid approval followed two large-scale phase-III trials demonstrating the 

benefit of DMF treatment in relapsing MS patients.40, 41 DMF is an analog of the 

electrophilic metabolite fumarate and is believed to operate through LDE-signaling-like 

mechanisms. However, DMF was approved with no clear MOA, and critical questions 

still abound as to the most relevant molecular target(s) and downstream players 

necessary and sufficient for therapeutic output. What is clear from studies in animal 

models and MS patients is that DMF functions through suppression of inflammation 
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and complex modulation of the immune system.42 However, DMF also has detrimental 

systemic side effects likely arising from off-target protein modifications. Thus, 

understanding the precise MOA is key to the development of improved small-molecule 

therapeutics for MS. We here summarize select targets/pathways implicated in DMF’s 

MOA (Figure 1.3), with a view toward the role electrophile regulation plays in 

therapeutic effects. 

 

 

Figure 1.3 Simplified pathway diagram showing selected proposed targets of DMF 
and potential associated mechanisms at the molecular level. Solid arrows from DMF 
indicate literature evidence for direct binding to the target; dashed arrows indicate 
purported targets for which evidence of direct binding has not yet been provided (see 
text for detailed discussions). Thick dashed grey arrows indicate nuclear translocation 
events. Apart from Keap1, oligomeric states of proteins are depicted as monomeric for 
simplicity. Transcriptional co-regulators of Nrf2, NFκB, and CREB are omitted for 
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clarity. Note that the mechanism of inhibition of NFκB signaling by activated HCA2 
(grey arrow) remains poorly understood but is likely indirect.43 
 
 
1.6.1 Keap1/Nrf2/AR signaling 

As the master LDE sensor, Keap1 has long been suspected as a key DMF target. Nrf2-

driven genes are upregulated (10–30% from baseline) in whole blood samples from MS 

patients at 12 weeks post-DMF treatment.44 Similarly, cultured human, mouse, and rat 

astrocytes treated with monomethyl fumarate (MMF, to which DMF is rapidly 

converted by esterases in the body), or DMF upregulate Nrf2 protein levels and Nrf2-

driven genes; knockdown of Nrf2 suppresses these effects.45 In mice subjected to 

attenuated EAE, Nrf2-knockout (KO) ablates the ~20% reduction in clinical score (CS) 

upon DMF treatment, but CS is already increased by ~40% in the non-DMF-treated 

Nrf2-KO animals relative to wild-type (WT), complicating data interpretation. 

Because these studies sought to elucidate the role of Keap1-modification/Nrf2-

activation under conditions of bolus D(M)MF-administration wherein multiple proteins 

are modified, questions about the validity of these results have been raised. A study 

using an EAE model designed to mimic the most inflammatory phase of the disease 

found that both WT and Nrf2-KO mice feature a 40% reduction in mean CS following 

DMF treatment, compared to controls.46 The authors also replicated the attenuated EAE 

model used previously and demonstrated Nrf2-independence of CS reduction by DMF 

in this model, consistent with their data in acute EAE mice. These results likely imply 

that less subjective (and/or complementary) parameters than/to CS should be used to 

derive important conclusions. Trying to build a complete understanding from these 
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disparate data is further complicated by the inconsistent use of DMF and MMF which 

feature distinct pharmacokinetic properties.47 

Overall, although Nrf2 is clearly activated by DMF, this activation fails to fully account 

for the therapeutic effects. Ultimately, invoking Nrf2 activation (a cytoprotective and 

cell survival response) is somewhat contradictory to the clinically-relevant effects of 

DMF, i.e., immune-cell apoptosis.48 The latest efforts have thus been devoted to 

identification of additional targets/pathways relevant for DMF’s MOA beyond 

Keap1/Nrf2. However, as summarized below, no pathways/players reported to date are 

able to fully account for DMF-induced selective immune-cell depletion.  

 

1.6.2 PKCθ 

Recent efforts have utilized ABPP to mine the proteome for novel targets of DMF in 

activated primary human and mouse T cells.49 This experiment profiled ~2400 cysteines 

[~1% of total protein cysteines in the human genome50, 51], from which 52 cysteines 

(from 49 proteins) with ABPP ratio (DMF/control) >4 were designated as hits. The 

authors chose to study the kinase PKCθ because of its role in the activation of T cells, 

which is inhibited by DMF. Two cysteines were modified upon DMF treatment: C322 

(ABPP ratio 1.65) and either C14 or C17 (ABPP ratio 4.21). Because C14 and C17 are 

housed within the same tryptic peptide, the specific target cysteine was not identified. 

DMF treatment of activated PKCθ-KO T cells expressing PKCθ(WT or C14S/C17S) 

impairs the association of WT-PKCθ with CD28 (the event required for T-cell 

activation), but (C14S/C17S)-PKCθ is unresponsive. Critically, however, secretion of 

IL-2 is suppressed upon DMF-treatment of both WT- and (C14S/C17S)-expressing 
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cells, albeit to a lesser extent for the mutant (~5-fold suppression vs. ~12-fold for WT). 

Therefore, PKCθ is insufficient to fully account for DMF-induced output.  Because the 

study was performed in isolated T cells, the contribution of PKCθ to the MOA of DMF 

(a metabolically-active drug) in vivo remains unsettled. 

 
1.6.3 GAPDH 

Beyond studying potential targets profiled by proteomics strategies, known LDE 

sensors have also been investigated for relevance in DMF’s MOA. GAPDH, a key 

glycolytic enzyme, reacts with LDEs (e.g., HNE), leading to enzyme inhibition.52 A 

study using LC/MS analysis of purified GAPDH incubated with fumarate identified 

C149- (catalytic Cys) and C244-modifications (rat protein residue numbering).53 

Notably, prolonged (1h) treatment of GAPDH (~25 μM) with high concentrations of 

fumarate (50 mM) is required to achieve 80% inhibition. The same cysteines are 

modified (by 10–15%) by endogenous fumarate in GAPDH enriched from rat muscles, 

raising the question of ligand-occupancy on GAPDH-cysteine(s) available/required for 

therapeutic response following administration of fumarate-analog drugs. 

A more recent study sought to link D(M)MF-modification of GAPDH to immune 

modulation.54 Oral administration of D(M)MF to mice leads to monomethyl succination 

of the conserved catalytic-Cys in GAPDH (C150, mouse numbering); the corresponding 

cysteine (C152, human numbering) is modified in peripheral blood mononuclear cells 

(PMBCs) derived from MS patients. IL-1β production and translocation of NF-κB in 

peritoneal macrophages, and differentiation of T cells are affected by DMF. However, 

conclusive links between these effects and precise target-engagement remain limited as 
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the authors relied on another electrophilic GAPDH-inhibitor, heptelidic acid55 [Figure 

1E], as a proxy for GAPDH-inhibition by D(M)MF. Heptelidic acid treatment reduces 

EAE CS by ~30%, on-par to experiments using D(M)MF.46 However, as covalent 

inhibitors often have vastly-different pharmacokinetics and off-target spectra, despite 

their apparent chemical similarity and/or a common protein target, the use of a different 

electrophile precludes unambiguous assignment of GAPDH as a key player in the MOA 

of D(M)MF. 

 

1.6.4 HCA2 

Hydroxycarboxylic acid receptor 2 (HCA2; also known as GPR109A) is a G protein-

coupled membrane receptor. HCA2-activation downregulates lipolysis43 and inhibits 

inflammation through suppression of NFκB signaling.56 MMF is a known agonist of 

HCA2 with a similar EC50 of activation to that of nicotinic acid (9.4 and 2 μM, 

respectively), a well-characterized agonist.57 HCA2-KO EAE mice show no significant 

change in CS upon DMF treatment compared to ~60% reduction for WT animals.58 

DMF reduces neutrophil infiltration into EAE lesions in WT mice by 30% but not in 

HCA2-KO mice. Demyelination is not reduced in HCA2-KO mice upon DMF treatment, 

although HCA2-KO alone, without DMF treatment, decreases demyelination by ~35% 

compared to the ~50% reduction measured in DMF-treated WT animals. Induction of 

some Nrf2-driven genes by DMF is impaired upon HCA2-KO, which, given the data 

discussed above on Nrf2-independence in DMF’s MOA,46 may imply DMF-induced 

crosstalk between these pathways. It would be interesting to address whether 

membrane-targeted G-REX would detect HCA2 as a sensor of DMF, and subsequently 
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deploy T-REX to dissect potential crosstalk between modified-HCA2 and 

Keap1/Nrf2/AR. Feasibility of such an analysis is supported by our recent data 

illuminating a nuanced LDE-modulated crosstalk between Keap1/Nrf2/AR, β-TrCP, 

and Wnt pathways, that is masked under bolus electrophile-dosing strategies.59 

 

1.6.5 p65 and IκBα 
 
NFκB signaling is another well-appreciated LDE-modulated pathway. The NFκB 

transcription factor p65 is modified by alkyne-functionalized DMF.60 In MCF7 cells, 

DMF suppresses NFκB activity by 75%, and this effect is abrogated in cells expressing 

the sensing-defunct-mutant (C38S)-p65. Inhibition stems from a suppression of p65 

nuclear translocation and DNA-binding ability upon DMF modification. Similar results 

have been reported using U2OS cells.61 IκBα, the negative regulator of NFκB and a 

known LDE sensor, may also be targeted by DMF, although direct modification has not 

yet been demonstrated.62 Overall, the relevance of NFκB signaling in DMF’s MOA has 

not been explicitly evaluated experimentally in MS patients or animal models, although 

the relative benefits, drawbacks, and challenges of modulation of this pathway in MS 

have been reviewed extensively.63  

 

1.6.6 RSK/MSK kinases 
 
DMF reportedly inhibits MSK and RSK kinases, downstream effectors in MAP-kinase 

cascades.64 In vitro, DMF (but not MMF) inhibits RSK2 in a dose-dependent manner.65 

Co-crystallization of the C-terminal kinase domain of RSK2 with excess DMF revealed 

C599- and C436-modifications. In vitro and in cells, mutation of C599 to valine ablates 
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DMF-induced RSK2-inhibition. The kinetics of DMF adduction of RSK2 appear to be 

quite slow (48-h treatment yielding ~50% inhibition). Typical second-order target-

adduction rates for approved covalent drugs [kinact/Ki~104–106 M–1 s–1]12, 66 cast doubt 

on RSK2 as a physiologically-relevant target. Since access to C599 is obscured upon 

kinase activation (based on the crystal structure), and as ERK-signaling (upstream of 

RSK) is chronically upregulated in MS,67 the extent to which C599 is accessible for 

DMF-target-engagement remains unclear. These studies further highlight that data 

obtained using supraphysiological amounts of LDEs/drugs must be interpreted 

carefully: of the two cysteines modified under co-crystallization conditions, only one 

transpired to be (potentially) functionally relevant. 

 

1.7 LDE signaling in stress defense, aging, and MS etiology 

Age-related disorders share several interesting overlaps with autoimmune diseases such 

as MS, particularly in the CNS. The aging process is characterized by accumulation of 

molecular damage by reactive species, reminiscent of the damage that occurs in MS 

lesions 68. Not surprisingly, LDEs accumulate with age in the brain. For instance, protein 

adducts with the LDE malondialdehyde range from 1.5–2-fold higher in various regions 

of the brains of old-age individuals compared to middle-age individuals 69. Studying the 

mechanisms by which these age-dependent accumulations occur may offer insight into 

disease-stage-dependent LDE accumulations that have been observed in MS lesions 70. 

Although LDEs that accumulate in aging and MS have long been regarded as toxic, 

damaging species, their roles as signaling mediators, particularly in cytoprotective and 

stress-defense pathways, are now well appreciated 12.  
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Many outstanding questions remain as to how and why LDE signals maintain 

organismal homeostasis, and how such protective mechanisms relate to aging and MS 

pathophysiology. On the one hand, endogenous LDE accumulation is appreciated to be 

localized and generally context-specific 4. Localized stress responses 71 play critical 

roles for local governance of neuronal cell function and subcellular homeostasis, such 

as localized protein synthesis in extended axons and dendrites 72. Beyond proteome-

level responsivity to localized production of stress signals, transcriptome-level 

operations such as mRNA trafficking in neurons are also acutely responsive to 

subcellular stress 73. Given the heightened significance of LDE-related electrophilic 

drugs, the ability to precisely perturb and probe LDE-associated stress response 

mechanisms and players that support these subcellular activities will be a major step 

forward toward understanding how context-dependent deregulation occurs in aging 74 

and in MS. For instance, G-REX targeted to particular subcellular locales in neurons 

can profile first-responder proteins to localized LDE generation. Although the 

compatibility of REX technologies to complex vertebrate animals such as larval 

zebrafish is encouraging 75, zebrafish MS models are still in their infancy 76. Future tool 

development and effort should thus focus on multidiscplinary approaches such that LDE 

signaling can be studied in the most biomedically-relevant context. 

 
 
1.8 Conclusions and outlook 
 
Functionally sufficient molecular targets and genetically necessary downstream players 

in DMF’s MOA altogether remain murky. General issues that persist in the LDE 

signaling field12 further cloud our understanding. Still, DMF is to-date a promising 
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small-molecule-based treatment for MS and a second-generation DMF-analog, 

diroximel fumarate (Vumerity®), has recently been approved by the FDA 77 (Figure 

1.1E). As more electrophilic pharmaceuticals come onto the scene, demand is growing 

for a better understanding of the functionally relevant targets of these reactive 

pleiotropic ligands and the mechanisms by which they exert their beneficial (or adverse) 

responses. The electrophile-signaling field is uniquely poised to offer critically needed 

insights into these novel pharmacophores, and the suite of tools now available will 

doubtless play a key role in these ongoing and future endeavors. 
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2 CHAPTER 2 

WDR1 AND COFILIN ARE NECESSARY MEDIATORS OF IMMUNE-CELL-
SPECIFIC APOPTOSIS TRIGGERED BY TECFIDERA ENGAGEMENT 

WITH KEAP1 
 

This chapter is based on a manuscript submitted for peer review.* 
 
2.1 Abstract 

Despite the emerging importance of reactive electrophilic drugs, deconvolution of their 

principal target(s) remains difficult, as exemplified by the data reviewed in Chapter 1. 

Notably, lack of genetic tractability/interventions and reliance on secondary validation 

using other non-specific compounds are common limitations that contribute to the 

difficulties in earmarking individual binders as functionally/phenotypically-sufficient 

pathway regulators (should such regulators even exist). Using our T-REX electrophile 

delivery platform to interrogate how on-target binding of pleiotropic electrophiles 

precisely translates to a phenotypic output of interest in vivo, we here systematically 

track the signaling axis selectively controlling innate immune cell apoptosis engendered 

by the blockbuster electrophilic-drug dimethyl fumarate (Tecfidera®). In a process 

largely independent of canonical Keap1/Nrf2/AR-signaling, Keap1-specific 

modification releases Wdr1 from Keap1 binding, and subsequent coordination with 

cofilin and Bax elicits apoptosis of neutrophils and macrophages. 

 

 

 
* Work performed in collaboration with Drs. Marcus Long and Saba Parvez, and Tim Huang. 
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2.2 Introduction 

As explained at length in Chapter 1, dimethyl fumarate (DMF; Tecfidera®) is a poignant 

example of our inability to understand the biological effects of broadly reactive 

electrophilic pharmaceuticals. In spite of the numerous protein targets proposed for this 

molecule, necessary targets and a functionally sufficient mechanism of action have not 

been conclusively identified. The recent explosion of interest in electrophilic drugs like 

DMF and diroximel fumarate (Vumerity®) highlights the need to better understand how 

these drugs bring about their therapeutic effects. For instance, appending an electrophile 

(e.g. acrylamide) to a specific inhibitor can confer improved 

pharmacokinetic/pharmacodynamic properties in some cases,51, 78 but can cause 

seriously detrimental side effects in others.79 A key factor in maximizing beneficial 

effects while minimizing toxic/deadly side effects is an accurate understanding of the 

mechanisms by which these drugs function and identification of their principle targets. 

Unfortunately, particularly in the case of broadly-reactive electrophilic drugs such as 

DMF, this remains a formidable challenge. 

 

DMF functions to a significant extent through suppression of the immune response and 

inflammation that are root causes of the nervous system damage MS patients experience 

(see Chapter 1 for more details).25 Immune suppression is often ascribed to immune-

cell-specific apoptosis, although mechanisms remain unknown.80, 81 Ultimately, no 

proposed target has been shown to be fully sufficient to account for the therapeutic 

effects of DMF. Nevertheless, the myriad proposed targets of DMF, along with the 
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demonstrated independence of Nrf2 in DMF’s mechanism of action have detracted 

attention from the originally proposed target, Keap1. 

 

Our on-target signaling-interrogation tool, T-REX,22 that is compatible with zebrafish82 

(´Z-REX´ hereafter), presents an opportunity to revisit Keap1 as a relevant DMF target. 

As introduced in Chapter 1, Z-REX targets a specific electrophile to a protein of interest 

with spatiotemporal control (Appendix 1 Figure A1.1A). Thus, Z-REX has the ability 

to mimic on-target electrophilic drug interaction. Against a suite of controls (see 

Chapter 1 Figure 1.1B), Z-REX allows us to unequivocally ascribe signaling events 

triggered by electrophile modification of a given protein against an otherwise largely 

unperturbed cellular backdrop. Critically, the ability of Z-REX to deliver an electrophile 

that can mimic the effects of DMF to particular proteins of interest offers an inroad to 

studying the mechanism of action of DMF in living systems. 

 

We here leverage Z-REX to link measurable phenotypic outcomes in live fish following 

electrophile modification of Keap1, which we believe remains the most likely sensor of 

DMF as the master electrophile sensor in vertebrate systems. We discovered a 

neutrophil- and macrophage-specific apoptosis pathway that is triggered by Keap1-

engagement with some but not all electrophiles. Subsequent studies allowed us to 

delineate a pathway from electrophile-modified Keap1 to Bax-triggered apoptosis. 

Critically, knockdowns of the proteins identified in this pathway suppress apoptosis 

upon exposure of larval zebrafish to DMF. 
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2.3 Results 

2.3.1 Keap1-specific electrophile labeling elicits selective loss of neutrophils and 
macrophages 

 
2.3.1.1 RNA-seq screen highlights Keap1-modification-specific downregulation of 

immune cell-specific transcripts 
 
We chose to study a commonly-proposed target of DMF, Keap1, a master electrophile 

sensor conserved between zebrafish and humans.83 Keap1 is challenging to study by 

traditional means as knockout is not well tolerated generally, and causes misregulation 

of pathways critical to normal drug metabolism.12, 28 Keap1 additionally regulates 

numerous cellular responses beyond canonical Nrf2/AR signaling,84 but these pathways 

are understudied and have not been investigated in relation to DMF’s mechanism of 

action. Z-REX is an ideal platform to study effects specifically triggered by Keap1 

electrophile modification in otherwise largely unperturbed zebrafish embryos. This 

method is non-invasive and fish viability and development is not affected by the 

procedure.82  Z-REX additionally has an extensive built-in set of controls (Appendix 1 

Figure A1.1A).  

 

A central hypothesis of this project was that one of the α,β-unsaturated enal electrophiles 

in our Z/T-REX toolbox22 would mimic the effects of DMF modification of Keap1. We 

began by launching an RNA-seq screen to identify differentially expressed genes in 

zebrafish embryos following Keap1 electrophile modification (Appendix 1 Figure 

A1.1A).12 In these experiments, we used Z-REX to deliver either 4-hydroxynonenal 

(HNE) or 4-hydroxydodecenal (HDE) to human Keap1 expressed in zebrafish embryos. 
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Upregulation of several Nrf2-driven transcripts28 confirmed Keap1 modification by 

HNE and HDE [Figure 2.1A and C, in green (l)]. 
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Figure 2.1. Immunity-related genes and neutrophils are suppressed in zebrafish 
embryos following Keap1-specific hydroxynonenylation. Also see Appendix 1 
Figures A1.1, A1.2, and A1.3A–B; and Tables A1.1– A1.2. 
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(A) Volcano plot of differential expression data from RNA sequencing of embryos 
subjected to Keap1-hydroxynonenylation by Z-REX. Statistically-significant 
differentially-expressed (SDE) genes are marked in non-grey dots: SDE Nrf2-driven 
AR genes in green (l); SDE immunity-related genes in red (l); and all other SDE genes 
in blue (l). See also Appendix 1 Tables A1.1– A1.2.  
(B) qRT-PCR analysis validated suppression of immunity-related genes in zebrafish 
embryos following Z-REX-assisted Keap1-specific hydroxynonenylation. P values 
were calculated with ANOVA and Tukey’s multiple comparisons test was used to 
calculate corrected p values (see also Appendix 1 Figure A1.1B). 
(C) Same as in (A) except Z-REX-mediated modification of Keap1 was executed with 
a different electrophile, HDE, resulting in no suppression of immunity-related genes 
(although modification efficiency of Keap1 by HDE is similar to HNE)85 but 
upregulation of AR genes [marked in in green (l)]. Grey dashed lines designate that 
the indicated gene was not SDE in this comparison. See also Appendix 1 Tables A1.1– 
A1.2. 
(D) Z-REX-mediated Keap1-hydroxynonenylation, but not Z-REX-technical controls 
(see Appendix 1 Figure A1.1A), caused depletion of neutrophil count in 
Tg(lyz:TagRFP), in which neutrophils are labeled with TagRFP.  
(E) Replication of the same experiment as in (D) in fish expressing Halo-P2A-Keap1, 
which cannot undergo Keap1-hydroxynonenylation by Z-REX (see Appendix 1 Figure 
A1.1A), did not cause depletion of neutrophil count.  
(F) Quantitation of neutrophil levels in Tg(lyz:TagRFP) following Z-REX (against all 
technical controls) using photocaged Z-REX probes, Ht-PreH(D)NE, delivering 
HN(D)E. Note: signal-to-noise in the neutrophil picking experiments (E and F) is 6:1, 
so gene expression changes rendering signal below detection levels cannot explain this 
loss of neutrophils. Tukey’s multiple comparisons test was used to calculate corrected 
p values (see also Appendix 1 Figure A1.1B). 
All data present mean±SEM. All p values for differential expression in RNA seq were 
calculated with CuffDiff. 
 

Interestingly, several immune-cell-specific transcripts: lyz, mpx, mpeg1.1, and coro1a 

(Figure 2.1A, in red (l); Appendix 1 Table A1.1–A1.2), were depleted following 

Keap1-HNEylation. We corroborated these results using qRT-PCR, which showed 

suppression of the same genes relative to all Z-REX technical controls.82 (Figure 2.1B 

in red (l); Appendix 1 A1.1B). Intriguingly, HDEylation of Keap1 caused no such 

depletion of immune transcripts (Figure 2.1C; Appendix 1 Table A1.1–A1.2), even 
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though these embryos upregulated Nrf2-driven transcripts similarly to those that had 

undergone Z-REX delivery of HNE [Figure 2.1C, in green (l)]. 

 

2.3.1.2 Neutrophil/macrophage depletion accompanies Keap1-specific 
hydroxynonenylation  

 
We rationalized that our RNA-seq results could be explained either by a transcriptional 

effect or by loss (death or suppression of proliferation) of a subset of immune cells, as 

our RNA was isolated from whole zebrafish embryos. To test the latter possibility, we 

made use of a reported transgenic zebrafish line, [Tg(lyz:TagRFP)],86 in which 

neutrophils are labeled with TagRFP. Expression of Keap1 alone had no effect on 

neutrophil count (Appendix 1 Figures A1.1A, A1.1C, A1.2A-B). However, when we 

executed Z-REX delivery of HNE to Keap1 in these fish, we observed a significant 

reduction in neutrophil count (Figure 2.1D–F). This explains our RNA-seq 

observations, as these cells express the transcripts we observed suppression of. 

Importantly, when we replicated our Z-REX procedure with a construct unable to 

undergo Keap1 HNEylation (Appendix 1 Figure A1.1A, see ‘non-targetable P2A-

construct’), no change in neutrophil counts was observed (Figure 2.1E–F). Thus, this 

loss of neutrophils is specifically ascribable to HNEylation of Keap1. We found that 

this effect was transient, as by 18h-post Keap1 HNEylation, neutrophil count had 

returned to control levels (Appendix 1 Figure A1.2C). Finally, consistent with our RNA-

seq data (Figure 2.1C), no loss of neutrophils was observed following HDEylation of 

Keap1 using Z-REX (Figure 2.1F). 
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We investigated the generality of this effect using another transgenic line, 

Tg(mpeg1:eGFP),87 wherein macrophages are labeled with eGFP. Similar to our 

neutrophil data and consistent with our RNA-seq data, we also observed a drop in 

macrophage count following Z-REX HNEylation of Keap1 (Appendix 1 Figure A1.3A). 

The fold change in both neutrophil and macrophage count was similar to the fold change 

in immune-specific gene expression we observed in our RNA-seq experiments 

(Appendix 1 Figure A1.3B). Thus, immune-specific gene expression is attributable to 

loss of neutrophils and macrophages following Keap1 HNEylation. 

 

2.3.2 Keap1-modification elicits apoptosis of neutrophils and macrophages 

To pinpoint the mechanism(s) by which neutrophil and macrophage counts were being 

suppressed, we first counted these cells over time following Z-REX HNEylation of 

Keap1. Over our typical 4 h time course in control embryos neutrophils increased by 

1.5-to-1.8-fold (Figure 2.2A, l). In embryos subjected to Z-REX HNEylation of Keap1, 

there was no change in neutrophils over this time course (Figure 2.2A, n). In contrast, 

macrophage counts in control embryos remained steady (Appendix 1 Figure A1.3C, l) 

over 4 h but decreased around 2 h post-Keap1-HNEylation; these counts returned to 

control levels by 4 h post-Keap1-HNEylation (Appendix 1 Figure A1.3C, n). No 

change in neutrophil or macrophage counts was observed when these experiments were 

replicated with the P2A Keap1 construct, which cannot be HNEylated under Z-REX 

conditions (l vs. n in Figure 2.2B and Appendix 1 Figure A1.3D). 
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At this juncture, we hypothesized that neutrophils and macrophages were likely being 

lost by apoptosis. Staining of embryos subjected to Z-REX Keap1 HNEylation revealed 

colocalization of active Caspase-3 with the RFP neutrophil marker (Figure 2.2C and 

Appendix 1 Figure A1.3E). There was no general induction of apoptosis across the 

embryo, consistent with the generally non-invasive nature of Z-REX. 
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Figure 2.2. Keap1-hydroxynonenylation-promoted neutrophil loss proceeds via 
Nrf2-independent apoptosis. Also see Appendix 1 Figures A1.3C–D, and A1.4–
A1.6. 
(A and B) Neutrophil levels were tracked over time following Keap1-
hydroxynonenylation by Z-REX (n) [against untreated control (l)] in Tg(lyz:TagRFP) 
expressing either Halo-TEV-Keap1 (A) or Halo-P2A-Keap1 (B). Halo-P2A-Keap1 
control construct (Appendix 1 Figure A1.1A inset) cannot undergo Keap1-
hydroxynonenylation via Z-REX.  
(C) Whole-mount immunofluorescence (IF) staining (Appendix 1 Table A1.8) of active 
Caspase-3 (the key apoptotic executioner Caspase) and neutrophils in Tg(lyz:TagRFP) 
embryos following Keap1-hydroxynonenylation by Z-REX. Scale bars, 500 μM. Box 
in Merge panel marks the area magnified in the lowest panel. White arrows mark 
colocalization events. 



 

30 

(D) The equation used to calculate fold change (shown in inset panels in many 
subfigures). This value takes into account the starting number of immune cells and 
allows a fair comparison between different sets. The value emerges to be independent 
of starting immune-cell count and development.  
(E) Keap1-hydroxynonenylation with Z-REX was performed in Tg(lyz:TagRFP) 
embryos co-injected with control MOs, or MOs targeting Nrf2a or Nrf2b (500 μM). 
(ATG-MO: an MO targeting the translation start site; SPL-MO: an MO inhibiting 
splicing). Inset at right: analysis of fold change (Z-REX/non-treated) in neutrophil 
count promoted by Keap1-hydroxynonenylation. See also Appendix 1 Figure A1.4. P 
values in black were calculated with two-tailed unpaired Student’s t test; P values in 
blue were calculated with ANOVA and Tukey’s multiple comparisons test (see also 
Appendix 1 Figure A1.1B). 
(F) Treatment of Tg(lyz:TagRFP) embryos with two inhibitors of Caspase-3 [AZ 
10417808 (reversible, non-peptide) and Z-DEVD-FMK (covalent)] ablated Z-REX 
promoted neutrophil loss. Inset at right: analysis of fold change (Z-REX/non-treated) 
in neutrophil count promoted by Keap1-hydroxynonenylation. P values in black were 
calculated with two-tailed unpaired Student’s t test; P values in blue were calculated 
with ANOVA and Dunnett’s multiple comparisons test (see also Appendix 1 Figure 
A1.1B). 
(G) Treatment of Tg(lyz:TagRFP) embryos with Calpain inhibitor I had no effect on Z-
REX-promoted neutrophil loss. Inset at right: analysis of fold change (Z-
REX/corresponding non-Z-REX-condition) in neutrophil count promoted by Keap1-
hydroxynonenylation. P values were calculated with two-tailed unpaired Student’s t-
test (see also Appendix 1 Figure A1.1B).  
(H) Treatment of Tg(lyz:TagRFP) embryos with Bcb suppressed Z-REX-promoted 
neutrophil loss. Inset at right: analysis of fold change (Z-REX/corresponding non-Z-
REX-condition) in neutrophil count promoted by Keap1-hydroxynonenylation. P values 
were calculated with two-tailed unpaired Student’s t-test (see also Appendix 1 Figure 
A1.1B).  
All data present mean±SEM. 
 

2.3.3 Keap1-modification-dependent immune cell apoptosis is Nrf2-independent 

Canonical Keap1/Nrf2/AR-signaling is essential for healthy development and also 

promotes resistance to chemical stresses.28 Nonetheless, there are some sporadic links 

of Keap1/Nrf2/AR-signaling to apoptosis.88, 89 The Nrf2 pathway is widely postulated 

to be a target of DMF, although as explained in Chapter 1, emerging data indicate that 

therapeutic efficacy of DMF is unaltered in Nrf2-knockout mice.90  
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To examine whether apoptosis of neutrophils triggered by Keap1-HNEylation was 

dependent on Nrf2, we performed neutrophil counting experiments in embryos depleted 

of either Nrf2a or Nrf2b, the paralogs of Nrf2 in zebrafish. Knockdown of either of these 

paralogs had no effect on suppression of neutrophils following Z-REX Keap1-

HNEylation (Figure 2.2D-E and Appendix 1 Figure A1.4A). Thus, our identified 

suppression of neutrophils following Keap1-HNEylation is independent of Nrf2. 

 

We also examined the effects of Nrf2-knockdown or -overexpression alone. Nrf2-

overexpression alone led to an increase in neutrophil counts (Appendix 1 Figure A1.4B), 

possibly due to effects on zebrafish development. Importantly, this result lends credence 

to the Nrf2-independence of neutrophil loss engendered by Keap1-HNEylation: if Nrf2 

upregulation following Keap1-HNEylation was required for neutrophil apoptosis, we 

would expect Nrf2 overexpression to phenocopy this effect. Knockdown of Nrf2a/b 

alone (without concomitant Keap1-HNEylation) led to decreased neutrophil counts 

(Appendix 1 Figure A1.4C). Together with the overexpression data, this likely indicates 

that Nrf2 signaling is somewhat antagonistic to HNEylated-Keap1 apoptosis induction. 

 

2.3.4 Immune cell apoptosis requires Caspase-3 and Bax, but is independent of 
calpain 

 
Building on our active Caspase-3 colocalization experiments, we used two different 

Caspase-3 inhibitors—Z-DEVD-FMK and AZ-10417808 (a highly selective, non-

electrophilic, non-peptide inhibitor;91 Appendix 1 Figure A1.2A)— to substantiate our 

earlier data. Treatment with either of these inhibitors fully ablated Keap1-HNEylation 
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induced neutrophil and macrophage loss (Figures 2.2D, 2.2F, Appendix 1 Figure A1.5), 

confirming that Caspase-3-dependent apoptosis was responsible for the loss of these 

cells. Moving further upstream in the apoptosis signal cascade (Appendix 1 Figure 

A1.5B), we found that inhibition of Calpain (which signals through Caspase-12 and 

Caspase-9;92, 93) had no effect on neutrophil loss triggered by Keap1-HNEylation 

(Figures 2.2D, 2.2G). In contrast, inhibition of the mitochondrial apoptosis pathway 

(controlled by Bax and functioning through Caspase-894 or through Caspase-995) using 

Bax channel blocker significantly suppressed Keap1-HNEylation-mediated loss of both 

neutrophils (Figures 2.2D, 2.2H) and macrophages (Figures 2.2D, Appendix 1 A1.6B). 

This compound was validated in HEK293T cells, where it successfully suppressed cell 

death induced by SMBA1, a Bax-specific agonist.96 

 

Moving upstream of the mitochondrial apoptosis pathway, we found that inhibition of 

p90RSK (an anti-apoptotic protein that positively regulates Bcl-XL and Bcl-2, which in 

turn restrict the pro-apoptotic Bax97) with BI-D1870 (Appendix 1 Figure A1.2A) 

increased the extent of macrophage loss following Keap1-HNEylation (Figure 2.2D, 

Appendix 1 Figure A1.6C). Taken together, these inhibitor studies point to an 

intersection of HNEylated-Keap1 with the mitochondrial apoptosis pathway at or 

upstream of Bax (Appendix 1 Figure A1.5B). 
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2.3.5 Wdr1 links Keap1-specific hydroxynonenylation to apoptosis 

Having identified HNEylated Keap1 as the initiator of our apoptotic pathway and Bax- 

and Caspase-3-dependent apoptosis as the ultimate effectors, we next sought to identify 

the proteins that linked these two processes. To examine how the interactome of Keap1 

changes following Keap1-HNEylation, we performed Keap1-pulldown experiments in 

SILAC HEK293T cells expressing Halo-Keap1 and subjected to T-REX HNEylation of 

Keap1 (Appendix 1 Figure A1.1A inset, Figure A1.7A). Over two independent co-

immunoprecipitation experiments, we identified 25 Keap1-binding partners affected by 

Keap1-HNEylation: 11 proteins lost affinity to Keap1, and 14 increased association 

with Keap1 (Appendix 1 Figure A1.7B–C; Tables A1.3–A1.4). 

 

We next designed MOs against all proteins identified in our SILAC experiment for 

which we could find a zebrafish ortholog (Zbed3 was the only hit for which no ortholog 

could be identified). For genes with two paralogs, both were tested in the following 

experiment, giving us a set of 30 different MOs to test. Our validation experiment was 

designed to identify a hit that would (1) not significantly perturb neutrophil count upon 

knockdown alone but (2) rescue Keap1-HNEylation-triggered loss of neutrophils. MOs 

targeting lmna, pou3f2a, and taf9 were found to cause excessive toxicity and were not 

investigated further. Of the remaining MOs, Keap1-HNEylation in these morphants 

produced a loss of neutrophils broadly similar on average to that in Control MO-injected 

fish (Figure 2.3A, central dashed line).  
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Figure 2.3. Wdr1 links hydroxynonenylated Keap1 to Bax-dependent apoptosis. 
Also see Appendix 1 Figures A1.7–A1.11; and Tables A1.3–A1.4. 
(A) Keap1 binding partners altered upon Keap1-specific-hydroxynonenylation 
identified by SILAC proteomics (see Appendix 1 Figure A1. 7 and Tables A1.3–A1.4) 
were knocked down using MOs targeting indicated genes (Appendix 1 Table A1.6) in 
Tg(lyz:TagRFP), and Z-REX-mediated Keap1-hydroxynonenylation was performed in 
these knockdown backgrounds. X-axis: the effect of the knockdown alone on neutrophil 
count; Y-axis: the fold change in neutrophil count following Z-REX-mediated Keap1-
hydroxynonenylation. These effects were not correlated by three different statistical 
tests (calculated with Prism). See also Appendix 1 Figure A1.8.  
(B) HEK293T transfected with either empty vector or Flag-Wdr1 were treated with 
staurosporine for 18 h and Caspase-3 activity was measured. P values were calculated 
with two-tailed unpaired Student’s t-test (see also Appendix 1 Figure A1.1B).  
(C) HEK293T transfected with either empty vector or Flag-Wdr1 were treated with 
staurosporine and/or Bcb (as indicated) for 18 h and Caspase-3 activity was measured. 
See also Appendix 1 Figures A1.9B–C. P values in black were calculated with two-
tailed unpaired Student’s t test; P values in blue were calculated with ANOVA and 
Dunnett’s multiple comparisons test (see also Appendix 1 Figure A1.1B). 
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(D) HEK293T subjected to T-REX-mediated Keap1-hydroxynonenylation and 
staurosporine stimulation showed Caspase-3-activity upregulation; treatment with Bcb 
ablated this effect. See also Appendix 1 Figures A1.9B and D. P values in black were 
calculated with two-tailed unpaired Student’s t test; P values in blue were calculated 
with ANOVA and Tukey’s multiple comparisons test (see also Appendix 1 Figure 
A1.1B).  
(E) HEK293T cells expressing shWdr1 or shControls were subjected to T-REX-
mediated Keap1-hydroxynonenylation in the presence of staurosporine, and Caspase-3 
activity was measured. See also Appendix 1 Figure A1.10. P values in black were 
calculated with two-tailed unpaired Student’s t test; P values in blue were calculated 
with ANOVA and Tukey’s multiple comparisons test (see also Appendix 1 Figure 
A1.1B). 
(F) Antioxidant response (AR) activity was measured in the same lysates from (E) to 
evaluate the intersection of Wdr1 with Keap1/Nrf2 signaling. (AR is assayed by 
measuring expression of firefly luciferase, which is driven by a Nrf2-responsive 
reporter, relative to expression of renilla luciferase, which is driven by a constitutive 
reporter. This assay is used throughout this work to measure AR). Inset at right: Fold 
change (T-REX/light alone) in AR in each knockdown background. P values were 
calculated with ANOVA and Tukey’s multiple comparisons test was used to calculate 
corrected p values (see also Appendix 1 Figure A1.1B).  
(G) Similar experiment as in (E) to measure Caspase-3 activity in HEK293T cells 
expressing shCfl1 or shControls. See also Appendix 1 Figures A1.10–A1.11. P values 
in black were calculated with two-tailed unpaired Student’s t test; P values in blue were 
calculated with ANOVA (see also Appendix 1 Figure A1.1B).  
All data present mean±SEM.  
 

However, two morphants stood out in this analysis: slc4a1ap and wdr1, both of which 

transpired to be more than three standard deviations above the mean neutrophil change 

(Figure 2.3A upper dotted line, Appendix 1 Figure A1.8B, Table A1.3). Of these two 

hits, only wdr1 satisfied both of our criteria above (although we found no correlation in 

general between basal effects of MOs and the corresponding effect on Keap1-

HNEylation induced neutrophil loss). Intriguingly, Wdr1 has been linked to 

misregulated apoptosis and inflammatory response,98 as well as neutrophil development 

in zebrafish.99 
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2.3.6 Electrophile regulation of Keap1 controls Keap1/Wdr1-apoptotic axis in 
cells and fish 

 
We proceeded to pursue cell-based experiments to investigate the mechanistic details of 

Wdr1 involvement in this pathway. Keap1-HNEylation by T-REX in HEK293T cells 

upregulated endogenous Wdr1 expression, consistent with our SILAC data (Appendix 

1 Figure A1.9A-C). We hypothesized that Wdr1 release from Keap1 could be modeled 

by Wdr1 overexpression. Indeed, overexpression of Wdr1 in HEK293T cells 

upregulated Caspase activity with or without co-stimulation with staurosporine (Figure 

2.3B). Inhibition of Bax partly suppressed this upregulation (Figure 2.3C). Returning to 

our T-REX system to HNEylate Keap1 in cells, a Caspase-3 inhibitor was able to inhibit 

apoptosis induced by Keap1-HNEylation (Appendix 1 Figure A1.9D). To further probe 

the (in)dependence of Nrf2 in this pathway, we measured AR levels in cells 

overexpressing Wdr1. We observed a Bax-independent increase in AR (Appendix 1 

Figures A1.9E-G), likely due to competition of Wdr1 with Nrf2 for Keap1 binding.100 

 

We next showed that our HNEylated-Keap1 induced apoptosis pathway is functional in 

HEK293T cells, albeit at a modest scale compared to neutrophils/macrophages (Figure 

2.3D, first 4-bars). Bax channel blocker suppressed apoptosis triggered by Keap1-

HNEylation (Figure 2.3D). AR upregulation following Keap1-HNEylation was 

unaffected by Bcb (Appendix 1 Figure A1.9G). HNEylated-Keap1 apoptosis induction 

was dependent on Wdr1 in cells, as Wdr1-knockdown cell lines failed to upregulate 

caspase activity following T-REX HNEylation of Keap1 (Figure 2.3E, Appendix 1 

Figures A1.10A–B). The same Wdr1-knockdown cells upregulated AR to a 
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significantly lower extent (Figure 2.2D, 2.3F), consistent with an intersection between 

Keap1/Nrf2/AR and Keap1/Wdr1-apoptosis axes through Keap1. 

 

2.3.7 Cofilin is downstream of Wdr1 in the Keap1-hydroxynonenylation-
induced apoptotic cascade  

 
Wdr1 has been reported to promote mitochondrial apoptosis in concert with cofilin 

(Cfl1).101 To investigate whether Cfl1 was involved in the HNEylated-Keap1–Wdr1 

apoptosis pathway, we used three different Cfl1-knockdown HEK293T lines. No 

upregulation of caspase activity was observed in these lines upon T-REX HNEylation 

of Keap1 (Figure 2.3G; Appendix 1 Figures A1.10A, A1.10C). These lines did not show 

significant changes in Wdr1 levels upon Cfl1-knockdown (Appendix 1 Figure A1.10B). 

There was no significant difference in AR upregulation upon Keap1-HNEylation in 

Cfl1-knockdown lines (Figure 2.2D, Appendix 1 Figure A1.11), ruling out changes in 

AR as an explanation for these data. 

 

 
2.3.8 Wdr1 and cofilin mediate bolus electrophile-induced neutrophil and 

macrophage apoptosis in zebrafish 
 
We next sought to test the hypothesis we laid out at the beginning of this chapter: that 

HNE was a suitable proxy for DMF in these studies. Thus we proceeded to investigate 

the pathway we identified under conditions of bulk exposure of zebrafish embryos to 

either HNE or DMF. Under similar electrophile exposure timescales, treatment of 

zebrafish embryos with HNE or DMF (25 or 50 μM) led to loss of neutrophils and 

macrophages compared to untreated embryos (Figure 2.4A). Interestingly, bulk 
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exposure of embryos to HDE led to no changes in neutrophil count (Figure 2.4A), 

consistent with our Z-REX data above. These data confirm that HNE, but not HDE, 

mimics the effects of DMF. 

 

 

Figure 2.4. Bulk exposure of embryos to HNE or DMF triggers Bax-dependent 
apoptosis of neutrophils. Also see Appendix 1 Figures A1.12–A1.15.  
(A) Tg(lyz:TagRFP) embryos expressing Halo-TEV-Keap1 were treated at 30 hpf with 
HNE or DMF or HDE for 6 h at indicated concentrations (up to maximum tolerable 
amount prior to cytotoxicity), and then neutrophils were counted. P values were 
calculated with ANOVA (see also Appendix 1 Figure A1.1B), and Dunnett’s multiple 
comparisons test was applied to calculate corrected p values in HNE and DMF data sets. 
Note that for the left two plots, the non-treated data are the same, but are presented in 
each plot for clarity. 
(B) Similar experiment as in (A) except with or without simultaneous administration of 
Bcb. Inset at right: Fold changes (treated/non-treated) in neutrophil counts. P values 
were calculated with Student’s unpaired t-test (see also Appendix 1 Figure A1.1B). Note 
that the non-treated data are the same, but are presented in each plot for clarity. 
All data present as mean±SEM.  
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Consistent with our Z-REX data, neutrophil loss induced by bulk exposure of embryos 

to HNE or DMF was Nrf2-independent (Figure 2.2D, Appendix 1 Figure A1.12) but 

Bax-dependent (Figures 2.2D, 2.4B). MOs targeting Wdr1 and Cfl1 completely 

suppressed the loss of immune cells triggered by HNE or DMF exposure (Figure 2.5A, 

Appendix 1 Figures A1.13A–C). Knockdown of Keap1b fully suppressed DMF-

induced neutrophil loss, whereas Keap1a-knockdown incompletely suppressed DMF-

induced neutrophil loss (Figure 2.5B, Appendix 1 Figure A1.14). This result testifies to 

the Keap1-dependence of this pathway. It is not entirely surprising that the Keap1 

paralogs had different effects on this pathway; zebrafish paralogs in general and Keap1 

paralogs in particular are known to have differing functions. Interestingly, however, 

knockdown of GAPDH, a proposed alternative target of DMF (see Chapter 1),102 had 

no effect on neutrophil loss following Z-REX HNEylation of Keap1 or DMF exposure 

(Appendix 1 Figures A1.15A-C). 
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Figure 2.5. Bulk exposure of embryos to HNE or DMF triggers Wdr1- and cofilin-
dependent apoptosis of neutrophils. Also see Appendix 1 Figures A1.12–A1.15.  
(A) Similar experiment as in Figure 2.4A except Tg(lyz:TagRFP) embryos were 
injected with Halo-TEV-Keap1 and the indicated MO (500 μM). See also Appendix 1 
Figure A1.12. In all cases (A–D), embryos were exposed to HNE or DMF at 30 hpf, and 
neutrophils were counted at 36 hpf. Inset at right: Fold changes (treated/non-treated) in 
neutrophil counts in each knockdown background. P values in black were calculated 
with two-tailed unpaired Student’s t test. P values in blue were calculated with ANOVA 
and Dunnett’s multiple comparisons test (see also Appendix 1 Figure A1.1B).  
Note that the non-treated data are the same, but are presented in each plot for clarity. 
(B) Tg(lyz:TagRFP) embryos were injected with MOs targeting Keap1a, Keap1b, both, 
or control MO (500 μM). See also Appendix 1 Figure A1.13. At 30 hpf, embryos were 
treated with DMF for 6 h, then neutrophils were counted. Inset: Fold changes 
(treated/non-treated) in neutrophil counts in each knockdown background. P values in 
black were calculated with two-tailed unpaired Student’s t test. P values in blue were 
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calculated with ANOVA and Dunnett’s multiple comparisons test (see also Appendix 1 
Figure A1.1B).  
(C) Model of the newly-discovered Keap1-modification-specific apoptotic axis 
necessary for DMF mode-of-action in immune-cell depletion. Upon Keap1-
electrophile-modification, Wdr1 is released from Keap1-binding. In concert with 
cofilin, Wdr1 promotes Bax-dependent mitochondrial-targeted activation of Caspase-3. 
All data present as mean±SEM.  
 

 
2.4 Discussion 

The data in this chapter indicate that Keap1 is a sufficient target of DMF. Following 

electrophile modification of Keap1, Wdr1 is released and in concert with Cfl1 activates 

mitochondrial apoptosis through Bax and Caspase-3. In contrast to previous reports of 

DMF targets, knockdown or inhibition of each of the protein mediators we identified 

suppressed DMF-induced immune cell loss, clearly demonstrating the necessity of each 

protein in the mechanism of action of DMF. The pathway we identified fully explains 

DMF induction of apoptosis in neutrophils and macrophages, key players in chronic 

inflammation and demyelination in MS patients.103 Identification of this pathway could 

prove to be a key stepping stone to dialing in future drugs to react more specifically with 

Keap1 while minimizing detrimental off-target side effects commonly experienced by 

patients taking DMF. Further studies are needed to uncover the factors controlling the 

immune-cell specificity of this apoptosis-induction pathway. This may well be 

attributable to the dependence of this pathway on Wdr1, which is known to be a critical 

player in immune cells. Wdr1-mutant mice misregulate inflammatory pathways, 104 and 

mutations in Wdr1 in human neutrophils have also been reported.105 More in-depth 

understanding of Wdr1 will also like prove valuable to future autoimmune drug 

development endeavors. 
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This chapter also demonstrates the utility of Z/T-REX in unraveling the complex 

mechanisms of action of reactive electrophilic drugs. Z/T-REX is the only platform 

currently available to study specific electrophile modification events in the backdrop of 

an otherwise unperturbed system. In combination with bulk exposure experiments with 

the drug, Z/T-REX allowed us to carefully identify each protein player necessary in this 

pathway. Z/T-REX also allowed us to make the surprising discovery that deceptively 

simple differences in electrophiles (namely HNE vs. HDE) can control the induction of 

specific signaling pathways. This finding also lends credence to the notion that future 

optimization of DMF and related drugs could be tuned to react specifically with their 

targets, avoiding off-target effects.  
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3 CHAPTER 3 

POST-TRANSCRIPTIONAL REGULATION OF NRF2-mRNA BY THE 
mRNA-BINDING PROTEINS HuR AND AUF1 

 
 
This chapter is based on a manuscript published in the FASEB Journal.106* 
 

3.1 Abstract 

The Nrf2 signaling axis is a target of covalent drugs and bioactive native electrophiles. 

However, much of our understanding of Nrf2 regulation has been focused at the protein-

level. Here we report a post-transcriptional modality to directly regulate Nrf2-mRNA. 

Our initial studies focused on the effects of the key mRNA-binding protein (mRBP) 

HuR on global transcriptomic changes incurred upon oxidant or electrophile 

stimulation. These RNA-sequencing data and subsequent mechanistic analyses led us 

to discover a novel role of HuR in regulating Nrf2 activity, and in the process, we further 

identified the related mRBP AUF1 as an additional novel Nrf2 regulator. Both mRBPs 

regulate Nrf2 activity by direct interaction with the Nrf2 transcript. Our data showed 

that HuR enhances Nrf2-mRNA maturation and promotes its nuclear export; whereas 

AUF1 stabilizes Nrf2-mRNA. Both mRBPs target the 3′–UTR of Nrf2-mRNA. Using 

a Nrf2-activity reporter zebrafish strain, we document that this post-transcriptional 

control of Nrf2 activity is conserved at the whole-vertebrate level.  

 

 
* Work performed in collaboration with Dr. Marcus Long, Michael Disare, Dr. Xuyu Liu, Dr. Sung-Hee 
Chang (Weill Cornell Medicine), and Prof. Tim Hla (Boston Children’s Hospital/HMS). 



 

44 

3.2 Introduction 

The Nrf2 signaling axis is the cell’s linchpin stress defense,107 whereby the central 

player, the Nrf2 transcription factor, controls the expression of numerous genes for 

cytoprotection and detoxification.28 Nrf2 upregulation accompanies cell stimulation 

with reactive electrophilic and oxidative species (RES/ROS), which are increasingly 

appreciated as bona fide cell signaling cues.12 Upon stimulation with either endogenous 

or environmental RES/ROS, the cell mounts a stress defense through upregulation of 

the Nrf2 pathway. Fundamentally, this upregulation of Nrf2 follows RES/ROS 

modification of Keap1 (introduced in Chapter 2), which functions to: (1) maintain low 

steady-state levels of Nrf2 protein under non-stress conditions and (2) sense RES/ROS 

signals. This protein-level regulation of the Nrf2/AR pathway has been extensively 

studied.28 Beyond Keap1, other protein-level regulators such as b-TrCP, which 

independently maintains low steady-state levels of Nrf2-protein in non-stimulated cells 

through Nrf2-proteasomal targeting, are also well understood.108, 109 Deregulation of 

protein-level control of Nrf2 transcriptional activity is common in various cancers.110 

Recent efforts to modulate Nrf2 signaling by targeting protein-based Nrf2-regulators 

like Keap1 have underscored the pharmaceutical relevance of this pathway.111  

 

In addition to protein-level regulation of Nrf2, some microRNAs (miRNAs) target this 

pathway either by direct Nrf2-targeting, or targeting of other protein-regulators such as 

Keap1.112 However, expression of these miRNAs tends to be highly tissue/context-

specific. A general regulatory mechanism (e.g., through interaction with a ubiquitously-

expressed protein) of Nrf2 activity at the mRNA level has not been reported.  
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Regulation of mRNA is a complex process that can be mediated through 

structural,113  sequence,114 or epitranscriptomic115 elements within a transcript. The 

ubiquitously-expressed mRNA-binding protein (mRBP) HuR (ELAVL1) is a postulated 

stress-relevant protein that binds to AU-rich sites within regulatory mRNA targets and 

regulates their expression via post-transcriptional mechanisms.116 These binding sites 

typically reside within 3′–untranslated regions (UTRs) of target transcripts. However, 

binding within introns, coding regions, and 5′–UTRs has also been observed. Regulation 

of mRNA targets by HuR can occur via direct binding, or indirectly by miRNA-

dependent mechanisms.117, 118  

State-of-the-art sequencing techniques such as PAR-CLIP119, 120 have revealed 

thousands of functionally-diverse targets of HuR.121, 122 Although Nrf2-mRNA has been 

detected by PAR-CLIP analysis of HuR, no functional validations nor interaction 

studies have been made, likely because the Nrf2 transcript appears as a low-frequency 

hit [with only 46 T-to-C/A-to-G conversions for HuR (marking crosslinks to HuR), 

compared to hundreds to thousands of conversions for the most highly-ranked 

transcripts such as AKT3 and POLA1]. However, PAR-CLIP rankings generally 

correlate poorly with HuR target affinity (Appendix 2, Table A2.1); PAR-CLIP 

conversion number may be affected by varying expression levels of different targets or 

artifacts of the PAR-CLIP procedure. Accordingly, there remains a need to 

mechanistically investigate how HuR regulates important disease-relevant targets such 

as Nrf2-mRNA.  

In addition to the difficulty in ranking importance of hits from high-throughput data 

sets, the multimodal regulatory activities of HuR render predicting functional 
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consequences of a HuR-mRNA binding event difficult. HuR—distributed between the 

nucleus and cytosol in 10:1 ratio in HeLa cells123—largely modulates its target 

transcripts through alterations in mRNA-stability, typically by stabilizing bound 

transcripts.124 Additional regulatory mechanisms employed by HuR on its target 

transcripts have also been reported: e.g., nuclear export of the cyclooxygenase COX-2 

mRNA125, 126 and splicing regulation of the death receptor FAS and the translational 

regulator eIF4Enif1.127, 128 However, the generality of these nuanced regulatory roles 

remains largely unclear, and their importance in Nrf2 regulation is completely unknown. 

HuR is strongly linked to disease as a key player in inflammation and cancers among 

other disorders.129 The growing appreciation of HuR as a major player in disease is 

underscored by recent efforts to screen for inhibitors of the HuR–RNA interaction.130-

132 The non-covalent inhibitors identified from such screens disrupt target-transcript 

binding or HuR oligomerization (key to HuR function). Some HuR inhibitors have 

shown promise in arresting cell cycle and inducing apoptosis in cultured lung cancer 

cells.133 The mRNA-stabilizing ability of HuR is also affected by small-molecule stress-

inducers such as the electrophilic prostaglandin A2 (PGA2) and lipopolysaccharide 

(LPS), which triggers oxidative stress.134-137 However, no study has directly compared 

the role of HuR regulation of the Nrf2 signaling axis under conditions of oxidative or 

electrophilic stress.  

 

Understanding HuR-regulatory circuits is further complicated by the presence of 

multiple mRBPs that bind to target mRNAs at the same/similar sites as HuR, but 

generally elicit antagonistic outputs to HuR binding. One such mRBP is AUF1 
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(HNRNPD), which shares significant target overlap with HuR based on PAR-CLIP 

analysis.138 Mechanistically, in contrast to the canonical role of HuR in promoting 

mRNA stability, AUF1 typically promotes degradation of target mRNAs.139 However, 

other regulatory mechanisms employed by AUF1 have recently come into focus: AUF1 

can promote translation of myocyte enhancer factor MEF2C, but suppresses translation 

of profilin 1.138, 140 Crosstalk between HuR and AUF1 in regulating common mRNA 

targets has also been investigated for the cyclin-dependent kinase inhibitor p21 and 

cyclin D1.123 Stability of both of these targets was regulated positively by HuR and 

negatively by AUF1. However, general understanding of these co-regulatory events by 

these two mRBPs remains limited. Whether HuR and AUF1 bind to different sites or 

compete for the same sites within a specific co-regulated transcript also remains 

unclear.123 Nevertheless, AUF1 generally functions as the antipode of HuR in terms of 

target transcript regulation.  

 

Herein, we describe novel post-transcriptional regulatory modes of the Nrf2 

pathway, controlled by HuR and AUF1. In contrast to the signaling pathway described 

in Chapter 2, this represents a Nrf2-dependent regulatory pathway. Our initial RNA-

sequencing analysis of HuR-dependent global transcriptomic changes in response to cell 

stimulation by H2O2 and 4-hydroxynonenal (HNE)—the prototypical oxidant (ROS) 

and electrophile (RES)—revealed that only the electrophile HNE causes significant 

induction of Nrf2-driven genes. Surprisingly, we found that HuR depletion generally 

diminished Nrf2 transcriptional activity in non-stimulated cells. Yet, upon electrophile 

stimulation, Nrf2 activity was more strongly upregulated in HuR-depleted cells. Our 
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RNA-seq data implicate the involvement of different subsets of Nrf2-driven genes 

underlying these two effects.  Our further investigations into Nrf2 regulation by HuR in 

non-stimulated cells led us to discover a previously unrecognized regulatory loop 

controlling Nrf2 activity, which our data show is conserved from cultured cells to 

zebrafish. This newly identified post-transcriptional regulatory mode of Nrf2 activity 

potentially offers a novel alternative intervention to modulate Nrf2/antioxidant response 

(AR) in disease. 

 

3.3 Results 

3.3.1 HuR depletion perturbs the global transcriptomic status in electrophile-
stimulated and non-stimulated cells 

 
HuR has been implicated as a stress-responsive protein: cytoplasmic translocation of 

HuR is promoted by several small-molecule stressors, e.g., H2O2, arsenite, and the 

cyclopentenone prostaglandin A2 (PGA2), a Michael acceptor RES.134, 135 Treatment 

with PGA2 also increases the affinity of HuR for p21 mRNA.134 Intrigued by reports of 

the stress-relevance of HuR, we launched gene-expression profiling studies in HuR-

knockdown cells, in the presence or absence of small-molecule stress signals. HNE—a 

native RES with a reactive core chemically similar to that of PGA2—was selected as a 

representative bioactive RES4, 141 and H2O2 was selected as a representative ROS. HuR-

knockdown HEK293T cells were first generated (Appendix 2, Table A2.2). Relative to 

a non-targeted shControl, HuR was knocked down by 70% in these cells (Appendix 2, 

Figure A2.1A). We then treated these shControl and shHuR cells with HNE (25 μM, 18 

h) or H2O2 (225 μM, 18 h) and subsequently sequenced their RNA, post ribosomal RNA 
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(rRNA) depletion. The chosen concentrations of HNE/H2O2 correspond to the 

approximate EC75 for growth inhibition, measured over 48 h (Appendix 2, Figure A2.2). 

Significant differential expression was evaluated with CuffDiff,142 wherein gene-level 

pairwise comparisons having q-value (p-value corrected for multiple tests) < 0.05 are 

considered significantly differentially expressed (SDE).  

 

Compared to non-treated control, HNE-stimulated shControl cells showed considerable 

upregulation of 11 genes out of 14 total genes SDE (79%). The data skewed in the 

positive direction overall, indicating a general stimulation of gene transcription [Figures 

3.1A (data in blue) and Appendix 2 Figure A2.3, Tables A2.3 and A2.4]. In contrast, 

HNE-treated shHuR cells (compared to non-stimulated shHuR cells) showed 

upregulation of only 58% of the 12 genes SDE, and the dataset skewed in the negative 

direction overall [Figures 3.1A (data in red) and Appendix 2 Figure A2.3, Tables A2.3 

and A2.4]. Thus, depletion of HuR compromises the ability of cells to mount positive 

transcriptional responses following electrophile stimulation. By contrast, neither shHuR 

nor shControl cells mounted as robust a response to H2O2 as to HNE. Compared to the 

number of genes SDE in HNE-stimulated shControl and shHuR cells (14 and 12, 

respectively), only 2 genes were SDE in H2O2-treated shControl cells, and no genes 

were SDE in H2O2-treated shHuR cells (Figure 3.1B; Appendix 2 Table A2.3). Both 

control and HuR-knockdown datasets with H2O2-treatment skewed slightly in the 

negative direction (Appendix 2 Figure A2.3; Tables A2.3 and A2.4).  
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Table 3.1 Fold changes (FCs) for selected Nrf2-driven genes of interest upon 
HNE stimulation relative to non-treated.  

shHuR shControl 

Gene FC(treated/untreated) q-
value 

FC(treated/untreated) q-
value 

ME-1 1.6 0.04 1.4 0.41 
(ns) 

TXNRD1 1.6 0.02 1.4 0.18 
(ns) 

FTL 1.9 0.02 1.6 0.02 

HMOX1 2.6 0.02 2.8 0.02 

PIR 1.5 0.13 
(ns) 

1.9 0.02 

Q-values calculated with CuffDiff. See also Tables S3–S5. 
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Figure 3.1. RNA-seq expression profiling indicates context-specific HuR-
regulation in global and Nrf2-specific transcriptional activities. (A and B) 
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Differential expression from RNA-seq analyses in shHuR or shControl HEK293T cells 
following HNE (25 μM, 18 h) or H2O2 (225 μM, 18 h) stimulation relative to respective 
non-stimulated cells.  Genes significantly differentially expressed (SDE) are denoted 
with dark, opaque points; Nrf2-driven genes SDE in at least one comparison are labeled.  
Dashed lines to gene names indicate that the gene was not SDE in that comparison. See 
also Appendix 2 Figures A2.1A, A2.2, A2.3, and Tables A2.2 and A2.3. (C) Differential 
expression from RNA-seq analysis in non-stimulated shHuR cells relative to shControl 
cells.  Genes SDE are denoted with blue points. Nrf2-driven genes found to be SDE are 
labeled. See also Appendix 2 Tables A2.3–A2.5. (D) Nrf2 activity reporter system in 
which firefly luciferase is driven by Nrf2 and a constitutive Renilla luciferase is co-
expressed as an internal normalization control. (E) Relative Nrf2 activity in 
unstimulated shHuR and shControl cells (mean±SEM, n=24); shControl set to 1.0. (F) 
Relative Nrf2 activity  was measured as in F, but ectopic HuR was expressed in non-
HNE-stimulated shHuR cells (mean±SEM, n=7 for shHuR+HuR and n=8 for other 
conditions) and shHuR + Empty vector was set to 1.0. See also Appendix 2 Figure A2.4. 
(G) Relative Nrf2 activity upregulation in HNE (25 μM, 18 h)-stimulated shHuR and 
shControl (mean±SEM, n=16)] lines was calculated by measuring (Nrf2 activity + 
HNE/Nrf2 activity +DMSO); shControl was set to 1.0. See also Appendix 2 Figure 
A2.4. (H) Relative Nrf2 activity upregulation was measured as in G, but ectopic HuR 
was expressed in HNE (25 μM, 18 h)-stimulated shHuR cells (mean±SEM, n=8); 
shHuR + Empty vector was set to 1.0. See also Appendix 2 Figure A2.4. (I) Nrf2 activity 
in H2O2 (225 μM, 18 h)-stimulated shHuR and shControl (mean±SEM, n=7 for shHuR 
and 8 for shControl) lines was calculated by measuring (Nrf2 activity with H2O2/Nrf2 
activity with water); shControl was set to 1.0. See also Appendix 2 Figure A2.4. All p-
values were calculated with Student’s T-test. For A and B, data were derived from n=2 
independent biological replicates per treatment condition. Skewness was calculated 
with Prism. 
 
3.3.2 HuR is a context-specific regulator of Nrf2 transcriptional activity  

Beyond HuR-dependent effects on global transcriptional status, we compared the 

expression of Nrf2-driven genes in shHuR and shControl cells following HNE 

stimulation. We identified one gene, PIR, that was not significantly upregulated in 

shHuR knockdown lines upon HNE treatment, but was upregulated in shControl lines 

upon HNE stimulation. However, we also detected a further 4 Nrf2-driven genes (ME-

1, TXNRD1, FTL, and HMOX1) that were upregulated in both shHuR and shControl 

cells treated with HNE (Figure 3.1A and Table 3.1). Intriguingly, 3 of these genes were 

upregulated to a greater extent in shHuR cells than in shControl cells: ME-1, TXNRD1, 
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and FTL, showed 1.05–1.2-fold higher fold-change (FC)(treated/untreated) in shHuR cells 

versus shControl cells (Figure 2.1A and Table 2.1). This trend contrasts with the overall 

downregulation of global transcriptional activity following HNE-stimulation in shHuR- 

(0.98 average fold change, –2.9 skewness) compared to shControl-lines [1.0 average 

fold change, 1.8 skewness (Figures 3.1A and Appendix 2 Figure A2.3)]. We did not 

observe significant differential expression of these genes between non-stimulated 

shHuR and shControl cells (Figure 3.1C and Appendix 2 Table A2.3), but we were able 

to identify three other Nrf2-driven genes (SLC2A3, INSIG1, and MGST1), each 

downregulated by about 55% in shHuR cells relative to shControl cells under non-

treated conditions (Figure 3.1C and Appendix 2 Table A2.3). One gene was 

significantly upregulated in shHuR relative to shControl lines, HSPA1B. For all genes 

SDE, there was no correlation between the fold change in expression we observed and 

the number of total HuR-specific PAR-CLIP conversion events121 (Appendix 2 Table 

A2.5). Thus, these changes in regulation of Nrf2-controlled transcripts are not 

dependent on the proclivity of the SDE transcripts to bind HuR. From this analysis, we 

conclude that the consensus effects, at least, are likely attributable to changes in Nrf2 

regulation, as we show further below. Taken together, these data give good initial 

evidence that HuR is a context-dependent regulator of Nrf2 activity, modulating 

different subsets of Nrf2-driven genes in electrophile-stimulated vs. non-stimulated 

conditions.  
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3.3.3 HuR-depleted cells manifest altered HNE-promoted antioxidant 
responsivity 

 
These interesting findings, which overall are consistent with the poorly understood 

context dependence of Nrf2-signaling,143 led us to examine HuR-dependent regulation 

of Nrf2 activity in greater detail. Specifically, we examined the extent to which cellular 

Nrf2-responsivity to HNE is HuR-dependent. Nrf2 activity was measured using a 

luciferase reporter under the transcriptional control of a Nrf2-activatable promoter, 

normalized to a constitutively expressed Renilla luciferase control (Figure 3.1D). 

Interestingly, shHuR cells under non-RES-stimulated conditions consistently featured a 

significant two-fold suppression of Nrf2 activity compared to shControl cells (Figure 

3.1E), consistent with suppression of some Nrf2-driven genes revealed by our RNA-

sequencing analysis. Upon ectopic expression of HuR [optimized to give only ~2.5-fold 

above endogenous HuR levels (Appendix 2 Figure A2.4A), as HuR-overexpression 

showed a 5-fold elevation in AR-levels in unstimulated cells, relative to empty-vector-

transfected cells (Appendix 2 Figure A2.4B)] in these shHuR cells, close to normal basal 

Nrf2 activity levels were restored (Figure 3.1F).  

 

Whole-cell stimulation with HNE (25 μM; 18 h) resulted in 2-fold higher Nrf2-activity 

levels in HuR-depleted cells compared to shControl cells (Figures 3.1G and Appendix 

2 Figure A2.4C). Under the same treatment conditions, ectopic expression of HuR in 

shHuR cells restored the extent of HNE-stimulated Nrf2-activity upregulation to that 

observed in shControl cells (Figure 3.1H). Thus, the suppression of Nrf2-activity in non-

stimulated shHuR cells, as well as their greater HNE-induced Nrf2-activity upregulation 
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observed in both our reporter assay (Figures 3.1E and G) and our RNA-seq data (Figures 

3.1A and C) are HuR-specific effects.  

 

We validated these findings in mouse embryonic endothelial cells. When these cells 

were depleted of HuR (Appendix 2 Figure A2.5A), they also featured suppressed Nrf2 

activity in the non-stimulated state (Appendix 2 Figure A2.5B), and greater Nrf2 activity 

upregulation following HNE-stimulation [25μM; 18 h (Appendix 2 Figure A2.5C)]. 

Consistent with our RNA-seq data, no significant difference in Nrf2 activity was 

observed between shHuR and shControl HEK293T cells following H2O2 stimulation 

(Figures 3.1I and Appendix 2 Figure A2.4C).  

 

3.3.4 HuR modulation of antioxidant responsivity is Nrf2-dependent 

To confirm that the HuR-associated HNE-responsive effects observed above are Nrf2-

dependent, we used siRNA (Appendix 2 Figure A2.1B and Table A2.6) to 

simultaneously knockdown HuR and Nrf2. Multiple Nrf2 siRNAs led to ~40% 

suppression of Nrf2 activity on average (Appendix 2 Figure A2.6A), validating the 

ability of our reporter assay to measure changes in Nrf2 activity. This result is also 

consistent with the generally narrow dynamic range of Nrf2 activity assays, as we 

explain further below. We chose to use AR for the Nrf2 siRNA validation because of 

known issues previously encountered with Nrf2 antibodies that remain unresolved.144 

Knockdown of either HuR or Nrf2 in non-stimulated cells suppressed Nrf2 activity by 

about 50% compared to control cells; simultaneous knockdown of HuR and Nrf2 did 

not lead to any further suppression (Appendix 2 Figure A2.6B). Upon HNE treatment, 
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Nrf2 depletion completely arrested the ability of cells to upregulate Nrf2 activity, in the 

presence or absence of simultaneous HuR-knockdown (Appendix 2 Figure A2.6C). 

Thus, the effects of HuR knockdown on Nrf2 signaling measured above are Nrf2-

dependent.  

 

The Nrf2-dependence of this HuR-regulatory event is an important finding, especially 

given the emerging success and promise in therapeutic targeting of Nrf2-dependent 

pathways.83 However, the multifaceted regulatory modalities of Nrf2 remain poorly 

understood, and Nrf2-regulation at the post-transcriptional level remains an untapped 

arena. Thus, we chose to delve deeper—through the following series of experiments—

to understand this novel post-transcriptional mechanism of Nrf2-mRNA regulation by 

HuR in non-stimulated cells.  

 

3.3.5 HuR and AUF1 co-regulate Nrf2 activity in non-stimulated cells 

Considering that AUF1 is generally considered to be the antipode of HuR in regulating 

target transcripts, and that AUF1 binds to similar AU-rich elements within target 

transcripts as HuR, we probed the effects of both HuR and AUF1 on Nrf2 activity. We 

generated multiple HEK293T shAUF1 lines [each expressing a single shRNA-sequence 

targeting AUF1 mRNA (Appendix 2 Table A2.2)] to deplete AUF1 levels. Because 

there are four isoforms of human AUF1 (AUF1p37, AUF1p40, AUF1p42, and AUF1p45), 

shRNAs targeting sequences conserved across all the isoforms were used (Appendix 2 

Table A2.2). Relative to a non-targeted shControl, total AUF1 was knocked down by 

50–75% (Appendix 2 Figure A2.1C). Because AUF1 typically destabilizes target 
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transcripts, we expected that AUF1-knockdown would promote Nrf2 activity.124, 139 

Contrary to this prediction, knockdown of AUF1 suppressed Nrf2 activity by 50-60% 

(Figure 3.2A).  

 

Figure 3.2. Depletion of HuR or AUF1 in cells and larval zebrafish suppresses Nrf2 
activity. (A and B) Nrf2 activity in HEK293T cells depleted of AUF1 and HuR, 
respectively [mean±SEM of n=12 (AUF1) and n=8 (HuR) independent replicates per 
condition]. See also Appendix 2 Figures A2.1B and C. (C) Nrf2 activity upon 
simultaneous knockdown of HuR and AUF1 (mean±SEM of n=4 independent 
replicates). See also Appendix 2 Figure A2.7A. (D and E) Nrf2 activity in 
Tg(gstp1:GFP) zebrafish upon knockdown of zHur and zAuf1. Larvae are stained with 
a red fluorescent antibody because green background fluorescence at this developmental 
stage prevents accurate quantitation of the GFP reporter signal. Inset: quantitation 
(mean±SEM) of mean fluorescence intensity measured using the Measure tool of 
ImageJ [sample sizes analyzed: E: n=26 (Control MO), 44 (ATG-MO); F: n=38 
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(Control MO), 12 (ATG-MO), 32 (SPL-MO)]. Each point represents a single fish. p-
values were calculated with Student’s T-test. Scale bars, 500 μm. See also Appendix 2 
Figures A2.1D–E, and A2.8. 
 

We investigated the effects of simultaneous knockdown of HuR, using the siRNAs from 

above, and AUF1, achieved by shRNA. Cells transfected with siHuR alone featured 40–

50% suppression of Nrf2 activity (Figure 3.2B) relative to cells transfected with 

siControl. Fold suppression of Nrf2 activity upon HuR knockdown in shAUF1 (1) cells 

(30% on average) was not significantly different from fold suppression of Nrf2 activity 

upon HuR knockdown in shControl cells (Figures 3.2C and Appendix 2 Figure A2.7A).  

However, a minor increase in suppression of Nrf2 activity [relative to that observed in 

shAUF1 (1) and shControl cells] occurred in shAUF1 (2) (Figures 3.2C and Appendix 

2 Figure A2.7A). These observations likely indicate that HuR- and AUF1-regulation of 

Nrf2 activity function through independent mechanisms. However, because Nrf2/AR 

has multiple upstream effectors in addition to HuR/AUF1, and because these proteins 

are occasionally believed to work in tandem,145 we further address the issue of 

functional (in)dependence more directly below. 

 

3.3.6 Modulation of Nrf2 activity by HuR and AUF1 is relevant at the 
organismal level  

 
To extend the relevance of our findings, we turned to zebrafish (Danio rerio). HuR and 

AUF1 are both conserved in zebrafish (zebrafish gene names elavl1a and hnrnpd, 

respectively; we refer to these genes below as zHur and zAuf1, respectively, for clarity). 

The key regulators of Nrf2 pathway are also conserved in zebrafish.107 We used 

antisense morpholino oligonucleotides (MOs) to deplete zHur and zAuf1 in developing 



 

59 

embryos (Appendix 2 Table A2.7) of the established Nrf2 activity-reporter strain, 

Tg(gstp1:GFP).146 An MO blocking translation initiation of zHur147 successfully 

depleted zHur levels at 24 hours post-fertilization (hpf) by ~25% (Appendix 2 Figure 

A2.1D). This is likely an underestimate of knockdown efficiency given that the 

commercially-available HuR antibody detects other Hu-family proteins not targeted by 

this MO.  zAuf1 has only two isoforms. We designed two MOs to deplete zAuf1: one 

to block translation initiation (ATG-MO), and one to block a splice site (SPL-MO). 

Interestingly, each MO depleted only one isoform of zAuf1 (Appendix 2 Figure A2.1E).  

 

Larvae heterozygotic for the Nrf2-activity reporter were injected with MOs at the single-

cell stage. 24-hours following MO-injection, we used immunofluorescent (IF) staining 

to assess GFP protein levels. Knockdown of either zHur or zAuf1 (by either MO for 

zAuf1) led to a significant 10–15% decrease in reporter protein fluorescence (Figures 

3.2D and E). Although the magnitude of this suppression is modest, the dynamic range 

of Nrf2-responsivity in these fish (like many other such systems) is narrow: knockdown 

of nfe2l2a [the zebrafish Nrf2 homolog which drives AR148] led to only a 20%-

suppression of GFP levels in these fish (Appendix 2 Figure A2.8). Therefore, these data 

are consistent with our initial cell-based data (Figures 3.2A and B) and confirm that 

Nrf2 activity suppression promoted by depletion of HuR or AUF1 is functionally 

relevant in a whole vertebrate animal. 
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3.3.7 HuR and AUF1 bind Nrf2-mRNA in cells 

We next confirmed that HuR/AUF1 and Nrf2-mRNA interact. RIP experiments were 

performed using HEK293T cells ectopically expressing either Flag-HuR or Flag-AUF1 

isoforms. qRT-PCR analysis of eluted mRNA revealed that Nrf2 mRNA co-eluted with 

both HuR and all AUF1 isoforms (Figures 3.3A and B), confirming that both HuR and 

AUF1 bind to Nrf2-mRNA in cells. This interaction is further shown using purified 

recombinant proteins below.  

 

Figure 3.3. HuR and AUF1 bind directly to the 3′–UTR of Nrf2-mRNA in cells. (A) 
RNA-binding protein immunoprecipitation (RIP) was carried out by expressing flag-
tagged HuR or AUF1 in HEK293T cells and subjecting lysates to Flag IP. (B) Nrf2-
mRNA co-eluting with enriched proteins was detected with qRT-PCR (mean±SEM of 
n=4 independent replicates). (C) 3′–UTR reporter system consisting of Nrf2-mRNA 
fused to a firefly luciferase transcript and normalized to Renilla luciferase. (D and E) 
Knockdown of HuR and AUF1, respectively, reduces the 3′–UTR reporter activity in 
HEK293T cells (mean±SEM of n=8 independent replicates for each bar). (F) 
Knockdown of both proteins leads to a further suppression of the 3′–UTR reporter 
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activity (mean±SEM of n=4 independent replicates). See also Appendix 2 Figure 
A2.7B. All p-values were calculated with Student’s t-test. 

 
 
3.3.8 HuR and AUF1 bind common sites in the Nrf2 3′–UTR with nanomolar 

affinities 
 
The interaction of HuR and AUF1 with Nrf2-mRNA was further characterized in vitro 

by electrophoretic mobility gel shift assay (EMSA).  Since HuR and AUF1 most 

commonly bind to sites within UTRs of target transcripts, three candidate binding sites 

within the 3′–UTR of Nrf2-mRNA were selected (Appendix 2 Figure A2.9A and Table 

A2.8) based on reported consensus binding motifs of HuR and AUF1.138, 149 Both HuR 

and AUF1p37 bound most of these sites with nanomolar affinity (Appendix 2 Figure 

A2.9B–C; Table 3.2), with the exception of Nrf2 site-2, which showed negligible 

binding to HuR. These affinities are on par with those previously reported for HuR150 

and AUF1151 to their target mRNA-binding sites, implying that the interactions with 

Nrf2-transcript we characterized are physiologically relevant (Appendix 2 Table A2.1).  

 

Table 3.2 Dissociation constants measured for HuR and AUF1p37 binding to Nrf2 
3′–UTR sites. 
 HuR Kd (app) (nM) AUF1p37 Kd (app) (nM) 
Nrf2 site 1 20 ± 5 6 ± 2 
Nrf2 site 2 – 25 ± 4 
Nrf2 site 3 75 ± 20 670 ± 82 

 

 

3.3.9 Regulation depends on the 3′–UTR of Nrf2-mRNA 

At this juncture, we hypothesized that suppression of Nrf2 activity in HuR-deficient 

cultured cells and larval fish stems at least in part from loss of regulation at the 3′–UTR 
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of Nrf2-mRNA. To test this hypothesis, we utilized a luciferase reporter in which the 

3′–UTR of Nrf2 is fused to a firefly luciferase transcript.152 A constitutively expressed 

Renilla luciferase was used as an internal normalization control (Figure 3.3C). 

 

Cells deficient of HuR showed significantly reduced luciferase activity (30–60%) 

compared to controls (Figure 3.3D). We found a similar degree (40–50%) of reporter 

suppression in shAUF1 cells (Figure 3.3E). The magnitude of these effects on the 3′–

UTR reporter (~50%) is similar to the extent of Nrf2 activity suppression we observed 

in both HuR- (~50%) and AUF1-knockdown cells (~60%; Figures 3.2A and B). Thus, 

regulation of the Nrf2 3′–UTR makes a significant contribution to the mechanism 

through which knockdown of AUF1 and HuR affects Nrf2 activity. Importantly, these 

findings further substantiate that the effects of HuR/AUF1-knockdown on Nrf2 activity 

occur specifically at the Nrf2-mRNA-level, ruling out effects of HuR/AUF1 on protein-

level regulation of Nrf2.  

  

Simultaneous knockdown of AUF1 and HuR resulted in a further decrease in luciferase 

activity relative to AUF1-knockdown alone (Figure 3.3F). Specifically, HuR 

knockdown suppressed 3′–UTR reporter levels by ~45% regardless of the presence or 

absence of AUF1 (Appendix 2 Figure A2.7B). Because this assay is a more direct 

readout of Nrf2-mRNA regulation by HuR than our Nrf2 activity reporter assay above 

(Figure 3.2C and Appendix 2 Figure A2.7A), we conclude that HuR and AUF1 act 

independently on Nrf2-mRNA.  
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3.3.10 Nrf2-mRNA stability is reduced by AUF1 knockdown, but not HuR 
knockdown  

 
Having established that HuR and AUF1 bind directly to Nrf2-mRNA and modulate Nrf2 

activity, we sought to understand the specific mechanisms underlying this novel 

regulatory event. A common mode of HuR/AUF1 regulation involves stabilization or 

destabilization of the target upon binding.124  

 

We began by considering that HuR positively regulates Nrf2 transcript stability. Levels 

of endogenous, mature Nrf2-mRNA were reduced in shHuR cells (20–25% relative to 

shControl cells (Appendix 2 Figure A2.10A). mRNA levels of the 3′–UTR reporter 

transcripts were also significantly suppressed by 55% in siHuR (2)-treated cells 

(Appendix 2 Figure A2.10B), which featured a stronger suppression in the luciferase 

reporter assay than siHuR (1) (Figure 3.3D).  We expected that the half-life of Nrf2-

mRNA in these cells would be similarly reduced. However, endogenous mature Nrf2 

mRNA showed a non-significant (20% with 25% error) difference in half-life between 

shHuR and shControl cells [t1/2 = 98 (k = 0.007 ± 0.002 min–1), and 112 min h (k = 0.006 

± 0.0005 min–1), respectively (Appendix 2 Figure A2.10C), which, regardless of 

statistical significance, is not sufficient in magnitude to explain the two-fold suppression 

in Nrf2 activity we consistently observed above.  

 

Recent transcriptome-wide analysis of the stability of AUF1-targeted transcripts 

revealed the ability of AUF1 to positively regulate about 25% of target transcripts. 

Because our data showed that Nrf2 activity is suppressed in shAUF1 cells, we 
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hypothesized that the stability of Nrf2-mRNA would be reduced in these cells. 

Consistent with this hypothesis, the half-life of Nrf2-mRNA was reduced by 20–60% 

upon knockdown of AUF1 (Appendix 2 Figure A2.10D). These data also substantiate 

that our half-life measurements are sufficiently robust to reliably measure 2-fold 

changes in the stability of Nrf2-mRNA. The average suppression in half-life (50%) in 

shAUF1 cells is sufficient to explain the majority of the effect of AUF1-knockdown on 

Nrf2 activity. Thus, AUF1 positively regulates Nrf2 activity by stabilizing Nrf2-mRNA. 

Collectively, the mechanistic differences between the effect of AUF1 and HuR (which 

we elaborate on below) further point to independent effects of HuR and AUF1 on Nrf2 

activity. 

 

3.3.11 HuR enhances Nrf2-transcript splicing 

Having ruled out significant effects on Nrf2-mRNA stability upon HuR knockdown, we 

investigated other potential means by which HuR regulates Nrf2 activity. In addition to 

its classical role in stabilizing target mRNAs, HuR also regulates maturation of some of 

its targets.127 We reasoned that modulations in Nrf2-mRNA processing (e.g. splicing, 

translocation) could lead to decreased levels of mature Nrf2-mRNA and contribute to 

the suppression in Nrf2 activity we observed. Importantly, premature Nrf2-mRNA does 

not contribute to the pool of functional Nrf2-mRNA (competent for translation into 

Nrf2-protein), because it is not exported from the nucleus and cannot be translated to 

give a functional protein (Appendix 2 Figure A2.11A). 
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We first turned to our RNA-seq data for evidence of misregulation of maturation. 

Because we prepared our RNA-sequencing library using rRNA depletion and deep-

sequenced the resulting library, we were able to examine the levels of intronic RNA 

present in the Nrf2 transcript. Nrf2-mRNA is composed of 5 exons with 4 intervening 

introns. The first intron of Nrf2 is extremely long at ~30,000 bp (Appendix 2 Figure 

A2.11B), putting it in the longest 10% of human introns.153 When we examined the 

levels of intronic RNA in the Nrf2-transcript in shHuR and shControl cells, we found 

that Nrf2 transcripts in shHuR cells contained higher levels of intronic content (Figure 

3.4A). Thus, knockdown of HuR appears to suppress the maturation of Nrf2-mRNA, 

leading to an accumulation of unspliced, premature Nrf2-mRNA (Figure 3.4A, inset). 
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Figure 3.4 HuR-knockdown suppresses Nrf2-mRNA splicing and nuclear export 
of Nrf2-mRNA. (A) Integrative Genomics Viewer154 view of splicing tracks for Nrf2 
(NFE2L2) from RNA-sequencing analysis of shHuR and shControl HEK293T cells. 
The area of the blue tracks corresponds to the levels of intronic RNA detected. Shown 
is one representative replicate per cell line. Inset at right: areas of splicing tracks 
integrated with ImageJ (mean±SEM, n=4 introns). See also Appendix 2 Figure A2.11. 
(B) Reporters to readout the effect of introns were constructed by fusing a portion of 
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Nrf2-mRNA (with or without the intron) upstream of a firefly luciferase reporter. As 
with the 3′–UTR reporter (Figure 3.3C), effects on this construct can be assayed by 
measuring luciferase activity in the lysates of cells expressing these reporters. (C) 
Reporter levels upon HuR knockdown in non-stimulated HEK293T cells for both the 
intron-less reporter (left) and the intron reporter (right) (mean±SEM of n≥7 per set). 
Inset at right: Comparison of reporter activity in shHuR cells (i.e., blue bars from the 
main plot in C upon introduction of introns. (D) qRT-PCR was used to measure the ratio 
of endogenous Nrf2-mRNA in nuclear and cytosolic extracts of HEK293T cells 
depleted of HuR (mean±SEM of n=8 for siHuR (1 and 2) and n=7 for siControl). (E) 
Model of posttranscriptional regulation of Nrf2-mRNA by HuR and AUF1. HuR 
regulates Nrf2-mRNA maturation and nuclear export, and AUF1 stabilizes Nrf2-
mRNA. Shown in blue text/boxes are the experimental evidence supporting each facet 
of this regulatory program. All p-values were calculated with Student’s t-test. 
 

To probe this effect further and bolster our conclusions from the RNA-Seq data, we 

utilized a firefly luciferase reporter with either an exon–intron–exon (“intron reporter”) 

sequence or an exon–exon (“intron-less reporter”) sequence from Nrf2-mRNA fused 

upstream of the luciferase reporter. The Nrf2 3′–UTR was also retained downstream of 

the luciferase reporter. Reporters were constructed containing 3 different Nrf2 exon 

pairs, with or without the intervening introns (Figure 3.4B). Regulation of these mRNA 

reporters can be assessed by measuring firefly luciferase enzyme activity in lysates of 

cells expressing these reporters (normalized to a constitutively expressed Renilla 

luciferase control). Because of the length of first intron of Nrf2 (Appendix 2 Figure 

A2.11B), this intron was not investigated in this assay.  

 

Expression of the intron-less reporters in shHuR cells led to a 50% decrease in reporter 

activity relative to shControl cells (Figure 3.4C), consistent with our 3′–UTR luciferase 

reporter data above (Figure 3.3D). Because this effect (~50% reduction in shHuR cells) 

was similar across all three reporters containing different exons, it is likely attributable 
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to the 3′–UTR (the common factor between the three reporters). However, two of the 

intron-containing reporters showed a further suppression upon HuR knockdown relative 

to their intron-less counterparts (Figure 3.4C, inset at right), consistent with our RNA 

seq data (Figure 3.4A). The greatest suppression effects were observed for introns 2 and 

3, whereas intron 4 was not strongly suppressed in shHuR cells in either the RNA-seq 

or the reporter data.  

 

Overall, these data agree with PAR-CLIP results indicating nucleotide conversions (i.e., 

HuR binding) within Nrf2 introns, as well as the presence of multiple putative binding 

sites in the introns based on consensus HuR-binding sequences.121 These data 

collectively indicate that HuR enhances the splicing and maturation of Nrf2-mRNA. 

The magnitude of this effect is on par to the suppression of endogenous Nrf2-mRNA 

levels we observed above.  

 

3.3.12 HuR regulates nuclear export of Nrf2-mRNA 

Nuclear export of mature mRNA is intrinsically linked to the splicing/maturation 

process because maturation is a prerequisite for export. Coupling of these processes is 

an appreciated mechanism to enhance gene expression.155 mRNA that is not exported 

due to improper or incomplete splicing is rapidly degraded in the nucleus.156 Given the 

ability of HuR to shuttle between the nucleus and cytosol,125 we hypothesized that HuR 

governs Nrf2-mRNA export from the nucleus. Indeed, for some mRNA targets such as 

COX-2, HuR plays a key role in regulating export from the nucleus.126 To test whether 

a similar regulatory program is at play for Nrf2-mRNA, we employed nuclear/cytosolic 
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fractionation in shHuR/shControl cells coupled with qPCR detection of endogenous, 

mature Nrf2-mRNA. These experiments revealed that the cytosolic/nuclear ratio of 

endogenous Nrf2-mRNA decreased by 35% on average in HuR-deficient cells (Figure 

3.4D), indicating a decrease in Nrf2-mRNA nuclear export upon depletion of HuR. 

Faster turnover of nuclear-mRNA may contribute to the reduction in overall levels of 

Nrf2-mRNA upon HuR-knockdown (Appendix 2 Figure A2.10A) and to the slight 

reduction in Nrf2-mRNA half-life we observed (Appendix 2 Figure A2.10C). In sum, 

we conclude that the principal mechanisms by which HuR regulates Nrf2-mRNA are 

control of Nrf2-mRNA splicing/maturation and nuclear export of the mature transcript. 

Importantly, these results collectively point to a novel regulatory program that functions 

specifically at the Nrf2-mRNA level to modulate Nrf2 activity (Figure 3.4E). 

 

3.4 Discussion 

We began by exploring HuR-dependent global transcriptomic changes in cells 

stimulated with RES/ROS, using H2O2 and HNE as representative native ROS/RES. 

Contrary to previous reports of the sensitivity of HuR to oxidative stress,157 we found 

no transcriptional responses specifically attributable to HuR following H2O2 stimulation 

(Figure 3.1B). Differences in cell type may explain this observed discrepancy, as we 

observed a muted transcriptional response to H2O2 stimulation overall in our HEK293T 

cell lines. Conversely, HNE-stimulation of HuR-knockdown cells elicited a general 

downregulation of global transcriptional activity compared to control cells (Figure 3.1A 

and Appendix 2 A2.3). Given the important roles that pleiotropic covalent drugs and 

native RES play on Nrf2 signaling,12, 28 we homed in on differentially-expressed Nrf2-
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driven genes. This analysis revealed an interesting bifurcation between HuR-dependent 

effects on Nrf2-driven genes in non-stimulated shHuR cells versus HNE-stimulated 

cells. Nrf2-driven genes that were more strongly upregulated in HNE-stimulated shHuR 

cells (ME-1, TXNRD1, and FTL) were not significantly differentially expressed in non-

stimulated shHuR cells relative to shControl cells (Figures 3.1A and C). This HNE-

dependent effect is studied further in Chapter 4. However, a separate subset of Nrf2-

driven genes (SLC2A3, INSIG1, and MGST1) was suppressed in non-stimulated 

shHuR cells (Table 3.1). Together with our Nrf2 activity reporter data (Figures 3.1F and 

H) which was consistent with the majority of our RNA seq analysis, these findings 

highlight context-specific complexities inherent in the regulation of Nrf2 pathway by 

HuR that echo recent reports in the field.143 Because of these intricacies, we chose to 

focus our further investigations on non-stimulated cells. 

 

For both HuR and AUF1, which we also identified as a novel regulator of Nrf2 activity, 

we found 2–3-fold suppression in Nrf2 activity in both HuR- and AUF1-knockdown 

cells relative to control cells (Figures 3.1F, 2A, 2B, and Appendix 2  Figure A2.5). 

These changes are indicative of significant regulatory events because we and others 

have previously documented the narrow dynamic range (2–4-fold) of Nrf2 activity 

modulation in various readouts, including luciferase reporter assays, flow cytometry-

based analyses, as well as qRT-PCR and western blot analyses which assay endogenous 

Nrf2-driven genes.36, 59, 158, 159 Consistent with this logic, knockdown of Nrf2 gave a 

similar fold change in Nrf2 activity to HuR knockdown. There was no further decrease 

in Nrf2 activity when HuR and Nrf2 were simultaneously knocked down, clearly 
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showing that the fold change observed in Nrf2 activity is the maximum possible in the 

system, and that HuR functions through modulating Nrf2 activity. Two- to three-fold 

changes are also typical magnitudes of response in other pathways regulated by 

electrophiles. For instance, knockdown of the electrophile sensor Pin1 elicits only about 

30% decrease in viability upon treatment with HNE relative to knockdown control.160 

Our findings that HuR knockdown-induced Nrf2 activity suppression extends to whole 

zebrafish depleted of HuR or AUF1 (Figures 3.2D and E), as well as to mouse 

endothelial cells MEECs (Appendix 2 Figure A2.5B) demonstrate a broader generality 

that is consistent with the fact that HuR and AUF1 are ubiquitously expressed. These 

novel general regulatory roles of HuR/AUF1 on Nrf2 mRNA stand in contrast to 

previously reported Nrf2-mRNA regulatory events by miRNAs that are highly 

cell/context specific.112 Thus, in terms of cell type generality and magnitude, our study 

goes a long way in demonstrating that Nrf2-mRNA regulation is an important modulator 

of Nrf2 activity.  

 

HuR and AUF1 can function in concert to destabilize mRNAs such as p16INK4,145 and 

enhance the translation of mRNAs such as TOP2A,138 among other examples. However, 

we found that HuR and AUF1 act independently on Nrf2-mRNA, despite similar 

binding affinities to common sites we identified within the 3′–UTR (Table 3.2). The 

distinct, orthogonal mechanisms by which HuR and AUF1 regulate Nrf2-mRNA—

control of Nrf2-mRNA splicing and export; and stabilization of Nrf2-mRNA, 

respectively—agree with our Nrf2 activity reporter data indicating independent effects 

of HuR and AUF1 on Nrf2/AR-axis. These effects could not have been predicted based 
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on the previously reported PAR-CLIP binding data alone. The complexities we 

uncovered in this system collectively speak to the need for careful mechanistic 

evaluation of “on-target” effects of HuR/AUF1-knockdown, particularly when common 

binding sites are involved. 

 

As is appreciated in the mRBP field,121, 139 both HuR and AUF1 regulate their targets 

through multiple mechanisms. Although the magnitude of the UTR-reporter 

suppression (Figure 3.3D) and nuclear-export suppression (Figure 3.4D) we observed 

in HuR-knockdown cells at first glance seem sufficient to explain the magnitude of Nrf2 

activity suppression, our data testify that additional regulatory modes beyond UTR-

regulation are at play. For instance, using multiple approaches, we identified Nrf2-

mRNA splicing as a subtle but significant component of HuR regulation of Nrf2-mRNA 

(Figure 3.4A–C). These alternate/complementary mechanisms may explain why we 

unexpectedly observed a reduction in the global pool of Nrf2-mRNA without a similar 

fold-change in the half-life of Nrf2-mRNA upon HuR-knockdown, for instance. Our 

mechanistic interrogations ultimately established that reduced splicing and reduced 

nuclear export of Nrf2-mRNA are the principal mechanisms by which Nrf2 activity is 

suppressed upon HuR-knockdown. These mechanisms are likely linked as splicing is 

generally a prerequisite for nuclear export,155 although the details of this mechanistic 

coupling for Nrf2-mRNA remain to be explored. Nevertheless, downregulation of both 

splicing/maturation and nuclear export of Nrf2-mRNA upon HuR-knockdown likely 

explains why we observed a suppression in the pool of mature Nrf2-mRNA (Appendix 

2 Figure A2.10A). Overall, the mechanisms we identified strongly and clearly point to 
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on-target, Nrf2-mRNA-specific events that support HuR/AUF1 regulation of Nrf2 

signaling.  

 

In sum, these data highlight an important intersection between proven disease-relevant 

players: HuR, AUF1, and Nrf2 are all upregulated in cancers161, 162; therapeutic targeting 

of Nrf2/AR axis through exploitation of protein regulators such as Keap1 continues to 

be a promising small-molecule intervention.111, 163 The ubiquitous expression of HuR 

and AUF1, along with the conservation of their regulation of Nrf2 activity across 

multiple cell types and whole organisms underscore the importance of this newly 

identified regulatory program. Because this regulation of Nrf2/AR occurs specifically 

at the mRNA-level, it potentially offers an orthogonal therapeutic strategy to modulate 

this conserved pathway of validated pharmacological significance. 
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4 CHAPTER 4 
 

HuR IS A KINETICALLY PRIVILEGED SENSOR OF 4-
HYDROXYNONENAL 

 
This chapter is based on a manuscript accepted at Helvetica Chimica Acta.164* 
 
4.1 Abstract 

The key mRNA-binding proteins HuR and AUF1 are reported stress sensors in 

mammals.  Intrigued by recent reports of sensitivity of these proteins to the electrophilic 

lipid prostaglandin A2 and other redox signals, we here examined their sensing abilities 

to a prototypical redox-linked lipid-derived electrophile, 4-hydroxynonenal (HNE). 

Leveraging our T-REX electrophile delivery platform, we found that only HuR, and not 

AUF1, is a kinetically-privileged sensor of HNE in HEK293T cells, and sensing 

functions through a specific cysteine, C13. Cells depleted of HuR, upon treatment with 

HNE, manifest unique alterations in cell viability and Nrf2-transcription-factor-driven 

antioxidant response (AR), which our recent work shows is regulated by HuR at the 

Nrf2-mRNA level. Mutagenesis studies showed that C13-specific sensing alone is not 

sufficient to explain HuR-dependent stress responsivities, further highlighting a 

complex context-dependent layer of Nrf2/AR regulation through HuR.  

 

4.2 Introduction 

As introduced in Chapter 3, regulation of mRNA is key strategy that cells employ to 

dynamically control gene expression. mRNA-binding proteins (mRBPs) are key players 

 
* Work performed in collaboration with Alexandra Van Hall-Beauvais, Dr. Marcus Long, Michael 
Disare, and Dr. Yi Zhao. 



 

75 

that orchestrate these regulatory programs. Of the hundreds of mRBPs identified in 

mammalian cells,165 two of the most crucial are HuR and AUF1.166 These two proteins 

are widely expressed, and are likely present in the same cells in many instances. These 

proteins share similar binding preferences (favoring so-called AU-rich sites), and have 

at least partially-overlapping substrate preferences.138 Overall these proteins are 

believed to have opposing effects on their targets: HuR stabilizes its targets whereas 

AUF1 destabilizes its targets.123, 139 However, there are several notable exceptions to 

these observations (see Chapter 3), and the molecular mechanisms by which each 

protein functions to regulate specific target mRNAs vary quite considerably. Both 

proteins are highly relevant to several disease states, including cancers.167, 168 The mode 

of action of HuR in cancers is generally tumor promoting, likely through pleiotropic 

mechanisms, for instance: HuR can promote stability of numerous oncogenic 

transcripts, such as ERBB-2;169 HuR can also promote the angiogenic switch;170 and 

HuR is also linked to chemoresistance of cancer cells.171 Unsurprisingly, knockdown of 

HuR is an established means to reduce anchorage-independent growth and oncogenic 

potential of at least some sets of cancer cells.172, 173 The disease relevance of HuR has 

propelled efforts to identify small-molecule inhibitors of HuR, which have yielded some 

initial hits that show potential promise as useful therapeutics.133, 174 These molecules 

mostly appear to interfere with HuR dimerization, which is essential for HuR 

function.130 None of these inhibitors have yet reached even advanced preclinical 

investigations. Conversely, the role of AUF1 is more nuanced, as it appears to show 

both tumor-suppressive and tumor-promoting activities, depending on context. Thus, 

AUF1 inhibitors may also be potentially relevant to therapeutics, although as can be 
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expected, AUF1 targeting is less likely to be a general strategy to combat cancer than 

HuR. Unsurprisingly, AUF1 inhibitors are far less well developed than HuR inhibitors. 

Intriguingly in at least one instance, some data indicate that HuR-targeted inhibitors 

affect AUF1’s mRNA-binding abilities,175 although this was observed only under 

certain conditions.  

 

Interestingly, the mRNA-stabilizing and destabilizing abilities of HuR and AUF1 are 

affected (directly and/or indirectly) by small-molecule stress-inducers.134-137 For 

instance, cytoplasmic translocation of HuR, a postulated marker of cellular stress, is 

promoted by a number of stress-inducing small-molecule stimulants such as H2O2, 

arsenite, and the cyclopentenone prostaglandin A2 (PGA2) lipid-derived electrophile 

housing a Michael acceptor (Figure 1A).134, 135 Treatment with PGA2 also increases the 

affinity of HuR for p21 mRNA.135 Similarly, AUF1 binds and promotes degradation of 

cyclin D1 and COX-2 mRNA upon PGA2 stimulation.136 In line with the purported 

stress-relevance of HuR and AUF1, these proteins modulate the antioxidant response 

(AR)—a key stress response pathway—by directly regulating the mRNA of Nrf2, the 

transcription factor responsible for AR upregulation, as detailed in Chapter 3.106 Indeed, 

our data in Chapter 3 revealed HuR- and HNE-dependent effects on Nrf2/AR. However, 

detailed links between HuR/AUF1 electrophile regulation and AR also remains 

untested. 

 

The results above raise the possibility that both HuR and AUF1 may contain inherently 

“ligandable” cysteines that can be leveraged for covalent drug design and to better 
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understand the role of these proteins in electrophile signaling.176, 177 However, it is 

important to recognize that the above electrophiles and oxidants are pleiotropic, and 

hence experimentally-observed outputs can be ascribable to either on-target effects (i.e., 

direct protein targeting) or off-target effects (i.e. secondary effects that feedback to 

regulate activity of those proteins), or potentially both. Parsing these different regulation 

modes is thus particularly challenging, exemplified by our data in Chapter 2. Typically, 

understanding the role of specific targets in response to electrophiles requires careful 

and diagnostic experiments performed in vitro or under protein-targeted conditions in 

cells to unravel the site(s) of modification. Specific mutants of the proteins can then be 

expressed in cells to assign importance of specific on-target protein modification to the 

response to the specific molecular stressor. However, there has not even been direct 

evidence furnished regarding the electrophile sensing ability of HuR/AUF1. In the wake 

of modern-day pharma’s increased interest in design and optimization of covalent drugs, 

and further with the realization that electrophilic molecules are themselves directly 

applicable to electrophilic drug design, indications of electrophile sensitivity of these 

proteins very much warrant further investigation.  

 

In this paper, screening the electrophile-sensing ability of endogenous HuR and AUF1 

in controlled manner in HEK293T cells allowed us to establish that only HuR is a sensor 

of native reactive electrophilic species (RES) represented by the prototypical lipid-

derived electrophile, 4-hydroxynonenal (HNE). This result underscores the need to 

thoroughly address on-target electrophile labeling using unbiased assays. Focusing on 

HuR electrophile sensing, our T-REX targeted-electrophile delivery platform22 allowed 
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us to ascribe HuR’s HNE-sensing ability to a single kinetically-privileged cysteine, C13. 

HuR(C13S) was unable to sense HNE both in vitro and in cells. We further found HuR-

dependent modulation of Nrf2/antioxidant response (AR)–a key cell defense pathway 

regulated by HuR106–upon stimulation of cells with HNE. This effect ultimately 

transpired to not be fully explained by modification of HuR(C13), although there was a 

significant difference in response between cells expressing wild type HuR and 

HuR(C13S). Collectively, these observations add an unexpected layer of complexity to 

a HuR–AR regulatory program we recently reported,106 and point to a means to 

covalently target HuR, orthogonal to AUF1, in future drug discovery endeavors. 

 

4.3 Results 

4.3.1 Initial screen of HNE-sensing ability reveals that HuR, but not AUF1, is an 

electrophile sensor in cells 

We set about investigating the direct RES-sensing capability of HuR and AUF1 in live 

HEK293T cells. HNE—an endogenous RES with a reactive core chemically similar to 

that of PGA2 (Figure 4.1A)—was selected as a representative bioactive RES.4, 141 We 

first examined the extent to which endogenous HuR and AUF1 can sense HNE 

administered to cells globally. Treatment of HEK293T cells with alkyne-functionalized 

HNE [HNE(alkyne)] (20 µM, 18 h), followed by biotin-azide Click coupling178 and 

enrichment of HNEylated proteins using streptavidin pulldown, revealed that HuR, but 

not AUF1, was sensitive to HNE (Figure 4.1B). This negative result for AUF1 is 

contrary to what may have been predicted given the published data, and underscores the 

need to perform precise identification of electrophile modified proteins. 
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Figure 4.1. HuR, but not AUF1, is a sensor of HNE in HEK293T cells. (A) Structures 
of the native RES prostaglandin A2 (PGA2) and alkyne-functionalized HNE. (B) 
HEK293T cells were treated with HNE(alkyne) (20 µM, 18 h). Click chemistry was 
used to biotinylate HNE-modified proteins, which were then enriched with streptavidin 
resin.  Shown is a representative blot from 4 independent experiments.  Inset at right: 
Quantification (mean±SEM) of western blot data from n=4 independent replicates.  ND, 
not detected. 
 
 

4.3.2 HuR senses HNE specifically through C13 

HuR is a multidomain protein harboring a total of 3 cysteines (Figure 4.2A), one of 

which (C13) resides close to the unstructured N-terminus,179 and two of which (C245 

and C284), also appear to be solvent accessible, at least based on crystal and NMR 

solution structures of the RRM3 domain wherein these two cysteines reside (Figure 

4.2B).180-182 Cysteine 13 (C13) of human HuR has been previously proposed to act as a 

redox sensor that functions through formation of a disulfide bridge between two 

molecules of HuR. This postulate was based on gel filtration analysis of a truncated 

HuR construct (Residues 2–189, spanning the unstructured N-terminal region housing 

C13 and the first two RNA-recognition motif [RRM] domains; Figure 4.2A). This 

construct failed to dimerize when C13 was mutated. Although conclusions from these 
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experiments are limited as they study the truncated protein, we first tested the hypothesis 

that C13 is the electrophile sensor within HuR. The HNE bolus dosing experiments that 

were used above constitute a potential means to test this hypothesis. However, bolus 

dosing uses prolonged electrophile exposure, and hence constitutes a rather insensitive 

means of evaluating electrophile sensitivity in cells, with only the least electrophile 

sensitive proteins (such as AUF1) likely to show as electrophile insensitive. As our 

focus now switched to derive more precise information, we chose to use the T-REX 

assay,22 a unique means to address this question. T-REX is a particularly stringent test 

of RES-sensitivity in cells because this assay occurs under RES-limited conditions, 

mimicking endogenous RES-signaling events in living systems. Furthermore, T-REX 

directly provides a scalar value that quantifies a specific protein’s electrophile-sensing 

capacity, called “delivery efficiency”. A variety of observations and theoretical 

treatments indicate delivery efficiency is independent of protein expression, providing 

a more robust measure of relative electrophile sensing than most other, if not all, 

methods available.22-24 Thus, delivery efficiency can be compared across different 

proteins and experiments with more overall confidence than from bolus electrophile 

dosing experiments. T-REX employs genetic fusion of a HaloTag to the POI.183 A 

custom-designed bio-inert precursor to a given RES, in our case, HNE (referred to as 

“Ht-PreHNE”), is directed specifically to the HaloTag, through a hexylchloride linker 

which selectively and irreversibly conjugates to HaloTag stoichiometrically in vivo. 

After washing away excess unbound Ht-PreHNE, a brief UV-light illumination (365 

nm, 5 mW/cm2, 5 min) liberates HNE in the immediate vicinity of the Halo-POI. In the 

resulting “encounter complex”, competition ensues between inherent reactivity of the 
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POI to HNE and diffusion of HNE from the encounter complex. Provided the POI is a 

kinetically-privileged sensor of HNE, it will react with the RES before it diffuses away 

(Figure 4.2C). The electrophile cannot label the POI after it has diffused away from the 

complex, even when the POI is particularly electrophile reactive.  
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Figure 4.2. HuR senses HNE specifically through C13; Halo-tagging and mutation 
of C13 do not affect cellular distribution or mRNA-binding ability of HuR. (A) 
Domain structure of HuR highlighting its three RNA-recognition motifs (RRM), the 
HuR nuclear shuttling sequence (HNS) which allows HuR to translocate from nucleus 
to cytoplasm,125 and its three cysteine residues. (B) Crystal structure of HuR RRM3, 
featuring 2 of the 3 cysteines in HuR (PDB: 6CG5). Note that no crystal structure 
reported to date includes C13, which resides in the unstructured N-terminal region of 
HuR. (C) Schematic of T-REX HNE delivery platform, which occurs in cells. The 
protein of interest (POI) is genetically fused to HaloTag and expressed from a plasmid 
introduced by transient transfection. A bifunctional inert photocaged precursor to HNE 
[Ht-PreHNE(alkyne)] is introduced and it covalently binds to HaloTag, 
stoichiometrically. Excess unbound probe is washed away. Then a brief pulse of UV 
light (365 nm, 5 mW/cm2, 5 min) liberates the alkyne-functionalized HNE in proximity 
to the POI. If the POI were to be a bona fide RES sensor, it would react with the RES 
in the ensuing “encounter complex” prior to diffusion; otherwise the electrophile would 
be released to the bulk of the cell, without labeling the target protein. (D) Monoclonal 
Flp-In T-REx 293 cells with an integrated tetracycline-inducible myc-Halo-TEV-Flag-
HuR (“Halo-HuR”, wt or C13S) construct in a defined locus were induced with 
tetracycline (75 ng/ml) for 48 h and then treated with Halo-TMR (100 nM) overnight. 
Live cells were counterstained with Hoechst 33258 dye to mark nuclei and imaged using 
a Zeiss LSM710 confocal microscope. Scale bars, 20 μm. Inset at top right: Quantitation 
using mean fluorescence of cells determined by the “Measure” tool in ImageJ (mean ± 
SEM of n>40 cells for each condition). (E) HEK293T cells were transfected with empty 
vector or Flag-tagged HuR variants as indicated.  Flag-HuR was immunoprecipitated 
and the bound mRNA was isolated.  Shown is one representative blot.  (F) qPCR 
analysis of the mRNA recovered from the IP in (E) demonstrates that both Flag-
HuR(wt) and Flag-HuR(C13S) bind to VEGFA, a known HuR target,184 with similar 
efficiency (mean ± SEM of ≥2 independent replicates).  GAPDH serves as a negative, 
non-target control. (G) Halo-HuR(wt) and Halo-HuR(C13S) mutant were expressed in 
HEK293T cells.  Cells were subjected to T-REX as described in (C), triggering the 
release of HNE(alkyne) in proximity to HuR.  Following HNE delivery, cells were 
lysed, the Halo domain was cleaved using TEV protease, the lysate was subjected to 
Click coupling with biotin-azide, and proteins were precipitated and washed thoroughly 
to remove unbound biotin-azide. Biotinylated proteins were then enriched using 
streptavidin resin. Halo-HuR(C13S) failed to sense HNE. Inset at right: Quantitation 
using the “Gel Analysis” tool of ImageJ [n=3 independent replicates (mean ± SEM)]. 
All p-values were calculated with Student’s t-test. (H) HEK293T cells were transfected 
with Halo-HuR(wt) for 48 h, then treated with Ht-PreHNE (20 μM; 2 h). Excess Ht-
PreHNE was washed away, and cells were exposed to light (365 nm, 5 mW/cm2, 5 min), 
then immediately harvested. Total protein levels were normalized using Bradford assay 
and Halo-HuR was enriched using Flag IP. Proteins were eluted with Flag peptide, then 
Click chemistry was used to append Cy5 to modified proteins. Following SDS-PAGE, 
delivery efficiency was calculated using the following equation: 
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% Targeting Efficiency =	
Cy5!/Coomassie!

(Cy5" − Cy5Halo)/Coomassie"
	× 	100% 

 
Where Cy5x is the Cy5 signal from modified HuR, Coomassiex is the density of the 
corresponding Coomassie band, Cy5y is the Cy5 signal from Halo-HuR not exposed to 
light, Cy5Halo is the Cy5 signal from cleaved Halo exposed to light, and Coomassiey is 
the density of the Coomassie band for Halo-HuR not exposed to light. Shown is one 
representative gel from 3 independent experiments; delivery efficiency was determined 
to be 11 ± 1% (mean ± SEM). (I) Comparison of delivery efficiency for several proteins 
studied using T-REX. 
 
 
We first verified that the HaloTag within our Halo-HuR fusion proteins was active by 

confirming binding to TMR-HaloTag ligand in cells (Figure 4.2D). Significant TMR 

signal was only observed in tetracycline-induced cells, and this signal was strongly 

nuclear-localized, indicating that Halo-tagging did not affect HuR nucleus:cytoplasm 

distribution (Figure 4.2D). Both wt and C13S HuR were also expressed at similar levels 

in cells, based on TMR signal intensity (Figure 4.2D) and western blot (Figure 4.2E). 

Importantly, RNA-binding protein immunoprecipitation (RIP) confirmed that both 

HuR(wt) and HuR(C13S) bind VEGFA (a known target mRNA of HuR185; Figure 4.2E–

F) equally well. 

 

Following T-REX in live cells ectopically expressing Halo-HuR, cell lysis, TEV-

protease cleavage (that separates HaloTag from HuR), Click coupling with biotin-azide, 

and streptavidin enrichment, HuR(wt) was enriched 4-fold above HuR(C13S) (Figure 

4.2G). This result demonstrated that C13 is responsible for HNE-sensing. Specifically, 

the competitive setting deployed in T-REX indicates that C13 is a kinetically-privileged 

HNE-sensor. To set this sensing in greater context, we calculated the extent of HuR 

HNE-modification. These experiments showed that the delivery efficiency is 11 ± 1% 
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(Figure 4.2H). This value is at the lower end of the privileged RES-sensor proteins we 

have examined under similar conditions in cells, although it is much higher than proteins 

such as Akt1 and Ube2N, which are not sensors of HNE (Figure 4.2I).21, 22, 24, 36, 82, 85 

The case of HuR is thus interesting as it gives us an opportunity to understand how 

electrophile signaling occurs on less electrophile-sensitive proteins, perhaps allowing 

us to test some of our recently-published postulates.186  

 

We first further validated the privileged RES-sensing property of HuR, and the 

involvement of C13 in electrophile sensing using purified recombinant HuR. Consistent 

with numerous reports noting the insolubility and lability of HuR purified from E. coli, 

untagged HuR was poorly soluble and difficult to work with. Noting that our data 

indicated that Halo-tagged-HuR was active in mammalian cells, we opted to purify 

Halo-tagged variants of HuR. Consistent with Halo-tag’s reported stabilizing ability,187 

Halo-Tag-HuR and Halo-Tag-HuR(C13S) showed improved stability and solubility 

(Figure 4.3A). We next assessed the electrophile sensitivity of the two Halo-Tagged 

HuR’s, using an assay in which the protein (Halo-Tag-HuR(wt or C13S)) at μM 

concentrations is mixed with equal amounts of HNE(alkyne). Labeling of the protein is 

then measured as a function of time, using Click coupling to FAM-azide. Our data 

revealed a 25-fold difference in time-dependent labeling efficiency between Halo-

HuR(wt) and C13S equivalent (Figure 4.3B). Note: since the Halo protein is present 

equally in both reaction vessels, and since the starting concentration of HNE was equal 

in each, this result rules out off-target reaction with Halo as an explanation for these 

results. The outcomes from our T-REX experiments and in vitro HNEylation analysis 
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provide unequivocal evidence that HuR(C13) is a functional HNE-sensor among 3 total 

Cys residues in human HuR (Figure 4.2A–B).  

 

To further set these data in context, we examined the phylogeny of HuR cysteines 

compared to other privileged sensors we have investigated previously. HuR(C13) is 

conserved across higher vertebrates including primates, mice, rats, some birds, and 

some fish (Figure 4.3C). However, HuR(C13) is not present in D. rerio, a system that 

we have shown to undergo many electrophile sensing processes that also occur in 

humans, such as electrophile sensing/signaling by Ube2V2,24 HSPB7,188 and Akt3.51 

Similar to the relatively low delivery efficiency, this lack of a clear conservation pattern 

of HuR(C13) could be taken as evidence that RES-modulation of HuR is a complex 

mode of regulation that is context dependent.189 The other two cysteines within HuR are 

in fact more conserved than C13 giving further credence to this argument. 
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Figure 4.3. HuR(wt) senses HNE in vitro, whereas HuR(C13S) and AUF1 do not. 
(A) SDS-PAGE analysis of purified Halo-HuR. Halo-HuR(wt or C13S) was expressed 
in and purified from E. coli using TALON affinity resin followed by size-exclusion 
chromatography (SEC). 2 μg of each protein was loaded. (B) Recombinant Halo-
HuR(wt or C13S) (40 μM) was incubated with equimolar HNE(alkyne) for the indicated 
time points, after which a portion of the reaction was diluted 20-fold into chilled buffer. 
FAM-azide Click followed by SDS-PAGE gel allowed for visualization of modified 
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protein.  Inset below: Quantitation using the “Gel Analysis” tool of ImageJ. Fluorescent 
signal increase (relative to t = 0) was plotted against time and fit to a pseudo-first order 
binding model [y = 1+2.32(1–e(–Kobs*x))] using Prism. The plateau for both fits was 
constrained to the saturation plateau for Halo-HuR(wt) (3.32). n=2 independent 
replicates per point (mean ± SEM). (C) Evolutionary conservation of C13 and flanking 
residues.  The protein sequence of HuR from a selection of about 30 species was aligned 
to human HuR using MEGA7 and the sequence logo was constructed using WebLogo 
(UC Berkeley). Arrow indicates the position of C13. (D) Purified Halo-HuR(wt) and 
AUF1p37 (40 μM for each) were incubated with equimolar HNE(alkyne) for 5 min, then 
immediately diluted 20-fold into chilled buffer. Click chemistry was then used to 
append Cy5-azide to modified proteins. Coomassie staining was used to visualize 
protein loading (note Coomassie signal intensities for AUF1 and HuR are not an 
indication of molar amounts of proteins loaded due to the different molar masses of the 
two proteins; and because Coomassie interacts with different proteins differently). 
Three independent replicates are shown for each protein. Inset at right: Quantitation of 
in-gel Cy5 fluorescence using the “Gel Analysis” tool of ImageJ [n=3 independent 
replicates shown (mean ± SEM)]. All p values were calculated with Student’s t-test.  
 
 
Finally, we also used this in vitro labeling assay to corroborate the lack of HNE-

sensing by AUF1 that we observed in cells (Figure 4.1B). Under conditions in which 

HNEylation of HuR saturated (5 min; Figure 4.3B), AUF1 failed to become modified 

at all (Figure 4.3D). The consistent outputs between data from T-REX, bolus dosing in 

cells, and in vitro is in overall agreement with a large amount of data previously 

disclosed from our group.  

 

4.3.3 HuR knockdown perturbs viability of cells exposed to electrophiles and 
oxidants, but C13 modification is not fully sufficient to explain this effect. 

 

Based on the data above, we hypothesized that depletion of HuR might affect the ability 

of cells to survive when exposed to redox stressors. We chose to test this hypothesis in 

cells exposed to H2O2, a prototypical oxidant, or HNE, which serves as a prototype for 

electrophilic stress. Growth inhibition experiments carried out in HEK293T cells 
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depleted of HuR versus control cells (treated with untargeted siRNAs) revealed that 

cells deficient of HuR were 15-20% more sensitive to HNE and H2O2 than control cells 

(Figures 4.4A–B). To set these data more in context, we examined how knockdown of 

Nrf2 affected the sensitivity of HEK293T cells to the same reagents. We chose Nrf2 as 

a comparison because this protein is the key antioxidant response transcription factor, 

which controls a battery of antioxidant defense proteins that are upregulated upon 

exposure to electrophiles or oxidants.28 We have also recently shown that expression 

levels of Nrf2 and response to electrophilic stress are regulated by HuR expression (see 

Chapter 3 for details).106 Knockdown of Nrf2 also rendered cells around 20% more 

sensitive to HNE (Figure 4.4C). However, we observed no difference in EC50 for growth 

inhibition by H2O2 (Figure 4.4D). Thus, HuR knockdown affects cellular sensitivity to 

redox stress, at least as significantly as, and in some cases more than, knockdown of 

Nrf2, a protein that is believed to be essential to protect against various small-molecule 

stressors. Consistent with this notion, AR levels (which directly and faithfully report on 

levels of active Nrf2106) were consistently upregulated by ~2-fold in cells transfected 

with siHuR and treated with HNE, compared to siControl-transfected cells (Figure 

4.4E). No modulation of AR was observed on average in cells transfected with siHuR 

and exposed to H2O2 (Figure 4.4F). Importantly, AR levels in non-treated cells were 

significantly suppressed when HuR was knocked down, validating HuR knockdown 

(Figure 4.4G).106 We note that the antagonistic effects of HuR-knockdown cells under 

non-treated conditions (AR suppressed) versus HNE-treated conditions (AR 

hyperstimulated) reflects the pleiotropic nature of both electrophiles and HuR. 
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We then examined the extent to which perturbation of AR in HuR-knockdown cells is 

dependent on modification of C13. Transfection of HuR(wt) into shHuR-lines fully 

rescued the suppression of AR observed in unstimulated shHuR-cells transfected with 

an empty vector relative to identical shControl cells treated with HNE (Figure 4.4H). 

This procedure also reduced levels of AR upregulation upon HNE-treatment in shHuR-

cells to AR-levels observed in shControl cells (Figure 4.4H, second bar in each set). 

Transfection of HuR(C13S) was able to fully rescue suppressed AR levels in 

unstimulated shHuR-cells, again attesting to the activity of HuR(C13S) (Figure 4.4H, 

third bar). In these rescued cells, the active HuR species is HuR(C13S), and thus 

privileged electrophile sensing by HuR cannot occur. We would, therefore, expect these 

HuR(C13S)-expressing cells to respond to HNE-treatment similarly to HuR-

knockdown cells (i.e., show elevated AR in response to HNE), provided elevated AR 

observed in HuR knockdown cells were due to loss of effects attributable to electrophile 

labeling at HuR(C13): otherwise we could consider HuR(C13S) cells behaving the same 

as HuR(wt)-expressing cells, if C13 electrophile labeling were irrelevant to the elevated 

electrophile response observed in HuR-knockdown cells. Cells where HuR-knockdown 

was rescued with HuR(C13S) featured partially elevated AR levels upon treatment with 

HNE, compared to cells where HuR-knockdown was rescued with wt HuR. Thus, 

although HuR regulates AR in response to HNE, modification of C13 is only partly (but 

statistically significantly) able to account for this effect. Furthermore, given that HuR 

and HNE are pleiotropic drivers of AR, these data do not allow us to assign how 

HuR(C13)-modification precisely affects HuR activity in an otherwise unperturbed 

cellular background. Such outcomes are quite common for pleiotropic molecules, and 
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have been reported for molecules as diverse as dimethyl fumarate, 

benzylisothiocyanante, and HNE. Furthermore, the impact of HuR direct electrophile 

sensing, in terms of global response, is not dissimilar from the contribution made to 

signaling outputs by proteins such as Pin1 to the overall electrophile response, as noted 

in Chapter 3.190  

 

 

Figure 4.4. Depletion of HuR sensitizes cells to proliferation inhibition/toxicity 
induced by HNE; this is likely mediated by HuR regulation of Nrf2. (A–D) 
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AlamarBlue was used to assess growth inhibition of HEK293T cells transfected as 
indicated and treated for 48h with the indicated molecules (mean±SEM of n=8 for all 
points except for non-treated, where n=16). All EC50 data were fit to the equation 
𝑦=𝐵𝑜𝑡𝑡𝑜𝑚+(𝑇𝑜𝑝-𝐵𝑜𝑡𝑡𝑜𝑚)/1+(𝑥𝐻𝑖𝑙𝑙 𝑠𝑙𝑜𝑝𝑒/𝐸𝐶50𝐻𝑖𝑙𝑙 𝑠𝑙𝑜𝑝𝑒). Table at right in each case shows 
determined EC50s and Hill Slopes: note change in sensitivity is reflected only in EC50, 
not in Hill coefficient. Inset at far right: Global analysis of EC50 (mean±SEM of n=8 for 
siHuR treated with HNE; n=6 for all other conditions). All individual siHuRs and 
siControls were included in this analysis. (E , F, and G) AR activity of HEK293T cells 
transfected as indicated and either treated with HNE (E) or H2O2 (F), or non-treated (G), 
respectively (mean±SEM of n=8 per condition). Inset at right: similar analysis of all 
siHuRs and siControls as in A–D (mean±SEM of n=8 for siHuR and n=6 for siControl). 
(H) AR activity of shHuR/shControl cells transfected as indicated (mean±SEM of n≥6 
per condition). All p values were calculated with Student’s t-test. Note: the inherent 
batch to batch variations and stabilities of HNE and siRNA transfection render absolute 
EC50’s variable across runs, e.g. A versus B. We thus compare relative effects relative 
to specific siRNA controls for Nrf2 and HuR.  
 
 

4.4 Discussion 

We set out this project with two principal goals: (1) to evaluate if AUF1 and/or HuR 

were sensitive to electrophile labeling; and (2) to understand how any electrophile 

sensitivity impacted the cellular response to redox stress. We began by exploring the 

electrophile-sensing abilities of HuR and AUF1. We identified that among the 6 

cysteines within these two proteins, HuR(C13) was unique at performing a privileged 

HNE-sensing function. This result underscores the need to perform careful electrophile 

sensitivity measurements because although both HuR and AUF1 are influenced by the 

electrophilic prostaglandin, PGA2,134-136 neither of these two proteins had previously 

been shown to be labeled by PGA2 or any other electrophile. Separately, HuR is also 

responsive to H2O2 treatment, although these experiments used a truncated protein as 

the substrate. Critically, the kinetics of labeling by specific reagents and relative 
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sensitivities of these proteins, both of which are critical for assessing physiological 

relevance, had also been ignored. 

 

We first showed that bolus dosing with HNE labelled HuR but not AUF1. This would 

typically be taken to imply that HuR is a good sensor of HNE. However, such results 

overall ignore kinetics of protein labeling, offering little insight into how reactive HuR 

really is. We resolved these questions using T-REX and in vitro experiments. 

Intriguingly, T-REX delivery did not achieve particularly high HNE occupancy on HuR. 

The 11 ± 1% modification efficiency of HuR achieved under T-REX is not as high as 

we have observed for several other RES-sensor proteins under T-REX including Keap1 

(20–55%, with Halo-fusion at either N- or C-terminus), 21, 22, 36, 85 HSPB7 (30 ± 10%),191 

Akt3 (20 ± 5%),82and Ube2V2 (15± 6%)24 (Figure 4.2I). Consistent with these 

observations, labeling of HuR (40 μM) by HNE (40 μM) in vitro took longer time to 

saturate than other proteins we have reported to sense HNE by T-REX [such as labeling 

of Ube2V2 by HNE24 (approximately 1 min, concentrations of both Ube2V2 and HNE 

= 12 μM); and HSPB7188 (2-4 min, concentrations of both HSPB7 and HNE = 12 μM)]. 

This longer time to saturation occurred despite the fact that concentrations of HuR and 

HNE were higher than we have typically used (assuming the reaction is second order, 

t1/2 is inversely proportional to the concentration of HuR/HNE). Nevertheless, the rate 

of HuR labeling in vitro remains faster than what we have observed for previously 

reported electrophile-sensitive proteins, and proteins that were not electrophile sensitive 

under T-REX (e.g. Ube2N). This outcome overall gives us more evidence that delivery 

efficiency is a useful variable that can be compared between runs and inform on intrinsic 
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electrophile sensitivity in an unbiased manner. Further investigations should shed more 

light into the overall usefulness of this parameter and how delivery efficiency compares 

to in vitro electrophile sensitivity. 

 

Regardless of the relative electrophile sensitivity of HuR compared to other highly 

reactive electrophile sensors, it is important to note that we have identified a covalent 

site on HuR that is orthogonal to AUF1. As we mentioned in the introduction and have 

written about at length elsewhere,51, 192 these sites, particularly when embedded in one 

protein within a group of proteins with overlapping functions, such as HuR and AUF1, 

are potential gold mines for covalent drug design. With covalent inhibitors being on a 

continued upward trajectory in terms of their importance in drug design, and with HuR 

being a known anti-cancer target with no approved drugs, this discovery is a first step 

towards generating new selective HuR inhibitors. This function can be harnessed 

independent of electrophile signaling functions of C13 that we investigated later. 

 

We proceeded to evaluate how HuR(C13) affected AR response upon electrophile 

exposure. Our data, which used relatively low concentrations of HNE, for 18 h, showed 

overall a modest importance of HuR(C13) in the regulation of AR by HuR. Clearly this 

result shows that the elevated AR upregulation to HNE treatment seen in the HuR-

knockdown backgrounds are only marginally attributable to loss of HuR-electrophile 

sensing. Such outcomes are not unexpected for pleiotropic electrophiles. Although not 

optimal, it is critical to understand when interpreting these data that, aside from 

regulating many different proteins, electrophile labeling can impact any function of the 
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POI, including potentially upregulating activities that are not present in the unmodified 

state. Thus, electrophile signaling is particularly complex for multifunctional proteins, 

like HuR. As such, the importance of HuR(C13)-electrophile labeling may only become 

clear as the regulatory roles of HuR become further elucidated. Critically, we have 

previously shown that AR regulation by HuR occurs through several functions,106 

perhaps intrinsically mitigating how HuR electrophile signaling can impact AR. It is of 

course possible that some subset of the HuR interactome could be regulated more 

acutely by HuR-specific electrophile signaling. It is also important to note that in a 

number of disease states such as Alzheimer’s and Parkinson’s disease, HNE production 

is chronically upregulated; HNE adducts have been detected from patient tissue 

samples.3 Under these conditions of chronic HNE exposure, which are difficult to model 

in cultured cells, it is possible that the stoichiometry of RES:HuR covalent modification 

may increase, potentially giving rise to HuR electrophile labeling becoming more 

important in regulating AR-signaling behavior. These postulates can all be investigated 

in detail at a later stage, in further work, as they are outside the scope of this paper. 

Nevertheless, we were able to ascribe a minor component of HuR’s regulation of AR to 

modification at C13, which as we discussed above is the typical output, even when 

studying proteins with a single ascribed activity.  
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APPENDIX 1: SUPPLEMENTAL INFORMATION RELATED TO 
CHAPTER 2 

 
A1.1  Materials and Methods 

A1.1.1 Quantification, statistics, analysis, and data presentation 
 
For zebrafish experiments, each larval fish was considered a biological replicate. For 

experiments involving cultured cells, samples generated from individual wells or plates 

were considered biological replicates. In the figure legend for each experiment, how the 

data are presented in the figure (typically mean ± SEM) is clearly indicated. P-values 

calculated with two-tailed unpaired Student’s t-test are clearly indicated within data 

figures. Data were plotted/fit and statistics generated using GraphPad Prism 7 or 8. 

 

Sample sizes: 

Figure 2.1 
B. lyz: non-treated, n=14; light alone, n=14; Ht-PreHNE alone, n=12; Z-REX, n=14 
mpeg1.1: non-treated, n=14; light alone, n=13; Ht-PreHNE alone, n=12; Z-REX, n=14 
coro1a: non-treated, n=14; light alone, n=14; Ht-PreHNE alone, n=12; Z-REX, n=14 
F. Halo-TEV-Keap1 with Ht-PreHNE Z-REX: non-treated, n=185; light alone, n=123; 
Ht-PreHNE alone, n=66; Z-REX, n=93 
Halo-P2A-Keap1 with Ht-PreHNE Z-REX: non-treated, n=21; light alone, n=12; Ht-
PreHNE alone, n=13; Z-REX, n=19 
Halo-TEV-Keap1 with Ht-PreHDE Z-REX: Ht-PreHDE alone, n=32; Z-REX, n=23 
 
Figure 2.2 
A. non-treated: 0 h, n=30; 2 h, n=37; 4 h, n=47 
Z-REX: 0 h, n=40; 2 h, n=34; 4 h, n=48 
B. non-treated: 0 h, n=31; 2 h, n=31; 4 h, n=39 
Z-REX: 0 h, n=20; 2 h, n=41; 4 h, n=49 
E. ATG-MO: an MO targeting the translation start site; SPL-MO: an MO inhibiting 
splicing. 
Control MO: non-treated, n=42; light alone, n=41; Ht-PreHNE alone, n=38; Z-REX, 
n=45 
Nrf2a-ATG-MO: non-treated, n=19; light alone, n=17; Ht-PreHNE alone, n=31; Z-
REX, n=37 
Nrf2b-ATG-MO: non-treated, n=15; light alone, n=20; Ht-PreHNE alone, n=37; Z-
REX, n=31 
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F. Non-treated, n=38; Z-REX alone, n=48; AZ 10417808 alone, n=26; Z-REX with 
AZ 10417808 treatment, n=28; Z-DEVD-FMK alone, n=24; Z-REX with Z-DEVD-
FMK treatment, n=10 
G. Non-treated, n=14; calpain inhibitor I alone, n=12; Z-REX alone, n=15; Z-REX 
with calpain inhibitor I treatment, n=17 
H. Non-treated, n=91; Bcb alone, n=86; Z-REX alone, n=83; Z-REX with Bcb 
treatment, n=71 
 
Figure 2.3 
A. See figure S8. 
B. n=8 for all conditions 
C. n=4 for all conditions 
D. n=4 for all conditions 
E. n=8 for all conditions 
F. n=12 for all conditions 
G. n=4 for all conditions 
 
Figure 2.4 
A. DMSO, n=55; DMF (25 μM), n=50; DMF (50 μM), n=25; HNE (25 μM), n=33; 
HNE (50 μM), n=25;  
HDE: non-treated, n=41; 6 μM HDE, n=50; 12 μM HDE, n=43; 25 μM HDE, n=60. 
B. ATG-MO: an MO targeting the translation start site; SPL-MO: an MO inhibiting 
splicing. 
Control MO: non-treated, n=31; DMF, n=27; HNE, n=34 
Nrf2a-ATG-MO: non-treated, n=39; DMF, n=38; HNE, n=35 
C. Non-treated, n=36; DMF alone, n=36; HNE alone, n=26; Bcb, n=35, Bax channel 
blocker with DMF, n=33; Bcb with HNE, n=42 
D. ATG-MO: an MO targeting the translation start site; SPL-MO: an MO inhibiting 
splicing. 
Control MO: non-treated, n=39; DMF, n=45; HNE, n=37 
Wdr1-ATG-MO: non-treated, n=45; DMF, n=44; HNE, n=34 
Wdr1-SPL-MO: non-treated, n=16; DMF, n=23; HNE, n=9 
Cfl1-ATG-MO: non-treated, n=9; DMF, n=9; HNE, n=11 
Cfl1-SPL-MO: non-treated, n=24; DMF, n=15; HNE, n=33 
E. ATG-MO: an MO targeting the translation start site; SPL-MO: an MO inhibiting 
splicing. 
control MO DMSO-treated, n=23; control MO with DMF treatment, n=22; Keap1a 
ATG-MO DMSO-treated, n=30; Keap1a ATG-MO with DMF treatment, n=32; 
Keap1b ATG-MO DMSO -treated, n=31; Keap1b ATG-MO with DMF treatment, 
n=33; Keap1a + Keap1b ATG MOs DMSO-treated, n=31; Keap1a + Keap1b ATG 
MOs with DMF treatment, n=28. 
 
 
Figure A1.2 
B. Halo mRNA, n=16; Halo-TEV-Keap1 mRNA, n=15  
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C. 4 h post-Z-REX: non-treated, n=13; light alone, n=23; Ht-PreHNE alone, n=21; Z-
REX, n=31 
18 h post-Z-REX: non-treated, n=13; light alone, n=6; Ht-PreHNE alone, n=8; Z-
REX, n=7 
 
Figure A1.3 
A. Non-treated, n=23; Z-REX: n=20 
B. Neutrophil/macrophage count, n=4; Immunity-related genes, n=3 
C. Non-treated: 0 h, n=9; 2 h, n=8; 4 h, n=9 
Z-REX: 0 h, n=14; 2 h, n=9; 4 h, n=16 
D. Non-treated: 0 h, n=11; 2 h, n=11; 4 h, n=10 
Z-REX: 0 h, n=18; 2 h, n=17; 4 h, n=17 
 
Figure A1.4 
A. Control MO, n=38; Nrf2a-ATG-MO, n=32; Nrf2b-ATG-MO, n=21 
B. Empty vector mRNA, n=7, Nrf2 mRNA, n=5 
C. Control MO 1, n=77; Control MO 2, n=47; Nrf2a-ATG-MO, n=30; Nrf2b-ATG-
MO, n=33 
 
Figure A1.5 
Non-treated, n=39; Z-REX alone, n=45; AZ 10417808 alone, n=15; Z-REX with AZ 
10417808 treatment, n=17; Z-DEVD-FMK alone, n=17; Z-REX with Z-DEVD-FMK 
treatment, n=16 
 
Figure A1.6 
A. n=16 for each non-SMBA1-treated point; n=8 for all other points. 
B. Non-treated, n=22; Bcb alone, n=15; Z-REX alone, n=16; Z-REX with Bcb 
treatment, n=20 
C. Non-treated, n=31; BI-D1870 alone, n=18; Z-REX alone, n=26; Z-REX with BI-
D1870 treatment, n=19 
 
Figure A1.8 
A. Control MO: non-treated, n=243; Z-REX, n=28 
Stc2a MO: non-treated, n=14; Z-REX, n=17 
Stc2b MO: non-treated, n=28; Z-REX, n=24 
Sec13 MO: non-treated, n=18; Z-REX, n=29 
Hspa4a MO: non-treated, n=31; Z-REX, n=31 
Hspa4l MO: non-treated, n=37; Z-REX, n=58 
Wdr1 MO: non-treated, n=17; Z-REX, n=10 
Cbx4 MO: non-treated, n=16; Z-REX, n=11 
Chd9 MO: non-treated, n=33; Z-REX, n=32 
Jun MO: non-treated, n=24; Z-REX, n=18 
Ccdc85ca MO: non-treated, n=33; Z-REX, n=33 
Ccdc85cb MO: non-treated, n=32; Z-REX, n=29 
Lman1 MO: non-treated, n=13; Z-REX, n=8 
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Med4 MO: non-treated, n=12; Z-REX, n=5 
Pou3f2b MO: non-treated, n=19; Z-REX, n=22 
Gtf2a1 MO: non-treated, n=28; Z-REX, n=16 
Srsf1a MO: non-treated, n=30; Z-REX, n=21 
Srsf1b MO: non-treated, n=40; Z-REX, n=37 
Fndc3ba MO: non-treated, n=19; Z-REX, n=26 
Fndc3bb MO: non-treated, n=32; Z-REX, n=23 
Lamb2 MO: non-treated, n=24; Z-REX, n=23 
Amotl1 MO: non-treated, n=20; Z-REX, n=17 
Aurkb MO: non-treated, n=28; Z-REX, n=28 
Satb2 MO: non-treated, n=25; Z-REX, n=23 
Patl1 MO: non-treated, n=21; Z-REX, n=25 
Safb MO: non-treated, n=37; Z-REX, n=35 
Slc4a1ap MO: non-treated, n=10; Z-REX, n=6 
Ktn MO: non-treated, n=12; Z-REX, n=15 
 
Figure A1.9 
B, C. n=4 
D. n=4 for all conditions 
E. Non-treated, n=16; n=8 for all other points 
F. n=4 for all conditions 
G. n=4 for all conditions 
 
Figure A1.10 
A–C. n=3 for all conditions 
 
Figure A1.11 
n=4 for all conditions 
Inset: shCFL1, n=3; shControl, n=2 
 
Figure A1.12 
Control MO: non-treated, n=31; DMF, n=27; HNE, n=34 
Nrf2a-ATG-MO: non-treated, n=39; DMF, n=38; HNE, n=35 
 
Figure A1.13 
A. Control MO: non-treated, n=65; DMF, n=54; HNE, n=69; Wdr1-ATG-MO: non-
treated, n=63; DMF, n=67; HNE, n=49; Wdr1-SPL-MO: non-treated, n=33; DMF, 
n=39; HNE, n=39 
B. Control MO, n=148; Wdr1-ATG-MO, n=101; Wdr1-SPL-MO, n=49 
C. Control MO, n=117; Cfl1-ATG-MO, n=43; Cfl1-SPL-MO, n=34 
 
Figure A1.14 
Control MO, n=793; Keap1a-ATG-MO, n=153; Keap1a-SPL-MO, n=192; Keap1a-
SPL-MO+Keap1b-ATG-MO, n=115 
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Figure A1.15 
A. Control MO non-treated, 33; control MO Z-REX, 41; Gapdh ATG-MO non-
treated, 19; Gapdh ATG-MO Z-REX, 29; Gapdh SPL-MO non-treated, 32; Gapdh 
SPL-MO Z-REX, 34.  
B. For HNE: Control MO non-treated, 37; control MO with HNE treatment, 43; 
Gapdh ATG-MO non-treated, 47; Gapdh ATG-MO with HNE treatment, 42; Gapdh 
SPL-MO non-treated, 47; Gapdh SPL-MO with HNE treatment, 39. For DMF: 
Control MO non-treated, 26; control MO with DMF treatment, 28; Gapdh ATG-MO 
non-treated, 40; Gapdh ATG-MO with DMF treatment, 35; Gapdh SPL-MO non-
treated, 38; Gapdh SPL-MO with DMF treatment, 36. 
C. Control MO, 97; Gapdh-ATG-MO, 79; Gapdh-SPL-MO, 82. 
 
 
A1.1.2 Reagents 

All HNE and HDE used in this study were alkyne-functionalized. These molecules are 

often referred to elsewhere as “HNE(alkyne)” and “HDE(alkyne)”, respectively, but this 

convention is not used in Chapter 2/Appendix 1 for clarity. These reagents were 

synthesized as previously described.59 Ht-PreHNE and Ht-PreHDE were synthesized as 

previously described.85 Unless otherwise indicated, all other chemical reagents were 

bought from Sigma at the highest availability purity. DMF was from Alfa Aesar. TCEP 

was from ChemImpex. Staurosporine was from Apollo Scientific. Calpain inhibitor I 

was from Cayman Chemical. AZ 10417808, Z-DEVD-FMK, Z-IETD-FMK, Bax 

channel blocker, and BI-D1870 were all from ApexBio. Ac-DEVD-AMC was from 

Bachem.  Puromycin was from Santa Cruz. SMBA1 was from Sigma. AlamarBlue was 

from Invitrogen, and was used according to the manufacturer’s instructions. Minimal 

Essential Media, RPMI, Opti-MEM, Dulbecco’s PBS, 100X pyruvate (100 mM), 100X 

nonessential amino acids (11140-050) and 100X penicillin streptomycin (15140-122) 

were from Gibco. Isotopically pure amino acids were from Sigma. Protease inhibitor 

cocktail complete EDTA-free was from Roche. TALON (635503) resin was from 
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Clontech. 2020 and LT1 transfection reagents were from Mirus. PEI was from 

Polysciences. Tricaine methanesulfonate was from Sigma. Venor GeM PCR-based 

mycoplasma detection kit was used as stated in the manual and was from Sigma. ECL 

substrate and ECL-Plus substrate were from Pierce and were used as directed. 

Acrylamide, ammonium persulfate, TMEDA, Precision Plus protein standard were from 

Bio-Rad. All lysates were quantified using the Bio-Rad Protein Assay (Bio-Rad) 

relative to BSA as a standard (Bio-Rad). PCR was carried out using Phusion Hot start 

II (Thermo Scientific) as per the manufacturer’s protocol. All plasmid inserts were 

validated by sequencing at Cornell Biotechnology sequencing core facility or 

Microsynth. All sterile cell culture plasticware was from CellTreat. Sources of 

antibodies are listed in Table A1.8. Antibodies were validated using western 

blot/immunofluorescence to show that multiple independent shRNAs/MOs 

significantly reduced the levels of the detected protein.  

 

A1.1.3 Construction of plasmids 

Sequences of all primers used for cloning are listed in Table A1.5. The inserts in all 

plasmids generated were fully validated by Sanger sequencing at the Cornell Genomics 

Core Facility or Microsynth. pCS2+8 Flag-Wdr1 was constructed by amplification of 

Wdr1 (obtained from the EPFL Gene Expression Core Facility) using the appropriate 

forward and reverse primers with Phusion Hotstart II following the manufacturer’s 

protocol. The PCR products was then extended using forward and reverse extension 

primers. Empty pCS2+8 plasmid was digested with EcoRI-HF (NEB), and the extended 

PCR product was cloned into this plasmid. 
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A1.1.4 Zebrafish husbandry, breeding, and microinjection 

All procedures at Cornell University were approved by the Institutional Animal Care 

and Use Committee (IACUC) and performed in accordance with the guidelines of the 

NIH. All procedures at EPFL were performed in accordance with the Swiss regulations 

on animal experimentation (Animal Welfare Act SR 455 and Animal Welfare 

Ordinance SR 455.1), in the EPFL zebrafish unit, cantonal veterinary authorization VD-

H23. Tg(lyz:TagRFP) were obtained from the Zebrafish International Resource Center 

(ZIRC, University of Oregon). Tg(mpeg1:eGFP) were obtained from Professor Todd 

Evans (Weill Cornell Medicine). These reporter lines were crossed with WT fish to 

produce progeny exclusively heterozygous for the fluorescent marker (or wt/wt, which 

were not examined). Embryos were produced by natural mating in breeding tanks. The 

yolk sack of embryos at the 1–4-cell stage was microinjected with approximately 2 nl 

of mRNA [1.4–1.6 mg/ml (mMessage mMachine SP6 kit, Invitrogen)] or 2 nl of 

morpholino oligonucleotides [0.5 mM (Table A1.6; GeneTools LLC)] or 2 nl of a 1:1 

mixture of mRNA and MO (0.5 mM) as indicated in the figures. Fish were grown at 

28.5°C with a 14 h light/ 10 h dark cycle in 10% Hank’s Balanced Salt Solution (HBSS). 

 

A1.1.5 Z-REX procedure in zebrafish 

This was carried out as previously reported.82 Embryos injected with mRNA encoding 

Halo-TEV-Keap1-2xHA or Halo-2xHA-P2A-TEV-Keap1-2xHA as described above 

were treated with preHNE(alkyne) (1 μM) in 10% HBSS containing penicillin-

streptomycin (Gibco) and grown in the dark for 30 h. Embryos were then rinsed with 

10% HBSS 3 times for 30 minutes each in a red-light room, and exposed to UV light 
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(365 nm, 0.5 mW/cm2) for 3 minutes with gentle agitation of the plate every minute. 

Embryos were then either immediately euthanized or incubated further as indicated. For 

Z-REX experiments with small molecule treatment (e.g., Bcb), the compound was 

introduced at the stated concentration in the 10% HBSS immediately following light 

exposure. 

 

A1.1.6 RNA sequencing of zebrafish embryos 

Zebrafish expressing Halo-TEV-Keap1-2xHA were subjected to Z-REX conditions. 

Euthanized embryos were lysed in Trizol using ceramic hard tissue homogenizing mix 

(VWR), and RNA was isolated following the manufacturer’s protocol.  The quality of 

the RNA was assessed by Nanodrop spectrophotometry (A260/A280 ratio ~2) and 

fragment analysis using a Bioanalyzer (Agilent). The rest of the procedure including 

data processing was performed by the RNA sequencing core (RSC) service at Cornell 

University. Briefly, from 500 ng total RNA input, polyadenylated RNA was isolated 

with the NEBNext Poly(A) mRNA Magnetic Isolation Module (New England Biolabs). 

TruSeq-barcoded RNAseq libraries were generated with the NEBNext Ultra Directional 

RNA Library Prep Kit (New England Biolabs). Each library was quantified with a Qubit 

2.0 (dsDNA HS kit; Thermo Fisher) and the size distribution was determined with a 

Fragment Analyzer (Advanced Analytical) prior to pooling. Libraries were sequenced 

on a NextSeq500 instrument (Illumina). At least 20M single-end 81nt reads were 

generated per library. Reads were trimmed for low quality and adaptor sequences with 

cutadapt v1.8 [parameters: –m 50 –q 20 –a 

AGATCGGAAGAGCACACGTCTGAACTCCAGTC –match-read-wildcards].193 
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Reads were mapped to the reference genome/transcriptome (D. rerio GRCz10 

[Ensembl]) using tophat v2.1 [parameters: –library-type=fr-firststrand –no-novel-juncs 

–G <ref_genes.gtf>].142 Cufflinks v2.2 (cuffnorm/cuffdiff) was used to generate FPKM 

values and statistical analysis of differential gene expression.194 

 

A1.1.7 Quantitative real time PCR (qRT-PCR) 

This was carried out as previously described.36 Briefly, embryos treated as indicated (3-

5 per sample) were euthanized, washed with PBS, and homogenized in Trizol reagent 

with glass beads and vortexing for approximately 30 seconds. Total RNA was then 

isolated following the manufacturer’s protocol. 1 μg of total RNA (purity/integrity 

assessed by agarose gel electrophoresis and concentration determined by A260nm using a 

BioTek Cytation3 microplate reader with a Take3 accessory) was treated with 

amplification-grade DNase I (Invitrogen) and reverse transcribed using Oligo(dT)20 as 

a primer and Superscript III Reverse Transcriptase (Life Technologies) following the 

manufacturer’s protocol. PCR was performed for two technical replicates per sample 

using iQ SYBR Green Supermix (Bio-Rad) and primers specific to the gene of interest 

(Table A1.5) following the manufacturer’s protocol. Amplicons were chosen that were 

150–200 bp in length and had no predicted off-target binding predicted by NCBI Primer 

BLAST. For genes with multiple splice variants, primers were chosen that amplified 

conserved sequences across all splice variants. Primers were validated using standard 

curves generated by amplification of serially-diluted cDNA; primers with a standard 

curve slope between –0.8 and 1.2 and R2≥0.97 were considered efficient. Single PCR 

products were confirmed by melting analysis following the PCR protocol. Data were 
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collected using a LightCycler 480 (Roche). Threshold cycles were determined using the 

LightCycler 480 software. Samples with a threshold cycle >35 or without a single, 

correct melting point were not included in data analysis. Normalization was carried out 

using a single housekeeping gene as indicated in each dataset and the ΔΔCt method.  

 

A1.1.8 Live imaging of macrophages and neutrophils in larval zebrafish  

Following treatment as indicated, embryos were anesthetized with tricaine 

methanesulfonate (Sigma), manually dechorionated and imaged on a 2% agarose pad 

using a Leica M205-FA fluorescence stereomicroscope. Fluorescent macrophages and 

neutrophils were quantitated using the “Find Maxima” function of ImageJ (NIH). 

 

A1.1.9 Immunofluorescence (IF) 

Whole-mount IF was carried out as previously described.195 Briefly, euthanized 

embryos washed twice with PBS were fixed in 4% formaldehyde (1 ml) overnight at 

4°C with gentle rocking in 1.5 ml tubes. Formaldehyde was replaced with chilled 

methanol (1 ml) and embryos were kept at –20°C overnight. Methanol was replaced 

with PDT [1 ml; 1X PBST (PBS with 0.1% Tween-20), 1% DMSO, 0.3% Triton-X100], 

which was replaced with fresh PDT and embryos were gently rocked for 30 min at room 

temperature. The PDT was again replaced with fresh PDT and embryos were rocked for 

another 30 min. PDT was replaced with blocking buffer (1 ml; 1X PBST, 10% FBS, 2% 

BSA) and embryos were gently rocked for 1 h. Primary antibodies (Table A1.8) were 

diluted to the appropriate concentration in fresh blocking buffer (0.8 ml). Embryos were 

gently rocked with antibodies for either 2 h at room temperature or overnight at 4°C. 
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The washing and blocking procedure was repeated, and embryos were gently rocked 

with secondary antibodies in blocking buffer (1 ml) for 1.5 h at room temperature. The 

washing (but not blocking) procedure was again repeated, and stained embryos were 

immediately imaged on a 2% agarose pad using a Leica M205-FA fluorescence 

stereomicroscope. 

 

A1.1.10  Cell culture 

HEK293T (obtained from ATCC) and were cultured in MEM (Gibco 51090036) 

supplemented with 10% v/v fetal bovine serum (Sigma), penicillin/streptomycin 

(Gibco), sodium pyruvate (Gibco), and non-essential amino acids (Gibco) at 37°C in a 

humidified atmosphere of 5% CO2. Media were changed every 2-3 days.  

 

A1.1.11  General T-REX procedure in cells 

HEK293T cells were transfected as indicated. After 24 h, cells were treated with Ht-

PreHNE (5 μM) for 2 h in serum-free media. Excess Ht-PreHNE was removed by 

replacing the media with fresh serum-free media three times over a period of 1.5 h. Cells 

were then exposed to light (365 nm, 5 mW/cm2, 3 min) and incubated further as 

indicated. In cases where small molecule (e.g., Bcb) treatment was necessary, 

compounds were introduced in serum-free media at the indicated concentrations 

immediately following light exposure. 

 

A1.1.12  Analysis of Keap1 interactome changes following Keap1-
hydroxynonenylation by T-REX-coupled SILAC proteomics 
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A previously-generated HEK293T line expressing DsRed-IRES-His6-Halo-TEV-

Keap136 was grown for six passages in media containing exclusively “light” lysine and 

arginine (K+0, R+0) or “heavy” lysine and arginine (K+8, R+10), with media changes 

every 2-3 days. These cells were cultured in duplicate 10 cm diameter plates. Cells were 

treated with Ht-preHNE(alkyne) (20 μM) for 2 h in serum-free media (with “light” or 

“heavy” amino acids as appropriate). Cells were then rinsed three times with serum-free 

media (30 minutes per rinse) and exposed to UV light (365 nm, 5 mW/cm2) for 5 

minutes. Cells were incubated for a further 1.5 hours, then harvested, counted using a 

Countess II FL cell counter, and heavy and light cells were mixed in a 1:1 ratio for each 

comparison. Pooled cells were then lysed in lysis buffer [50 mM HEPES pH 7.6, 150 

mM NaCl, 1% NP-40, 5 mM imidazole, and 1X cOmplete EDTA-free protease inhibitor 

tablets (Roche)] using three rapid cycles of freeze–thaw–vortexing with glass beads 

(Sigma). Insoluble material was cleared by centrifugation and total protein was diluted 

to 1 mg/ml and incubated with 50 μl TALON resin (Takara Bio) for 1 h at 4°C with 

end-over-end rotation. The resin was then washed three times with wash buffers [50 

mM HEPES pH 7.6, 150 mM NaCl; and 5 mM imidazole (1st wash), 10 mM imidazole 

(2nd wash), or 15 mM imidazole (3rd wash)] for 10 min each with end-over-end rotation. 

His6-Halo-TEV-Keap1 and binding partners were eluted from the TALON resin with 

30 μl elution buffer (50 mM HEPES pH 7.6, 150 mM NaCl, 200 mM imidazole) for 10 

min with end-over-end rotation. Eluted proteins were resolved on a 4–20% gradient 

SDS-PAGE gel (Bio-Rad) and each band was cut into 5 fragments for LC-MS/MS 

analysis (Cornell Proteomics Core Facility). 
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A1.1.13  Generation of shRNA-based knockdown cell lines 

HEK293T packaging cells (5.5 × 105 cells) were seeded in 6-well plates in antibiotic-

free media and incubated for 24 h. The cells were transfected with a mixture of 500 ng 

packaging plasmid (pCMV-R8.74psPAX2), 50 ng of envelope plasmid (pCMV-VSV-

G) and 500 ng of pLKO vector containing the hairpin sequence (Sigma; Table A1.9) 

using TransIT-LT1 (Mirus Bio) following the manufacturer’s protocol. shControl 

plasmids were obtained from Prof. Andrew Grimson (Cornell University). 18 h-post 

transfection, media were replaced with media containing 20% FBS and incubated for a 

further 24 h. Media containing virus particles were harvested, centrifuged (800×g, 10 

min), filtered through 0.45 μm filter, and used for infection or frozen at –80°C for later 

use.  

HEK293T cells (5.5 × 106 cells) in 6-well plates were treated with 1 mL of virus- 

containing media in a total volume of 6 mL of media containing 8 μg/mL polybrene. 

After 24 h, media were changed and the cells were incubated for 24 h. Following this 

period, media were changed to media containing 2 μg/mL puromycin (Corning) and 

allowed to grow to confluence. Following selection, cells were assayed by western 

blotting.  

 

A1.1.14  Western blotting 

Cells were resuspended in lysis buffer (50 mM HEPES pH 7.6, 1% Triton X100, 0.3 

mM TCEP, 1X Roche cOmplete tablet) and lysed by three cycles of rapid freeze-thaw. 

Lysates were cleared by centrifugation (20000 × g, 10 min, 4°C) and total protein 

concentration was determined by Bradford assay (against BSA standard). 50 μg of total 
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protein was loaded per lane, separated by SDS-PAGE, transferred to PVDF, then the 

membrane was blocked, and incubated with the appropriate antibodies (Table A1.8). 

Detection was carried out on a ChemiDoc-MP imaging system (BioRad) or a Fusion 

FX imager (Vilber) using ECL Western Blotting Substrate (Pierce) or SuperSignal West 

Femto Maximum Sensitivity Substrate (Thermo Scientific). Western blot data were 

quantitated using the Gel Analysis tool in ImageJ (NIH). Bands of interest were 

integrated and normalized to the loading control.  

 

A1.1.15  Luciferase reporter assays for measurement of antioxidant 
response (AR) 

 
These assays were carried out as previously described.22 Briefly, cells were co-

transfected with a 1:0.025:1:1 mixture of pGL4.37 E364A [(ARE:firefly luciferase) 

Promega]: pGL4.75, E693A [(CMV:Renilla luciferase) Promega]: pCS2+8 Halo-TEV-

Keap1: pcDNA3 myc-Nrf2 with Mirus 2020 following the manufacturer’s protocol for 

24 h. Cells were then subjected to T-REX as described above and incubated for a further 

18 h. Media were removed and cells were lysed for 15 min in passive lysis buffer 

(Promega) with gentle shaking and homogenized lysate was transferred to the wells of 

an opaque white 96-well plate (Corning). Firefly and Renilla luciferase activity were 

measured sequentially on a BioTek Cytation3 microplate reader.  

 

A1.1.16  Caspase activity assays 

This was modeled on a previously reported procedure.59 In black 96-well assay plates, 

lysates from luciferase reporter assays (40 μl per sample) were added to a mixture (150 
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μl) containing 50 mM HEPES pH 7.6, 0.1% CHAPS, 5 mM DTT, 10 μM Ac-DEVD-

AMC. Time-dependent AMC release was measured in fluorescence mode (360 nm 

excitation; 460 nm emission) on a BioTek Cytation3 microplate reader for 120 min. The 

activity under these conditions was linear for 90 min. Caspase activity was normalized 

to the corresponding Renilla luciferase signal. 

 

A1.1.17  Growth inhibition assays 

HEK293T cells (3000 cells per well) were seeded in 96-well plates. After 24 h, cells 

were treated with the indicated molecules at the indicated concentrations and incubated 

for 48 h. AlamarBlue was added to each well and the cells were incubated for a further 

4 h, after which fluorescence (excitation 560 nm; emission 590 nm) was measured using 

a BioTek Cytation 3 microplate reader. 
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A1.2  Supplemental tables 
 
Table A1.1. Selected significantly differentially expressed (SDE) genes in 
Tg(lyz:TagRFP) embryos detected by RNA seq. (Please see Table A1.2 for details). 
 

Nrf2-driven AR genes 

Gene Fold change 
(Ht-PreHNE  
Z-REX/ 
non-treated) 

q-value Fold change 
(Ht-PreHDE  
Z-REX/ 
non-treated) 

q-value 

cbr1 3.0 0.015 2.8 0.015 
sult6b1 2.0 0.015 1.7 0.015 
gstp1 1.9 0.015 1.6 0.038 
abcb6a 2.6 0.047 2.5 0.072 (ns) 
cbr1l 1.6 0.047 1.4 0.416 (ns) 
ctsc 1.5 0.038 1.1 0.998 (ns) 
Immune genes 
Gene Fold change 

(Ht-PreHNE  
Z-REX/ 
non-treated) 

q-value Fold change 
(Ht-PreHDE  
Z-REX/ 
non-treated) 

q-value 

Expressed in both neutrophils and macrophages 
coro1a 0.5 0.047 1.0 0.998 (ns) 
Neutrophil-specific expression 
mpx 0.5 0.047 0.9 0.998 (ns) 
lyz 0.5 0.015 0.8 0.998 (ns) 
Macrophage-specific expression 
mpeg1.1 0.2 0.047 0.7 0.998 (ns) 
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Table A1.2. Raw counts, processed fragments per kilobase of transcript per million 
mapped reads (FPKM) values, and Cuffdiff pairwise comparison test results from 
RNA-seq of Tg(lyz:TagRFP) embryos. Note that “NOTEST” indicates that the 
Cuffdiff algorithm did not run a statistical test for differential expression, typically due 
to no detection of the gene in one or both conditions being compared.  
 
(Please see excel file) 
 
Within Table A1.2, color-coding of SDE genes corresponds to the colors used in Figure 
2.1 and Table A1.1. 
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Table A1.3. Proteins showing change in Keap1 association following Keap1-
hydroxynonenylation in HEK293T cells, identified by SILAC proteomics. (Please 
see Table A1.4 for details). 
 

Table 
Entry 
no. 

Accession 
number  

Protein Set 1 & 2 
deviation 
from mean 

Set 3 & 4 
deviation 
from mean 

D. rerio 
ortholog(s) 

Known 
Keap1 
binding 
partner 

 Proteins >2σ above/below mean in both sets 
1 XP_016864369.1 Wdr1 >2σ >2σ Wdr1 yes 
2 

NP_001304310.1  Hspa4l  
>2σ >2σ Hspa4l, 

hspa4a 
no 

3 NP_115743.1 Zbed3 >2σ >2σ (none) no 
4 NP_003646.2 Cbx4 >2σ >2σ Cbx4 no 
5 XP_005256226.1 Chd9 >2σ >2σ Chd9 yes 
  Proteins >2σ above/below mean in one set and >1σ above/below mean in the other set 
6 

NP_073600.3  Fndc3b  
>2σ >1σ Fndc3ba, 

fndc3bb 
no 

7 NP_054885.1 Med4 >2σ >1σ Med4 no 
8 XP_005265184.1 Lamb2 >2σ >1σ Lamb2 no 
9 NP_005561.1 Lman1 >1σ >2σ Lman1 no 
10 

NP_001138467.1  Ccdc85c  
>1σ >2σ Ccdc85ca, 

Ccdc85cb 
no 

11 NP_057059.2 Taf9b >1σ >2σ Taf9 no 
12 NP_002219.1 Jun >1σ >2σ Jun no 
13 

NP_008855.1  Srsf1  
>1σ >2σ Srsf1a, 

Srsf1b 
no 

14 
NP_005595.2  Pou3f2  

>1σ >2σ Pou3f2a, 
Pou3f2b 

no 

15 NP_056943.1 Gtf2a1 >1σ >2σ Gtf2a1 no 
16 XP_005273855.1 Amotl1 >1σ >2σ Amotl1 no 
17 NP_001165980.1 Satb2 >1σ >2σ Satb2 no 
18 

NP_003705.1 Stc2 
>2σ >1σ Stc2a, 

Stc2b 
no 

  Proteins >1σ above/below mean in both sets 
19 NP_060628.2 Slc4a1ap >1σ >1σ Slc4a1ap no 
20 NP_733821.1 Lmna >1σ >1σ Lmna no 
21 XP_016862508.1 Sec13 >1σ >1σ Sec13 no 
22 NP_001271455.1 Aurkb >1σ >1σ Aurkb no 
23 NP_689929.2 Patl1 >1σ >1σ Patl1 no 
24 XP_006720201.1 Ktn1 >1σ >1σ Ktn1 no 
25 NP_055464.1 Safb2 >1σ >1σ Safb no 
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Table A1.4. SILAC proteomics data for hydroxynonenylation-specific Keap1-
interactome changes in HEK293T cells.  
 
(Please see excel file) 
 
Within Table A1.4, color-coding of proteins corresponds to the colors used in Table 
A1.3. 
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Table A1.5. Primers 

Primer Sequence 
pCS2+8 for 
mRNA 
forward 

5′–CAATGGGGAGGGGCAATG–3′ 

pCS2+8 for 
mRNA 
reverse 

5′–CCAAGCGCGCAATTAACC–3′ 

pCS2+8 
Flag-Wdr1 
forward 

5′–
GATAAGGATTACAAAGACGATGATGACAAAGGGTCCATGCCGT 
ACGAGATCAAGAAGGTG–3′ 

pCS2+8 
Flag-Wdr1 
reverse 

5′–CACTATAGTTCTAGAGGCTCGAGAGGCCTTTTATCAGTAG 
GTGATTGTCCACTCCTTGAC–3′ 

Forward 
extender 

5′–ACCATGGACTATAAGGATGACGACGATAAGGATTACAAAGA 
CGATGATGACAAAGGGTCC–3′ 

Reverse 
extender 

5′–TCATGTCTGGATCTACGTAATACGACTCACTATAGTTC 
TAGAGGCTCGAGAGGCCTTTTA–3′ 

 

  



 

116 

Table A1.6. MO sequences 
 

MOa Target gene Sequence 
Nrf2a-ATG-MO nfe2l2a 5′–CATTTCAATCTCCATCATGTCTCAG–3′ 
Nrf2b-ATG-MO nfe2l2b 5′–AGCTGAAAGGTCGTCCATGTCTTCC–3′ 
Nrf1a-ATG-MO nfe2l1a 5′–ATGGCCCAAACCATCACCGGCAGCA–3′ 
Nrf1b-ATG-MO nfe2l1b 5′–AATCACGCAAACAAACGTCAAACCA–3′ 
Keap1a-ATG-MO keap1a 5'-GCCTCTTCTTTCTTGGACATATCAT-3'  
Keap1b-ATG-MO keap1b 5'-CCAACATCAGCGCGGGCACATCC-3’  
Keap1a-SPL-MO keap1b 5'-GCTGCACTTAAAAATTGACTTACCT-3'  
Wdr1-ATG-MO wdr1 5′–TCTGCGTGTTCTCCTCCGGTAAAC–3′ 
Wdr1-SPL-MO wdr1 5′–CCAGCAGCGGTCACTCACTTCTC–3′ 
Cfl1-ATG-MO cfl1 5′–CATGGCTGTGTCTCTGTGCTAGTCG–3′ 
Cfl1-SPL-MO cfl1 5′–AAGTTGATGGACAGCATTACCTGTG–3′ 
Gapdh-ATG-MO gapdh 5′–AACCATTATGCCTGATTTGGTTGTG–3′ 
Gapdh-SPL-MO gapdh 5′–TTTGGAATAACAGCACTCACTCGCT–3′ 
Hspa4a-MO hspa4a 5′–ATCAAACCCCACCACTGACATCTTC–3′ 
Ccdc85ca-MO ccdc85ca 5′–GGTCACTTATTAATCATTCCTTCGC–3′ 
Ccdc85cb-MO ccdc85cb 5′–CTCGCTTACAGTCTCGGAGTATTAA–3′ 
Stc2a-MO stc2a 5′–GGGACAGTGTGAATTTAATCAGCAT–3′ 
Stc2b-MO stc2b 5′–CTGGAGCATAACCGCAGTTCAAACG–3′ 
Lman1-MO lman1 5′–TACCGCCATGTTTGAGTCTGAGTG–3′ 
Srsf1a-MO srsf1a 5′–CCGGACATCTCTGCACTGACAAATC–3′ 
Srsf1b-MO srsf1b 5′–TCGAATTACACCGCCAGACATATTT–3′ 
Med4-MO med4 5′–CCGCCGCCATGATTGTTTCTCTTTC–3′ 
Gtf2a1-MO gtf2a1 5′–CTCGCCATTATGAGCGCAGTGAG–3′ 
Taf9-MO taf9 5′–GCCATTTTTCACTCCTCCTCGAAAG–3′ 
Fndc3ba-MO fndc3ba 5′–CTGTCATCATCATTGTGACGTACAT–3′ 
Fndc3bb-MO fndc3bb 5′–CTCCCGGCGACAGCCTCAGATTTAG–3′ 
Safb-MO safb 5′–CATGTTTTCAGCCAGTGAGACTGCA–3′ 
Slc4a1ap-MO slc4a1ap 5′–TTCGCTGCCATCAAACTCCATCGTG–3′ 
Patl1-MO patl1 5′–AATGATCTGGTTTAATTCTGCTGCG–3′ 
Ktn1-MO ktn1 5′–AGCTCCTAGTCAGTTTCAGAGAAAC–3′ 
Pou3f2a-MO pou3f2a 5′–AGTGGTTGGACGCCGCGGTCGCCAT–3′ 
Sec13-MO sec13 5′–CACTGTGTTAATGACCGAAACCATG–3′ 
Lmna-MO lmna 5′–CAGCCTTCAGGAGTCGTCACCTTGG–3′ 
Amotl1-MO amotl1 5′–CCTCGATCTCCAACTGCAAATGTTC–3′ 
Chd9-MO chd9 5′–CCTGTAGAATGACACATACAACACA–3′ 
Aurkb-MO aurkb 5′–CGTGATTATCAGACTGACCTTAGTG–3′ 
Lamb2-MO lamb2 5′–CTGTATGGTGATGAATCTTCAACTG–3′ 
Pou3f2b-MO pou3f2b 5′–GATTGGATGCTGTAGTCGCCATGAC–3′ 
Hspa4l-MO hspa4l 5′–GCAAGGCTATACTTACGGAGTGCAT–3′ 
Satb2-MO satb2 5′–GCAGTGTTGAACTCACCATGAGCCT–3′ 
Cbx4-MO cbx4 5′–TCCCCGACGGCAGGTAGATCCATTG–3′ 
Jun-MO jun 5′–TTTAGGCGCTGTTAAGCACTGTCCG–3′ 
Control MO 1 Non-targeting  

(random control MO, 
GeneTools LLC) 

5′–NNNNNNNNNNNNNNNNNNNNNNNNN–
3′ 
 

Control MO 2 Non-targeting  
(standard control MO, 
GeneTools LLC) 

5′–CCTCTTACCTCAGTTACAATTTATA–3′ 
 

a ATG-MO: an MO targeting the translation start site; SPL-MO: an MO inhibiting splicing. 
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Table A1.7. qRT-PCR primers 

Primer Sequence 
lyz forward 5′–CGTGGATGTCCTCGTGTGAA–3′ 
lyz reverse 5′–TAGGCCGTGCACACATAGTT–3′ 
mpeg1.1 forward 5′–CGGGTTCAAGTCCGTAACCA–3′ 
mpeg1.1 reverse 5′–TGGCGTCAGCGATTTCTTCT–3′ 
coro1a forward 5′–GGGATCCCAACAACTTCGGT–3′ 
coro1a reverse 5′–CTGATGCTGCTATCGCCCTT–3′ 
actb2 forward 5′–TCACTTTGAGCTCCTCCACACG–3′ 
actb2 reverse 5′–ATCCATGGCTGAACTTGGGTTTG–3′ 
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Table A1.8. Antibodies 

Antibody Source Dilution (application)1 

anti-RFP (rat) ChromoTek 5F8 1:800 (IF) 
anti-GFP-FITC (goat) Abcam ab6662 1:500 (IF) 
anti-active Caspase-3 
(rabbit) 

BD Pharmingen 559565 1:800 (IF) 

anti-Keap1 Novus OT1B4 1:200 (IF) 
Donkey anti-rat-Alexa Fluor 
568 

Abcam ab175475 1:1000 (IF, secondary) 

Donkey anti-goat-Alexa 
Fluor 647 

Abcam ab150131 1:1000 (IF, secondary) 

anti-Wdr1 [EPR8793] 
(rabbit) 

Abcam ab173574 1:500 (WB) 
1:500 (IF) 

anti-Cfl1 (rabbit) Abcam ab42824 1:1000 (WB) 
1:500 (IF) 

anti-α-tubulin (mouse) Sigma-Aldrich T9026 1:5000 (WB) 
Goat polyclonal anti-rabbit 
IgG (HRP-conjugated)  

Cell Signaling Technology 
#7074  

1:4000 (WB, secondary) 

Goat polyclonal anti-rabbit 
IgG (HRP-conjugated)  

Cell Signaling Technology 
#7076  

1:4000 (WB, secondary) 

1IF, immunofluorescence; WB, western blot 
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Table A1.9. shRNA sequences 
 

Name Target 
gene 

Sigma serial 
number 

Sequence 

shWdr1 wdr1 
(human) 

TRCN0000179185 5′–CCGGGCTGGGAAGATCAAAGACATTCT 
CGAGAATGTCTTTGATCTTCCCAGCTTTTT 
TG–3′ 

shCfl1 
(1) 

cfl1 
(human) 

TRCN0000381720 5′–GTACCGGAGGAGGTGAAGAAGCGCAAG 
ACTCGAGTCTTGCGCTTCTTCACCTCCTTTT
TTTG–3′ 

shCfl1 
(1) 

cfl1 
(human) 

TRCN0000381606 5′–GTACCGGAGAAGGAGGATCTGGTGTTTA 
CTCGAGTAAACACCAGATCCTCCTTCTTTTT
TTG–3′ 

shCfl1 
(1) 

cfl1 
 human) 

TRCN0000380887 5′–GTACCGGTCAAGGTGTTCAACGACATGA 
CTCGAGTCATGTCGTTGAACACCTTGATTTT
TTG–3′ 

shControl 
(1) 

LacZ N/A 5′–CGCGATCGTAATCACCCGAGT–3′ 

shControl 
(2) 

GFP N/A 5′–GTCGAGCTGGACGGCGACGTA–3′  
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A1.3  Supplemental figures 
 

 
 
Figure A1.1. Illustrations of Z-REX, associated controls, statistical analysis 
approach, and Z-REX vs. bolus electrophile treatment experimental workflows. 
(A) Workflow of Z-REX-coupled RNA-seq screen. Steps within the blue dotted 
rectangle correspond to generalizable Z-REX protocol for temporally-controlled 
protein-specific targeted delivery of an electrophile (in this case HNE or HDE). 
Zebrafish embryos expressing Halo-TEV-Keap1 protein were treated with zebrafish-
compatible196 Halo-targetable photocaged precursors to HNE or HDE [termed Ht-
PreHNE/HDE (see also Figure A1.2A)], which irreversibly bind to HaloTag within 
Halo-Keap1-fusion protein that houses TEV-protease-cleavable linker between Halo 
and Keap1. After rinsing away excess photocaged probe, embryos were exposed to light 
(365 nm, 0.5 mW/cm2, 3 min) to release HNE/HDE within the proximity of Keap1, 
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eliciting substoichiometric Keap1-modification22, 85. After 1.5 h incubation, RNA was 
isolated and subjected to RNA-seq. Lower left inset: Z-REX technical controls. (The 
same series of technical controls are applied in the cell-based variant of Z-REX, termed 
T-REX22, 85). Lower right inset: generalizable photouncaging chemistry with Ht-
PreHNE and Ht-PreHDE.  
(B) Data analysis approach and statistical tests used throughout this work. Please see 
individual figure legends for detailed description of specific tests deployed. Briefly, 
when data are direct comparisons between two variables, a two-way Student’s t-test 
(referred to as “two-tailed unpaired Student’s t-test”) is performed (P values in this case 
are depicted in black, in the corresponding data sets shown). When there are multiple 
comparisons, one-way analysis of variance (ANOVA) is performed first. If ANOVA 
shows means are significantly different from each other, then the appropriate corrected 
t-test is used, as described (depicted in blue, in the corresponding data sets shown). 
Sample sizes used in each data set are described elsewhere in the supplementary 
information. 
(C) Experimental design and timeline deployed in this work unless otherwise indicated: 
(upper panel) Z-REX; and (lower panel) bolus electrophile administration. 
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Figure A1.2. Ectopic expression of human Keap1 has no effect on neutrophil count 
in zebrafish embryos; Loss of neutrophils post Keap1-hydroxynonenylation is 
transient. 
(A) Chemical structures of small molecules used in this study and their functions. Note: 
both native and “Clickable” (i.e., alkyne-functionalized) HNE and HDE are shown; only 
the “Clickable” variants were used in this study. All T/Z-REX probes used were 
exclusively “Clickable”. Also see Figure A1.1A and A1.2A. 
(B) Tg(lyz:TagRFP) embryos were injected with mRNA encoding either Halo-TEV-
Keap1 or Halo alone, and neutrophils were counted at 36 hpf. P values were calculated 
with two-tailed unpaired Student’s t test (see also Figure A1.1B).  
(C)Tg(lyz:TagRFP) embryos were subjected to Keap1-hydroxynonenylation using Z-
REX, and neutrophils were counted either 4 or 18 h post-Z-REX (corresponding to ~36 
hfp and 50 hpf, respectively). P values were calculated with ANOVA and Tukey’s 
multiple comparisons test (see also Figure A1.1B). 
All data present mean±SEM. 
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Figure A1.3. Z-REX-assisted hydroxynonenylation of Keap1 suppressed 
macrophage counts in zebrafish embryos; suppression of neutrophil/macrophage 
cell counts is not significantly different from suppression of immunity-related 
genes.  
(A) Representative images of Tg(mpeg1:eGFP) subjected to Keap1-
hydroxynonenylation by Z-REX against untreated controls. Inset at right: Quantitation 
of macrophages counted 2 h post-Z-REX (34 hpf). Scale bars, 500 μm. P values were 
calculated with two-tailed unpaired Student’s t test (see also Figure A1.1B). 
(B) Comparison of fold change (Z-REX/non-treated; see Figure 2.2D) in 
neutrophil/macrophage counts (by live imaging analysis) and change in transcript 
abundance of immunity-related genes (by qRT-PCR analysis). P values were calculated 
with two-tailed unpaired Student’s t test (see also Figure A1.1B). 
(C and D) Macrophage count was monitored over time post-Z-REX in 
Tg(mpeg1:eGFP) embryos expressing either Halo-TEV-Keap1 (C) or Halo-P2A-
Keap1 (D). Halo-P2A-Keap1 construct cannot undergo Keap1-hydroxynonenylation by 
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Z-REX (see Figure A1.1A inset “P2A system”). In (C), the numbers above the blue 
points represent two-tailed unpaired Student’s t-tests between the number of 
macrophages at the given time point in control embryos, and number of macrophages, 
at the same time point (red points), in embryos that had undergone Z-REX. The drop in 
macrophages upon Z-REX is significant 2 h post light exposure. The two-tailed 
unpaired Student’s t-test for comparison between 0 and 2 hours is shown below the red 
points (0.0101). 
(E) Tg(lyz:TagRFP) embryos were subjected to Z-REX to hydroxynonenylate Keap1. 
At 2- and 4 h-post-Z-REX, embryos were subjected to immunostaining for RFP (red, 
neutrophils) and active Caspase-3 (blue) as described in the methods section. Left, an 
expansion of the image in Figure 2.2C showing magnification of individual channels; 
right, an additional image. Colocalization events are indicated with white arrows. Scale 
bars, 500 μm. 
 
All data present mean±SEM.  
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Figure A1.4. Nrf2-gene expression levels are generally correlated with neutrophil 
and macrophage counts; neutrophil and macrophage loss engendered by Keap1-
specific hydroxynonenylation is independent of Nrf2.  
 (A) Using the reporter line Tg(gstp1:GFP), which reports on the levels of Nrf2,146 
embryos were injected with the indicated MO (500 μM). At 36 hpf, embryos were 
collected and immunostained as described in the methods section. Red fluorescent 
antibody staining was used as zebrafish at this developmental stage have high 
background fluorescence in the GFP channel, preventing accurate quantitation. 
Representative fish are shown. Scale bar, 500 μm. Inset: Fluorescence in the tail region 
(the most responsive region of this reporter line) was quantitated with the measure tool 
of ImageJ. P values were calculated with ANOVA and Dunnett’s multiple comparisons 
test. ATG-MO: an MO targeting the translation start site; SPL-MO: an MO inhibiting 
splicing. 
(B) Tg(lyz:TagRFP) embryos were injected with mRNA encoding human Nrf2 or a 
negative control (empty vector mRNA), and neutrophils were counted at 36 hpf. P 
values were calculated with two-tailed unpaired Student’s t test (see also Figure 
A1.1B). 
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(C) The zebrafish Nrf2a/b-paralogs were knocked down in Tg(lyz:TagRFP), by 
injection of MOs (500 μM) targeting respective paralogs, and data compared to control 
samples treated with two independent control MOs. Neutrophils were counted at 36 hpf 
in all samples. P values were calculated with ANOVA and Tukey’s multiple 
comparisons test (see also Figure A1.1B). 
 
All data present mean±SEM.  
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Figure A1.5. Keap1-hydroxynonenylation-promoted macrophage loss is 
dependent on Caspase-3-mediated apoptosis.  
(A) Tg(mpeg1:eGFP) embryos were subjected to Keap1-hydroxynonenylation by Z-
REX in the presence of either Caspase-3 inhibitors, AZ 10417808 (reversible, non-
peptide based) or Z-DEVD-FMK (covalent, peptide based) (see Figure A1.2A). 
Macrophages were counted 2 h post-Z-REX (34 hpf). Inset at right: analysis of fold 
changes (Z-REX/corresponding non-Z-REX-condition; see Figure 2.2D) of 
macrophages counts. P values in black were calculated with two-tailed unpaired 
Student’s t test; P values in blue were calculated with ANOVA and Dunnett’s multiple 
comparisons test (see also Figure A1.1B). All data present as mean±SEM.  
(B) Illustration of two relevant arms of apoptosis: Calpain-mediated arm signaling 
through Caspase-12 and -9,92, 93 and mitochondrial-targeted apoptosis signaling through 
Caspase-8 or -9.94, 95, 197 Shown in yellow boxes are our empirical results from 
pharmacological perturbations that assisted pathway deconvolution studies in this work. 
The specific phenotypic outcomes observed with inhibiting indicated protein players led 
us to hypothesize that Keap1-hydroxynonenylation intercepts Bax-dependent 
mitochondrial apoptosis (Block arrows in light green). See text for detailed discussion. 
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Figure A1.6. Keap1-hydroxynonenylation-promoted loss of macrophages is 
dependent on Bax channels, and is promoted by inhibition of p90RSK.   
(A) HEK293T cells were simultaneously treated for 24 h with the indicated 
concentrations of Bcb and SMBA1, a Bax-specific agonist96. Viability was assessed by 
alamarBlue assays as described in method section. Note: these data agree that Bax-
activation alone is sufficient to prime apoptosis198-200. 
(B) Tg(mpeg1:eGFP) were subjected to Keap1-hydroxynonenylation by Z-REX with 
or without treatment with Bax channel blocker (Bcb) (see Figure A1.2A), and 
macrophages were counted 2 h post-Z-REX (34 hpf). Inset at right: analysis of fold 
changes (Z-REX/corresponding non-Z-REX-condition; see Figure 2.2D) in 
macrophage counts. P values were calculated with two-tailed unpaired Student’s t test 
(see also Figure A1.1B). 
(C) Tg(mpeg1:eGFP) were subjected to Keap1-hydroxynonenylation by Z-REX with 
or without treatment with BI-D1870, an inhibitor of p90RSK (see Figure A1.2A), and 
macrophages were counted 2 h post-Z-REX (34 hpf). Inset at right: analysis of fold 
changes (Z-REX/corresponding non-Z-REX-condition; see Figure 2.2D) in 
macrophage counts. P values were calculated with two-tailed unpaired Student’s t test 
(see also Figure A1.1B). 
 
All data present mean±SEM. 
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Figure A1.7. T-REX-coupled SILAC proteomics strategy in cells interrogates 
Keap1-modification-specific changes in Keap1 interactome.  
(A) T-REX workflow in live cells coupled with affinity pulldown to determine protein 
partners that the protein of interest (in this case Keap1) has gained or lost specifically 
as a result of HNE-modification in cells. Following the standard live-cell-based T-REX 
protocol22, HEK293T cells stably expressing His6-Halo-TEV-Keap1 fusion protein 
were treated with Ht-PreHNE (Halo-targetable photocaged precursor to alkyne-
functionalized HNE; see Figure A1.1A and A1.2A); excess unbound Ht-PreHNE was 
washed out; and samples were exposed to light (365 nm, 5 mW/cm2, 3 min). Following 
1.5 h incubation, the cells were lysed, and His6-Halo-TEV-Keap1 protein with 
hydroxynonenylation modification on Keap1 (and its associated interactome) was 
pulled down using a Ni-NTA affinity resin. [Control samples were subjected to identical 
conditions except DMSO was used in place of Ht-PreHNE, thereby resulting in no 
HNE-modification of Keap1. See also Figure A1.7B]. Standard peptide digest, and 
subsequent LC-MS/MS analysis allowed comparative identification of Keap1-
interactome between samples where Keap1 was hydroxynonenylated and those where 
Keap1 was not hydroxynonenylated. 
(B) SILAC experimental setup was integrated into the T-REX workflow in Figure 
A1.7A. Heavy amino acid-labeled HEK293T cells expressing His-Halo-TEV-Keap1 
were subjected to Keap1-hydroxynonenylation by T-REX20-22, 36, 59, 82, 85, 201, 202 and light 
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amino acid-labeled cells were subjected to light exposure alone as a negative control 
(top left); the reverse setup was also used (top right). From the resulting dataset, proteins 
whose extent-of-binding to hydroxynonenylated Keap1 was increased/decreased greater 
than 1 standard deviation (1σ) above/below the mean were compared between the two 
datasets. Gaussian fitting and analysis were performed using Prism. See also Tables 
A1.3– A1.4. 
(C) The binding partners whose interaction with hydroxynonenylated Keap1 was 
altered consistently between the two datasets (i.e., overlap in Venn diagrams), were 
carried forward for further validation in cells and fish. See text for discussion. Note: the 
data compared in Figure A1.7C include hits at the 1σ confidence interval and above, so 
it is not surprising that overlap across the two data sets is 20%. However, we were keen 
to include a large number of potential hits in the screen, such that we could carry out 
ensemble analysis on these, as shown in Figure A1.8B. Our final hit, Wdr1, is validated 
to suppress fold change in neutrophils upon Keap1-hydroxynonenylation at the 3σ 
confidence level from the group of 27 hits in Figure A1.7C. Wdr1 is also diminished in 
the co-immunoprecipitation at the 2σ level in each of the two independent experiments. 
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Figure A1.8. Interference of wdr1 or slc4a1ap upregulates neutrophil count upon 
Keap1-hydroxynonenylation.  
ATG-MO: an MO targeting the translation start site; SPL-MO: an MO inhibiting 
splicing. 
(A) Keap1-hydroxynonenylation with Z-REX was performed in Tg(lyz:TagRFP) 
embryos co-injected with MOs (500 μM) targeting the indicated Keap1-binding partner 
discovered from the SILAC-T-REX data sets, and neutrophils were counted 4 h post-Z-
REX. Note: knockdown of many of these genes affects basal neutrophil levels. 
However, fold change in neutrophils across the whole data set is not different from that 
of the control or untreated fish. Furthermore, there is no correlation between how the 
MO changes neutrophil levels in the absence of Z-REX to how Z-REX decreases the 
number of neutrophils in each MO background (Figure 2.3A). P values were calculated 
with two-tailed unpaired Student’s t test (see also Figure A1.1B). All data present 
mean±SEM. Note: these data are analyzed as an ensemble below; t tests were not used 
to identify hits. 
(B) Gaussian fitting and global analysis were performed for the knockdown embryos in 
(A), examining the fold changes (Z-REX/non-treated; see Figure 2.2D) in neutrophil 
count in live embryos following Keap1-hydroxynonenylation. The results showed that 
for all 27 genes examined, the average fold change in Keap1-hydroxynonenylation-
associated neutrophil count upon respective gene-knockdown was largely consistent 
with that observed in the background of a knockdown control MO (~30% decrease). 
Notably, knockdown of either wdr1 or slc4a1ap upregulated neutrophil count following 
Z-REX Keap1-hydroxynonenylation to an extent greater than 3 standard deviations 
(>3σ) above the mean.  
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Figure A1.9. Z-DEVD-FMK inhibits Caspase activity; Bcb does not significantly 
affect AR or viability at the concentrations used; and Keap1-hydroxynonenylation 
upregulates endogenous Wdr1 levels. 
(A) HEK293T cells subjected to T-REX-mediated Keap1-hydroxynonenylation were 
harvested at the indicated timepoints and lysates were subjected to western blotting to 
assess levels of endogenous Wdr1 protein. Note: this analysis likely underestimates 
changes in free Wdr1 levels, since our SILAC data described elsewhere revealed that 
this change in Wdr1 levels is also coupled to loss of Wdr1’s association from Keap1 
following Keap1-hydroxynonenylation, thereby implying that total free Wdr1 protein is 
increased significantly.  
(B) Data from (A) quantitated using ImageJ. All p values were calculated with two-
tailed unpaired Student’s t test but are shown in colors corresponding to control (blue) 
or T-REX (red) for clarity.  
(C) Fold change (T-REX/light alone control; see Figure 2.2D) was calculated for the 
data in (B). P values were calculated with two-tailed unpaired Student’s t test (see also 
Figure A1.1B). 
(D) Caspase activity of HEK293T cells subjected to T-REX and treated staurosporine 
and Z-DEVD-FMK (18 h) as indicated in Methods. P values were calculated with two-
tailed unpaired Student’s t test (see also Figure A1.1B). 
(E) Growth inhibition by Bcb was assessed using alamarBlue after 48 h of treatment 
with the indicated concentrations of Bcb.  
(F) AR activity of HEK293T cells from Figure 2.3C overexpressing Flag-Wdr1 and 
treated with staurosporine and Bcb (18 h) as indicated in Methods. P values in black 
were calculated with two-tailed unpaired Student’s t test; P values in blue were 
calculated with ANOVA (see also Figure A1.1B). 
(G) AR activity of HEK293T cells from Figure 2.3D subjected to Keap1-
hydroxynonenylation by T-REX and treated with staurosporine and Bcb (18 h) as 
indicated in Methods. P values were calculated with ANOVA and Tukey’s multiple 
comparisons test (see also Figure A1.1B). All data present mean±SEM. 
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Figure A1.10. Wdr1 and Cofilin (Cfl1) are efficiently knocked down by shRNA in 
HEK293T cells.  
(A) Independent triplicate western blots showing Wdr1 and Cfl1 knockdown in 
HEK293T lines expressing individual shRNAs targeting either Wdr1 or Cfl1. Note: 
although shWdr1 is separated for clarity, each replicate image is from a single, 
continuous blot. 
(B and C) Quantitation of Wdr1 (B) and Cfl1 (C) protein levels normalized to a loading 
control, α-tubulin. Quantitation was performed with ImageJ. P values were calculated 
with ANOVA and Tukey’s multiple comparisons test (see also Figure A1.1B). All data 
present mean±SEM. 
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Figure A1.11. Cofilin (Cfl1) is downstream of Wdr1 in the Keap1-
hydroxynonenylation-dependent apoptotic cascade. HEK293T cells expressing 
shCfl1 or shControl were subjected to Keap1-hydroxynonenylation by T-REX, and 
antioxidant response (AR) was measured 18 h post-T-REX. (AR is assayed by 
measuring expression of firefly luciferase, which is driven by a Nrf2-responsive 
reporter, relative to expression of renilla luciferase, which is driven by a constitutive 
reporter. This assay is used throughout this work to assess AR). Inset at right: analysis 
of AR-fold upregulation (T-REX/light alone; see Figure 2.2D) in data pooled from 
individual shCfl1s, in blue, (and shControls, in red, on the left). P values were 
calculated with ANOVA and Tukey’s multiple comparisons test (see also Figure 
A1.1B). All data present mean±SEM.  
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Figure A1.12. Bolus HNE- or DMF-treatment-induced neutrophil loss still occurs 
in Nrf2-knockdown fish. 
Tg(lyz:TagRFP) embryos were injected with Halo-TEV-Keap1 and the indicated MO 
(500 μM). At 30 hpf, the embryos were treated with HNE or DMF for 6 h, at indicated 
concentrations (up to maximum tolerable amount prior to cytotoxicity), and then 
neutrophils were counted. Inset at right: Fold changes (treated/non-treated) in 
neutrophil counts. P values were calculated with two-tailed unpaired Student’s t-test 
(see also Figure A1.1B). ATG-MO: an MO targeting the translation start site. 
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Figure A1.13. Wdr1-knockdown suppresses macrophage loss triggered by bulk 
exposure of fish to HNE and DMF; validations of two independent MOs used to 
knock down each gene (wdr1 and cfl1). 
ATG-MO: an MO targeting the translation start site; SPL-MO: an MO inhibiting 
splicing. 
 
(A) Tg(mpeg1:eGFP) embryos were co-injected with mRNA encoding Halo-TEV-
Keap1 and the indicated MO (500 μM). At approximately 30 hpf, embryos were treated 
with the indicated concentrations of HNE or DMF for 4 h, then macrophages were 
counted. Inset at right: Fold changes (treated/non-treated; see Figure 2.2D) in 
macrophage counts. P values in black were calculated with two-tailed unpaired 
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Student’s t test. P values in blue were calculated with ANOVA (see also Figure A1.1B). 
All data present mean±SEM. 
(B) Tg(lyz:TagRFP) embryos were injected with MOs targeting Wdr1 or control MO 
(500 μM).  At 36 hpf, embryos were collected and immunostained as described in the 
methods section. Representative fish are shown. Scale bar, 500 μm. Inset: Fluorescence 
was quantitated with the measure tool of ImageJ. P values were calculated with ANOVA 
and Dunnett’s multiple comparisons test. All data present mean±SEM. 
 (C) Tg(lyz:TagRFP) embryos were injected with MOs targeting Cfl1 or control MO.  
At 36 hpf, embryos were collected and immunostained as described in the methods 
section. Representative fish are shown. Scale bar, 500 μm. Inset: Fluorescence was 
quantitated with the measure tool of ImageJ. P values were calculated with ANOVA 
and Dunnett’s multiple comparisons test. 
All data present mean±SEM. 
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Figure A1.14. Validations of two independent MOs used to knock down Keap1 
paralogs.  
Tg(gstp1:GFP) embryos were injected with MOs targeting Keap1(a or b) or control 
MO.  At 36 hpf, embryos were collected and immunostained as described in the methods 
section. Representative fish are shown. Scale bar, 500 μm. Inset: Fluorescence was 
quantitated with the measure tool of ImageJ. P values were calculated with ANOVA 
and Tukey’s multiple comparisons test. ATG-MO: an MO targeting the translation start 
site; SPL-MO: an MO inhibiting splicing. 
All data present mean±SEM. 
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Figure A1.15. Loss of neutrophils following targeted-Keap1-hydroxynonenylation, 
or whole-animal bolus HNE or DMF administration remains operative in embryos 
where Gapdh is knocked down; validations of two independent MOs used to knock 
down Gapdh.  
ATG-MO: an MO targeting the translation start site; SPL-MO: an MO inhibiting 
splicing. 
(A-B) Tg(lyz:TagRFP) embryos were co-injected with MOs targeting Gapdh or control 
MO (500 μM), and Halo-TEV-Keap1 mRNA. Embryos were then subjected to Z-REX 
(A) or treated with HNE or DMF (B) and neutrophils were counted. Inset: Fold changes 
([Z-REX or HNE/DMF treated]/non-treated; see Figure 2.2D) in neutrophil counts in 
each knockdown background. P values in black were calculated with two-tailed 
unpaired Student’s t test. P values in blue were calculated with ANOVA (see also 
Figure A1.1B).  
(C) Tg(lyz:TagRFP) embryos were injected with the stated MO targeting Gapdh or 
control MO (500 μM). At 36 hpf, embryos were collected and immunostained as 
described in the methods section. Representative fish are shown. Scale bar, 500 μm. 
Inset: Fluorescence was quantitated with the measure tool of ImageJ. P values were 
calculated with ANOVA and Dunnett’s multiple comparisons test (see also Figure 
A1.1B).  
 
All data present mean±SEM. 
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APPENDIX 2: SUPPLEMENTAL INFORMATION RELATED TO 
CHAPTER 3 

 
A2.1  Materials and Methods 

A2.1.1 Statistics and data presentation  

For experiments involving cultured cells, samples generated from individual wells or 

plates were considered biological replicates. For zebrafish experiments, each larval fish 

was considered a biological replicate. In the figure legend for each experiment, the 

number of independent biological replicates and how the data are presented in the figure 

(typically mean ± SEM) are clearly indicated. P-values calculated with Student’s 

unpaired t-test are clearly indicated within data figures. Data were plotted/fit and 

statistics generated using GraphPad Prism 7 or 8. 

 

A2.1.2 Reagents 

All HNE used in this study was HNE(alkyne) (referred to as HNE in the 

manuscript/figures for clarity), and was synthesized as previously reported.59 Unless 

otherwise indicated, all other chemical reagents were bought from Sigma at the highest 

availability purity. TCEP was from ChemImpex. Puromycin was from Santa Cruz. 

Actinomycin D was from Sigma. AlamarBlue was from Invitrogen, and was used 

according to the manufacturer’s instructions. Minimal Essential Media, RPMI, Opti-

MEM, Dulbecco’s PBS, 100X pyruvate (100 mM), 100X nonessential amino acids 

(11140-050) and 100X penicillin streptomycin (15140-122) were from Gibco. Protease 

inhibitor cocktail complete EDTA-free was from Roche. 3XFlag peptide was from 

APExBIO. Anti-Flag(M2) resin (A2220) was from Sigma-Aldrich. TALON (635503) 
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resin was from Clontech. Ni-NTA agarose (30210) was from QIAGEN. 2020 and LT1 

transfection reagents were from Mirus. DharmaFECT I and Duo were from Dharmacon. 

PEI was from Polysciences. Venor GeM PCR-based mycoplasma detection kit was 

from Sigma. ECL substrate and ECL-Plus substrate were from Pierce and were used as 

directed. Acrylamide, ammonium persulfate, TMEDA, Precision Plus protein standard 

were from Bio-Rad. All lysates were quantified using the Bio-Rad Protein Assay (Bio-

Rad) relative to BSA as a standard (Bio-Rad). PCR was carried out using Phusion Hot 

start II (Thermo Scientific) as per the manufacturer’s protocol. All plasmid inserts were 

validated by sequencing at Cornell Biotechnology sequencing core facility. All sterile 

cell culture plasticware was from CellTreat. 

 

A2.1.3 Generation of plasmids 

Sequences of all primers used for cloning and site-directed mutagenesis are listed in 

Table A2.9.  All plasmids generated were fully validated by Sanger sequencing at the 

Cornell Genomics Core Facility.  

pCS2+8 Flag3HuR was generated by PCR-amplification of human HuR 

(plasmid provided from the Hla lab), extension of the resulting product, and cloning into 

linearized pCS2+8 vector (Addgene plasmid #34931). For recombinant expression, the 

same procedure was used to clone HuR into a pET28a vector. 

pLJM60 AUF1p42 was obtained from Addgene (plasmid #38242) and cloned 

with a Flag2 tag into pCS2+8 as described above.  Using the resulting plasmid, AUF1p37 

and AUF1p45 were generated by deletion of AUF1-exon 7 and addition of AUF1-exon 
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2, respectively. AUF1p40 was generated by addition of AUF1-exon 2 to AUF1p37. For 

recombinant expression, these constructs were cloned into a pET28a vector. 

The pSGG luciferase reporter plasmid 152 containing the Nrf2 3′–UTR was 

obtained from Prof. Qun Zhou (University of Maryland School of Medicine). This 

plasmid was modified for intron-reporter assays by cloning fragments of the Nrf2 

transcript with or without introns (amplified from genomic DNA or cDNA prepared 

from HEK293T cells, respectively) upstream of the luciferase coding sequence. 

shRNA-resistant expression plasmids (for rescue experiments) were produced 

by PCR amplification of the starting plasmid with forward and reverse mutagenesis 

primers containing the desired mutations (Table A2.9) followed by DpnI (NEB) 

treatment. These plasmids code for the same protein but contain mismatches 

(highlighted in red in the primer sequences; Table A2.9) in the shRNA-targeting 

sequence allowing expression of the ectopic protein in knockdown cells. 

 

A2.1.4 Cell culture 

HEK293T (obtained from ATCC) and MEECs (generated in the Hla lab) were cultured 

in MEM (Gibco 51090036) supplemented with 10% v/v fetal bovine serum (Sigma), 

penicillin/streptomycin (Gibco), sodium pyruvate (Gibco), and non-essential amino 

acids (Gibco) at 37°C in a humidified atmosphere of 5% CO2.  Media was changed 

every 2-3 days. 
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A2.1.5 Generation of shRNA-based knockdown cell lines 

HEK293T packaging cells (5.5 × 105 cells) were seeded in 6-well plates in antibiotic-

free media and incubated for 24 h. The cells were transfected with a mixture of 500 ng 

packaging plasmid (pCMV-R8.74psPAX2), 50 ng of envelope plasmid (pCMV-VSV-

G) and 500 ng of pLKO vector containing the hairpin sequence (Sigma; Table A2.2) 

using TransIT-LT1 (Mirus Bio) following the manufacturer’s protocol. shControl 

plasmid was obtained from Prof. Andrew Grimson (Cornell University). 18 h-post 

transfection, the media was replaced with media containing 20% FBS and incubated for 

a further 24 h.  Media containing virus particles was harvested, centrifuged (800×g, 10 

min), filtered through 0.45 µm filter, and used for infection or frozen at –80°C for later 

use. 

 HEK293T or MEEC cells (5.5 × 106 cells) in 6-well plates were treated with 1 

mL of virus-containing media in a total volume of 6 mL of media containing 8 µg/mL 

polybrene.  After 24 h, media was changed and the cells were incubated for 24 h.  

Following this period, media was changed to media containing 2 µg/mL puromycin 

(Santa Cruz). Following selection, cells were assayed by western blotting.   

 

A2.1.6 RNA sequencing 

Following treatment of shHuR/shControl cells with HNE (50 μM) or H2O2 (225 μM) 

for 18 h, cells were lysed by the addition of Trizol (Invitrogen) and RNA was isolated 

following the manufacturer’s protocol. The quality of the RNA was assessed by 

Nanodrop spectrophotometry (A260/A280 ratio ~2) and fragment analysis using a 

Bioanalyzer (Agilent). RNA quality numbers (RQNs) for all samples were 10.0. The 
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rest of the procedure including data analysis was performed by the RNA sequencing 

core (RSC) service at Cornell University. Briefly, ribosomal (r)RNA was subtracted by 

hybridization from total RNA samples (100 ng total RNA input) using the RiboZero 

Magnetic Gold H/M/R Kit (Illumina). Following cleanup by precipitation, rRNA-

subtracted samples was quantified with a Qubit 2.0 (RNA HS kit; Thermo Fisher). 

TruSeq-barcoded RNAseq libraries were generated from half of the rRNA-subtracted 

samples with the NEBNext Ultra II Directional RNA Library Prep Kit (New England 

Biolabs). Each library was quantified with a Qubit 2.0 (dsDNA HS kit; Thermo Fisher) 

and the size distribution was determined with a Fragment Analyzer (Advanced 

Analytical) prior to pooling. Libraries were sequenced on a NextSeq500 instrument 

(Illumina). At least 60M single-end 75bp reads were generated per library. Reads were 

trimmed for low quality and adaptor sequences with cutadapt v1.8 [parameters: –m 50 

–q 20 –a AGATCGGAAGAGCACACGTCTGAACTCCAGTC –match-read-

wildcards].193 Trimmed reads were mapped to rRNA sequences with bowtie2 v2.2 to 

remove them [Parameters: default mapping options,  –al and –un to split matching and 

non-matching reads].203 Reads were mapped to the reference genome/transcriptome 

(GRCh37/hg19]) using tophat v2.1 [parameters: –library-type=fr-firststrand –no-novel-

juncs –G <ref_genes.gtf>].142 Cufflinks v2.2 (cuffnorm/cuffdiff) was used to generate 

FPKM values and statistical analysis of differential gene expression.142 

 

A2.1.7 Growth inhibition assays 

HEK293T cells (4000 cells per well) were seeded in 96-well plates. After 24 h, cells 

were treated with the indicated molecules at the indicated concentrations and incubated 
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for 48 h. AlamarBlue (Invitrogen) was added to each well and the cells were incubated 

for a further 3 h, after which fluorescence (excitation 560 nm; emission 590 nm) was 

measured using a BioTek Cytation 3 microplate reader. To test whether reduced 

alamarBlue is oxidized by H2O2 over the timescales used, HEK293T cells in a 96-well 

plate were incubated with the Manufacturer’s recommended concentration of 

alamarBlue for 3 h to reduce the dye. The growth medium containing reduced 

alamarBlue was collected, pooled, centrifuged to remove cells, and then incubated with 

the concentrations of H2O2 used in the viability experiment (Figure S2B) and 

fluorescence was measured over time as described above. We observed ~3% loss of 

fluorescence after 4 h in reduced alamarBlue treated with 1250 μM H2O2; the 

fluorescence of samples at all other concentrations was not significantly different from 

equivalent media containing reduced alamarBlue but not treated with H2O2. Thus, this 

control experiment confirmed that our experimental conditions involving oxidants are 

compatible with redox-sensitive AlamarBlue reagents employed in our growth 

inhibition assays. 

 
A2.1.8 Knockdown of HuR and Nrf2 with siRNA 

SiRNAs targeting the ORF of human HuR or Nrf2 were obtained from Dharmacon 

(Table A2.6) and non-targeting control siRNAs (Control siRNA-A or E) were obtained 

from Santa Cruz Biotechnology.  HEK293T (3.6 × 105 cells) in 6-well plates were 

transfected with siRNA using Dharmafect I (Dharmacon) for 48 h following the 

manufacturer’s protocol, then assayed.  For co-transfection of siRNA and plasmid(s) for 
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reporter assays, cells were transfected with Dharmafect Duo (Dharmacon) for 48 h 

following the manufacturer’s protocol, then assayed. 

 

A2.1.9 Western blotting 

Cells were resuspended in RIPA buffer (Santa Cruz Biotechnology) supplemented with 

protease and phosphatase inhibitors and lysed by three cycles of rapid freeze-thaw.  

Lysates were cleared by centrifugation (20000 × g, 10 min, 4°C) and total protein 

concentration was determined by the Bradford assay.  Typically, 20–40 µg of total 

protein was loaded per lane, separated by SDS-PAGE, transferred to PVDF, blocked, 

and incubated with the appropriate antibodies (Table A2.10).  Detection was carried out 

on a ChemiDoc-MP imaging system (BioRad) using ECL Western Blotting Substrate 

(Pierce) or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo 

Scientific). Western blot data were quantitated using the Gel Analysis tool in ImageJ 

(NIH).  Bands of interest were integrated and normalized to the loading control. 

 

A2.1.10  Luciferase reporter assays 

Luciferase reporter assays were carried out as previously described.22 Briefly, cells were 

co-transfected with firefly luciferase plasmid [pGL4.37 E364A for ARE(antioxidant 

response element):luciferase assays (Promega); pSGG containing the human Nrf2 3′–

UTR sequence (from Prof. Qun Zhou, University of Maryland School of Medicine)] 

and Renilla luciferase plasmid (pGL4.75, E693A (Promega)) in a 40:1 ratio for 48 h 

using TransIT 2020 (Mirus Bio) or Dharmafect Duo (Dharmacon).  For experiments 

involving ectopic protein expression, the 40:1 reporter plasmid mixture was co-
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transfected with ectopic protein expression plasmid in a 1:1 ratio.  Cells were lysed for 

15 min in passive lysis buffer (Promega) with gentle shaking and homogenized lysate 

was transferred to the wells of an opaque white 96-well plate (Corning).  Firefly and 

Renilla luciferase activity was measured on a BioTek Cytation3 microplate reader. For 

assays involving HNE treatment, media were replaced with media containing the 

indicated concentration of HNE at 30 h post-transfection, and cells were incubated for 

a further 18 h.  

 

A2.1.11  Quantitative real time PCR (qRT-PCR) 

qRT-PCR was carried out as previously described.36  Total RNA was isolated from cells 

using Trizol reagent (Ambion) following the manufacturer’s protocol. 1 µg of total RNA 

(purity/integrity assessed by agarose gel electrophoresis and concentration determined 

by A260nm using a BioTek Cytation3 microplate reader with a Take3 accessory) was 

treated with amplification-grade DNase I (Invitrogen) and reverse transcribed using 

Oligo(dT)20 as a primer and Superscript III Reverse Transcriptase (Life Technologies) 

following the manufacturer’s protocol.  PCR was performed for two technical replicates 

per sample using iQ SYBR Green Supermix (BioRad) and primers specific to the gene 

of interest (Table A2.11) following the manufacturer’s protocol. Amplicons were 

chosen that were 150–200 bp in length and had no predicted off-target binding predicted 

by NCBI Primer BLAST. For genes with multiple splice variants, primers were chosen 

that amplified conserved sequences across all splice variants. Primers were validated 

using standard curves generated by amplification of serially-diluted cDNA; primers 

with a standard curve slope between –0.8 and 1.2 and R2≥0.97 were considered efficient. 
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Single PCR products were confirmed by melting analysis following the PCR protocol.  

Data were collected using a LightCycler 480 (Roche). Threshold cycles were 

determined using the LightCycler 480 software. Samples with a threshold cycle >35 or 

without a single, correct melting point were not included in data analysis. Normalization 

was carried out using a single housekeeping gene as indicated in each dataset and the 

ΔΔCt method. 

 

A2.1.12  Analysis of reporter mRNA levels 

HEK293T cells (1.6 × 105) in 12-well plates were transfected with luciferase reporters 

as described above for 48 h. Cells were then lysed in 250 µl of passive lysis buffer for 

15 min with shaking and 50 µl of lysate was taken to measure luciferase activity as 

described above. Trizol LS was added to the remaining lysate and RNA was isolated as 

described above. Prior to reverse transcription, total RNA (1µg) was treated with 

amplification-grade DNase I (Invitrogen) to remove any residual plasmid. Reverse 

transcription and qRT-PCR was then carried out as above. 

 

A2.1.13  RIP-PCR 

RIP-PCR was carried out following previously described methods.204 HEK293T cells 

(4.5 × 106) in 10 cm diameter plates were transfected with the indicated constructs 

(mixed 1:3 with empty plasmid) or empty plasmid alone (8 µg total DNA per plate) with 

PEI (21 µg per plate). Media was changed 24 h-post transfection and the cells were 
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incubated 48 h total.  Cells were washed once with PBS (Invitrogen) and harvested by 

trypsinization, and washed thoroughly with PBS. 

 Cell pellets were resuspended in polysome lysis buffer [10 mM HEPES (Chem-

Impex) pH 7.0, 100 mM KCl (Fisher), 5 mM MgCl2 (Fisher), 0.5% Nonidet-P40, 

cOmplete EDTA-free Protease Inhibitor Cocktail (Roche), 0.2% vanadyl 

ribonuceloside complex (NEB)] and frozen at –80°C for at least 30 min.  The lysate was 

thawed, centrifuged twice (20000 × g, 10 min each), and the protein concentration was 

determined using Bradford Assay. 3 mg of total protein was diluted to 0.5 mg/mL in 

NT2 buffer [50 mM Tris pH 7.4, 150 mM NaCl (Fisher), 1 mM MgCl2 (Fisher), 0.05% 

Nonidet-P40, 0.2% vanadyl ribonuceloside complex] and incubated with 50 µL of Flag 

M2 agarose (Sigma) for 3 h at 4°C with end-over-end rotation.  The resin was washed 

at least 4 times (5 min per wash) with NT2 buffer containing 300 mM NaCl and a portion 

of the resin was retained for western blot analysis. The resin was resuspended in 100 µL 

of NT2, supplemented with 0.1% SDS and 3 mg/mL proteinase K (Santa Cruz 

Biotechnology), and incubated at 55°C for 30 min. RNA was isolated using Trizol 

reagent following the manufacturer’s protocol and analyzed by qRT-PCR as described 

above. 

 

A2.1.14  Analysis of mRNA stability 

HEK293T shHuR/shAUF1 and shControl cells (9.6 × 105 cells) in 6-well plates were 

treated with 5 µg/mL actinomycin D (Sigma) and harvested in Trizol as described above 

at the indicated time points.  The level of Nrf2-mRNA remaining was assessed by qRT-

PCR as described above. 



 

153 

 
A2.1.15  Nuclear-cytosolic fractionation for RNA isolation 

This procedure was adapted from a reported protocol.205 HEK293T cells (9.6 × 105 

cells) in 6-well plates were harvested by tryspinization and washed twice with cold PBS.  

Cell pellets were then resuspended in RSB buffer [10 mM Tris (ChemImpex) pH 7.4, 

10 mM NaCl (Fisher), 3 mM MgCl2 (Fisher)], incubated on ice for 3 min, and 

centrifuged (1500 × g, 3 min, 4°C).  Cells were resuspended in RSBG40 buffer [10 mM 

Tris pH 7.4, 10 mM NaCl, 3 mM MgCl2, 10% glycerol (Millipore), 0.5% Nonidet P-40, 

0.5 mM DTT (VWR), and 100U/ml RNaseOUT (Invitrogen)] and lysed with gentle 

pipetting up and down.  The suspension was centrifuged (4500 × g, 3 min, 4°C) and the 

supernatant was saved as the cytosolic fraction.  The nuclear fraction (pellet) was again 

resuspended in RSBG40 and 10X detergent solution [final concentrations: 3.3% sodium 

deoxycholate (ChemImpex), 6.6% Tween 20 (Fisher)] was added.  The nuclei were 

pipetted up and down several times and the suspension was incubated on ice for 5 min 

and then centrifuged (4500 × g, 3 min, 4°C).  The supernatant was pooled with the 

previous supernatant and the combined sample was used as the cytosolic fraction.  The 

nuclei were washed once more with RSBG40, centrifuged (9500 × g, 3 min, 4°C), and 

resuspended thoroughly in RSBG40.  Trizol LS was then added to each sample and 

RNA was isolated, treated with amplification-grade DNase I, and subjected to qPCR as 

described above. 

 
A2.1.16  Zebrafish husbandry, microinjection, and imaging 

All zebrafish procedures were performed in accordance with the guidelines of NIH and 

were approved by Cornell University’s Institutional Animal Care and Use Committee 
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(IACUC).  Tg(-3.4gstp1:GFP)it416b fish were obtained from RIKEN Brain Science 

Institute, Japan (National BioResource Project, Zebrafish).  Transgenic fish were 

crossed with wild-type (WT) fish to generate a mixture of heterozygous and WT 

progeny for experiments. Fertilized eggs at the single-cell stage were injected with 8 ng 

of morpholino oligonucleotides (MOs) targeting zHuR (elavl1a) or zAUF1 (hnrnpd) or 

a random control MO (Gene Tools, LLC.; Table A2.7). Fish were screened for GFP 

expression by imaging with a Leica M205-FA fluorescence stereoscope approximately 

24 h post-fertilization (hpf).  Following imaging, fish were euthanized, washed twice in 

PBS with 0.1% Tween-20, and transferred to 4% formaldehyde for further IF analysis 

(see below). GFP expression was detected using red fluorescent antibody staining 

because of high background signal in the GFP (ex: 488nm; em: 520–550 nm) channel 

at this zebrafish developmental stage which prevents accurate quantitation.  

 

A2.1.17  Whole mount immunofluorescence 

Whole-mount immunostaining of zebrafish larvae was carried out as previously 

described.195 All incubation steps were performed with gentle rocking.  Euthanized fish 

were washed twice with PBST (PBS + 0.1% Tween-20) and fixed in 4% formaldehyde 

in PBS at 4°C overnight or up to 7 days.  Fish were then washed twice for 30 min with 

PDT (PBST, 0.3% Triton-X100, 1% DMSO), blocked for 1 h at room temperature in 

blocking buffer (PBST, 10% FBS, 2% BSA), and incubated with primary antibody 

(Table A2.10) in blocking buffer for 2 h at room temperature or overnight at 4°C.  Fish 

were washed twice with PDT, re-blocked for 1 h at room temperature, and incubated 

with secondary antibody (Table A2.10) in blocking buffer for 1.5 h at room temperature.  
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Following secondary antibody incubation, fish were washed twice with PDT and then 

imaged.  Fluorescence was quantified using the “Measure” tool of ImageJ (NIH). 

 

A2.1.18  Expression and purification of His6-HuR 

BL21-CodonPlus cells (Agilent) were transformed with pET28a plasmid encoding His6-

TEV-HuR. A single colony was divided into several starter cultures (5 ml) and grown 

in LB media containing chloramphenicol and kanamycin overnight at 37°C with 

shaking. Cultures were then each diluted into 1 L of LB containing kanamycin and 

grown at 37°C with shaking to OD600 nm=0.5, at which point IPTG (Gold Biotechnology; 

1 mM final concentration) was added to induce expression. The temperature was then 

reduced to 18°C and cultures were grown overnight with shaking. Further steps were 

carried out at 4°C. Cells were harvested by centrifugation (4000 × g, 20 min, 4°C), 

resuspended in lysis buffer [20 mM Tris pH 7.5, 500 mM KCl, 2 mM MgCl2, 10 mM 

Imidazole (Fisher), 5% glycerol, 5 mM bME, and 0.5 mM PMSF (Alexis 

Biochemicals)], and lysed by two passages through an Emlusiflex cell disruptor 

(Avestin). Debris was cleared by centrifugation (20,000 × g, 30 min, 4°C). Streptomycin 

sulfate (1% wt/vol) was added dropwise over 20 min with gentle stirring, and 

precipitated material was cleared by centrifugation (20,000 × g, 30 min, 4°C). The lysate 

then was incubated with nickel resin (Qiagen) for 1 h with gentle agitation. The resin 

was washed progressively with wash buffers (20 mM Tris pH 7.5; 150 mM KCl; 2 mM 

MgCl2; 50, 100, 200 mM imidazole; and 5 mM bME). Protein was eluted with elution 

buffer [20 mM Tris pH 7.5, 150 mM KCl, 2 mM MgCl2, 300 mM Imidazole (Fisher), 5 

mM bME], concentrated, and loaded onto an SEC column (ÄKTA purification system, 
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GE Healthcare; Hiload 26/600 Superdex 75 prep grade) and run in storage buffer (20 

mM Tris pH 7.5, 200 mM KCl, 2 mM MgCl2, 5% glycerol, 5 mM TCEP). The protein 

was collected, concentrated, aliquoted, flash frozen in liquid nitrogen, and stored at –

80°C in single-use aliquots to avoid freeze/thaw. 

 
A2.1.19  Expression and purification of His6-AUF1 

BL21-CodonPlus cells (Agilent) were transformed with pET28a His6-AUF1 (p37) and 

grown as described above. The purification procedure was the same as for His6HuR 

except for the buffers: lysis buffer [50 mM NaH2PO4 pH 7.6, 300 mM NaCl, 5 mM 

imidazole, 5 mM bME, and 1 mM PMSF, 0.5% Nonidet P40, 0.15 mg/ml lysozyme, 

0.1 mg/ml RNase A (Sigma)]; wash buffers (50 mM NaH2PO4 pH 7.6; 150 mM NaCl; 

20, 50, 100, mM imidazole; and 5 mM bME); elution buffer (50 mM NaH2PO4 pH 7.6, 

150 mM NaCl, 250 mM Imidazole, 5 mM bME). The eluate was supplemented with 0.1 

mg/ml RNase A and rotated end-over-end for 1 h at room temperature. The resulting 

mixture was then dialyzed against storage buffer (50 mM HEPES pH 7.6, 150 mM KCl, 

2 mM MgCl2, 2 mM TCEP) for 2 h at 4°C, then dialysis buffer was changed and dialysis 

was allowed to proceed overnight at 4°C. The protein was then concentrated and stored 

(with 5% glycerol added to storage buffer) at –80°C in single-use aliquots to avoid 

freeze/thaw. 

 
A2.1.20   32P-End-labeling of RNA oligos 

RNA oligos (IDT; Table A2.8) were resuspended in RNase-free water to 200 µM. RNA 

was labeled with g-32P ATP (Perkin Elmer) in a reaction containing (final 



 

157 

concentrations) 20 pmol RNA, 20 pmol g-32P ATP, 1X polynucleotide kinase buffer 

(NEB), and 0.4 U/µl polynucleotide kinase (NEB) in a total volume of 50 µl. The 

reaction was incubated at 37°C for 1 h, after which 50 µl of RNase-free water and 300 

µl of Trizol LS were added and the mixture was left at room temperature for 5 min. 200 

µl of CHCl3 were added, the mixture was shaken for 15 s, left at room temperature for 

2 min, and then spun down briefly to collect the contents. The aqueous layer was 

collected and mixed with an equal volume of CHCl3, shaken, and spun down briefly. 

The aqueous layer was again collected, supplemented with 15 µg of GlycoBlue 

(Ambion) and ammonium acetate to a final concentration of 500 mM, and 3 volumes of 

100% EtOH were added. The mixture was vortexed and allowed to precipitate overnight 

at –20°C, then centrifuged (20,000 × g, 15 min, 4°C). The labeled RNA pellet was 

washed twice with 75% EtOH in RNase-free water, dried briefly, and resuspended in 

RNase-free water. Labeled RNA was stored at –80°C in single-use aliquots to avoid 

freeze/thaw. 

 

A2.1.21  Electrophoretic mobility shift assays 

These experiments were modeled on previously reported procedures.206 End-labeled 

RNA probes were mixed 1:10 with unlabeled probe. The binding reaction contained 

(final concentrations) 10 mM Tris pH 7.5, 100 mM KCl, 1 mM EDTA, 0.1 mM DTT, 

5% glycerol, 0.01 mg/ml BSA, 0.5 nM RNA, and varying concentrations of HuR or 

AUF1p37. This mixture was incubated for 30 min at room temperature. The gel (10% 

71:1 acrylamide:bisacrylamide TBE gel) was pre-run at 220V for 20 min in chilled 0.5X 
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TBE buffer. The reactions were then loaded and run at 220 V for 12 min. The gels were 

exposed to an IP screen (GE Healthcare) at –80°C for 24–36 h, then imaged on a 

Typhoon FLA 7000 IP Imager (GE Healthcare). The bound RNA signal was quantitated 

using the “Gel Analysis” tool in ImageJ and fit to a one-site binding model (equation 

below) using Prism 7. 

𝑦 =
𝐵max𝑥

𝐾#(%&&) + 𝑥
		 

where y is the bound RNA signal, Bmax is the plateau, x is the concentration of the 

mRBP, and Kd(app) is the dissociation constant. 
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A2.2  Supplemental tables 

Table A2.1. Comparison of HuR dissociation constants and HuR PAR-CLIP 
conversions for selected HuR targets. 

mRNAa Kd(app) Total HuR PAR-CLIP 
nucleotide conversions 

References 

COX2 Site 1 20 nM 59 150 
121  Site 2 18 nM 

 Site 3 20 nM 
c-Fos (fragment) 10 nM 4 

 
CXCL2 (fragment) 1.8 μM 7 207 

121 
VEGFA (fragment) 30 nM 113 208 

121 
a Selected mRNAs are those for which binding data is available in the literature. 
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Table A2.2. Sequences of shRNAs targeting HuR and AUF1 and control hairpins. 
Name Target Gene Sigma Serial Number Sequence 
shHuR 
(human) 

ELAVL1 (human 
HuR) 

TRCN0000017277 5′–CCGGCCCATCACAGTGAAGTTTGC 
ACTCGAGTGCAAACTTCACTGTGATGG 
GTTTTT–3′ 

shHuR (1) 
(mouse) 

Elavl1 (mouse HuR) TRCN0000112087 
 

5′–CCGGCATTGGGAGAACGAATTTAA 
TCTCGAGATTAAATTCGTTCTCCCAAT 
GTTTTTG–3′ 

shHuR (2) 
(mouse) 

Elavl1 (mouse HuR) TRCN0000308990 
 

5′–CCGGCGAGGTTGAATCTGCAAAG 
CTCTCGAGAGCTTTGCAGATTCAACC 
TCGTTTTTG–3′ 

shAUF1 (1) 
(human) 

HNRNPD(AUF1) TRCN0000293283 5′–CCGGTCGAAGGAACAATATCAGCAA 
CTCGAGTTGCTGATATTGTTCCTTCGAT 
TTTTG–3′ 

shAUF1 (2) 
(human) 

HNRNPD(AUF1) TRCN0000001293 5′–CCGGAGAGTGGTTATGGGAAGGTAT 
CTCGAGATACCTTCCCATAACCACTCTT 
TTTT–3′ 

shControl  GFP N/A 5′– GTCGAGCTGGACGGCGACGTA–3′ 
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Table A2.3. Raw counts, processed FPKM values, and Cuffdiff pairwise 
comparison test results from RNA-seq.  
(Please see excel file) 
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Table A2.4. Descriptive statistics of RNA-seq fold changes for pairwise 
comparisons. 

 

shHuR 
(HNE treated/ 
untreated) 
(Log2) 

shControl 
(HNE treated/ 
untreated) 
(Log2) 

shHuR 
(H2O2 treated/ 
untreated) 
(Log2) 

shControl 
(H2O2 treated/ 
untreated) 
(Log2) 

shHuR/ 
shControl 
(no treatment) 
(Log2) 

Minimum -5.0 -2.9 -3.6 -3.9 -3.9 
25% 
Percentile -0.16 -0.10 -0.09 -0.09 -0.17 

Median -0.0030 0.0067 0.0005 0.0031 0.0001 
75% 
Percentile 0.14 0.11 0.08 0.08 0.17 

Maximum 2.6 3.3 3.5 4.1 4.9 

Range 7.6 6.2 7.0 8.0 8.8 

Mean -0.034 0.010 -0.017 -0.012 -0.008 
Std. 
Deviation 0.36 0.25 0.26 0.32 0.36 
Std. Error of 
Mean 0.0032 0.0022 0.0022 0.0026 0.0030 

Skewness -2.9 1.8 -0.7 -0.8 -0.3 
Columns are color-coded to synchronize with the color scheme deployed in Figure 
A2.3. 
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Table A2.5. Comparison of RNA-seq fold changes and HuR PAR-CLIP 
conversion events. 

Genes SDE in shHuR cells upon HNE treatment  
Gene Fold change 

(HNE/non-
treated) 

q- 
value 

Total PAR-
CLIP 
conversionsa 

ME1 1.6 0.04 28 
TXNRD1 1.6 0.02 1271 
FTL 1.9 0.02 ND 
HMOX1 2.6 0.02 9 
Genes SDE in shControl cells upon HNE treatment 
Gene Fold change 

(HNE/non-
treated) 

q- 
value 

Total PAR-
CLIP 
conversionsa 

PIR 1.9 0.02 8 
Genes SDE upon HuR knockdown alone 
Gene Fold change 

(shHuR/shContro
l, non-treated) 

q-
value 

Fold change 
(shHuR/shControl, 
HNE treatment) 

q-
value 

Fold change 
(shHuR/shControl, 
H2O2 treatment) 

q-
value 

Total PAR-
CLIP 
conversionsa 

SLC2A3 0.44 0.02 0.38 0.02 0.31 0.02 13 
MGST1 0.41 0.02 0.44 0.02 0.5 0.02 27 
INSIG1 0.54 0.02 0.54 0.02 0.57 0.02 125 
HSPA1B 1.9 0.02 1.6 0.02 1.9 0.02 ND 

aref.121 
ND, not detected 
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Table A2.6. Sequences of siRNAs targeting HuR and Nrf2. 
Name Target Gene Dharmacon Serial Number Sequence 
siHuR (1) ELAVL1 (HuR) D-003773-04 5′–UCAAGACGCCAACUUGUA–3′ 
siHuR (2) ELAVL1 (HuR) D-003773-05 5′–CAAAGACGCCAACUUGUAC–3′ 
siNrf2 (1) NFE2L2 (Nrf2) D-003755-02 5′–CCAAAGAGCAGUUCAAUGA–3′ 
siNrf2 (2) NFE2L2 (Nrf2) D-003755-04 5′–UAAAGUGGCUGCUCAGAAU–3′  
siNrf2 (3) NFE2L2 (Nrf2) D-003755-05 5′–UGACAGAAGUUGACAAUUA–3′ 
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Table A2.7. Sequences of morpholino (MO) oligonucleotides. 
MO Target Gene Sequence 
HuR ATG-MO elavl1 (HuR) 5′–TGTGGTCTTCGTAACCGTTCGACAT–3′ 
AUF1-ATG-MO hnrnpd (AUF1) 5'–ACCCAGAAACTGCTCCTCCGACATA–3'  

AUF1-SPL-MO hnrnpd (AUF1) 5'–ACCTAGGATTATTTCGAGTCAGGAT–3'  

Random Control MO (non-targeting) 5′–NNNNNNNNNNNNNNNNNNNNNNNNN–3′ 
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Table A2.8. Sequences of RNA oligos used for EMSA experiments. 
Nrf2 3′–UTR Site 1 
 

5′–GCUAGUUUUUUUGUACUAUU–3′ 

Nrf2 3′–UTR Site 1 negative control 5′–GCGAGCGCGCGCGCACGAGC–3′ 
Nrf2 3′–UTR Site 2 
 

5′–AAAAACUUAUUUAUACUGUU–3′ 

Nrf2 3′–UTR Site 2 negative control 5′– AAAAACGCACGCACACGGCG–3′ 
Nrf2 3′–UTR Site 3 
 

5′–AAAAAAAUUUUAAGAGCUGG–3′ 

Nrf2 3′–UTR Site 3 negative control 5′–AAAAAAAGCGCAAGAGCCGG–3′ 
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Table A2.9. Cloning primers. 
Plasmid Primer Sequence 
pCS2+8 Flag3HuR Fwd 5′–TAATTAAAGGCCGGCCAGCGATCGCCGGACATGGATTATAAAGATCATGATGGCG–3′ 

FwdExt 5′–GCTACTTGTTCTTTTTGCAGGATCCACTAGTGGCGCGCCATTAATTAAAGGCCGGCCAGC–3′ 

Rev 5′–TTCTAGAGGCTCGAGAGGCCTTGAATTCGATTATTTGTGGGACTTGTTGGTTTT–3′ 

RevExt 5′–CTTATCATGTCTGGATCTACGTAATACGACTCACTATAGTTCTAGAGGCTCGAGAGGCCT–3′ 

pCS2+8 
Flag2AUF1p42 

Fwd1 5′–ACGACGATAAGGATTACAAAGACGATGATGACAAAGGGTCCATGTCGGAGGAGCAGTTCG–3′ 

Fwd2 5′–GCCGGACATCGATTCCCACCATGGACTATAAGGATGACGACGATAAGGATTACAAAGACG–3′ 

FwdExt 5′–ATCCACTAGTGGCGCGCCATTAATTAAAGGCCGGCCAGCGATCGCCGGACATCGATTCCC–3′ 

Rev1 5′–CACTATAGTTCTAGAGGCTCGAGAGGCCTTTTAGTATGGTTTGTAGCTATTTTGATGACC–3′ 

Rev2 5′–CACTATAGTTCTAGAGGCTCGAGAGG–3′ 

RevExt 5′–CTTATCATGTCTGGATCTACGTAATACGACTCACTATAGTTCTAGAGGCTCGAGAGGCCT–3′ 

pCS2+8 
Flag2AUF1p40/p45 

Fwd1 5′–CTCTGAAGCAGCGACGGCACAGCGGGAAGAATGGAAAATGTTTATAGGAGGCCTTAGCTG–3′ 

Fwd2 5′–GAACGAGGAGGATGAAGGCCATTCAAACTCCTCCCCACGACACTCTGAAGCAGCGACGGC–3′ 

FwdExt 5′–GGCAGCGCCGAGTCGGAGGGGGCGAAGATTGACGCCAGTAAGAACGAGGAGGATGAAGGC–3′ 

Rev 5′–CTTCGACATGGCTACTTTTATTTCA–3′ 

pCS2+8 
Flag2AUF1p37 

Fwd 5′–ATTTAGGTGACACTATAG–3′ 

Rev 5′–TGGATACCTTCCCATAACCACTCTGCTGGTCACCACCTCTTCCACGAGCTCTTCCTGCAA–3′ 

RevExt 5′–TAGTATGGTTTGTAGCTATTTTGATGACCACCTCGCCTGGATACCTTCCCATAACCACTC–3′ 

pSGG-Nrf2 intron 
2 reporter 

Fwd 5′–CAATCCGGTACTGTTGGTAAAGCCACCATG GACATGGATTTGATTGACATACTTTG–3′ 

FwdExt 5′–TTTAGGTCTGTTCTCGTCTTCCGAGATCTAAGCTTGGCAATCCGGTACTGTTGGTAAAGC–3′ 

Rev 5′–GCCCTTCTTAATGTTTTTGGCATCTTCCATCTCATTGTCATCTACAAACGGG–3′ 

RevExt 5′–GGCGGTCCCGTCTTCGAGTGGGTAGAATGGCGCTGGGCCCTTCTTAATGTTTTTGGCATC–3′ 

pSGG-Nrf2 intron 
3 reporter 

Fwd 5′–CAATCCGGTACTGTTGGTAAAGCCACCATG GTTGCCCACATTCCCAAATC–3′ 

FwdExt 5′–TTTAGGTCTGTTCTCGTCTTCCGAGATCTAAGCTTGGCAATCCGGTACTGTTGGTAAAGC–3′ 

Rev 5′–GCCCTTCTTAATGTTTTTGGCATCTTCCATCTGTAACTCAGGAATGGATAATAGCTCC–3′ 

RevExt 5′–GGCGGTCCCGTCTTCGAGTGGGTAGAATGGCGCTGGGCCCTTCTTAATGTTTTTGGCATC–3′ 

pSGG-Nrf2 intron 
4 reporter 

Fwd 5′–CAATCCGGTACTGTTGGTAAAGCCACCATG GTTTCTTCGGCTACGTTTCAGTC–3′ 

FwdExt 5′–TTTAGGTCTGTTCTCGTCTTCCGAGATCTAAGCTTGGCAATCCGGTACTGTTGGTAAAGC–3′ 

Rev 5′–GCCCTTCTTAATGTTTTTGGCATCTTCCATCTGGTTGGGGTCTTCTGTGG–3′ 

RevExt 5′–GGCGGTCCCGTCTTCGAGTGGGTAGAATGGCGCTGGGCCCTTCTTAATGTTTTTGGCATC–3′ 

pET28a His6AUF1 Fwd 5′–TGGTGCCTCGTGGTAGCCATATGGACTATAAGGATGACGACGATAAG–3′ 

FwdExt 5′–ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCTCGTGGTAGCCAT–3′ 

Rev 5′–TTAGTATGGTTTGTAGCTATTTTGATGACCTAACAAAGCCCGAAAGGAAGCTGAG–3′ 

RevExt 5′–TATGCTAGTTATTCAGCGGTGGCAGCAGCCAACTCAGCATCCTTTCGGGCTTTGTTA–3′ 

pET28a His6HuR Fwd 5′–GCAGCGGCGAAAACTTGTATTTCCAGGGCTCAGGGATGTCTAATGGTTATGAAGACCACA–3′ 

FwdExt 5′–AGATATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCGAAAACTTGTAT–3′ 

Rev 5′–CTCAGCTTCCTTTCGGGCTTTGTTATTATTTGTGGGACTTGTTGGTTTT–3′ 

RevExt 5′–TATGCTAGTTATTCAGCGGTGGCAGCAGCCAACTCAGCATCCTTTCGGGCTTTGTTA–3′ 

shRNA-resistant 
HuR 
mutagenesis 

Fwd 5′–AAACCCCCAGGTTCCTCTGAACCTATTACCGTCAAATTCGCAGCCAACCCCAACCAGAAC–3′ 

Rev 5′–GTTCTGGTTGGGGTTGGCTGCGAATTTGACGGTAATAGGTTCAGAGGAACCTGGGGGTTT–3′ 
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Table A2.10. Antibodies. 
Antibody Source Dilution(s)a 
Mouse monoclonal anti-HuR Santa Cruz Biotechnology sc-

5261 
1:1000 (WB) 
1:200 (IF, zebrafish) 

Rabbit polyclonal anti-AUF1 EMD Millipore 07-260 1:500 (WB, cells) 
1:250 (WB, zebrafish) 

Mouse monoclonal anti-FLAG M2 Sigma F1804 1:2000 (WB) 
Goat polyclonal anti-GFP (FITC-
conjugated) 

Abcam ab6662 1:500 (IF, zebrafish) 

Mouse monoclonal anti-β-actin 
(peroxidase-conjugated) 

Sigma A3854 1:40000 (WB, cells) 
1:3000 (WB, zebrafish) 

Rabbit polyclonal anti-goat IgG (Alexa 
Fluor 568-conjugated) 

Abcam ab175707 1:1000 (IF secondary, 
zebrafish) 

Donkey polyclonal anti-mouse IgG 
(Alexa Fluor 568-conjugated) 

Abcam ab175472 1:1000 (IF secondary, 
zebrafish) 

Goat polyclonal anti-rabbit IgG (HRP-
conjugated) 

Cell Signaling Technology 
#7074 

1:3000 (WB secondary) 

Goat polyclonal anti-mouse IgG (HRP-
conjugated) 

Abcam ab6789 1:8000 (WB secondary) 

Anti-mouse IgG VeriBlot for IP 
secondary antibody (HRP-conjugated) 

Abcam ab131368 1:1000 (IP WB secondary) 

aWB, western blot; IF, immunofluorescence; IP, immunoprecipitation 
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Table A2.11. qRT-PCR primers. 
Gene Species Primer Sequences 
NFE2L2 
(Nrf2) 

Human 
 

Forward 5′–TATCCATTCCTGAGTTACAGTGTC–3′ 
Reverse 5′–CTGTCAGTTTGGCTTCTGGAC–3′ 

VEGFA 
 

Human Forward 5′–ATCTGCATGGTGATGTTGGA–3′ 
Reverse 5′–GGGCAGAATCATCACGAAGT–3′ 

GAPDH Human 
 

Forward 5′–TGGAAGGACTCATGACCACAG–3′ 
Reverse 5′–CAGCTCAGGGATGACCTTGC–3′ 

ACTB Human Forward 5′–ATCATTGCTCCTCCTGAGC–3′ 
Reverse 5′–CTGCTTGCTGATCCACATC–3′ 

ZNF200 Human Forward 5′–GGCGCACGCTGAGCTTTAC–3′ 
Reverse 5′–GGCGCACGCTGAGCTTTAC–3′ 

Firefly Luc 
Reporter 

(Ectopic 
reporter) 

Forward 5′–ACGCACATATCGAGGTGGAC–3′ 
Reverse 5′–CCAACACGGGCATGAAGAAC–3′ 

Renilla Luc 
Reporter 

(Ectopic 
reporter) 

Forward 5′–AGCGGGAATGGCTCATATCG–3′ 
Reverse 5′–CACGTCCACGACACTCTCAG–3′ 
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A2.3  Supplemental figures 

 
Figure A2.1. HuR and AUF1 levels are efficiently knocked down in HEK293T cells 
(A–C) and larval zebrafish (D–E), related to Figures 3.1–3.4.  (A, B, and C) 
Representative western blots showing knockdown level of HuR with shRNA, HuR with 
siRNA, and AUF1 with shRNA, respectively. Inset below each: Quantitation 
(mean±SEM of n=3 independent replicates for each set) of western blot signal measured 
using the Gel Analysis function of ImageJ. (D) Fertilized eggs were injected with 
Control- or HuR-ATG-MO at the single-cell stage, grown for 24 h, then fixed and 
stained with an antibody that detects zHuR and other zebrafish Hu family proteins. Scale 
bar, 500 μm.  Inset below: Quantitation (mean ± SEM of n=5 fish per condition) of mean 
fluorescence intensity measured with the Measure tool of ImageJ. Note that this 
represents only an estimate of HuR knockdown efficiency as the antibody also detects 
other Hu-family proteins. (E) Total zebrafish lysate from fish injected with MOs 
targeting zAUF1 (of which there are only two isoforms in zebrafish) was subjected to 
western blot analysis. All p-values were calculated using Student’s t-test. 
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Figure A2.2. Growth inhibition of shHuR and shControl cells by HNE and H2O2, 
related to Figure 3.1. shHuR and shControl HEK293T cells were treated with the 
indicated concentration of HNE (A) or H2O2 (B) for 48 h, after which viability was 
assessed with alamarBlue. Data are presented as mean ± SEM (n≥8 per point) and were 
fit with Prism. EC50 for growth inhibition is presented with standard error. 
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Figure A2.3. Distribution of RNA-seq data, related to Figure 3.1. Histograms of 
binned values of log2(fold change) for expressed genes under the indicated conditions 
(Figure 3.1) fit with a Gaussian function with Prism, displaying (1) the greater spread 
observed under HNE-stimulation conditions compared to H2O2, and (ii) positive vs. 
negative skewness in the individual data sets. The curves are offset in the plot for clarity. 
The Gaussian function used was y=A*e(-0.5*((x-m)/SD)^2), where y is the number of values 
in the bin, A is the amplitude, x is the distance from the bin center, m is the mean, and 
SD is the standard deviation. 
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Figure A2.4. Expression level of ectopic HuR in shHuR cells is near-endogenous 
levels; treatment of cells with HNE or H2O2 causes AR upregulation, related to 
Figure 3.1. (A) HEK293T cells were transfected with plasmid encoding flag-HuR. 
Western blot was probed with anti-HuR antibody. Inset: Quantitation of HuR levels 
derived from the Gel Analysis tool of ImageJ. (B) Relative Nrf2 activity in cells 
transfected with empty vector or flag-HuR (mean±SEM, n=10). (C) Raw Nrf2 activity 
data from which Figures 1G and 1I are derived (mean±SEM, n=24 for no treatment, 
n=16 for HNE treatment, n≥7 for H2O2 treatment). 
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Figure A2.5. Mouse embryonic endothelial cells (MEECs) depleted of HuR 
similarly feature suppressed Nrf2 activity in the non-stimulated state and greater 
Nrf2 activity upregulation in the HNE-stimulated state, related to Figure 3.1. (A) 
Western blot assessing knockdown levels of HuR in MEEC shHuR/shControl lines. 
Inset at right: Quantitation (mean±SEM, n=4 replicates) of western blot data derived 
from the Gel Analysis tool of ImageJ. (B and C) Nrf2 activity in non-stimulated (B) and 
HNE-treated [25 μM, 18 h (C)] MEEC lines (mean±SEM, n≥31 for B and n=8 for C). 
All p values calculated with Student’s t-test. 
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Figure A2.6. Nrf2 activity levels are proportional to Nrf2 protein levels; 
suppression of Nrf2 activity upon HuR-knockdown in non-stimulated cells and 
greater Nrf2 activity upregulation upon HNE stimulation is Nrf2-dependent, 
related to Figure 3.2.  (A) HEK293T were co-transfected with Nrf2 activity reporters 
(Figure 1D) and siNrf2 and Nrf2 activity was measured (mean±SEM of n≥15 
independent replicates per condition). (B) HEK293T were co-transfected with Nrf2 
activity reporters (Figure 1D) and siHuR, siNrf2, both, or siControl and Nrf2 activity 
was measured (mean±SEM of n=16 independent replicates per condition). (C) Similar 
experimental setup as (A), but cells were treated with HNE(alkyne) (50 μM, 18 h), after 
which Nrf2 activity was measured (mean±SEM of n=8 independent replicates per 
condition). All p values calculated with Student’s t-test. 
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Figure A2.7. HuR and AUF1 act independently on Nrf2-mRNA, related to Figures 
3.2 and 3.3. (A) Data from Figure 3.2C plotted to show the level of Nrf2 activity 
suppression upon HuR-knockdown with or without simultaneous AUF1-knockdown. 
Data points were divided by the average Nrf2 activity in the corresponding siControl 
condition shown in Figure 3.2C (mean±SEM of n=4 independent replicates). (B) Same 
analysis as in A of data from Figure 3.3F (mean±SEM of n=4 independent replicates). 
All p values calculated with Student’s t-test. 
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Figure A2.8. An MO targeting the zebrafish Nrf2 homolog, nfe2l2a, reduces GFP 
expression in Tg(gstp1:GFP) reporter zebrafish, related to Figure 3.2. Fertilized 
eggs were injected at the single-cell stage with Nrf2a-ATG-MO, which depletes the key 
zebrafish Nrf2 homolog, nfe2l2a (Nrf2a). Fish were then immunostained as described 
above and IF data was quantitated (mean±SEM of n=38 fish per condition) using the 
Measure tool of ImageJ. Scale bar, 500 μm. p value calculated with Student’s t-test. 
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Figure A2.9. HuR and AUF1 bind to sites in the 3′–UTR of Nrf2-mRNA with 
nanomolar affinity, related to Figure 3.3.  
(A) Schematic of the 3′–UTR of Nrf2-mRNA showing relative positions of the three 
identified HuR- and AUF1-binding sites. (B and C) Recombinant His6-HuR (B) or His6-
AUF1p37 (C) were incubated with the indicated 32P-end-labeled RNA oligo for 30 min 
at room temperature, then run on a polyacrylamide gel to resolve bound and unbound 
RNA. Gels were visualized using autoradiography. Dissociation constants were derived 
by quantitating the bound RNA signal (as indicated) using the Gel Analysis tool of 
ImageJ (mean±SEM of n=2 independent experiments for each RNA/protein pair) and 
fitting to a one-site binding model (y=Bmax*x/(Kd(app)+x) as was most appropriate for 
the data, where y is the bound mRNA signal, Bmax is the plateau, x is the concentration 
of mRBP, and Kd(app) is the dissociation constant) in Prism. HuR binding to Site 2 was 
not quantitated due to negligible binding. Note that although AUF1p37 was chosen as a 
representative isoform, all isoforms bind to Nrf2-mRNA in cells to a similar degree (see 
Figure 3.3B). 
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Figure A2.10. HuR knockdown reduces total Nrf2-mRNA levels, but does not 
significantly perturb its half-life; AUF1 knockdown does significantly perturb 
Nrf2-mRNA stability, related to Figure 3.3.  (A) qRT-PCR was used to assess the 
levels of endogenous Nrf2-mRNA in HEK293T cells transfected with siHuR/siControl 
(mean±SEM of n=4, 8, and 8 independent replicates for siHuR (1), siHuR (2), and 
siControl, respectively). (B) 3′–UTR reporter mRNA levels (firefly luciferase mRNA 
normalized to Renilla luciferase mRNA) were measured with qRT-PCR [mean±SEM, 
n=8 for siHuR (1) and siControl, n=7 for siHuR (2)]. (C) shHuR/shControl HEK293T 
were treated with actinomycin D for the indicated time, after which RNA was isolated 
and qRT-PCR was used to measure the amount of endogenous Nrf2-mRNA remaining. 
(D) shAUF1/shControl cells were treated as in C and qRT-PCR was used to measure 
the amount of endogenous Nrf2-mRNA remaining over time. Inset at right: 
Quantification [mean±SEM, n=4 for shAUF1 (both shAUF1 lines pooled for this 
analysis) and n=3 for shControl] of Nrf2-mRNA half-life in shAUF1 and shControl 
cells. For C and D, data were fit to a one-phase decay model (y= (y0 – P)*e(-k*x) + P, 
where y is the amount of Nrf2-mRNA remaining, y0 is the initial amount of Nrf2-
mRNA, P is the plateau, k is the rate constant, and x is the time) using Prism. Decay 
rates constants (k) are presented as mean±SD. All p values calculated with Student’s t-
test. 
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Figure A2.11. Illustrations of premature non-functional vs. mature Nrf2-mRNA 
and detailed view of the former, related to Figure 3.4. (A) Premature Nrf2-mRNA is 
not functional because it does not lead to production of Nrf2-protein.  The premature 
mRNA must be spliced and exported from the nucleus to be translated to protein. (B) 
Schematic of premature Nrf2-mRNA. Boxes represent exons and lines represent 
introns. The size of each exon/intron in base pairs (bp) is shown for each. 
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APPENDIX 3: SUPPLEMENTAL INFORMATION RELATED TO 
CHAPTER 4 

 
A3.1 Materials and Methods 
 
A3.1.1 Statistics and data presentation  
 
For experiments involving cultured cells, samples generated from individual wells or 

plates were considered biological replicates. In the figure legend for each experiment, 

the number of independent biological replicates and how the data are presented in the 

figure (typically mean ± SEM) are clearly indicated. P-values calculated with 

Student’s two tailed unpaired t-test are clearly indicated within data figures. Data were 

plotted and statistics generated using GraphPad Prism 7 or 8. 

 

A3.1.2 Reagents 
 
HNE(alkyne)191 and Ht-PreHNE(alkyne)22 were synthesized as previously described. 

Unless otherwise indicated, all other chemical reagents were bought from Sigma at the 

highest availability purity. TCEP was from ChemImpex. Hygromycin was from 

Invitrogen. AlamarBlue was from Invitrogen, and was used according to the 

manufacturer’s instructions. Minimal Essential Media, RPMI, Opti-MEM, Dulbecco’s 

PBS, 100X pyruvate (100 mM), 100X nonessential amino acids (11140-050) and 100X 

penicillin streptomycin (15140-122) were from Gibco. Protease inhibitor cocktail 

complete EDTA-free was from Roche. TALON (635503) resin was from Clontech. Ni-

NTA resin was from Qiagen. 2020 and LT1 transfection reagents were from Mirus. PEI 

was from Polysciences. Hoechst dye was from Invitrogen. TMR-Halo ligand was from 

Promega. Venor GeM PCR-based mycoplasma detection kit was used as stated in the 
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manual and was from Sigma. ECL substrate and ECL-Plus substrate were from Pierce 

and were used as directed. Acrylamide, ammonium persulfate, TMEDA, Precision Plus 

protein standard were from Bio-Rad. All lysates were quantified using the Bio-Rad 

Protein Assay (Bio-Rad) relative to BSA as a standard (Bio-Rad). PCR was carried out 

using Phusion Hot start II (Thermo Scientific) as per the manufacturer’s protocol. All 

plasmid inserts were validated by sequencing at Cornell Biotechnology sequencing core 

facility or Microsynth. All sterile cell culture plasticware was from CellTreat. 

Antibodies were previously validated106 using western blot/immunofluorescence to 

show that multiple independent shRNAs/MOs significantly reduced the levels of the 

detected protein.  

A3.1.3 Cell culture 
 
HEK293T (obtained from ATCC) and Flp-In-293 (Invitrogen) were cultured in MEM 

(Gibco 51090036) supplemented with 10% v/v fetal bovine serum (Sigma), 

penicillin/streptomycin (Gibco), sodium pyruvate (Gibco), and non-essential amino 

acids (Gibco) at 37°C in a humidified atmosphere of 5% CO2. Medium was changed 

every 2-3 days. HEK293T cells expressing shHuRs/shControls were generated as 

previously described.106 

 
A3.1.4 Cloning 
 
Mammalian and bacterial expression plasmids were cloned as previously described.106 

Briefly, the gene of interest was amplified using the forward and reverse primers listed 

below, then extended and inserted into pCS2+8 or pET28a linearized with EcoRI 
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(NEB). All inserts were fully sequenced by Sanger sequencing at the Cornell Genomics 

Core Facility. 

Site-directed mutagenesis was carried out by PCR amplification of the starting plasmid 

with forward and reverse mutagenesis primers containing the desired mutation (Table 

A3.1) followed by DpnI (NEB) treatment. shRNA-resistant expression plasmids (for 

rescue experiments) were also produced using this procedure. These code for the same 

protein but contain mismatches (highlighted in red in the primer sequences; Table A3.1) 

in the shRNA-targeting sequence allowing expression of the ectopic protein in 

knockdown cells. Successful mutagenesis was confirmed by Sanger sequencing. 

 
A3.1.5 Knockdown of HuR with siRNA 
 
SiRNAs targeting human HuR (Table A3.2) were obtained from Dharmacon and a non-

targeting control siRNAs (Control siRNA-A, C, and E) was obtained from Santa Cruz 

Biotechnology.  HEK293T (3.6 × 105 cells) in 6-well plates were transfected with 

siRNA using Dharmafect I (Dharmacon) for 48 h following the manufacturer’s 

protocol, then assayed.  For co-transfection of siRNA and plasmid(s) for reporter assays, 

cells were transfected with Dharmafect Duo (Dharmacon) for 48 h following the 

manufacturer’s protocol, then assayed. 

 
A3.1.6 Western blotting 
 
Cells were resuspended in lysis buffer (50 mM HEPES pH 7.6, 1% Triton X100, 0.3 

mM TCEP, 1X Roche cOmplete tablet) and lysed by three cycles of rapid freeze-thaw. 

Lysates were cleared by centrifugation (20000 × g, 10 min, 4°C) and total protein 

concentration was determined by Bradford assay (against BSA standard). 50 μg of total 
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protein was loaded per lane, separated by SDS-PAGE, transferred to PVDF, then the 

membrane was blocked, and incubated with the appropriate antibodies (Table A3.3). 

Detection was carried out on a ChemiDoc-MP imaging system (BioRad) or a Fusion 

FX imager (Vilber) using ECL Western Blotting Substrate (Pierce) or SuperSignal West 

Femto Maximum Sensitivity Substrate (Thermo Scientific). Western blot data were 

quantitated using the Gel Analysis tool in ImageJ (NIH). Bands of interest were 

integrated and normalized to the loading control.  

 
A3.1.7 Streptavidin pulldown of HNEylated proteins following bulk HNE(alkyne) 

exposure 
 
HEK293T cells were grown to ~70% confluence and treated with HNE(alkyne) (20 µM) 

for 18 h.  For experiments involving ectopic expression, cells were transfected using the 

PEI protocol described above.  At 30 h post-transfection, cells were treated with 

HNE(alkyne) (20 µM) and incubated for a further 18 h. 

Cells were then harvested by trypsinization, washed twice with PBS and once with 50 

mM HEPES pH 7.6, and resuspended in lysis buffer (50 mM HEPES pH 7.6, 1% 

Nonidet-P40, 0.2 mM TCEP (Gold Biotechnology), and Roche cOmplete EDTA-free 

Protease Inhibitor Cocktail).  A small amount of glass beads (Sigma) were added and 

cells were lysed by three rapid freeze-thaw-vortex cycles.  Debris was removed by 

centrifugation (20000 x g, 10 min, 4°C) and protein levels were normalized using 

Bradford assay.  4-5 mg of total protein was diluted to 0.75 mg/ml in lysis buffer and 

Click chemistry was used to couple HNE(alkyne)-modified proteins with biotin-azide.  

The Click reaction contained (final concentrations) 1% SDS (VWR), 5% t-butanol 

(Fisher), 200 µM biotin-azide (Quanta), 2 mM TCEP (Gold Biotechnology), 1 mM 
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CuSO4 (Fisher), 0.1 mM Cu(II)-TBTA (Lumiprobe) and was incubated for 40 min at 

37°C.  EtOH was added to the reaction mixture to a final concentration of 80% and 

proteins were allowed to precipitate overnight at –80°C.  Protein was pelleted by 

centrifugation (20000 x g, 1.5 h, 4°C), and the pellet was washed as follows: 1 wash 

with 70% EtOH, 2 washes with 100% EtOH, 1 wash with 100% acetone.  The pellet 

was dried briefly and then resuspended in 8% LDS (Chem-Impex) in 50 mM HEPES 

pH 7.6 with vortexing and sonication.  The resuspended mixture was centrifuged (20000 

x g, 10 min, room temperature) to remove insoluble material, and then diluted in 50 mM 

HEPES pH 7.6 to a final LDS concentration of 0.5%.  50 µL of high-capacity 

streptavidin agarose (Pierce) was added and the tubes were rotated end-over-end for 3 

h at room temperature.  The resin was washed three times with 0.5% LDS in 50 mM 

HEPES pH 7.6 (30 min each with rotation), and proteins were eluted in SDS loading 

buffer for 15 min at 50°C.  Modified proteins were detected by western blotting using 

antibodies to the protein of interest. 

 
A3.1.8 Streptavidin pulldown of HNEylated proteins following T-REX delivery of 

HNE(alkyne)  
 
This procedure was adapted from a previous report 82. HEK293T were transfected with 

Halo-HuR constructs for 48 h using the PEI transfection protocol above. All further 

steps were carried out under red-filtered light.  Cells were incubated with Ht-

PreHNE(alkyne) (15 µM) for 2 h in serum-free media.  Cells were then rinsed with 

serum free media (3 rinses, 30 min each) and exposed to light (365 nm; 5 mW/cm2) for 

5 min.  Cells were immediately harvested and washed twice with PBS and once with 50 
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mM HEPES pH 7.6. Cells were resuspended in lysis buffer (50 mM HEPES pH 7.6, 1% 

Nonidet-P40, 0.2 mM TCEP, and Roche cOmplete EDTA-free Protease Inhibitor 

Cocktail) and lysed by three rapid freeze-thaw cycles and debris was cleared by 

centrifugation (20000 x g, 10 min, 4°C). Protein levels were measured using Bradford 

assay. 0.5 mg of total protein at a concentration of 2 mg/ml was treated with TEV 

protease (0.3 mg/ml final concentration) for 20 min at 37°C. The protein was then 

diluted to 0.75 mg/ml and biotin-azide was appended to modified proteins using Click 

chemistry as described above. All further pulldown steps were performed as described 

above. 

A3.1.9 RIP-PCR 
 
RIP-PCR was carried out following previously described methods 204. HEK293T cells 

(4.5 × 106) in 10 cm diameter plates were transfected with the indicated constructs 

(mixed 1:3 with empty plasmid) or empty plasmid alone (8 µg total DNA per plate) with 

PEI (21 µg per plate). Media was changed 24 h-post transfection and the cells were 

incubated 48 h total.  Cells were washed once with PBS (Invitrogen) and harvested by 

trypsinization, and washed thoroughly with PBS. 

 Cell pellets were resuspended in polysome lysis buffer [10 mM HEPES (Chem-

Impex) pH 7.0, 100 mM KCl (Fisher), 5 mM MgCl2 (Fisher), 0.5% Nonidet-P40, 

cOmplete EDTA-free Protease Inhibitor Cocktail (Roche), 0.2% vanadyl 

ribonuceloside complex (NEB)] and frozen at –80°C for at least 30 min.  The lysate was 

thawed, centrifuged twice (20000 × g, 10 min each), and the protein concentration was 

determined using Bradford Assay. 3 mg of total protein was diluted to 0.5 mg/mL in 

NT2 buffer [50 mM Tris pH 7.4, 150 mM NaCl (Fisher), 1 mM MgCl2 (Fisher), 0.05% 
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Nonidet-P40, 0.2% vanadyl ribonuceloside complex] and incubated with 50 µL of Flag 

M2 agarose (Sigma) for 3 h at 4°C with end-over-end rotation.  The resin was washed 

at least 4 times (5 min per wash) with NT2 buffer containing 300 mM NaCl and a portion 

of the resin was retained for western blot analysis.  The resin was resuspended in 100 

µL of NT2, supplemented with 0.1% SDS and 3 mg/mL proteinase K (Santa Cruz 

Biotechnology), and incubated at 55°C for 30 min. RNA was isolated using Trizol 

reagent following the manufacturer’s protocol and analyzed by qRT-PCR as described 

below. 

 
A3.1.10 Quantitative real time PCR (qRT-PCR) 
 
This was carried out as previously described 36, 106. Briefly, cells were harvested by 

aspiration of growth medium and direct addition of Trizol reagent into culture plates. 

Total RNA was then isolated following the manufacturer’s protocol. 1 μg of total RNA 

(purity/integrity assessed by agarose gel electrophoresis and concentration determined 

by A260nm using a BioTek Cytation3 microplate reader with a Take3 accessory) was 

treated with amplification-grade DNase I (Invitrogen) and reverse transcribed using 

Oligo(dT)20 as a primer and Superscript III Reverse Transcriptase (Life Technologies) 

following the manufacturer’s protocol. PCR was performed for two technical replicates 

per sample using iQ SYBR Green Supermix (Bio-Rad) and primers specific to the gene 

of interest following the manufacturer’s protocol. Amplicons were chosen that were 

150–200 bp in length and had no predicted off-target binding predicted by NCBI Primer 

BLAST. For genes with multiple splice variants, primers were chosen that amplified 

conserved sequences across all splice variants. Primers were validated using standard 
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curves generated by amplification of serially-diluted cDNA; primers with a standard 

curve slope between –0.8 and 1.2 and R2≥0.97 were considered efficient. Single PCR 

products were confirmed by melting analysis following the PCR protocol. Data were 

collected using a LightCycler 480 (Roche). Threshold cycles were determined using the 

LightCycler 480 software. Samples with a threshold cycle >35 or without a single, 

correct melting point were not included in data analysis. Normalization was carried out 

using a single housekeeping gene as indicated in each dataset and the ΔΔCt method.  

	
A3.1.11  Expression and purification of proteins 
 
His6-Halo-HuR(WT or C13S) and His6-AUF1p37 were expressed and purified as 

previously described.106 TEV protease was expressed and purified as previously 

described.22 Concentration of proteins was determined by measuring absorbance at 280 

nm and calculating with the extinction coefficient determined by the ProtParam tool of 

ExPasy. Concentrations determined by this method were also independently confirmed 

using Bradford assay (BSA standard). 

 
A3.1.12  In vitro HNEylation 
 
All steps were carried out under red-filtered light. Recombinant WT or C13S Halo-HuR 

(40 µM) or AUF1p37 was treated with equimolar HNE(alkyne) at 37°C for the indicated 

time. At each time point, a portion of the reaction mixture was diluted 20-fold into ice-

cold 50 mM HEPES pH 7.6 with 1% Triton X-100. After the final time point, Click 

chemistry was used to append FAM-azide or Cy5-azide (as indicated in figures) 

(Lumiprobe) to modified proteins, and the extent of modification was assessed using in-

gel fluorescence. Gels were quantitated using the “Gel Analysis” tool of ImageJ and the 
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data were fit to derive the time-dependent HNE-modification rate using Prism 7 and the 

following equation:  

𝑦 = 1 + 2.32(1 − 𝑒(obs!) 

 
A3.1.13   Analysis of T-REX modification efficiency for HuR 
 
HEK293T cells (4.5 × 106) in 10 cm diameter plates were transfected with Halo-

HuR(wt) using PEI as described above. All further steps were carried out under red-

filtered light. Following T-REX delivery of HNE as described above, cells were lysed, 

debris was cleared by centrifugation (20000 x g, 10 min, 4°C), and protein levels were 

normalized using Bradford assay. Halo-HuR was then enriched by incubation with anti-

Flag M2 agarose for 1 h at room temperature. Following elution for 1.5 h with 0.3 mg/ml 

3xFlag peptide (ApexBio), eluted proteins were cleaved with TEV protease (0.25 mg/ml 

final concentration) and subjected to Click coupling with Cy5-azide as described above. 

The mixture was then run on 15% SDS-PAGE to resolve HuR from Halo. In-gel 

fluorescence intensity signal (collected with a BioRad Chemidoc MP) was quantitated 

using the Gel Analysis tool of ImageJ and T-REX targeting efficiency was calculated 

as previously described 22 using the equation: 

 

% Targeting Efficiency =	 Cy5!/Coomassie!
(Cy5"*Cy5Halo)/Coomassie"

	× 	100%   

 
A3.1.14  Growth inhibition assays 
 
HEK293T cells (3000 cells per well) were seeded in 96-well plates. After 24 h, cells 

were treated with the indicated molecules at the indicated concentrations and incubated 
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for 48 h. AlamarBlue was added to each well and the cells were incubated for a further 

4 h, after which fluorescence (excitation 560 nm; emission 590 nm) was measured using 

a BioTek Cytation 3 microplate reader. 

 
A3.1.15  Luciferase reporter assays for measurement of antioxidant 

response (AR) 
 
These assays were carried out as previously described22. Briefly, cells were co-

transfected with a 1:0.025:1:1 mixture of pGL4.37 E364A [(ARE:firefly luciferase) 

Promega]: pGL4.75, E693A [(CMV:Renilla luciferase) Promega]: pCS2+8 Halo-TEV-

Keap1: pcDNA3 myc-Nrf2 with Mirus 2020 following the manufacturer’s protocol for 

24 h. Cells were then subjected to T-REX as described above and incubated for a further 

18 h. Media were removed and cells were lysed for 15 min in passive lysis buffer 

(Promega) with gentle shaking and homogenized lysate was transferred to the wells of 

an opaque white 96-well plate (Corning). Firefly and Renilla luciferase activity were 

measured sequentially on a BioTek Cytation3 microplate reader.  
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A3.2  Supplemental tables 
 
Table A3.1: Sequences of cloning and mutagenesis primers 

pCS2+8 
MycHaloTEVFl
ag3HuR 

Fwd1 5′–
ACCCACCATGGAACAAAAACTCATCTCAGAAGAGGATCT
GATGGCAGAAATCGGTACTGG–3′ 

Fwd2 5′–
TAATTAAAGGCCGGCCAGCGATCGCCGGACCCACCATGG
AACAAAAAC–3′ 

FwdExt 5′–
GCTACTTGTTCTTTTTGCAGGATCCACTAGTGGCGCGCCA
TTAATTAAAGGCCGGCCAGC–3′ 

Rev1 5′–
TCATGATCTTTATAATCGCCATCATGATCTTTATAATCCA
TCCCTGAGCCCTGGAAATAC–3′ 

Rev2 5′–
TAGACATTTTATCATCATCATCTTTATAATCAATATCATG
ATCTTTATAATCGCCATCAT–3′ 

RevExt 5′–
TGTCACCCCTGCAGTCTTCGGCCATGTGGTCTTCATAACC
ATTAGACATTTTATCATCAT–3′ 

pET28a 
His6HaloTEVH
uR 

Fwd 5′–
TGGTGCCTCGTGGTAGCCATATGGCAGAAATCGGTACTG
G–3′ 

FwdExt 5′–
ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGC
CTGGTGCCTCGTGGTAGCCAT–3′ 

Rev 5′–
CTCAGCTTCCTTTCGGGCTTTGTTATTATTTGTGGGACTT
GTTGGTTTT–3′ 

RevExt 5′–
TATGCTAGTTATTCAGCGGTGGCAGCAGCCAACTCAGCA
TCCTTTCGGGCTTTGTTA–3′ 

HuR C13S 
mutagenesis 

Fwd 5′–
ATGGTTATGAAGACCACATGGCCGAAGACTCCAGGGGTG
ACATCGGGAGAACGAATTTGA–3′ 

Rev 5′–
ATCAAATTCGTTCTCCCGATGTCACCCCTGGAGTCTTCGG
CCATGTGGTCTTCATAACCA–3′ 

shRNA-resistant 
HuR 
mutagenesis 

Fwd 5′–
AAACCCCCAGGTTCCTCTGAACCTATTACCGTCAAATTC
GCAGCCAACCCCAACCAGAAC–3′ 

Rev 5′–
GTTCTGGTTGGGGTTGGCTGCGAATTTGACGGTAATAGG
TTCAGAGGAACCTGGGGGTTT–3′ 
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Table A3.2: Sequences of siRNAs targeting HuR 
siRNA Target Dharmacon 

catalog 
number 

Sequence 

siHuR 
(1) 

Human 
ELAVL1 
(HuR) 

D-003773-
02 

5ʹ–
GCAAUUACCAGUUUCAAUG–
3ʹ 

siHuR 
(2) 

Human 
ELAVL1 
(HuR) 

D-003773-
04 

5ʹ–
UCAAAGACGCCAACUUGUA–
3ʹ 

siHuR 
(3) 

Human 
ELAVL1 
(HuR) 

D-003773-
05 

5ʹ–
CAAAGACGCCAACUUGUAC–
3ʹ 

siHuR 
(4) 

Human 
ELAVL1 
(HuR) 

D-003773-
21 

5ʹ–
CGACUCAAUUGUCCCGAUA–
3ʹ 
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Table A3.3: Antibodies 
Antibody Source Dilution(s)a 
Mouse monoclonal anti-
HuR 

Santa Cruz 
Biotechnology sc-
5261 

1:1000  

Rabbit polyclonal anti-AUF1 EMD Millipore 07-260 1:500  
Mouse monoclonal anti-
FLAG M2 

Sigma F1804 1:2000  

Mouse monoclonal anti-β-
actin (peroxidase-
conjugated) 

Sigma A3854 1:40000  

Goat polyclonal anti-rabbit 
IgG (HRP-conjugated) 

Cell Signaling 
Technology #7074 

1:3000 (WB 
secondary) 

Goat polyclonal anti-mouse 
IgG (HRP-conjugated) 

Abcam ab6789 1:8000 (WB 
secondary) 

Anti-mouse IgG VeriBlot for 
IP secondary antibody 
(HRP-conjugated) 

Abcam ab131368 1:1000 (IP WB 
secondary) 

aWB, western blot; IP, immunoprecipitation 
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APPENDIX 4 

CONTRIBUTIONS TO OTHER LAB PROJECTS  
 

A4.1  Analysis of growth rate of knockdown cell lines 

 
This experiment was part of a project published in Cell Chem Biol.59 

Several HEK293T lines were generated expressing shControls, shPTEN, shGSK3β, or 

shβTrCP. For each of the shRNA-knockdown HEK293T lines, 70000 cells were plated 

in duplicate wells of a 6-well plate. At each indicated time point (24, 48, 72h), cells 

were harvested by trypsinization and 20 μl of the cell suspension in 1X PBS was mixed 

with 20 μl of trypan blue solution (Hyclone SV30084.01). The mixture was loaded onto 

a hemocytometer (Hausser Scientific 1490) and 4 areas of 1 mm2 were manually 

counted and averaged. Data is presented as the mean of duplicate wells ± SD. All cell 

lines grew at similar rates (Figure A4.1). 

 

 

Figure A4.1 Knockdown lines display comparable growth rates to shControls. Data 
shown as mean ± SD of n=2 independent replicates per point. 
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A4.2  Generation of plasmids for zebrafish transgenesis 

 
These experiments were part of ongoing manuscript revision. 
 
A4.2.1 Overview 
 
To expand our Z-REX capabilities in zebrafish (see Chapter 2 for our mRNA-based 

method), we sought to create transgenic zebrafish lines expressing Halo-Keap1 

constructs in specific tissues. In a collaborative effort with the University of Geneva 

(UNIGE) zebrafish facility and Dr. Richard Fish, we tested several plasmids and a 

variety of tissue-specific promoters to achieve this goal. 

 

A4.2.2 Initial attempts at transgenesis and collaborative efforts with UNIGE 

We began by using plasmids from the well-known Tol2kit.209 Using p5E vectors 

containing either the myl7 (cardiomyocyte-specific, amplified from zebrafish gDNA) 

or HuC (neuronal-specific, obtained from Prof. Joe Fetcho’s lab) promoter, a pME 

vector containing DsRed-IRES-Halo-Keap1-HA, and the standard p3E vector 

containing the SV40 poly A signal sequence, we constructed Tol2 transgenesis plasmids 

(Figure A4.2). At UNIGE, injection of these plasmids led to successful, detectable 

DsRed expression in F0 fish. However, no DsRed-positive F1 fish were identified. 
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Figure A4.2. General plasmid map for first generation Z-REX Tol2 transgenesis 
plasmids. 

 

At this juncture we hypothesized that our Tol2 transgenesis plasmid might have been to 

blame.  As such, we obtained a different previously reported Tol2 plasmid, pMT. We 

cloned four constructs into this plasmid, with two variable components differentiating 

the constructs: (1) IRES or P2A self-cleaving peptide separating DsRed and Halo-

Keap1; (2) Retention (or not) of an intron present in the myl7 gene immediately 

following the start codon of myl7 and preceding the rest of the coding region of the gene 

(Figure A4.3A–B). 
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Figure A4.3. pMT plasmids for Tol2 transgenesis led to DsRed expression in test 
injected fish. (A) Constructs cloned into the pMT vector. (B) General plasmid map of 
the resulting plasmids. (C) Zebrafish embryos were injected with these plasmids at the 
single-cell stage and screened for DsRed expression around 48 hpf. White arrows 
indicate areas of mosaic DsRed expression. Scale bars, 500 μm. 
 

Test injections of these plasmids into embryos at the single-cell stage yielded detectable 

mosaic DsRed expression in cardiomyocytes (Figure A4.3C) around 48hpf. However, 

transmission into F1 fish at UNIGE again failed. Interestingly, these F1 fish were 

genotyped and the construct was indeed found to be integrated into the genome of F1 

fish, but no DsRed expression was observable in the entire pool of F1 fish. 
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A4.2.2 Ongoing contract work with ZeClinics (Barcelona, Spain) 

We next began working with ZeClinics, a company in Barcelona, to generate three 

transgenic zebrafish lines expressing: (1) myl7:DsRed-P2A-Halo-TEV-Keap1-HA; (2) 

UAS: DsRed-P2A-Halo-TEV-Keap1-HA; and (3) UAS:DsRed-P2A-Halo-HA. Line 

(1) represents a reattempt at our earlier transgenesis efforts to produce a line expressing 

DsRed-P2A-Halo-TEV-Keap1-HA in cardiomyocytes, using a transgenesis plasmid 

and an myl7 promoter sequence previously shown to be successful by ZeClinics. Lines 

(2) and (3) were designed to be able to express Halo-Keap1 or Halo-HA in specific 

tissues through crossing with established transgenic lines expressing Gal4 in specific 

tissues (e.g. Tg(myl7:Gal4), which expresses Gal4 in cardiomyocytes210). These lines 

will offer future opportunities to utilize Z-REX targeting and G-REX profiling in a 

tissue specific manner. The transgenesis plasmids designed by ZeClinics additionally 

include a cry:mRFP marker, which leads to expression of mRFP in the eye lens, 

allowing for facile selection of transgenic animals (Figure A4.4).  

Injections of plasmid (1) yielded F0 fish with mosaic DsRed expression in 

cardiomyocytes at 4 dpf; these animals also expressed the cry:mRFP marker (Figure 

A4.4A). Injections of plasmids (2) and (3) also successfully led to F0 fish expressing 

the cry:mRFP marker (Figure A4.4B–C). At the time of this writing, a founder has been 

identified for line (3), Tg(UAS:DsRed-P2A-Halo-HA; cry:mRFP), and F1 fish are 

being grown to adulthood. Screening of lines (1) and (2) for founders is ongoing, but 

test crosses of potential founders have yielded transgenic progeny. 
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Figure A4.4. Injections of transgenesis plasmids at ZeClinics have yielded potential 
founders. (A–C) Images of embryos at 4 dpf expressing transgenes encoded by 
plasmids at right. Scale bars, 1 μm. Images in panels A–C were collected by Dr. Flavia 
DeSantis at ZeClinics (Barcelona, Spain). 
 

A4.2.3 Genbank data for plasmids generated by ZeClinics 

A4.2.3.1 pTol2(myl7:DsRed-P2A-Halo-TEV-Keap1-HA; cry:mRFP) 

LOCUS       ptol2_myl7_Dsred        9254 bp ds-DNA     circular     01-MAY-2020 
DEFINITION  Gibson/Homology Cloning ligation product. 
ACCESSION   urn.local...27b-b0xpn6z 
VERSION     urn.local...27b-b0xpn6z 
KEYWORDS    . 
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SOURCE       
  ORGANISM  . 
COMMENT      
COMMENT     ApEinfo:methylated:1 
FEATURES             Location/Qualifiers 
     source          join(6994..9254,1..3132) 
                     /dnas_title="Tol2-UBI-ERT-Gal4 ACR" 
                     /locus_tag="source" 
                     /label="source" 
                     /ApEinfo_label="source" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     promoter        complement(1..17) 
                     /locus_tag="T7" 
                     /label="T7" 
                     /ApEinfo_label="T7" 
                     /ApEinfo_fwdcolor="#346ee0" 
                     /ApEinfo_revcolor="#346ee0" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer          complement(44..67) 
                     /note="M13 Forward universal primer" 
                     /locus_tag="M13F" 
                     /label="M13F" 
                     /ApEinfo_label="M13F" 
                     /ApEinfo_fwdcolor="#00ffff" 
                     /ApEinfo_revcolor="#80ff00" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     CDS             complement(819..1679) 
                     /note="AMPr" 
                     /locus_tag="AMPr CDS" 
                     /label="AMPr CDS" 
                     /ApEinfo_label="AMPr CDS" 
                     /ApEinfo_fwdcolor="#e9d024" 
                     /ApEinfo_revcolor="#e9d024" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     promoter        2800..2850 
                     /locus_tag="Lac promoter" 
                     /label="Lac promoter" 
                     /ApEinfo_label="Lac promoter" 
                     /ApEinfo_fwdcolor="#346ee0" 
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                     /ApEinfo_revcolor="#346ee0" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer          2804..2827 
                     /note="M13 Reverse Universal Primer" 
                     /locus_tag="M13R" 
                     /label="M13R" 
                     /ApEinfo_label="M13R" 
                     /ApEinfo_fwdcolor="#00ffff" 
                     /ApEinfo_revcolor="#80ff00" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     PCR_primer      2858..2874 
                     /locus_tag="Sp6" 
                     /label="Sp6" 
                     /ApEinfo_label="Sp6" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     protein_bind    2927..3128 
                     /note="miniTol2 3'" 
                     /locus_tag="miniTol3'" 
                     /label="miniTol3'" 
                     /ApEinfo_label="miniTol3'" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    3108..3400 
                     /Source="referenceToDocument: urn:local:.:250-b0xp5oe" 
                     /note="Geneious type: Concatenated sequence" 
                     /locus_tag=" myl7 promoter (Nonet, 246bp) + overhangs Copy 
                     (concatenated sequence 2)" 
                     /label=" myl7 promoter (Nonet, 246bp) + overhangs Copy 
                     (concatenated sequence 2)" 
                     /ApEinfo_label=" myl7 promoter (Nonet, 246bp) + overhangs 
                     Copy (concatenated sequence 2)" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     ligation        3108..3132 
                     /locus_tag="Ligation" 
                     /label="Ligation" 
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                     /ApEinfo_label="Ligation" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    3133..3135 
                     /Original_Bases="Ligation" 
                     /note="Geneious type: Editing History Insertion" 
                     /locus_tag="Ligation(1)" 
                     /label="Ligation(1)" 
                     /ApEinfo_label="Ligation" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     3133..3153 
                     /#_Off-target_Sites=0 
                     /Off-target_Template=" myl7 promoter (Nonet, 246bp) + 
                     overhangs Copy" 
                     /Sequence="ATCTCTCTCATTCACGTCCCC" 
                     /Hairpin_Tm="None" 
                     /Tm="59.0" 
                     /Self_Dimer_Tm="None" 
                     /%GC="52.4" 
                     /Pair_Dimer_Tm="None" 
                     /Product_Size=255 
                     /Extension="CTAGAGATTCTTGTTTAAGCTTGAT" 
                     /modified_by="Vincenzo" 
                     /locus_tag="LAEGO.1.myl7.fw" 
                     /label="LAEGO.1.myl7.fw" 
                     /ApEinfo_label="LAEGO.1.myl7.fw" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     promoter        3136..3381 
                     /modified_by="Vincenzo" 
                     /locus_tag="myl7 promoter (Nonet, 246bp)" 
                     /label="myl7 promoter (Nonet, 246bp)" 
                     /ApEinfo_label="myl7 promoter (Nonet, 246bp)" 
                     /ApEinfo_fwdcolor="#346ee0" 
                     /ApEinfo_revcolor="#346ee0" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     complement(3370..3387) 
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                     /#_Off-target_Sites=0 
                     /Off-target_Template=" myl7 promoter (Nonet, 246bp) + 
                     overhangs Copy" 
                     /Sequence="GGTGGCCCTGTCTGCTTT" 
                     /Hairpin_Tm="None" 
                     /Tm="59.9" 
                     /Self_Dimer_Tm="None" 
                     /%GC="61.1" 
                     /Pair_Dimer_Tm="None" 
                     /Product_Size=255 
                     /Extension="CGGAGGAGGCCAT" 
                     /modified_by="Vincenzo" 
                     /locus_tag="LAEGO.2.myl7/dsRed.rev" 
                     /label="LAEGO.2.myl7/dsRed.rev" 
                     /ApEinfo_label="LAEGO.2.myl7/dsRed.rev" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    3375..4159 
                     /Source="referenceToDocument: urn:local:.:1t8-b0x9ghs" 
                     /note="Geneious type: Concatenated sequence" 
                     /locus_tag="DsRedP2A (concatenated sequence 3)" 
                     /label="DsRedP2A (concatenated sequence 3)" 
                     /ApEinfo_label="DsRedP2A (concatenated sequence 3)" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     ligation        3375..3400 
                     /locus_tag="Ligation(2)" 
                     /label="Ligation(2)" 
                     /ApEinfo_label="Ligation" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    3382..3387 
                     /Original_Bases="Ligation" 
                     /note="Geneious type: Editing History Insertion" 
                     /locus_tag="Ligation(3)" 
                     /label="Ligation(3)" 
                     /ApEinfo_label="Ligation" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 



 

204 

                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     CDS             3388..4062 
                     /codon_start=1 
                     /product="rapidly maturing tetrameric variant of DsRed 
                     fluorescent protein (Bevis and Glick, 2002)" 
                     /note="mammalian codon-optimized" 
                     
/translation="MASSEDVIKEFMRFKVRMEGSVNGHEFEIEGEGEGRPYEGTQTA 
                     
KLKVTKGGPLPFAWDILSPQFQYGSKVYVKHPADIPDYKKLSFPEGFKWERV
MNFEDG 
                     
GVVTVTQDSSLQDGSFIYKVKFIGVNFPSDGPVMQKKTMGWEASTERLYPRD
GVLKGE 
                     
IHKALKLKDGGHYLVEFKSIYMAKKPVQLPGYYYVDSKLDITSHNEDYTIVEQ
YERAE 
                     GRHH LFL" 
                     /locus_tag="DsRed-Express" 
                     /label="DsRed-Express" 
                     /ApEinfo_label="DsRed-Express" 
                     /ApEinfo_fwdcolor="#e9d024" 
                     /ApEinfo_revcolor="#e9d024" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     3388..3405 
                     /#_Off-target_Sites=0 
                     /Off-target_Template="DsRedP2A" 
                     /Sequence="ATGGCCTCCTCCGAGGAC" 
                     /Hairpin_Tm="61.0" 
                     /Tm="60.4" 
                     /Self_Dimer_Tm="13.5" 
                     /%GC="66.7" 
                     /Pair_Dimer_Tm="None" 
                     /Product_Size=759 
                     /Extension="AGACAGGGCCACC" 
                     /modified_by="Vincenzo" 
                     /locus_tag="LAEGO.3.myl7/Dsred.fw" 
                     /label="LAEGO.3.myl7/Dsred.fw" 
                     /ApEinfo_label="LAEGO.3.myl7/Dsred.fw" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
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     misc_feature    4063..4146 
                     /locus_tag="P2A" 
                     /label="P2A" 
                     /ApEinfo_label="P2A" 
                     /ApEinfo_fwdcolor="#fb451b" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     complement(4130..4146) 
                     /#_Off-target_Sites=0 
                     /Off-target_Template="DsRedP2A" 
                     /Sequence="AGTGGTTGGCTCGCTGC" 
                     /Hairpin_Tm="41.9" 
                     /Tm="60.3" 
                     /Self_Dimer_Tm="None" 
                     /%GC="64.7" 
                     /Pair_Dimer_Tm="None" 
                     /Product_Size=759 
                     /Extension="TACCGATTTCTGC" 
                     /modified_by="Vincenzo" 
                     /locus_tag="LAEGO.4.P2A/HAlo.rev" 
                     /label="LAEGO.4.P2A/HAlo.rev" 
                     /ApEinfo_label="LAEGO.4.P2A/HAlo.rev" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    4134..5080 
                     /Source="referenceToDocument: urn:local:.:1u5-b0xa6vz" 
                     /note="Geneious type: Concatenated sequence" 
                     /locus_tag="Halo-linker (concatenated sequence 4)" 
                     /label="Halo-linker (concatenated sequence 4)" 
                     /ApEinfo_label="Halo-linker (concatenated sequence 4)" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     ligation        4134..4159 
                     /locus_tag="Ligation(4)" 
                     /label="Ligation(4)" 
                     /ApEinfo_label="Ligation" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
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     CDS             4147..5034 
                     /modified_by="Vincenzo" 
                     /locus_tag="Halo" 
                     /label="Halo" 
                     /ApEinfo_label="Halo" 
                     /ApEinfo_fwdcolor="#c3fff1" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     4147..4166 
                     /#_Off-target_Sites=0 
                     /Off-target_Template="Halo-linker" 
                     /Sequence="GCAGAAATCGGTACTGGCTT" 
                     /Hairpin_Tm="33.0" 
                     /Tm="58.3" 
                     /Self_Dimer_Tm="0.9" 
                     /%GC="50.0" 
                     /Pair_Dimer_Tm="None" 
                     /Product_Size=921 
                     /Extension="CGAGCCAACCACT" 
                     /modified_by="Vincenzo" 
                     /locus_tag="LAEGO.5.P2A/Halo.fw" 
                     /label="LAEGO.5.P2A/Halo.fw" 
                     /ApEinfo_label="LAEGO.5.P2A/Halo.fw" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     CDS             5035..5067 
                     /created_by="Vincenzo" 
                     /locus_tag="Vincenzo" 
                     /label="Vincenzo" 
                     /ApEinfo_label="Vincenzo" 
                     /ApEinfo_fwdcolor="#e9d024" 
                     /ApEinfo_revcolor="#e9d024" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     complement(5048..5067) 
                     /#_Off-target_Sites=0 
                     /Off-target_Template="Halo-linker" 
                     /Sequence="CCCTGAGCCCTGGAAATACA" 
                     /Hairpin_Tm="33.7" 
                     /Tm="59.1" 
                     /Self_Dimer_Tm="None" 
                     /%GC="55.0" 
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                     /Pair_Dimer_Tm="None" 
                     /Product_Size=921 
                     /Extension="TGGGATCTGGCTG" 
                     /modified_by="Vincenzo" 
                     /locus_tag="LAEGO.6.Halo/Keap.rev" 
                     /label="LAEGO.6.Halo/Keap.rev" 
                     /ApEinfo_label="LAEGO.6.Halo/Keap.rev" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    5055..7018 
                     /Source="referenceToDocument: urn:local:.:1v0-b0xdt2s" 
                     /note="Geneious type: Concatenated sequence" 
                     /locus_tag="Keap1-HA-STOP (concatenated sequence 5)" 
                     /label="Keap1-HA-STOP (concatenated sequence 5)" 
                     /ApEinfo_label="Keap1-HA-STOP (concatenated sequence 5)" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     ligation        5055..5080 
                     /locus_tag="Ligation(5)" 
                     /label="Ligation(5)" 
                     /ApEinfo_label="Ligation" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    5067..5068 
                     /Original_Bases="ATG" 
                     /note="Geneious type: Editing History Deletion" 
                     /locus_tag="ATG" 
                     /label="ATG" 
                     /ApEinfo_label="ATG" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     CDS             5068..6936 
                     /modified_by="Vincenzo" 
                     /locus_tag="Keap1" 
                     /label="Keap1" 
                     /ApEinfo_label="Keap1" 
                     /ApEinfo_fwdcolor="#ff8080" 
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                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     5068..5087 
                     /#_Off-target_Sites=0 
                     /Off-target_Template="Keap1-HA-STOP" 
                     /Sequence="CAGCCAGATCCCAGGCCTAG" 
                     /Hairpin_Tm="52.4" 
                     /Tm="61.8" 
                     /Self_Dimer_Tm="4.0" 
                     /%GC="65.0" 
                     /Pair_Dimer_Tm="5.3" 
                     /Product_Size=1926 
                     /Extension="CCAGGGCTCAGGG" 
                     /modified_by="Vincenzo" 
                     /locus_tag="LAEGO.7.Halo/Keap.fw" 
                     /label="LAEGO.7.Halo/Keap.fw" 
                     /ApEinfo_label="LAEGO.7.Halo/Keap.fw" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    5176..5178 
                     /locus_tag="Cys38" 
                     /label="Cys38" 
                     /ApEinfo_label="Cys38" 
                     /ApEinfo_fwdcolor="cyan" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    5881..5883 
                     /locus_tag="Cys273" 
                     /label="Cys273" 
                     /ApEinfo_label="Cys273" 
                     /ApEinfo_fwdcolor="cyan" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    5926..5928 
                     /locus_tag="Cys288" 
                     /label="Cys288" 
                     /ApEinfo_label="Cys288" 
                     /ApEinfo_fwdcolor="cyan" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
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                     width 5 offset 0" 
     misc_feature    5953..5955 
                     /locus_tag="Cys297" 
                     /label="Cys297" 
                     /ApEinfo_label="Cys297" 
                     /ApEinfo_fwdcolor="cyan" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    6280..6282 
                     /locus_tag="Cys406" 
                     /label="Cys406" 
                     /ApEinfo_label="Cys406" 
                     /ApEinfo_fwdcolor="cyan" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    6364..6366 
                     /locus_tag="Cys434" 
                     /label="Cys434" 
                     /ApEinfo_label="Cys434" 
                     /ApEinfo_fwdcolor="cyan" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    6529..6531 
                     /locus_tag="Cys489" 
                     /label="Cys489" 
                     /ApEinfo_label="Cys489" 
                     /ApEinfo_fwdcolor="cyan" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     CDS             6937..6990 
                     /modified_by="Vincenzo" 
                     /locus_tag="HA" 
                     /label="HA" 
                     /ApEinfo_label="HA" 
                     /ApEinfo_fwdcolor="#f1ffbc" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     complement(6972..6993) 
                     /#_Off-target_Sites=0 
                     /Off-target_Template="Keap1-HA-STOP" 
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                     /Sequence="TTAGGCATAGTCGGGAACATCA" 
                     /Hairpin_Tm="None" 
                     /Tm="59.0" 
                     /Self_Dimer_Tm="None" 
                     /%GC="45.5" 
                     /Pair_Dimer_Tm="5.3" 
                     /Product_Size=1926 
                     /Extension="GAGGCTCGAAGTTTAAACTTCGAAG" 
                     /modified_by="Vincenzo" 
                     /locus_tag="LAEGO.8.HA.rev" 
                     /label="LAEGO.8.HA.rev" 
                     /ApEinfo_label="LAEGO.8.HA.rev" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    6991..6993 
                     /locus_tag="STOP" 
                     /label="STOP" 
                     /ApEinfo_label="STOP" 
                     /ApEinfo_fwdcolor="#fb000f" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    join(6994..9254,1..3132) 
                     /Source="referenceToDocument: urn:local:.:25m-b0xp8v7" 
                     /note="Geneious type: Concatenated sequence" 
                     /locus_tag="Tol2-UBI-ERT-Gal (digested by EcoRV, NheI) 
                     Fragment 2 (concatenated sequence 1)" 
                     /label="Tol2-UBI-ERT-Gal (digested by EcoRV, NheI) 
                     Fragment 2 (concatenated sequence 1)" 
                     /ApEinfo_label="Tol2-UBI-ERT-Gal (digested by EcoRV, NheI) 
                     Fragment 2 (concatenated sequence 1)" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     ligation        6994..7018 
                     /locus_tag="Ligation(6)" 
                     /label="Ligation(6)" 
                     /ApEinfo_label="Ligation" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 



 

211 

     polyA_signal    7042..7248 
                     /note="SV40 PolyA" 
                     /locus_tag="SV40 PolyA polyA signal" 
                     /label="SV40 PolyA polyA signal" 
                     /ApEinfo_label="SV40 PolyA polyA signal" 
                     /ApEinfo_fwdcolor="#ff3eee" 
                     /ApEinfo_revcolor="#ff3eee" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     promoter        7276..8047 
                     /source="aCristprom" 
                     /type="Custom cloned insert" 
                     /modified_by="Vincenzo" 
                     /locus_tag="cry" 
                     /label="cry" 
                     /ApEinfo_label="cry" 
                     /ApEinfo_fwdcolor="#346ee0" 
                     /ApEinfo_revcolor="#346ee0" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    8066..8743 
                     /dnas_title="mRFP1" 
                     /vntifkey=21 
                     /locus_tag="mRFP1" 
                     /label="mRFP1" 
                     /ApEinfo_label="mRFP1" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    8750..8951 
                     /dnas_title="SV40pA" 
                     /vntifkey=21 
                     /locus_tag="SV40pA" 
                     /label="SV40pA" 
                     /ApEinfo_label="SV40pA" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     protein_bind    complement(8980..9240) 
                     /note="miniTol2-5'" 
                     /locus_tag="miniTol5'" 
                     /label="miniTol5'" 
                     /ApEinfo_label="miniTol5'" 
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                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
ORIGIN 
        1 tatagtgagt cgtattacaa ttcactggcc gtcgttttac aacgtcgtga ctgggaaaac 
       61 cctggcgtta cccaacttaa tcgccttgca gcacatcccc ctttcgccag ctggcgtaat 
      121 agcgaagagg cccgcaccga tcgcccttcc caacagttgc gcagcctgaa tggcgaatgg 
      181 acgcgccctg tagcggcgca ttaagcgcgg cgggtgtggt ggttacgcgc agcgtgaccg 
      241 ctacacttgc cagcgcccta gcgcccgctc ctttcgcttt cttcccttcc tttctcgcca 
      301 cgttcgccgg ctttccccgt caagctctaa atcgggggct ccctttaggg ttccgattta 
      361 gtgctttacg gcacctcgac cccaaaaaac ttgattaggg tgatggttca cgtagtgggc 
      421 catcgccctg atagacggtt tttcgccctt tgacgttgga gtccacgttc tttaatagtg 
      481 gactcttgtt ccaaactgga acaacactca accctatctc ggtctattct tttgatttat 
      541 aagggatttt gccgatttcg gcctattggt taaaaaatga gctgatttaa caaaaattta 
      601 acgcgaattt taacaaaata ttaacgctta caatttcctg atgcggtatt ttctccttac 
      661 gcatctgtgc ggtatttcac accgcatcag gtggcacttt tcggggaaat gtgcgcggaa 
      721 cccctatttg tttatttttc taaatacatt caaatatgta tccgctcatg agacaataac 
      781 cctgataaat gcttcaataa tattgaaaaa ggaagagtat gagtattcaa catttccgtg 
      841 tcgcccttat tccctttttt gcggcatttt gccttcctgt ttttgctcac ccagaaacgc 
      901 tggtgaaagt aaaagatgct gaagatcagt tgggtgcacg agtgggttac atcgaactgg 
      961 atctcaacag cggtaagatc cttgagagtt ttcgccccga agaacgtttt ccaatgatga 
     1021 gcacttttaa agttctgcta tgtggcgcgg tattatcccg tattgacgcc gggcaagagc 
     1081 aactcggtcg ccgcatacac tattctcaga atgacttggt tgagtactca ccagtcacag 
     1141 aaaagcatct tacggatggc atgacagtaa gagaattatg cagtgctgcc ataaccatga 
     1201 gtgataacac tgcggccaac ttacttctga caacgatcgg aggaccgaag gagctaaccg 
     1261 cttttttgca caacatgggg gatcatgtaa ctcgccttga tcgttgggaa ccggagctga 
     1321 atgaagccat accaaacgac gagcgtgaca ccacgatgcc tgtagcaatg gcaacaacgt 
     1381 tgcgcaaact attaactggc gaactactta ctctagcttc ccggcaacaa ttaatagact 
     1441 ggatggaggc ggataaagtt gcaggaccac ttctgcgctc ggcccttccg gctggctggt 
     1501 ttattgctga taaatctgga gccggtgagc gtgggtctcg cggtatcatt gcagcactgg 
     1561 ggccagatgg taagccctcc cgtatcgtag ttatctacac gacggggagt caggcaacta 
     1621 tggatgaacg aaatagacag atcgctgaga taggtgcctc actgattaag cattggtaac 
     1681 tgtcagacca agtttactca tatatacttt agattgattt aaaacttcat ttttaattta 
     1741 aaaggatcta ggtgaagatc ctttttgata atctcatgac caaaatccct taacgtgagt 
     1801 tttcgttcca ctgagcgtca gaccccgtag aaaagatcaa aggatcttct tgagatcctt 
     1861 tttttctgcg cgtaatctgc tgcttgcaaa caaaaaaacc accgctacca gcggtggttt 
     1921 gtttgccgga tcaagagcta ccaactcttt ttccgaaggt aactggcttc agcagagcgc 
     1981 agataccaaa tactgttctt ctagtgtagc cgtagttagg ccaccacttc aagaactctg 
     2041 tagcaccgcc tacatacctc gctctgctaa tcctgttacc agtggctgct gccagtggcg 
     2101 ataagtcgtg tcttaccggg ttggactcaa gacgatagtt accggataag gcgcagcggt 
     2161 cgggctgaac ggggggttcg tgcacacagc ccagcttgga gcgaacgacc tacaccgaac 
     2221 tgagatacct acagcgtgag ctatgagaaa gcgccacgct tcccgaaggg agaaaggcgg 
     2281 acaggtatcc ggtaagcggc agggtcggaa caggagagcg cacgagggag cttccagggg 
     2341 gaaacgcctg gtatctttat agtcctgtcg ggtttcgcca cctctgactt gagcgtcgat 
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     2401 ttttgtgatg ctcgtcaggg gggcggagcc tatggaaaaa cgccagcaac gcggcctttt 
     2461 tacggttcct ggccttttgc tggccttttg ctcacatgtt ctttcctgcg ttatcccctg 
     2521 attctgtgga taaccgtatt accgcctttg agtgagctga taccgctcgc cgcagccgaa 
     2581 cgaccgagcg cagcgagtca gtgagcgagg aagcggaaga gcgcccaata cgcaaaccgc 
     2641 ctctccccgc gcgttggccg attcattaat gcagctggca cgacaggttt cccgactgga 
     2701 aagcgggcag tgagcgcaac gcaattaatg tgagttagct cactcattag gcaccccagg 
     2761 ctttacactt tatgcttccg gctcgtatgt tgtgtggaat tgtgagcgga taacaatttc 
     2821 acacaggaaa cagctatgac catgattacg ccaagctatt taggtgacac tatagaatac 
     2881 tcaagctatg catccaacgc gttgggagct ctcccatatg gtcgagcaga ggtgtaaaaa 
     2941 gtactcaaaa attttactca agtgaaagta caagtactta gggaaaattt tactcaatta 
     3001 aaagtaaaag tatctggcta gaatcttact tgagtaaaag taaaaaagta ctccattaaa 
     3061 attgtacttg agtattaagg aagtaaaagt aaaagcaaga aagaaaacta gagattcttg 
     3121 tttaagcttg atatctctct cattcacgtc cccctcccca tctgcacact ttatctcatt 
     3181 ttccaccctg ctggaatctg agcacttgtg cagttatcag ggctcctgta tttaggaggc 
     3241 tctgggtgtc catgtagggg acgaacagaa acactgcaga cctttataga agaacaattg 
     3301 ataagagtcc tcatacataa agactccatt agtaagccag tgacccagga gcccagacca 
     3361 ccaaacagca aagcagacag ggccaccatg gcctcctccg aggacgtcat caaggagttc 
     3421 atgcgcttca aggtgcgcat ggagggctcc gtgaacggcc acgagttcga gatcgagggc 
     3481 gagggcgagg gccgccccta cgagggcacc cagaccgcca agctgaaggt gaccaagggc 
     3541 ggccccctgc ccttcgcctg ggacatcctg tccccccagt tccagtacgg ctccaaggtg 
     3601 tacgtgaagc accccgccga catccccgac tacaagaagc tgtccttccc cgagggcttc 
     3661 aagtgggagc gcgtgatgaa cttcgaggac ggcggcgtgg tgaccgtgac ccaggactcc 
     3721 tccctgcagg acggctcctt catctacaag gtgaagttca tcggcgtgaa cttcccctcc 
     3781 gacggccccg taatgcagaa gaagactatg ggctgggagg cctccaccga gcgcctgtac 
     3841 ccccgcgacg gcgtgctgaa gggcgagatc cacaaggccc tgaagctgaa ggacggcggc 
     3901 cactacctgg tggagttcaa gtccatctac atggccaaga agcccgtgca gctgcccggc 
     3961 tactactacg tggactccaa gctggacatc acctcccaca acgaggacta caccatcgtg 
     4021 gagcagtacg agcgcgccga gggccgccac cacctgttcc tgggaagcgg agctactaac 
     4081 ttcagcctgc tgaagcaggc tggagacgtg gaggagaacc ctggacctgg cagcgagcca 
     4141 accactgcag aaatcggtac tggctttcca ttcgaccccc attatgtgga agtcctgggc 
     4201 gagcgcatgc actacgtcga tgttggtccg cgcgatggca cccctgtgct gttcctgcac 
     4261 ggtaacccga cctcctccta cgtgtggcgc aacatcatcc cgcatgttgc accgacccat 
     4321 cgctgcattg ctccagacct gatcggtatg ggcaaatccg acaaaccaga cctgggttat 
     4381 ttcttcgacg accacgtccg cttcatggat gccttcatcg aagccctggg tctggaagag 
     4441 gtcgtcctgg tcattcacga ctggggctcc gctctgggtt tccactgggc caagcgcaat 
     4501 ccagagcgcg tcaaaggtat tgcatttatg gagttcatcc gccctatccc gacctgggac 
     4561 gaatggccag aatttgcccg cgagaccttc caggccttcc gcaccaccga cgtcggccgc 
     4621 aagctgatca tcgatcagaa cgtttttatc gagggtacgc tgccgatggg tgtcgtccgc 
     4681 ccgctgactg aagtcgagat ggaccattac cgcgagccgt tcctgaaccc tgttgaccgc 
     4741 gagccactgt ggcgcttccc aaacgagctg ccaatcgccg gtgagccagc gaacatcgtc 
     4801 gcgctggtcg aagaatacat ggactggctg caccagtccc ctgtcccgaa gctgctgttc 
     4861 tggggcaccc caggcgttct gatcccaccg gccgaagccg ctcgcctggc caaaagcctg 
     4921 cctaactgca aggctgtgga catcggcccg ggtctgaatc tgctgcaaga agacaacccg 
     4981 gacctgatcg gcagcgagat cgcgcgctgg ctgtcgacgc tcgagatttc cggctccgga 
     5041 gaaaacttgt atttccaggg ctcagggcag ccagatccca ggcctagcgg ggctggggcc 
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     5101 tgctgccgat tcctgcccct gcagtcacag tgccctgagg gggcagggga cgcggtgatg 
     5161 tacgcctcca ctgagtgcaa ggcggaggtg acgccctccc agcatggcaa ccgcaccttc 
     5221 agctacaccc tggaggatca taccaagcag gcctttggca tcatgaacga gctgcggctc 
     5281 agccagcagc tgtgtgacgt cacactgcag gtcaagtacc aggatgcacc ggccgcccag 
     5341 ttcatggccc acaaggtggt gctggcctca tccagccctg tcttcaaggc catgttcacc 
     5401 aacgggctgc gggagcaggg catggaggtg gtgtccattg agggtatcca ccccaaggtc 
     5461 atggagcgcc tcattgaatt cgcctacacg gcctccatct ccatgggcga gaagtgtgtc 
     5521 ctccacgtca tgaacggtgc tgtcatgtac cagatcgaca gcgttgtccg tgcctgcagt 
     5581 gacttcctgg tgcagcagct ggaccccagc aatgccatcg gcatcgccaa cttcgctgag 
     5641 cagattggct gtgtggagtt gcaccagcgt gcccgggagt acatctacat gcattttggg 
     5701 gaggtggcca agcaagagga gttcttcaac ctgtcccact gccaactggt gaccctcatc 
     5761 agccgggacg acctgaacgt gcgctgcgag tccgaggtct tccacgcctg catcaactgg 
     5821 gtcaagtacg actgcgaaca gcgacggttc tacgtccagg cgctgctgcg ggcagtgcgc 
     5881 tgccactcgt tgacgccgaa cttcctgcag atgcagctgc agaagtgcga gatcctgcag 
     5941 tccgactccc gctgcaagga ctacctggtc aagatcttcg aggagctcac cctgcacaag 
     6001 cccacgcagg tgatgccctg ccgggcgccc aaggtgggcc gcctgatcta caccgcgggc 
     6061 ggctacttcc gacagtcgct cagctacctg gaggcttaca accccagtga cggcacctgg 
     6121 ctccggttgg cggacctgca ggtgccgcgg agcggcctgg ccggctgcgt ggtgggcggg 
     6181 ctgttgtacg ccgtgggcgg caggaacaac tcgcccgacg gcaacaccga ctccagcgcc 
     6241 ctggactgtt acaaccccat gaccaatcag tggtcgccct gcgcccccat gagcgtgccc 
     6301 cgtaaccgca tcggggtggg ggtcatcgat ggccacatct atgccgtcgg cggctcccac 
     6361 ggctgcatcc accacaacag tgtggagagg tatgagccag agcgggatga gtggcacttg 
     6421 gtggccccaa tgctgacacg aaggatcggg gtgggcgtgg ctgtcctcaa tcgtctcctt 
     6481 tatgccgtgg ggggctttga cgggacaaac cgccttaatt cagctgagtg ttactaccca 
     6541 gagaggaacg agtggcgaat gatcacagca atgaacacca tccgaagcgg ggcaggcgtc 
     6601 tgcgtcctgc acaactgtat ctatgctgct gggggctatg atggtcagga ccagctgaac 
     6661 agcgtggagc gctacgatgt ggaaacagag acgtggactt tcgtagcccc catgaagcac 
     6721 cggcgaagtg ccctggggat cactgtccac caggggagaa tctacgtcct tggaggctat 
     6781 gatggtcaca cgttcctgga cagtgtggag tgttacgacc cagatacaga cacctggagc 
     6841 gaggtgaccc gaatgacatc gggccggagt ggggtgggcg tggctgtcac catggagccc 
     6901 tgccggaagc agattgacca gcagaactgt acctgttacc catacgatgt tccagattac 
     6961 gcttatccct atgatgttcc cgactatgcc taacttcgaa gtttaaactt cgagcctcta 
     7021 gaactatagt gagtcgtatt acgtagatcc agacatgata agatacattg atgagtttgg 
     7081 acaaaccaca actagaatgc agtgaaaaaa atgctttatt tgtgaaattt gtgatgctat 
     7141 tgctttattt gtaaccatta taagctgcaa taaacaagtt aacaacaaca attgcattca 
     7201 ttttatgttt caggttcagg gggaggtgtg ggaggttttt taattcgcgg ccgctctaga 
     7261 tggccagatc tatttaattc ttttgaataa cagttcagta agtatggcaa aacaataaat 
     7321 cttattactc ctgatttgtc cttaaattgt catttttaat atggcaataa acgatcttca 
     7381 gagaaacttg cattggtaaa tagtttcagc ctatgcatat gtagttattc aaactgtaat 
     7441 gactatctta cagtattata tgtttataat agtttgatcc aataaatcca gatttatatg 
     7501 cttttcaaca taaaattgtg aaatgcacag aatgtacata tacaatacat ttcctacaat 
     7561 aatgctctct tttctattaa tagtgtgcat tcagtgcagg atgttatgta tttattttct 
     7621 gtagtgcaaa ctttttcaaa gaattttcca gtctaagctt ttcagtcaag aaaaaaaaaa 
     7681 gcgattgatt atctgtgata tttaaaaaaa ttagctctta aatctggtga accaagtggc 
     7741 cacaacacat taaatactga cgttctacag ccatgtagct tcatctggtc tggtttgttt 
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     7801 tggcaggcac ttattttccg gtgatagttg gccacaagag tattgtctga gccattcagt 
     7861 gctagactgt cattctcagg tcagagtcca ccccgctgat tctgctgaca acactgttcc 
     7921 caccatgaga taatgccatt ccagagagat ccatttgtaa gcccctcttt ctgcagcaca 
     7981 ggtatataac caggggtctg cctccactaa ggccggcaca catcatttgg ggatctttgt 
     8041 actgtaggat ccaccggtcg ccaccatggc ctcctccgag gacgtcatca aggagttcat 
     8101 gcgcttcaag gtgcgcatgg agggctccgt gaacggccac gagttcgaga tcgagggcga 
     8161 gggcgagggc cgcccctacg agggcaccca gaccgccaag ctgaaggtga ccaagggcgg 
     8221 ccccctgccc ttcgcctggg acatcctgtc ccctcagttc cagtacggct ccaaggccta 
     8281 cgtgaagcac cccgccgaca tccccgacta cttgaagctg tccttccccg agggcttcaa 
     8341 gtgggagcgc gtgatgaact tcgaggacgg cggcgtggtg accgtgaccc aggactcctc 
     8401 cctgcaggac ggcgagttca tctacaaggt gaagctgcgc ggcaccaact tcccctccga 
     8461 cggccccgta atgcagaaga agaccatggg ctgggaggcc tccaccgagc ggatgtaccc 
     8521 cgaggacggc gccctgaagg gcgagatcaa gatgaggctg aagctgaagg acggcggcca 
     8581 ctacgacgcc gaggtcaaga ccacctacat ggccaagaag cccgtgcagc tgcccggcgc 
     8641 ctacaagacc gacatcaagc tggacatcac ctcccacaac gaggactaca ccatcgtgga 
     8701 acagtacgag cgcgccgagg gccgccactc caccggcgcc taatacgtag atccagacat 
     8761 gataagatac attgatgagt ttggacaaac cacaactaga atgcagtgaa aaaaatgctt 
     8821 tatttgtgaa atttgtgatg ctattgcttt atttgtaacc attataagct gcaataaaca 
     8881 agttaacaac aacaattgca ttcattttat gtttcaggtt cagggggagg tgtgggaggt 
     8941 tttttaattc gcggccgctc tagatggcca gatctattta aattaaactg ggcatcagcg 
     9001 caattcaatt ggtttggtaa tagcaaggga aaatagaatg aagtgatctc caaaaaataa 
     9061 gtactttttg actgtaaata aaattgtaag gagtaaaaag tacttttttt tctaaaaaaa 
     9121 tgtaattaag taaaagtaaa agtattgatt tttaattgta ctcaagtaaa gtaaaaatcc 
     9181 ccaaaaataa tacttaagta cagtaatcaa gtaaaattac tcaagtactt tacacctctg 
     9241 ggcccaattc gccc     
// 
 

A4.2.3.2 pTol2(UAS:DsRed-P2A-Halo-TEV-Keap1-HA; cry:mRFP) 

LOCUS       UAS_DsRed_P2A_Ha        9444 bp ds-DNA     circular     01-MAY-2020 
DEFINITION  Gibson/Homology Cloning ligation product. 
ACCESSION   urn.local...36-b0y6p0c 
VERSION     urn.local...36-b0y6p0c 
KEYWORDS    . 
SOURCE       
  ORGANISM  . 
COMMENT      
COMMENT     ApEinfo:methylated:1 
FEATURES             Location/Qualifiers 
     source          join(7184..9444,1..3132) 
                     /dnas_title="Tol2-UBI-ERT-Gal4 ACR" 
                     /locus_tag="source" 
                     /label="source" 
                     /ApEinfo_label="source" 
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                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     promoter        complement(1..17) 
                     /locus_tag="T7" 
                     /label="T7" 
                     /ApEinfo_label="T7" 
                     /ApEinfo_fwdcolor="#346ee0" 
                     /ApEinfo_revcolor="#346ee0" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer          complement(44..67) 
                     /note="M13 Forward universal primer" 
                     /locus_tag="M13F" 
                     /label="M13F" 
                     /ApEinfo_label="M13F" 
                     /ApEinfo_fwdcolor="#00ffff" 
                     /ApEinfo_revcolor="#80ff00" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     CDS             complement(819..1679) 
                     /note="AMPr" 
                     /locus_tag="AMPr CDS" 
                     /label="AMPr CDS" 
                     /ApEinfo_label="AMPr CDS" 
                     /ApEinfo_fwdcolor="#e9d024" 
                     /ApEinfo_revcolor="#e9d024" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     promoter        2800..2850 
                     /locus_tag="Lac promoter" 
                     /label="Lac promoter" 
                     /ApEinfo_label="Lac promoter" 
                     /ApEinfo_fwdcolor="#346ee0" 
                     /ApEinfo_revcolor="#346ee0" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer          2804..2827 
                     /note="M13 Reverse Universal Primer" 
                     /locus_tag="M13R" 
                     /label="M13R" 
                     /ApEinfo_label="M13R" 
                     /ApEinfo_fwdcolor="#00ffff" 
                     /ApEinfo_revcolor="#80ff00" 
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                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     PCR_primer      2858..2874 
                     /locus_tag="Sp6" 
                     /label="Sp6" 
                     /ApEinfo_label="Sp6" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     protein_bind    2927..3128 
                     /note="miniTol2 3'" 
                     /locus_tag="miniTol3'" 
                     /label="miniTol3'" 
                     /ApEinfo_label="miniTol3'" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    3108..3590 
                     /Source="referenceToDocument: urn:local:.:d-b0y56aw" 
                     /note="Geneious type: Concatenated sequence" 
                     /locus_tag="14_UAS-E1b-Kozak (concatenated sequence 2)" 
                     /label="14_UAS-E1b-Kozak (concatenated sequence 2)" 
                     /ApEinfo_label="14_UAS-E1b-Kozak (concatenated sequence 
                     2)" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     ligation        3108..3132 
                     /locus_tag="Ligation" 
                     /label="Ligation" 
                     /ApEinfo_label="Ligation" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     Misc._feature   3133..3500 
                     /locus_tag="14xUAS" 
                     /label="14xUAS" 
                     /ApEinfo_label="14xUAS" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 



 

218 

                     width 5 offset 0" 
     source          3133..3500 
                     /dnas_title="pT2 MCS 14xUAS DsRed" 
                     /locus_tag="source(1)" 
                     /label="source(1)" 
                     /ApEinfo_label="source" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     3133..3151 
                     /#_Off-target_Sites=0 
                     /Off-target_Template="14_UAS-E1b-Kozak" 
                     /Sequence="GTTAGGCCTCAAGGCGGAG" 
                     /Hairpin_Tm="61.4" 
                     /Tm="60.2" 
                     /Self_Dimer_Tm="9.7" 
                     /%GC="63.2" 
                     /Pair_Dimer_Tm="4.2" 
                     /Product_Size=445 
                     /Extension="CTAGAGATTCTTGTTTAAGCTTGAT" 
                     /modified_by="Vincenzo" 
                     /locus_tag="LAEGO.9.UAS.fw" 
                     /label="LAEGO.9.UAS.fw" 
                     /ApEinfo_label="LAEGO.9.UAS.fw" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     Promoter        3507..3571 
                     /note="Oriinal location: 4453..4517" 
                     /locus_tag="E1b" 
                     /label="E1b" 
                     /ApEinfo_label="E1b" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     complement(3558..3577) 
                     /#_Off-target_Sites=0 
                     /Off-target_Template="14_UAS-E1b-Kozak" 
                     /Sequence="GGTGGCCAATTCGTGTGGAG" 
                     /Hairpin_Tm="38.5" 
                     /Tm="61.6" 
                     /Self_Dimer_Tm="7.2" 
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                     /%GC="60.0" 
                     /Pair_Dimer_Tm="4.2" 
                     /Product_Size=445 
                     /Extension="CGGAGGAGGCCAT" 
                     /modified_by="Vincenzo" 
                     /locus_tag="LAEGO.10.UAS/DsRed.rev" 
                     /label="LAEGO.10.UAS/DsRed.rev" 
                     /ApEinfo_label="LAEGO.10.UAS/DsRed.rev" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    3565..4349 
                     /Source="referenceToDocument: urn:local:.:16-b0y6j9h" 
                     /note="Geneious type: Concatenated sequence" 
                     /locus_tag="DsRedP2A (concatenated sequence 3)" 
                     /label="DsRedP2A (concatenated sequence 3)" 
                     /ApEinfo_label="DsRedP2A (concatenated sequence 3)" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     ligation        3565..3590 
                     /locus_tag="Ligation(1)" 
                     /label="Ligation(1)" 
                     /ApEinfo_label="Ligation" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     CDS             3578..4252 
                     /codon_start=1 
                     /product="rapidly maturing tetrameric variant of DsRed 
                     fluorescent protein (Bevis and Glick, 2002)" 
                     /note="mammalian codon-optimized" 
                     
/translation="MASSEDVIKEFMRFKVRMEGSVNGHEFEIEGEGEGRPYEGTQTA 
                     
KLKVTKGGPLPFAWDILSPQFQYGSKVYVKHPADIPDYKKLSFPEGFKWERV
MNFEDG 
                     
GVVTVTQDSSLQDGSFIYKVKFIGVNFPSDGPVMQKKTMGWEASTERLYPRD
GVLKGE 
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IHKALKLKDGGHYLVEFKSIYMAKKPVQLPGYYYVDSKLDITSHNEDYTIVEQ
YERAE 
                     GRHH LFL" 
                     /locus_tag="DsRed-Express" 
                     /label="DsRed-Express" 
                     /ApEinfo_label="DsRed-Express" 
                     /ApEinfo_fwdcolor="#e9d024" 
                     /ApEinfo_revcolor="#e9d024" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     3578..3595 
                     /#_Off-target_Sites=0 
                     /Off-target_Template="DsRedP2A" 
                     /Sequence="ATGGCCTCCTCCGAGGAC" 
                     /Hairpin_Tm="61.0" 
                     /Tm="60.4" 
                     /Self_Dimer_Tm="13.5" 
                     /%GC="66.7" 
                     /Pair_Dimer_Tm="None" 
                     /Product_Size=759 
                     /Extension="CGAATTGGCCACC" 
                     /modified_by="Vincenzo" 
                     /locus_tag="LAEGO.11.UAS/DsRed.fw" 
                     /label="LAEGO.11.UAS/DsRed.fw" 
                     /ApEinfo_label="LAEGO.11.UAS/DsRed.fw" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     motif           4253..4336 
                     /modified_by="Vincenzo" 
                     /locus_tag="P2A" 
                     /label="P2A" 
                     /ApEinfo_label="P2A" 
                     /ApEinfo_fwdcolor="#fb451b" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     complement(4320..4336) 
                     /Sequence="AGTGGTTGGCTCGCTGC" 
                     /Hairpin_Tm="41.9" 
                     /Tm="60.3" 
                     /Self_Dimer_Tm="None" 
                     /%GC="64.7" 
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                     /modified_by="Vincenzo" 
                     /Extension="TACCGATTTCTGC" 
                     /Transferred_From="LAEGO.4.P2A/HAlo.rev (reversed)" 
                     /Transferred_Similarity="100.00%" 
                     /locus_tag="LAEGO.4.P2A/HAlo.rev (reversed)" 
                     /label="LAEGO.4.P2A/HAlo.rev (reversed)" 
                     /ApEinfo_label="LAEGO.4.P2A/HAlo.rev (reversed)" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    4324..5270 
                     /Source="referenceToDocument: urn:local:.:13-b0y6j9h" 
                     /note="Geneious type: Concatenated sequence" 
                     /locus_tag="Halo-linker (concatenated sequence 4)" 
                     /label="Halo-linker (concatenated sequence 4)" 
                     /ApEinfo_label="Halo-linker (concatenated sequence 4)" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     ligation        4324..4349 
                     /locus_tag="Ligation(2)" 
                     /label="Ligation(2)" 
                     /ApEinfo_label="Ligation" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     CDS             4337..5224 
                     /modified_by="Vincenzo" 
                     /locus_tag="Halo" 
                     /label="Halo" 
                     /ApEinfo_label="Halo" 
                     /ApEinfo_fwdcolor="#c3fff1" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     4337..4356 
                     /Sequence="GCAGAAATCGGTACTGGCTT" 
                     /Hairpin_Tm="33.0" 
                     /Tm="58.3" 
                     /Self_Dimer_Tm="0.9" 
                     /%GC="50.0" 
                     /modified_by="Vincenzo" 



 

222 

                     /Extension="CGAGCCAACCACT" 
                     /Transferred_From="LAEGO.5.P2A/Halo.fw" 
                     /Transferred_Similarity="100.00%" 
                     /locus_tag="LAEGO.5.P2A/Halo.fw" 
                     /label="LAEGO.5.P2A/Halo.fw" 
                     /ApEinfo_label="LAEGO.5.P2A/Halo.fw" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     CDS             5225..5257 
                     /created_by="Vincenzo" 
                     /modified_by="Vincenzo" 
                     /locus_tag="Vincenzo" 
                     /label="Vincenzo" 
                     /ApEinfo_label="Vincenzo" 
                     /ApEinfo_fwdcolor="#e9d024" 
                     /ApEinfo_revcolor="#e9d024" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     complement(5238..5257) 
                     /Sequence="CCCTGAGCCCTGGAAATACA" 
                     /Hairpin_Tm="33.7" 
                     /Tm="59.1" 
                     /Self_Dimer_Tm="None" 
                     /%GC="55.0" 
                     /modified_by="Vincenzo" 
                     /Extension="TGGGATCTGGCTG" 
                     /Transferred_From="LAEGO.6.Halo/Keap.rev (reversed)" 
                     /Transferred_Similarity="100.00%" 
                     /locus_tag="LAEGO.6.Halo/Keap.rev (reversed)" 
                     /label="LAEGO.6.Halo/Keap.rev (reversed)" 
                     /ApEinfo_label="LAEGO.6.Halo/Keap.rev (reversed)" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    5245..7208 
                     /Source="referenceToDocument: urn:local:.:14-b0y6j9h" 
                     /note="Geneious type: Concatenated sequence" 
                     /locus_tag="Keap1-HA-STOP (concatenated sequence 5)" 
                     /label="Keap1-HA-STOP (concatenated sequence 5)" 
                     /ApEinfo_label="Keap1-HA-STOP (concatenated sequence 5)" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 



 

223 

                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     ligation        5245..5270 
                     /locus_tag="Ligation(3)" 
                     /label="Ligation(3)" 
                     /ApEinfo_label="Ligation" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    5257..5258 
                     /Original_Bases="ATG" 
                     /note="Geneious type: Editing History Deletion" 
                     /locus_tag="ATG" 
                     /label="ATG" 
                     /ApEinfo_label="ATG" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     CDS             5258..7126 
                     /modified_by="Vincenzo" 
                     /locus_tag="Keap1" 
                     /label="Keap1" 
                     /ApEinfo_label="Keap1" 
                     /ApEinfo_fwdcolor="#ff8080" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     5258..5277 
                     /Sequence="CAGCCAGATCCCAGGCCTAG" 
                     /Hairpin_Tm="52.4" 
                     /Tm="61.8" 
                     /Self_Dimer_Tm="4.0" 
                     /%GC="65.0" 
                     /modified_by="Vincenzo" 
                     /Extension="CCAGGGCTCAGGG" 
                     /Transferred_From="LAEGO.7.Halo/Keap.fw" 
                     /Transferred_Similarity="100.00%" 
                     /locus_tag="LAEGO.7.Halo/Keap.fw" 
                     /label="LAEGO.7.Halo/Keap.fw" 
                     /ApEinfo_label="LAEGO.7.Halo/Keap.fw" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 



 

224 

                     width 5 offset 0" 
     misc_feature    5366..5368 
                     /locus_tag="Cys38" 
                     /label="Cys38" 
                     /ApEinfo_label="Cys38" 
                     /ApEinfo_fwdcolor="cyan" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    6071..6073 
                     /locus_tag="Cys273" 
                     /label="Cys273" 
                     /ApEinfo_label="Cys273" 
                     /ApEinfo_fwdcolor="cyan" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    6116..6118 
                     /locus_tag="Cys288" 
                     /label="Cys288" 
                     /ApEinfo_label="Cys288" 
                     /ApEinfo_fwdcolor="cyan" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    6143..6145 
                     /locus_tag="Cys297" 
                     /label="Cys297" 
                     /ApEinfo_label="Cys297" 
                     /ApEinfo_fwdcolor="cyan" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    6470..6472 
                     /locus_tag="Cys406" 
                     /label="Cys406" 
                     /ApEinfo_label="Cys406" 
                     /ApEinfo_fwdcolor="cyan" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    6554..6556 
                     /locus_tag="Cys434" 
                     /label="Cys434" 
                     /ApEinfo_label="Cys434" 
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                     /ApEinfo_fwdcolor="cyan" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    6719..6721 
                     /locus_tag="Cys489" 
                     /label="Cys489" 
                     /ApEinfo_label="Cys489" 
                     /ApEinfo_fwdcolor="cyan" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     CDS             7127..7180 
                     /modified_by="Vincenzo" 
                     /locus_tag="HA" 
                     /label="HA" 
                     /ApEinfo_label="HA" 
                     /ApEinfo_fwdcolor="#f1ffbc" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     complement(7162..7183) 
                     /%GC="45.5" 
                     /Hairpin_Tm="None" 
                     /Self_Dimer_Tm="None" 
                     /Tm="59.0" 
                     /Pair_Dimer_Tm="5.3" 
                     /Sequence="TTAGGCATAGTCGGGAACATCA" 
                     /created_by="primer3" 
                     /Product_Size=1926 
                     /annotation_group="13702242748330004cdc08ca-a5b3-4411-a0e8 
                     -2332ac583149Keap1-HA-STOP" 
                     /#_Off-target_Sites=0 
                     /Off-target_Template="Keap1-HA-STOP" 
                     /Extension="GAGGCTCGAAGTTTAAACTTCGAAG" 
                     /locus_tag="Keap1-HA-STOP (1926 R) - Tol2-UBI-ERT-Gal 
                     (digested by EcoRV, NheI) Fragment 2" 
                     /label="Keap1-HA-STOP (1926 R) - Tol2-UBI-ERT-Gal 
                     (digested by EcoRV, NheI) Fragment 2" 
                     /ApEinfo_label="Keap1-HA-STOP (1926 R) - Tol2-UBI-ERT-Gal 
                     (digested by EcoRV, NheI) Fragment 2" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 



 

226 

     misc_feature    7181..7183 
                     /locus_tag="STOP" 
                     /label="STOP" 
                     /ApEinfo_label="STOP" 
                     /ApEinfo_fwdcolor="#fb000f" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    join(7184..9444,1..3132) 
                     /Source="referenceToDocument: urn:local:.:17-b0y6j9h" 
                     /note="Geneious type: Concatenated sequence" 
                     /locus_tag="Tol2-UBI-ERT-Gal (digested by EcoRV, NheI) 
                     Fragment 2 (concatenated sequence 1)" 
                     /label="Tol2-UBI-ERT-Gal (digested by EcoRV, NheI) 
                     Fragment 2 (concatenated sequence 1)" 
                     /ApEinfo_label="Tol2-UBI-ERT-Gal (digested by EcoRV, NheI) 
                     Fragment 2 (concatenated sequence 1)" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     ligation        7184..7208 
                     /locus_tag="Ligation(4)" 
                     /label="Ligation(4)" 
                     /ApEinfo_label="Ligation" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     polyA_signal    7232..7438 
                     /note="SV40 PolyA" 
                     /locus_tag="SV40 PolyA polyA signal" 
                     /label="SV40 PolyA polyA signal" 
                     /ApEinfo_label="SV40 PolyA polyA signal" 
                     /ApEinfo_fwdcolor="#ff3eee" 
                     /ApEinfo_revcolor="#ff3eee" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     promoter        7466..8237 
                     /source="aCristprom" 
                     /type="Custom cloned insert" 
                     /modified_by="Vincenzo" 
                     /locus_tag="cry" 
                     /label="cry" 
                     /ApEinfo_label="cry" 
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                     /ApEinfo_fwdcolor="#346ee0" 
                     /ApEinfo_revcolor="#346ee0" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    8256..8933 
                     /dnas_title="mRFP1" 
                     /vntifkey=21 
                     /locus_tag="mRFP1" 
                     /label="mRFP1" 
                     /ApEinfo_label="mRFP1" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    8940..9141 
                     /dnas_title="SV40pA" 
                     /vntifkey=21 
                     /locus_tag="SV40pA" 
                     /label="SV40pA" 
                     /ApEinfo_label="SV40pA" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     protein_bind    complement(9170..9430) 
                     /note="miniTol2-5'" 
                     /locus_tag="miniTol5'" 
                     /label="miniTol5'" 
                     /ApEinfo_label="miniTol5'" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
ORIGIN 
        1 tatagtgagt cgtattacaa ttcactggcc gtcgttttac aacgtcgtga ctgggaaaac 
       61 cctggcgtta cccaacttaa tcgccttgca gcacatcccc ctttcgccag ctggcgtaat 
      121 agcgaagagg cccgcaccga tcgcccttcc caacagttgc gcagcctgaa tggcgaatgg 
      181 acgcgccctg tagcggcgca ttaagcgcgg cgggtgtggt ggttacgcgc agcgtgaccg 
      241 ctacacttgc cagcgcccta gcgcccgctc ctttcgcttt cttcccttcc tttctcgcca 
      301 cgttcgccgg ctttccccgt caagctctaa atcgggggct ccctttaggg ttccgattta 
      361 gtgctttacg gcacctcgac cccaaaaaac ttgattaggg tgatggttca cgtagtgggc 
      421 catcgccctg atagacggtt tttcgccctt tgacgttgga gtccacgttc tttaatagtg 
      481 gactcttgtt ccaaactgga acaacactca accctatctc ggtctattct tttgatttat 
      541 aagggatttt gccgatttcg gcctattggt taaaaaatga gctgatttaa caaaaattta 
      601 acgcgaattt taacaaaata ttaacgctta caatttcctg atgcggtatt ttctccttac 
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      661 gcatctgtgc ggtatttcac accgcatcag gtggcacttt tcggggaaat gtgcgcggaa 
      721 cccctatttg tttatttttc taaatacatt caaatatgta tccgctcatg agacaataac 
      781 cctgataaat gcttcaataa tattgaaaaa ggaagagtat gagtattcaa catttccgtg 
      841 tcgcccttat tccctttttt gcggcatttt gccttcctgt ttttgctcac ccagaaacgc 
      901 tggtgaaagt aaaagatgct gaagatcagt tgggtgcacg agtgggttac atcgaactgg 
      961 atctcaacag cggtaagatc cttgagagtt ttcgccccga agaacgtttt ccaatgatga 
     1021 gcacttttaa agttctgcta tgtggcgcgg tattatcccg tattgacgcc gggcaagagc 
     1081 aactcggtcg ccgcatacac tattctcaga atgacttggt tgagtactca ccagtcacag 
     1141 aaaagcatct tacggatggc atgacagtaa gagaattatg cagtgctgcc ataaccatga 
     1201 gtgataacac tgcggccaac ttacttctga caacgatcgg aggaccgaag gagctaaccg 
     1261 cttttttgca caacatgggg gatcatgtaa ctcgccttga tcgttgggaa ccggagctga 
     1321 atgaagccat accaaacgac gagcgtgaca ccacgatgcc tgtagcaatg gcaacaacgt 
     1381 tgcgcaaact attaactggc gaactactta ctctagcttc ccggcaacaa ttaatagact 
     1441 ggatggaggc ggataaagtt gcaggaccac ttctgcgctc ggcccttccg gctggctggt 
     1501 ttattgctga taaatctgga gccggtgagc gtgggtctcg cggtatcatt gcagcactgg 
     1561 ggccagatgg taagccctcc cgtatcgtag ttatctacac gacggggagt caggcaacta 
     1621 tggatgaacg aaatagacag atcgctgaga taggtgcctc actgattaag cattggtaac 
     1681 tgtcagacca agtttactca tatatacttt agattgattt aaaacttcat ttttaattta 
     1741 aaaggatcta ggtgaagatc ctttttgata atctcatgac caaaatccct taacgtgagt 
     1801 tttcgttcca ctgagcgtca gaccccgtag aaaagatcaa aggatcttct tgagatcctt 
     1861 tttttctgcg cgtaatctgc tgcttgcaaa caaaaaaacc accgctacca gcggtggttt 
     1921 gtttgccgga tcaagagcta ccaactcttt ttccgaaggt aactggcttc agcagagcgc 
     1981 agataccaaa tactgttctt ctagtgtagc cgtagttagg ccaccacttc aagaactctg 
     2041 tagcaccgcc tacatacctc gctctgctaa tcctgttacc agtggctgct gccagtggcg 
     2101 ataagtcgtg tcttaccggg ttggactcaa gacgatagtt accggataag gcgcagcggt 
     2161 cgggctgaac ggggggttcg tgcacacagc ccagcttgga gcgaacgacc tacaccgaac 
     2221 tgagatacct acagcgtgag ctatgagaaa gcgccacgct tcccgaaggg agaaaggcgg 
     2281 acaggtatcc ggtaagcggc agggtcggaa caggagagcg cacgagggag cttccagggg 
     2341 gaaacgcctg gtatctttat agtcctgtcg ggtttcgcca cctctgactt gagcgtcgat 
     2401 ttttgtgatg ctcgtcaggg gggcggagcc tatggaaaaa cgccagcaac gcggcctttt 
     2461 tacggttcct ggccttttgc tggccttttg ctcacatgtt ctttcctgcg ttatcccctg 
     2521 attctgtgga taaccgtatt accgcctttg agtgagctga taccgctcgc cgcagccgaa 
     2581 cgaccgagcg cagcgagtca gtgagcgagg aagcggaaga gcgcccaata cgcaaaccgc 
     2641 ctctccccgc gcgttggccg attcattaat gcagctggca cgacaggttt cccgactgga 
     2701 aagcgggcag tgagcgcaac gcaattaatg tgagttagct cactcattag gcaccccagg 
     2761 ctttacactt tatgcttccg gctcgtatgt tgtgtggaat tgtgagcgga taacaatttc 
     2821 acacaggaaa cagctatgac catgattacg ccaagctatt taggtgacac tatagaatac 
     2881 tcaagctatg catccaacgc gttgggagct ctcccatatg gtcgagcaga ggtgtaaaaa 
     2941 gtactcaaaa attttactca agtgaaagta caagtactta gggaaaattt tactcaatta 
     3001 aaagtaaaag tatctggcta gaatcttact tgagtaaaag taaaaaagta ctccattaaa 
     3061 attgtacttg agtattaagg aagtaaaagt aaaagcaaga aagaaaacta gagattcttg 
     3121 tttaagcttg atgttaggcc tcaaggcgga gtactgtcct ccgggctggc ggagtactgt 
     3181 cctccggcaa ggtcggagta ctgtcctccg acactagagg tcggagtact gtcctccgac 
     3241 gcaaggcgga gtactgtcct ccgggctgcg gagtactgtc ctccggcaag gtcggagtac 
     3301 tgtcctccga cactagaggt cggagtactg tcctccgacg caaggtcgga gtactgtcct 
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     3361 ccgacactag aggtcggagt actgtcctcc gacgcaaggt cggagtactg tcctccgaca 
     3421 ctagaggtcg gagtactgtc ctccgacgca aggcggagta ctgtcctccg ggctggcgga 
     3481 gtactgtcct ccggcaaggg tcgaagtcta gagggtatat aatggatccc atcgcgtctc 
     3541 agcctcactt tgagctcctc cacacgaatt ggccaccatg gcctcctccg aggacgtcat 
     3601 caaggagttc atgcgcttca aggtgcgcat ggagggctcc gtgaacggcc acgagttcga 
     3661 gatcgagggc gagggcgagg gccgccccta cgagggcacc cagaccgcca agctgaaggt 
     3721 gaccaagggc ggccccctgc ccttcgcctg ggacatcctg tccccccagt tccagtacgg 
     3781 ctccaaggtg tacgtgaagc accccgccga catccccgac tacaagaagc tgtccttccc 
     3841 cgagggcttc aagtgggagc gcgtgatgaa cttcgaggac ggcggcgtgg tgaccgtgac 
     3901 ccaggactcc tccctgcagg acggctcctt catctacaag gtgaagttca tcggcgtgaa 
     3961 cttcccctcc gacggccccg taatgcagaa gaagactatg ggctgggagg cctccaccga 
     4021 gcgcctgtac ccccgcgacg gcgtgctgaa gggcgagatc cacaaggccc tgaagctgaa 
     4081 ggacggcggc cactacctgg tggagttcaa gtccatctac atggccaaga agcccgtgca 
     4141 gctgcccggc tactactacg tggactccaa gctggacatc acctcccaca acgaggacta 
     4201 caccatcgtg gagcagtacg agcgcgccga gggccgccac cacctgttcc tgggaagcgg 
     4261 agctactaac ttcagcctgc tgaagcaggc tggagacgtg gaggagaacc ctggacctgg 
     4321 cagcgagcca accactgcag aaatcggtac tggctttcca ttcgaccccc attatgtgga 
     4381 agtcctgggc gagcgcatgc actacgtcga tgttggtccg cgcgatggca cccctgtgct 
     4441 gttcctgcac ggtaacccga cctcctccta cgtgtggcgc aacatcatcc cgcatgttgc 
     4501 accgacccat cgctgcattg ctccagacct gatcggtatg ggcaaatccg acaaaccaga 
     4561 cctgggttat ttcttcgacg accacgtccg cttcatggat gccttcatcg aagccctggg 
     4621 tctggaagag gtcgtcctgg tcattcacga ctggggctcc gctctgggtt tccactgggc 
     4681 caagcgcaat ccagagcgcg tcaaaggtat tgcatttatg gagttcatcc gccctatccc 
     4741 gacctgggac gaatggccag aatttgcccg cgagaccttc caggccttcc gcaccaccga 
     4801 cgtcggccgc aagctgatca tcgatcagaa cgtttttatc gagggtacgc tgccgatggg 
     4861 tgtcgtccgc ccgctgactg aagtcgagat ggaccattac cgcgagccgt tcctgaaccc 
     4921 tgttgaccgc gagccactgt ggcgcttccc aaacgagctg ccaatcgccg gtgagccagc 
     4981 gaacatcgtc gcgctggtcg aagaatacat ggactggctg caccagtccc ctgtcccgaa 
     5041 gctgctgttc tggggcaccc caggcgttct gatcccaccg gccgaagccg ctcgcctggc 
     5101 caaaagcctg cctaactgca aggctgtgga catcggcccg ggtctgaatc tgctgcaaga 
     5161 agacaacccg gacctgatcg gcagcgagat cgcgcgctgg ctgtcgacgc tcgagatttc 
     5221 cggctccgga gaaaacttgt atttccaggg ctcagggcag ccagatccca ggcctagcgg 
     5281 ggctggggcc tgctgccgat tcctgcccct gcagtcacag tgccctgagg gggcagggga 
     5341 cgcggtgatg tacgcctcca ctgagtgcaa ggcggaggtg acgccctccc agcatggcaa 
     5401 ccgcaccttc agctacaccc tggaggatca taccaagcag gcctttggca tcatgaacga 
     5461 gctgcggctc agccagcagc tgtgtgacgt cacactgcag gtcaagtacc aggatgcacc 
     5521 ggccgcccag ttcatggccc acaaggtggt gctggcctca tccagccctg tcttcaaggc 
     5581 catgttcacc aacgggctgc gggagcaggg catggaggtg gtgtccattg agggtatcca 
     5641 ccccaaggtc atggagcgcc tcattgaatt cgcctacacg gcctccatct ccatgggcga 
     5701 gaagtgtgtc ctccacgtca tgaacggtgc tgtcatgtac cagatcgaca gcgttgtccg 
     5761 tgcctgcagt gacttcctgg tgcagcagct ggaccccagc aatgccatcg gcatcgccaa 
     5821 cttcgctgag cagattggct gtgtggagtt gcaccagcgt gcccgggagt acatctacat 
     5881 gcattttggg gaggtggcca agcaagagga gttcttcaac ctgtcccact gccaactggt 
     5941 gaccctcatc agccgggacg acctgaacgt gcgctgcgag tccgaggtct tccacgcctg 
     6001 catcaactgg gtcaagtacg actgcgaaca gcgacggttc tacgtccagg cgctgctgcg 
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     6061 ggcagtgcgc tgccactcgt tgacgccgaa cttcctgcag atgcagctgc agaagtgcga 
     6121 gatcctgcag tccgactccc gctgcaagga ctacctggtc aagatcttcg aggagctcac 
     6181 cctgcacaag cccacgcagg tgatgccctg ccgggcgccc aaggtgggcc gcctgatcta 
     6241 caccgcgggc ggctacttcc gacagtcgct cagctacctg gaggcttaca accccagtga 
     6301 cggcacctgg ctccggttgg cggacctgca ggtgccgcgg agcggcctgg ccggctgcgt 
     6361 ggtgggcggg ctgttgtacg ccgtgggcgg caggaacaac tcgcccgacg gcaacaccga 
     6421 ctccagcgcc ctggactgtt acaaccccat gaccaatcag tggtcgccct gcgcccccat 
     6481 gagcgtgccc cgtaaccgca tcggggtggg ggtcatcgat ggccacatct atgccgtcgg 
     6541 cggctcccac ggctgcatcc accacaacag tgtggagagg tatgagccag agcgggatga 
     6601 gtggcacttg gtggccccaa tgctgacacg aaggatcggg gtgggcgtgg ctgtcctcaa 
     6661 tcgtctcctt tatgccgtgg ggggctttga cgggacaaac cgccttaatt cagctgagtg 
     6721 ttactaccca gagaggaacg agtggcgaat gatcacagca atgaacacca tccgaagcgg 
     6781 ggcaggcgtc tgcgtcctgc acaactgtat ctatgctgct gggggctatg atggtcagga 
     6841 ccagctgaac agcgtggagc gctacgatgt ggaaacagag acgtggactt tcgtagcccc 
     6901 catgaagcac cggcgaagtg ccctggggat cactgtccac caggggagaa tctacgtcct 
     6961 tggaggctat gatggtcaca cgttcctgga cagtgtggag tgttacgacc cagatacaga 
     7021 cacctggagc gaggtgaccc gaatgacatc gggccggagt ggggtgggcg tggctgtcac 
     7081 catggagccc tgccggaagc agattgacca gcagaactgt acctgttacc catacgatgt 
     7141 tccagattac gcttatccct atgatgttcc cgactatgcc taacttcgaa gtttaaactt 
     7201 cgagcctcta gaactatagt gagtcgtatt acgtagatcc agacatgata agatacattg 
     7261 atgagtttgg acaaaccaca actagaatgc agtgaaaaaa atgctttatt tgtgaaattt 
     7321 gtgatgctat tgctttattt gtaaccatta taagctgcaa taaacaagtt aacaacaaca 
     7381 attgcattca ttttatgttt caggttcagg gggaggtgtg ggaggttttt taattcgcgg 
     7441 ccgctctaga tggccagatc tatttaattc ttttgaataa cagttcagta agtatggcaa 
     7501 aacaataaat cttattactc ctgatttgtc cttaaattgt catttttaat atggcaataa 
     7561 acgatcttca gagaaacttg cattggtaaa tagtttcagc ctatgcatat gtagttattc 
     7621 aaactgtaat gactatctta cagtattata tgtttataat agtttgatcc aataaatcca 
     7681 gatttatatg cttttcaaca taaaattgtg aaatgcacag aatgtacata tacaatacat 
     7741 ttcctacaat aatgctctct tttctattaa tagtgtgcat tcagtgcagg atgttatgta 
     7801 tttattttct gtagtgcaaa ctttttcaaa gaattttcca gtctaagctt ttcagtcaag 
     7861 aaaaaaaaaa gcgattgatt atctgtgata tttaaaaaaa ttagctctta aatctggtga 
     7921 accaagtggc cacaacacat taaatactga cgttctacag ccatgtagct tcatctggtc 
     7981 tggtttgttt tggcaggcac ttattttccg gtgatagttg gccacaagag tattgtctga 
     8041 gccattcagt gctagactgt cattctcagg tcagagtcca ccccgctgat tctgctgaca 
     8101 acactgttcc caccatgaga taatgccatt ccagagagat ccatttgtaa gcccctcttt 
     8161 ctgcagcaca ggtatataac caggggtctg cctccactaa ggccggcaca catcatttgg 
     8221 ggatctttgt actgtaggat ccaccggtcg ccaccatggc ctcctccgag gacgtcatca 
     8281 aggagttcat gcgcttcaag gtgcgcatgg agggctccgt gaacggccac gagttcgaga 
     8341 tcgagggcga gggcgagggc cgcccctacg agggcaccca gaccgccaag ctgaaggtga 
     8401 ccaagggcgg ccccctgccc ttcgcctggg acatcctgtc ccctcagttc cagtacggct 
     8461 ccaaggccta cgtgaagcac cccgccgaca tccccgacta cttgaagctg tccttccccg 
     8521 agggcttcaa gtgggagcgc gtgatgaact tcgaggacgg cggcgtggtg accgtgaccc 
     8581 aggactcctc cctgcaggac ggcgagttca tctacaaggt gaagctgcgc ggcaccaact 
     8641 tcccctccga cggccccgta atgcagaaga agaccatggg ctgggaggcc tccaccgagc 
     8701 ggatgtaccc cgaggacggc gccctgaagg gcgagatcaa gatgaggctg aagctgaagg 
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     8761 acggcggcca ctacgacgcc gaggtcaaga ccacctacat ggccaagaag cccgtgcagc 
     8821 tgcccggcgc ctacaagacc gacatcaagc tggacatcac ctcccacaac gaggactaca 
     8881 ccatcgtgga acagtacgag cgcgccgagg gccgccactc caccggcgcc taatacgtag 
     8941 atccagacat gataagatac attgatgagt ttggacaaac cacaactaga atgcagtgaa 
     9001 aaaaatgctt tatttgtgaa atttgtgatg ctattgcttt atttgtaacc attataagct 
     9061 gcaataaaca agttaacaac aacaattgca ttcattttat gtttcaggtt cagggggagg 
     9121 tgtgggaggt tttttaattc gcggccgctc tagatggcca gatctattta aattaaactg 
     9181 ggcatcagcg caattcaatt ggtttggtaa tagcaaggga aaatagaatg aagtgatctc 
     9241 caaaaaataa gtactttttg actgtaaata aaattgtaag gagtaaaaag tacttttttt 
     9301 tctaaaaaaa tgtaattaag taaaagtaaa agtattgatt tttaattgta ctcaagtaaa 
     9361 gtaaaaatcc ccaaaaataa tacttaagta cagtaatcaa gtaaaattac tcaagtactt 
     9421 tacacctctg ggcccaattc gccc    
// 
 

A4.2.3.3 pTol2(UAS:DsRed-P2A-Halo-HA; cry:mRFP) 

LOCUS       UAS_DsRed_P2A_Ha        7542 bp ds-DNA     circular     01-MAY-2020 
DEFINITION  Gibson/Homology Cloning ligation product. 
ACCESSION   urn.local...8g-b0yapki 
VERSION     urn.local...8g-b0yapki 
KEYWORDS    . 
SOURCE       
  ORGANISM  . 
COMMENT      
COMMENT     ApEinfo:methylated:1 
FEATURES             Location/Qualifiers 
     source          join(5282..7542,1..3132) 
                     /dnas_title="Tol2-UBI-ERT-Gal4 ACR" 
                     /locus_tag="source" 
                     /label="source" 
                     /ApEinfo_label="source" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     promoter        complement(1..17) 
                     /locus_tag="T7" 
                     /label="T7" 
                     /ApEinfo_label="T7" 
                     /ApEinfo_fwdcolor="#346ee0" 
                     /ApEinfo_revcolor="#346ee0" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer          complement(44..67) 
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                     /note="M13 Forward universal primer" 
                     /locus_tag="M13F" 
                     /label="M13F" 
                     /ApEinfo_label="M13F" 
                     /ApEinfo_fwdcolor="#00ffff" 
                     /ApEinfo_revcolor="#80ff00" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     CDS             complement(819..1679) 
                     /note="AMPr" 
                     /locus_tag="AMPr CDS" 
                     /label="AMPr CDS" 
                     /ApEinfo_label="AMPr CDS" 
                     /ApEinfo_fwdcolor="#e9d024" 
                     /ApEinfo_revcolor="#e9d024" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     promoter        2800..2850 
                     /locus_tag="Lac promoter" 
                     /label="Lac promoter" 
                     /ApEinfo_label="Lac promoter" 
                     /ApEinfo_fwdcolor="#346ee0" 
                     /ApEinfo_revcolor="#346ee0" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer          2804..2827 
                     /note="M13 Reverse Universal Primer" 
                     /locus_tag="M13R" 
                     /label="M13R" 
                     /ApEinfo_label="M13R" 
                     /ApEinfo_fwdcolor="#00ffff" 
                     /ApEinfo_revcolor="#80ff00" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     PCR_primer      2858..2874 
                     /locus_tag="Sp6" 
                     /label="Sp6" 
                     /ApEinfo_label="Sp6" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     protein_bind    2927..3128 
                     /note="miniTol2 3'" 
                     /locus_tag="miniTol3'" 
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                     /label="miniTol3'" 
                     /ApEinfo_label="miniTol3'" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     ligation        3108..3132 
                     /locus_tag="Ligation" 
                     /label="Ligation" 
                     /ApEinfo_label="Ligation" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    3108..3590 
                     /Source="referenceToDocument: urn:local:.:d-b0y56aw" 
                     /note="Geneious type: Concatenated sequence" 
                     /locus_tag="14_UAS-E1b-Kozak (concatenated sequence 2)" 
                     /label="14_UAS-E1b-Kozak (concatenated sequence 2)" 
                     /ApEinfo_label="14_UAS-E1b-Kozak (concatenated sequence 
                     2)" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     Misc._feature   3133..3500 
                     /locus_tag="14xUAS" 
                     /label="14xUAS" 
                     /ApEinfo_label="14xUAS" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     source          3133..3500 
                     /dnas_title="pT2 MCS 14xUAS DsRed" 
                     /locus_tag="source(1)" 
                     /label="source(1)" 
                     /ApEinfo_label="source" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     3133..3151 
                     /#_Off-target_Sites=0 
                     /Off-target_Template="14_UAS-E1b-Kozak" 
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                     /Sequence="GTTAGGCCTCAAGGCGGAG" 
                     /Hairpin_Tm="61.4" 
                     /Tm="60.2" 
                     /Self_Dimer_Tm="9.7" 
                     /%GC="63.2" 
                     /Pair_Dimer_Tm="4.2" 
                     /Product_Size=445 
                     /Extension="CTAGAGATTCTTGTTTAAGCTTGAT" 
                     /modified_by="Vincenzo" 
                     /locus_tag="LAEGO.9.UAS.fw" 
                     /label="LAEGO.9.UAS.fw" 
                     /ApEinfo_label="LAEGO.9.UAS.fw" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     Promoter        3507..3571 
                     /note="Oriinal location: 4453..4517" 
                     /locus_tag="E1b" 
                     /label="E1b" 
                     /ApEinfo_label="E1b" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     complement(3558..3577) 
                     /#_Off-target_Sites=0 
                     /Off-target_Template="14_UAS-E1b-Kozak" 
                     /Sequence="GGTGGCCAATTCGTGTGGAG" 
                     /Hairpin_Tm="38.5" 
                     /Tm="61.6" 
                     /Self_Dimer_Tm="7.2" 
                     /%GC="60.0" 
                     /Pair_Dimer_Tm="4.2" 
                     /Product_Size=445 
                     /Extension="CGGAGGAGGCCAT" 
                     /modified_by="Vincenzo" 
                     /locus_tag="LAEGO.10.UAS/DsRed.rev" 
                     /label="LAEGO.10.UAS/DsRed.rev" 
                     /ApEinfo_label="LAEGO.10.UAS/DsRed.rev" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     ligation        3565..3590 
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                     /locus_tag="Ligation(1)" 
                     /label="Ligation(1)" 
                     /ApEinfo_label="Ligation" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    3565..4349 
                     /Source="referenceToDocument: urn:local:.:16-b0y6j9h" 
                     /note="Geneious type: Concatenated sequence" 
                     /locus_tag="DsRedP2A (concatenated sequence 3)" 
                     /label="DsRedP2A (concatenated sequence 3)" 
                     /ApEinfo_label="DsRedP2A (concatenated sequence 3)" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     CDS             3578..4252 
                     /codon_start=1 
                     /product="rapidly maturing tetrameric variant of DsRed 
                     fluorescent protein (Bevis and Glick, 2002)" 
                     /note="mammalian codon-optimized" 
                     
/translation="MASSEDVIKEFMRFKVRMEGSVNGHEFEIEGEGEGRPYEGTQTA 
                     
KLKVTKGGPLPFAWDILSPQFQYGSKVYVKHPADIPDYKKLSFPEGFKWERV
MNFEDG 
                     
GVVTVTQDSSLQDGSFIYKVKFIGVNFPSDGPVMQKKTMGWEASTERLYPRD
GVLKGE 
                     
IHKALKLKDGGHYLVEFKSIYMAKKPVQLPGYYYVDSKLDITSHNEDYTIVEQ
YERAE 
                     GRHH LFL" 
                     /locus_tag="DsRed-Express" 
                     /label="DsRed-Express" 
                     /ApEinfo_label="DsRed-Express" 
                     /ApEinfo_fwdcolor="#e9d024" 
                     /ApEinfo_revcolor="#e9d024" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     3578..3595 
                     /#_Off-target_Sites=0 
                     /Off-target_Template="DsRedP2A" 
                     /Sequence="ATGGCCTCCTCCGAGGAC" 



 

236 

                     /Hairpin_Tm="61.0" 
                     /Tm="60.4" 
                     /Self_Dimer_Tm="13.5" 
                     /%GC="66.7" 
                     /Pair_Dimer_Tm="None" 
                     /Product_Size=759 
                     /Extension="CGAATTGGCCACC" 
                     /modified_by="Vincenzo" 
                     /locus_tag="LAEGO.11.UAS/DsRed.fw" 
                     /label="LAEGO.11.UAS/DsRed.fw" 
                     /ApEinfo_label="LAEGO.11.UAS/DsRed.fw" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     motif           4253..4336 
                     /modified_by="Vincenzo" 
                     /locus_tag="P2A" 
                     /label="P2A" 
                     /ApEinfo_label="P2A" 
                     /ApEinfo_fwdcolor="#fb451b" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     complement(4320..4336) 
                     /Sequence="AGTGGTTGGCTCGCTGC" 
                     /Hairpin_Tm="41.9" 
                     /Tm="60.3" 
                     /Self_Dimer_Tm="None" 
                     /%GC="64.7" 
                     /modified_by="Vincenzo" 
                     /Extension="TACCGATTTCTGC" 
                     /Transferred_From="LAEGO.4.P2A/HAlo.rev (reversed)" 
                     /Transferred_Similarity="100.00%" 
                     /locus_tag="LAEGO.4.P2A/HAlo.rev (reversed)" 
                     /label="LAEGO.4.P2A/HAlo.rev (reversed)" 
                     /ApEinfo_label="LAEGO.4.P2A/HAlo.rev (reversed)" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     ligation        4324..4349 
                     /locus_tag="Ligation(2)" 
                     /label="Ligation(2)" 
                     /ApEinfo_label="Ligation" 
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                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    4324..5224 
                     /Source="referenceToDocument: urn:local:.:13-b0y6j9h" 
                     /note="Geneious type: Concatenated sequence" 
                     /locus_tag="Halo-linker (concatenated sequence 4)" 
                     /label="Halo-linker (concatenated sequence 4)" 
                     /ApEinfo_label="Halo-linker (concatenated sequence 4)" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     CDS             4337..5224 
                     /modified_by="Vincenzo" 
                     /locus_tag="Halo" 
                     /label="Halo" 
                     /ApEinfo_label="Halo" 
                     /ApEinfo_fwdcolor="#c3fff1" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     4337..4356 
                     /Sequence="GCAGAAATCGGTACTGGCTT" 
                     /Hairpin_Tm="33.0" 
                     /Tm="58.3" 
                     /Self_Dimer_Tm="0.9" 
                     /%GC="50.0" 
                     /modified_by="Vincenzo" 
                     /Extension="CGAGCCAACCACT" 
                     /Transferred_From="LAEGO.5.P2A/Halo.fw" 
                     /Transferred_Similarity="100.00%" 
                     /locus_tag="LAEGO.5.P2A/Halo.fw" 
                     /label="LAEGO.5.P2A/Halo.fw" 
                     /ApEinfo_label="LAEGO.5.P2A/Halo.fw" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     primer_bind     complement(5201..5281) 
                     /#_Off-target_Sites=0 
                     /Off-target_Template="Keap1-HA-STOP" 
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/Sequence="TTAGGCATAGTCGGGAACATCATAGGGATAAGCGTAATCTGGA
ACAT 
                     CGTATGGGTAGCCGGAAATCTCGAGCGTCGACAG" 
                     /Extension="GAGGCTCGAAGTTTAAACTTCGAAG" 
                     /modified_by="Vincenzo" 
                     /locus_tag="LAEGO.12.Halo/HA.rev.long" 
                     /label="LAEGO.12.Halo/HA.rev.long" 
                     /ApEinfo_label="LAEGO.12.Halo/HA.rev.long" 
                     /ApEinfo_fwdcolor="#14c0bd" 
                     /ApEinfo_revcolor="#4ec02b" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    5224..5225 
                     
/Original_Bases="ATGCAGCCAGATCCCAGGCCTAGCGGGGCTGGGGCCTGC
TG 
                     
CCGATTCCTGCCCCTGCAGTCACAGTGCCCTGAGGGGGCAGGGGACGCGG
TGATGTAC 
                     
GCCTCCACTGAGTGCAAGGCGGAGGTGACGCCCTCCCAGCATGGCAACCG
CACCTTCA 
                     
GCTACACCCTGGAGGATCATACCAAGCAGGCCTTTGGCATCATGAACGAG
CTGCGGCT 
                     
CAGCCAGCAGCTGTGTGACGTCACACTGCAGGTCAAGTACCAGGATGCAC
CGGCCGCC 
                     
CAGTTCATGGCCCACAAGGTGGTGCTGGCCTCATCCAGCCCTGTCTTCAAG
GCCATGT 
                     
TCACCAACGGGCTGCGGGAGCAGGGCATGGAGGTGGTGTCCATTGAGGGT
ATCCACCC 
                     
CAAGGTCATGGAGCGCCTCATTGAATTCGCCTACACGGCCTCCATCTCCAT
GGGCGAG 
                     
AAGTGTGTCCTCCACGTCATGAACGGTGCTGTCATGTACCAGATCGACAGC
GTTGTCC 
                     
GTGCCTGCAGTGACTTCCTGGTGCAGCAGCTGGACCCCAGCAATGCCATCG
GCATCGC 
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CAACTTCGCTGAGCAGATTGGCTGTGTGGAGTTGCACCAGCGTGCCCGGG
AGTACATC 
                     
TACATGCATTTTGGGGAGGTGGCCAAGCAAGAGGAGTTCTTCAACCTGTCC
CACTGCC 
                     
AACTGGTGACCCTCATCAGCCGGGACGACCTGAACGTGCGCTGCGAGTCC
GAGGTCTT 
                     
CCACGCCTGCATCAACTGGGTCAAGTACGACTGCGAACAGCGACGGTTCT
ACGTCCAG 
                     
GCGCTGCTGCGGGCAGTGCGCTGCCACTCGTTGACGCCGAACTTCCTGCAG
ATGCAGC 
                     
TGCAGAAGTGCGAGATCCTGCAGTCCGACTCCCGCTGCAAGGACTACCTG
GTCAAGAT 
                     
CTTCGAGGAGCTCACCCTGCACAAGCCCACGCAGGTGATGCCCTGCCGGG
CGCCCAAG 
                     
GTGGGCCGCCTGATCTACACCGCGGGCGGCTACTTCCGACAGTCGCTCAGC
TACCTGG 
                     
AGGCTTACAACCCCAGTGACGGCACCTGGCTCCGGTTGGCGGACCTGCAG
GTGCCGCG 
                     
GAGCGGCCTGGCCGGCTGCGTGGTGGGCGGGCTGTTGTACGCCGTGGGCG
GCAGGAAC 
                     
AACTCGCCCGACGGCAACACCGACTCCAGCGCCCTGGACTGTTACAACCC
CATGACCA 
                     
ATCAGTGGTCGCCCTGCGCCCCCATGAGCGTGCCCCGTAACCGCATCGGG
GTGGGGGT 
                     
CATCGATGGCCACATCTATGCCGTCGGCGGCTCCCACGGCTGCATCCACCA
CAACAGT 
                     
GTGGAGAGGTATGAGCCAGAGCGGGATGAGTGGCACTTGGTGGCCCCAAT
GCTGACAC 
                     
GAAGGATCGGGGTGGGCGTGGCTGTCCTCAATCGTCTCCTTTATGCCGTGG
GGGGCTT 



 

240 

                     
TGACGGGACAAACCGCCTTAATTCAGCTGAGTGTTACTACCCAGAGAGGA
ACGAGTGG 
                     
CGAATGATCACAGCAATGAACACCATCCGAAGCGGGGCAGGCGTCTGCGT
CCTGCACA 
                     
ACTGTATCTATGCTGCTGGGGGCTATGATGGTCAGGACCAGCTGAACAGC
GTGGAGCG 
                     
CTACGATGTGGAAACAGAGACGTGGACTTTCGTAGCCCCCATGAAGCACC
GGCGAAGT 
                     
GCCCTGGGGATCACTGTCCACCAGGGGAGAATCTACGTCCTTGGAGGCTA
TGATGGTC 
                     
ACACGTTCCTGGACAGTGTGGAGTGTTACGACCCAGATACAGACACCTGG
AGCGAGGT 
                     
GACCCGAATGACATCGGGCCGGAGTGGGGTGGGCGTGGCTGTCACCATGG
AGCCCTGC 
                     CGGAAGCAGATTGACCAGCAGAACTGTACCTGT" 
                     /note="Geneious type: Editing History Deletion" 
                     
/locus_tag="ATGCAGCCAGATCCCAGGCCTAGCGGGGCTGGGGCCTGCTGCC
GAT 
                     TCCT 
GCCCCTGCAGTCACAGTGCCCTGAGGGGGCAGGGGACGCGGTGATGTACG
" 
                     
/label="ATGCAGCCAGATCCCAGGCCTAGCGGGGCTGGGGCCTGCTGCCGA
TTCCT 
                     
GCCCCTGCAGTCACAGTGCCCTGAGGGGGCAGGGGACGCGGTGATGTACG
" 
                     
/ApEinfo_label="ATGCAGCCAGATCCCAGGCCTAGCGGGGCTGGGGCCTGCT
GC 
                     CGATTCCT 
                     
GCCCCTGCAGTCACAGTGCCCTGAGGGGGCAGGGGACGCGGTGATGTACG
" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
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                     width 5 offset 0" 
     CDS             5225..5278 
                     /modified_by="Vincenzo" 
                     /locus_tag="HA" 
                     /label="HA" 
                     /ApEinfo_label="HA" 
                     /ApEinfo_fwdcolor="#f1ffbc" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    5225..5306 
                     /Source="referenceToDocument: urn:local:.:14-b0y6j9h" 
                     /note="Geneious type: Concatenated sequence" 
                     /locus_tag="Keap1-HA-STOP (concatenated sequence 5)" 
                     /label="Keap1-HA-STOP (concatenated sequence 5)" 
                     /ApEinfo_label="Keap1-HA-STOP (concatenated sequence 5)" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    5279..5281 
                     /locus_tag="STOP" 
                     /label="STOP" 
                     /ApEinfo_label="STOP" 
                     /ApEinfo_fwdcolor="#fb000f" 
                     /ApEinfo_revcolor="green" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     ligation        5282..5306 
                     /locus_tag="Ligation(3)" 
                     /label="Ligation(3)" 
                     /ApEinfo_label="Ligation" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    join(5282..7542,1..3132) 
                     /Source="referenceToDocument: urn:local:.:17-b0y6j9h" 
                     /note="Geneious type: Concatenated sequence" 
                     /locus_tag="Tol2-UBI-ERT-Gal (digested by EcoRV, NheI) 
                     Fragment 2 (concatenated sequence 1)" 
                     /label="Tol2-UBI-ERT-Gal (digested by EcoRV, NheI) 
                     Fragment 2 (concatenated sequence 1)" 
                     /ApEinfo_label="Tol2-UBI-ERT-Gal (digested by EcoRV, NheI) 
                     Fragment 2 (concatenated sequence 1)" 
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                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     polyA_signal    5330..5536 
                     /note="SV40 PolyA" 
                     /locus_tag="SV40 PolyA polyA signal" 
                     /label="SV40 PolyA polyA signal" 
                     /ApEinfo_label="SV40 PolyA polyA signal" 
                     /ApEinfo_fwdcolor="#ff3eee" 
                     /ApEinfo_revcolor="#ff3eee" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     promoter        5564..6335 
                     /source="aCristprom" 
                     /type="Custom cloned insert" 
                     /modified_by="Vincenzo" 
                     /locus_tag="cry" 
                     /label="cry" 
                     /ApEinfo_label="cry" 
                     /ApEinfo_fwdcolor="#346ee0" 
                     /ApEinfo_revcolor="#346ee0" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    6354..7031 
                     /dnas_title="mRFP1" 
                     /vntifkey=21 
                     /locus_tag="mRFP1" 
                     /label="mRFP1" 
                     /ApEinfo_label="mRFP1" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     misc_feature    7038..7239 
                     /dnas_title="SV40pA" 
                     /vntifkey=21 
                     /locus_tag="SV40pA" 
                     /label="SV40pA" 
                     /ApEinfo_label="SV40pA" 
                     /ApEinfo_fwdcolor="#7eff74" 
                     /ApEinfo_revcolor="#7eff74" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
     protein_bind    complement(7268..7528) 
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                     /note="miniTol2-5'" 
                     /locus_tag="miniTol5'" 
                     /label="miniTol5'" 
                     /ApEinfo_label="miniTol5'" 
                     /ApEinfo_fwdcolor="pink" 
                     /ApEinfo_revcolor="pink" 
                     /ApEinfo_graphicformat="arrow_data {{0 1 2 0 0 -1} {} 0} 
                     width 5 offset 0" 
ORIGIN 
        1 tatagtgagt cgtattacaa ttcactggcc gtcgttttac aacgtcgtga ctgggaaaac 
       61 cctggcgtta cccaacttaa tcgccttgca gcacatcccc ctttcgccag ctggcgtaat 
      121 agcgaagagg cccgcaccga tcgcccttcc caacagttgc gcagcctgaa tggcgaatgg 
      181 acgcgccctg tagcggcgca ttaagcgcgg cgggtgtggt ggttacgcgc agcgtgaccg 
      241 ctacacttgc cagcgcccta gcgcccgctc ctttcgcttt cttcccttcc tttctcgcca 
      301 cgttcgccgg ctttccccgt caagctctaa atcgggggct ccctttaggg ttccgattta 
      361 gtgctttacg gcacctcgac cccaaaaaac ttgattaggg tgatggttca cgtagtgggc 
      421 catcgccctg atagacggtt tttcgccctt tgacgttgga gtccacgttc tttaatagtg 
      481 gactcttgtt ccaaactgga acaacactca accctatctc ggtctattct tttgatttat 
      541 aagggatttt gccgatttcg gcctattggt taaaaaatga gctgatttaa caaaaattta 
      601 acgcgaattt taacaaaata ttaacgctta caatttcctg atgcggtatt ttctccttac 
      661 gcatctgtgc ggtatttcac accgcatcag gtggcacttt tcggggaaat gtgcgcggaa 
      721 cccctatttg tttatttttc taaatacatt caaatatgta tccgctcatg agacaataac 
      781 cctgataaat gcttcaataa tattgaaaaa ggaagagtat gagtattcaa catttccgtg 
      841 tcgcccttat tccctttttt gcggcatttt gccttcctgt ttttgctcac ccagaaacgc 
      901 tggtgaaagt aaaagatgct gaagatcagt tgggtgcacg agtgggttac atcgaactgg 
      961 atctcaacag cggtaagatc cttgagagtt ttcgccccga agaacgtttt ccaatgatga 
     1021 gcacttttaa agttctgcta tgtggcgcgg tattatcccg tattgacgcc gggcaagagc 
     1081 aactcggtcg ccgcatacac tattctcaga atgacttggt tgagtactca ccagtcacag 
     1141 aaaagcatct tacggatggc atgacagtaa gagaattatg cagtgctgcc ataaccatga 
     1201 gtgataacac tgcggccaac ttacttctga caacgatcgg aggaccgaag gagctaaccg 
     1261 cttttttgca caacatgggg gatcatgtaa ctcgccttga tcgttgggaa ccggagctga 
     1321 atgaagccat accaaacgac gagcgtgaca ccacgatgcc tgtagcaatg gcaacaacgt 
     1381 tgcgcaaact attaactggc gaactactta ctctagcttc ccggcaacaa ttaatagact 
     1441 ggatggaggc ggataaagtt gcaggaccac ttctgcgctc ggcccttccg gctggctggt 
     1501 ttattgctga taaatctgga gccggtgagc gtgggtctcg cggtatcatt gcagcactgg 
     1561 ggccagatgg taagccctcc cgtatcgtag ttatctacac gacggggagt caggcaacta 
     1621 tggatgaacg aaatagacag atcgctgaga taggtgcctc actgattaag cattggtaac 
     1681 tgtcagacca agtttactca tatatacttt agattgattt aaaacttcat ttttaattta 
     1741 aaaggatcta ggtgaagatc ctttttgata atctcatgac caaaatccct taacgtgagt 
     1801 tttcgttcca ctgagcgtca gaccccgtag aaaagatcaa aggatcttct tgagatcctt 
     1861 tttttctgcg cgtaatctgc tgcttgcaaa caaaaaaacc accgctacca gcggtggttt 
     1921 gtttgccgga tcaagagcta ccaactcttt ttccgaaggt aactggcttc agcagagcgc 
     1981 agataccaaa tactgttctt ctagtgtagc cgtagttagg ccaccacttc aagaactctg 
     2041 tagcaccgcc tacatacctc gctctgctaa tcctgttacc agtggctgct gccagtggcg 
     2101 ataagtcgtg tcttaccggg ttggactcaa gacgatagtt accggataag gcgcagcggt 
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     2161 cgggctgaac ggggggttcg tgcacacagc ccagcttgga gcgaacgacc tacaccgaac 
     2221 tgagatacct acagcgtgag ctatgagaaa gcgccacgct tcccgaaggg agaaaggcgg 
     2281 acaggtatcc ggtaagcggc agggtcggaa caggagagcg cacgagggag cttccagggg 
     2341 gaaacgcctg gtatctttat agtcctgtcg ggtttcgcca cctctgactt gagcgtcgat 
     2401 ttttgtgatg ctcgtcaggg gggcggagcc tatggaaaaa cgccagcaac gcggcctttt 
     2461 tacggttcct ggccttttgc tggccttttg ctcacatgtt ctttcctgcg ttatcccctg 
     2521 attctgtgga taaccgtatt accgcctttg agtgagctga taccgctcgc cgcagccgaa 
     2581 cgaccgagcg cagcgagtca gtgagcgagg aagcggaaga gcgcccaata cgcaaaccgc 
     2641 ctctccccgc gcgttggccg attcattaat gcagctggca cgacaggttt cccgactgga 
     2701 aagcgggcag tgagcgcaac gcaattaatg tgagttagct cactcattag gcaccccagg 
     2761 ctttacactt tatgcttccg gctcgtatgt tgtgtggaat tgtgagcgga taacaatttc 
     2821 acacaggaaa cagctatgac catgattacg ccaagctatt taggtgacac tatagaatac 
     2881 tcaagctatg catccaacgc gttgggagct ctcccatatg gtcgagcaga ggtgtaaaaa 
     2941 gtactcaaaa attttactca agtgaaagta caagtactta gggaaaattt tactcaatta 
     3001 aaagtaaaag tatctggcta gaatcttact tgagtaaaag taaaaaagta ctccattaaa 
     3061 attgtacttg agtattaagg aagtaaaagt aaaagcaaga aagaaaacta gagattcttg 
     3121 tttaagcttg atgttaggcc tcaaggcgga gtactgtcct ccgggctggc ggagtactgt 
     3181 cctccggcaa ggtcggagta ctgtcctccg acactagagg tcggagtact gtcctccgac 
     3241 gcaaggcgga gtactgtcct ccgggctgcg gagtactgtc ctccggcaag gtcggagtac 
     3301 tgtcctccga cactagaggt cggagtactg tcctccgacg caaggtcgga gtactgtcct 
     3361 ccgacactag aggtcggagt actgtcctcc gacgcaaggt cggagtactg tcctccgaca 
     3421 ctagaggtcg gagtactgtc ctccgacgca aggcggagta ctgtcctccg ggctggcgga 
     3481 gtactgtcct ccggcaaggg tcgaagtcta gagggtatat aatggatccc atcgcgtctc 
     3541 agcctcactt tgagctcctc cacacgaatt ggccaccatg gcctcctccg aggacgtcat 
     3601 caaggagttc atgcgcttca aggtgcgcat ggagggctcc gtgaacggcc acgagttcga 
     3661 gatcgagggc gagggcgagg gccgccccta cgagggcacc cagaccgcca agctgaaggt 
     3721 gaccaagggc ggccccctgc ccttcgcctg ggacatcctg tccccccagt tccagtacgg 
     3781 ctccaaggtg tacgtgaagc accccgccga catccccgac tacaagaagc tgtccttccc 
     3841 cgagggcttc aagtgggagc gcgtgatgaa cttcgaggac ggcggcgtgg tgaccgtgac 
     3901 ccaggactcc tccctgcagg acggctcctt catctacaag gtgaagttca tcggcgtgaa 
     3961 cttcccctcc gacggccccg taatgcagaa gaagactatg ggctgggagg cctccaccga 
     4021 gcgcctgtac ccccgcgacg gcgtgctgaa gggcgagatc cacaaggccc tgaagctgaa 
     4081 ggacggcggc cactacctgg tggagttcaa gtccatctac atggccaaga agcccgtgca 
     4141 gctgcccggc tactactacg tggactccaa gctggacatc acctcccaca acgaggacta 
     4201 caccatcgtg gagcagtacg agcgcgccga gggccgccac cacctgttcc tgggaagcgg 
     4261 agctactaac ttcagcctgc tgaagcaggc tggagacgtg gaggagaacc ctggacctgg 
     4321 cagcgagcca accactgcag aaatcggtac tggctttcca ttcgaccccc attatgtgga 
     4381 agtcctgggc gagcgcatgc actacgtcga tgttggtccg cgcgatggca cccctgtgct 
     4441 gttcctgcac ggtaacccga cctcctccta cgtgtggcgc aacatcatcc cgcatgttgc 
     4501 accgacccat cgctgcattg ctccagacct gatcggtatg ggcaaatccg acaaaccaga 
     4561 cctgggttat ttcttcgacg accacgtccg cttcatggat gccttcatcg aagccctggg 
     4621 tctggaagag gtcgtcctgg tcattcacga ctggggctcc gctctgggtt tccactgggc 
     4681 caagcgcaat ccagagcgcg tcaaaggtat tgcatttatg gagttcatcc gccctatccc 
     4741 gacctgggac gaatggccag aatttgcccg cgagaccttc caggccttcc gcaccaccga 
     4801 cgtcggccgc aagctgatca tcgatcagaa cgtttttatc gagggtacgc tgccgatggg 
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     4861 tgtcgtccgc ccgctgactg aagtcgagat ggaccattac cgcgagccgt tcctgaaccc 
     4921 tgttgaccgc gagccactgt ggcgcttccc aaacgagctg ccaatcgccg gtgagccagc 
     4981 gaacatcgtc gcgctggtcg aagaatacat ggactggctg caccagtccc ctgtcccgaa 
     5041 gctgctgttc tggggcaccc caggcgttct gatcccaccg gccgaagccg ctcgcctggc 
     5101 caaaagcctg cctaactgca aggctgtgga catcggcccg ggtctgaatc tgctgcaaga 
     5161 agacaacccg gacctgatcg gcagcgagat cgcgcgctgg ctgtcgacgc tcgagatttc 
     5221 cggctaccca tacgatgttc cagattacgc ttatccctat gatgttcccg actatgccta 
     5281 acttcgaagt ttaaacttcg agcctctaga actatagtga gtcgtattac gtagatccag 
     5341 acatgataag atacattgat gagtttggac aaaccacaac tagaatgcag tgaaaaaaat 
     5401 gctttatttg tgaaatttgt gatgctattg ctttatttgt aaccattata agctgcaata 
     5461 aacaagttaa caacaacaat tgcattcatt ttatgtttca ggttcagggg gaggtgtggg 
     5521 aggtttttta attcgcggcc gctctagatg gccagatcta tttaattctt ttgaataaca 
     5581 gttcagtaag tatggcaaaa caataaatct tattactcct gatttgtcct taaattgtca 
     5641 tttttaatat ggcaataaac gatcttcaga gaaacttgca ttggtaaata gtttcagcct 
     5701 atgcatatgt agttattcaa actgtaatga ctatcttaca gtattatatg tttataatag 
     5761 tttgatccaa taaatccaga tttatatgct tttcaacata aaattgtgaa atgcacagaa 
     5821 tgtacatata caatacattt cctacaataa tgctctcttt tctattaata gtgtgcattc 
     5881 agtgcaggat gttatgtatt tattttctgt agtgcaaact ttttcaaaga attttccagt 
     5941 ctaagctttt cagtcaagaa aaaaaaaagc gattgattat ctgtgatatt taaaaaaatt 
     6001 agctcttaaa tctggtgaac caagtggcca caacacatta aatactgacg ttctacagcc 
     6061 atgtagcttc atctggtctg gtttgttttg gcaggcactt attttccggt gatagttggc 
     6121 cacaagagta ttgtctgagc cattcagtgc tagactgtca ttctcaggtc agagtccacc 
     6181 ccgctgattc tgctgacaac actgttccca ccatgagata atgccattcc agagagatcc 
     6241 atttgtaagc ccctctttct gcagcacagg tatataacca ggggtctgcc tccactaagg 
     6301 ccggcacaca tcatttgggg atctttgtac tgtaggatcc accggtcgcc accatggcct 
     6361 cctccgagga cgtcatcaag gagttcatgc gcttcaaggt gcgcatggag ggctccgtga 
     6421 acggccacga gttcgagatc gagggcgagg gcgagggccg cccctacgag ggcacccaga 
     6481 ccgccaagct gaaggtgacc aagggcggcc ccctgccctt cgcctgggac atcctgtccc 
     6541 ctcagttcca gtacggctcc aaggcctacg tgaagcaccc cgccgacatc cccgactact 
     6601 tgaagctgtc cttccccgag ggcttcaagt gggagcgcgt gatgaacttc gaggacggcg 
     6661 gcgtggtgac cgtgacccag gactcctccc tgcaggacgg cgagttcatc tacaaggtga 
     6721 agctgcgcgg caccaacttc ccctccgacg gccccgtaat gcagaagaag accatgggct 
     6781 gggaggcctc caccgagcgg atgtaccccg aggacggcgc cctgaagggc gagatcaaga 
     6841 tgaggctgaa gctgaaggac ggcggccact acgacgccga ggtcaagacc acctacatgg 
     6901 ccaagaagcc cgtgcagctg cccggcgcct acaagaccga catcaagctg gacatcacct 
     6961 cccacaacga ggactacacc atcgtggaac agtacgagcg cgccgagggc cgccactcca 
     7021 ccggcgccta atacgtagat ccagacatga taagatacat tgatgagttt ggacaaacca 
     7081 caactagaat gcagtgaaaa aaatgcttta tttgtgaaat ttgtgatgct attgctttat 
     7141 ttgtaaccat tataagctgc aataaacaag ttaacaacaa caattgcatt cattttatgt 
     7201 ttcaggttca gggggaggtg tgggaggttt tttaattcgc ggccgctcta gatggccaga 
     7261 tctatttaaa ttaaactggg catcagcgca attcaattgg tttggtaata gcaagggaaa 
     7321 atagaatgaa gtgatctcca aaaaataagt actttttgac tgtaaataaa attgtaagga 
     7381 gtaaaaagta cttttttttc taaaaaaatg taattaagta aaagtaaaag tattgatttt 
     7441 taattgtact caagtaaagt aaaaatcccc aaaaataata cttaagtaca gtaatcaagt 
     7501 aaaattactc aagtacttta cacctctggg cccaattcgc cc  
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A4.3  Validation of Keap1a/b morpholino oligonucleotides (MOs) 

These experiments are part of an ongoing manuscript revision. 

 

Having undergone a whole genome duplication during their evolutionary history, 

zebrafish have two paralogs of most corresponding human genes. This is the case for 

Keap1, of which zebrafish have both Keap1a and Keap1b. To deplete levels of these 

proteins, MOs targeting each transcript were designed. Some of the validation of these 

MOs can be found in Appendix 1 as part of the supplementary data related to Chapter 2 

(see specifically Figure A1.14) but all IF validation data are collected here and re-

presented for clarity and completeness.  

 

First, we sought to validate splice-blocking MOs targeting Keap1a/b. Briefly, zebrafish 

embryos were injected with the indicated MO and allowed to grow. At ~30hpf, embryos 

were euthanized and total RNA was isolated and reverse transcribed. The resulting 

cDNA was used in PCR with primers flanking the MO target site to detect whether 

splicing had occurred or was blocked. All three Keap1a/b SPL-MOs tested successfully 

inhibited splicing at their target sites (Figure A4.5A–D). 
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Figure A4.5 Keap1a/b splice-blocking MOs inhibit Keap1 splicing. (A–D) MOs 
targeting the indicated region of the Keap1a/b transcript were injected and RNA was 
isolated and reverse transcribed at 30hpf. Primers as indicated in the figures were used 
to amplify the targeted sites and the resulting PCR products were run on a gel. Inset 
below each panel: Bands corresponding to the correctly spliced product were 
quantitated using the Measure tool of imageJ (mean ± SEM of n=3 independent 
replicates). In each case, the same dataset was statistically analyzed in two ways: left, 
using Student’s t test (p values shown in black); right, using ANOVA and Dunnett’s 
(A–B) or Tukey’s (C–D) multiple comparisons tests (p values shown in blue). Note that 
the same data is presented twice in each panel for clarity. 
 
 
To validate that these MOs lead to loss of Keap1a/b protein, embryos were injected with 

Keap1a/b MOs and at ~30 hpf were immunostained with anti-Keap1. An MO inhibiting 

translation initiation of Keap1a (Keap1a-ATG-MO) successfully reduced total Keap1 

protein levels in fish, as did a splice blocking MO targeting the exon 2–intron 2 junction. 

A splice blocking MO targeting the exon 4–intron 4 junction of Keap1a on its own did 
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not reduce Keap1 protein levels, and a splice blocking MO targeting Keap1b (intron 2–

exon 3 junction) led to greater total Keap1 protein levels. These observations are 

consistent with others in our lab indicating that loss of one Keap1 paralog in fish can be 

compensated for by the remaining paralog. Consistent with this notion, simultaneous 

knockdown of both paralogs with various combinations of the MOs above consistently 

led to significantly reduced total Keap1 protein levels in fish (Figure A4.6). 
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Figure A4.6. MOs inhibiting translation initiation (ATG-MOs) or splice-blocking 
MOs (SPL-MOs) reduce total Keap1 protein levels in zebrafish. (A) Representative 
images of zebrafish injected with the indicated MO, fixed at 30 hpf, and stained with 
anti-Keap1. Scale bars, 500 μm. (B) IF data were quantified using the measure tool of 
ImageJ (mean±SEM; sample sizes analyzed: Control MO, n=908; Keap1a ATG-MO, 
n=153; Keap1a e2i2 SPL-MO, n=192; Keap1 e4i4 SPL-MO, n=146; Keap1b i2e3 SPL-
MO, n=75; Keap1a e2i2 + Keap1b i2e3 SPL-MOs, n=131; Keap1a e2i2 SPL-MO + 
Keap1b ATG-MO, n=115; Keap1a e4i4 + Keap1b i2e3 SPL-MOs, n=131). As in Figure 
A4.5, the same dataset was statistically analyzed in two ways: left, using Student’s t test 
(p values shown in black); right, using ANOVA and Tukey’s multiple comparisons tests 
(p values shown in blue). Note that the same data is presented twice in panel (B) for 
clarity. 
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A4.4  NMR structural studies of the privileged HNE sensor Ube2v2 

Ube2v2 is a binding partner of the E2 ubiquitin ligase Ube2N. Our lab has previously 

reported that Ube2v2 is a kinetically privileged sensor of HNE that senses through its 

C69 residue. HNEylation of Ube2v2(C69) increases the activity of Ube2N and 

upregulates DNA damage response (DDR) pathway signaling.24 Separately, we have 

hypothesized that privileged electrophile sensing (in a general sense) may have arisen 

from mutation of a hydrophobic residue essential to a protein’s activity/function (e.g., 

tryptophan) to cysteine. HNEylation of the resulting cysteine could then restore the 

hydrophobicity of the modification site, activating the protein’s activity/function.211 

Mutation of an identified privileged cysteine to a hydrophobic residue might therefore 

allow us to mimic the HNEylated state of the enzyme, similar in principle to a phospho-

mimetic mutant. In light of the identified privileged HNE-sensing ability of Ube2v2, its 

small size, and ease of handling, we chose this protein to investigate possible structural 

changes engendered by HNEylation that could explain how HNEylated Ube2v2 

increases the ubiquitin-conjugating activity of Ube2N. This protein is also an ideal 

platform in which to test our evolutionary hypothesis. 

We began by purifying 15N-labeled Ube2v2 from E. coli. Isotopically-labeled Ube2v2 

(both wt and C69W) were purified to homogeneity following His-tag pulldown and SEC 

(Figure 4.7A). These proteins were subjected to 1H–15N HSQC; the resulting spectra 

revealed that both proteins were folded and gave well-separated crosspeaks (Figure 

4.7B–C). We found that there was significant divergence in the chemical shifts of the 

crosspeaks between the wt and mutant proteins. Unfortunately, the ring current 

introduced by the tryptophan residue in the mutant prevented us from deconvoluting 



 

253 

which shifts were induced by structural alterations and which were artifactually shifted 

due to the ring current of the tryptophan residue (Figure 4.7D). 

 

 

Figure A4.7. Ube2v2(wt) and (C69W) give well resolved 1H–15N HSQC spectra. (A) 
Ube2v2(wt and C69W) were expressed in and purified from E. coli in 15N-labeled M9 
media. 2 μg of each protein was loaded on this gel. (B–C) Ube2v2(wt) (B) and (C69W) 
(C) gave well resolved crosspeaks in 1H–15N HSQC experiments. (D) Overlay of spectra 
in (B) and (C) with Ube2v2(wt) crosspeaks shown in green and Ube2v2(C69W) 
crosspeaks shown in red. 
 
 
 
Nevertheless, our ultimate goal was to investigate structural changes induced by 

HNEylation of Ube2v2. As such we turned our attention to establishing conditions 

under which we could achieve high HNE occupancy on Ube2v2. As a benchmark in 

each of the following experiments, we used Ht-PreHNE, which stoichiometrically labels 

purified Halo-HA: this represents 100% modification in our system. Concentration- 
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(Figure A4.8A) and time-dependent (Figure A4.8B) in vitro HNEylation experiments 

allowed us to establish that labeling 0.6 mM Ube2v2 with 5 mM HNE(alkyne) for 1 h 

at 37°C was ideal for our purposes and allowed us to achieve maximal HNE occupancy 

on Ube2v2. 

 
 

 
 
Figure A4.8. Ube2v2 is fully modified in vitro after 1 h by 5 mM HNE(alkyne). (A) 
Concentration-dependent in vitro HNEylation experiments revealed that 5 μM 
HNE(alkyne) is sufficient to HNEylate Ube2v2 in 1 h. (B) Time-dependent HNEylation 
experiments confirmed that 1 h was sufficient reaction time to fully modify the protein. 
 
 
Using these conditions, we HNEylated Ube2v2 to near full-occupancy, using fully Ht-

PreHNE-labeled Halo-HA as a comparison (Figure A4.9A). When we subjected the 

modified protein to 1H–15N HSQC, we were surprised to find extremely subtle shifts in 

the crosspeaks observed, relative to non-HNEylated Ube2v2(wt) (Figure A4.9B). 

Ongoing work in the lab building on these early data is aiming to: (1) establish whether 
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our HNEylation conditions produce a single modified state of the protein; and (2) 

identify a mutant of Ube2v2 that mimics the HNEylated state of the protein both in 

terms of Ube2N activity enhancement and structural changes. 
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Figure A4.9 HNEylated Ube2v2 appears to show few structural changes compared 
to the unmodified protein. (A) HNE(alkyne)-labeling gel of the 15N-labeled Ube2v2 
sample subjected to 1H–15N HSQC. (B) Overlay 1H–15N HSQC spectra of HNEylated 
Ube2v2 (red) and non-modified Ube2V2 (blue). 
  



 

257 

REFERENCES 

 
1. Poganik, J. R.; Aye, Y., Electrophile signaling and emerging immuno- and 
neuro-modulatory electrophilic pharmaceuticals. Front Aging Neurosci 2020, 12, 1. 
 
 
2. Chen, C. T.;  Green, J. T.;  Orr, S. K.; Bazinet, R. P., Regulation of brain 
polyunsaturated fatty acid uptake and turnover. Prostaglandins Leukot Essent Fatty 
Acids 2008, 79 (3-5), 85-91. 
 
 
3. Zarkovic, K., 4-Hydroxynonenal and neurodegenerative diseases. Mol Aspects 
Med 2003, 24 (4-5), 293-303. 
 
 
4. Schopfer, F. J.;  Cipollina, C.; Freeman, B. A., Formation and signaling actions 
of electrophilic lipids. Chem Rev 2011, 111 (10), 5997-6021. 
 
 
5. Zheng, R.;  Dragomir, A. C.;  Mishin, V.;  Richardson, J. R.;  Heck, D. E.;  
Laskin, D. L.; Laskin, J. D., Differential metabolism of 4-hydroxynonenal in liver, 
lung and brain of mice and rats. Toxicol Appl Pharmacol 2014, 279 (1), 43-52. 
 
 
6. Sultana, R.;  Perluigi, M.; Butterfield, D. A., Lipid peroxidation triggers 
neurodegeneration: a redox proteomics view into the Alzheimer disease brain. Free 
Radic Biol Med 2013, 62, 157-169. 
 
 
7. Raimundo, N.;  Baysal, B. E.; Shadel, G. S., Revisiting the TCA cycle: 
signaling to tumor formation. Trends Mol Med 2011, 17 (11), 641-9. 
 
 
8. Kulkarni, R. A.;  Bak, D. W.;  Wei, D.;  Bergholtz, S. E.;  Briney, C. A.;  
Shrimp, J. H.;  Alpsoy, A.;  Thorpe, A. L.;  Bavari, A. E.;  Crooks, D. R.;  Levy, M.;  
Florens, L.;  Washburn, M. P.;  Frizzell, N.;  Dykhuizen, E. C.;  Weerapana, E.;  
Linehan, W. M.; Meier, J. L., A chemoproteomic portrait of the oncometabolite 
fumarate. Nat Chem Biol 2019, 15 (4), 391-400. 
 
 
9. Michelucci, A.;  Cordes, T.;  Ghelfi, J.;  Pailot, A.;  Reiling, N.;  Goldmann, 
O.;  Binz, T.;  Wegner, A.;  Tallam, A.;  Rausell, A.;  Buttini, M.;  Linster, C. L.;  
Medina, E.;  Balling, R.; Hiller, K., Immune-responsive gene 1 protein links 
metabolism to immunity by catalyzing itaconic acid production. Proc Natl Acad Sci U 
S A 2013, 110 (19), 7820-5. 



 

258 

 
 
10. Qin, W.;  Qin, K.;  Zhang, Y.;  Jia, W.;  Chen, Y.;  Cheng, B.;  Peng, L.;  Chen, 
N.;  Liu, Y.;  Zhou, W.;  Wang, Y. L.;  Chen, X.; Wang, C., S-glycosylation-based 
cysteine profiling reveals regulation of glycolysis by itaconate. Nat Chem Biol 2019, 
15 (10), 983-991. 
 
 
11. Daniels, B. P.;  Kofman, S. B.;  Smith, J. R.;  Norris, G. T.;  Snyder, A. G.;  
Kolb, J. P.;  Gao, X.;  Locasale, J. W.;  Martinez, J.;  Gale, M., Jr.;  Loo, Y. M.; 
Oberst, A., The Nucleotide Sensor ZBP1 and Kinase RIPK3 Induce the Enzyme IRG1 
to Promote an Antiviral Metabolic State in Neurons. Immunity 2019, 50 (1), 64-76 e4. 
 
 
12. Parvez, S.;  Long, M. J. C.;  Poganik, J. R.; Aye, Y., Redox signaling by 
reactive electrophiles and oxidants. Chem Rev 2018, 118 (18), 8798-8888. 
 
 
13. Benedetti, A.;  Comporti, M.; Esterbauer, H., Identification of 4-
hydroxynonenal as a cytotoxic product originating from the peroxidation of liver 
microsomal lipids. Biochim Biophys Acta 1980, 620, 281-296. 
 
 
14. Liu, Y.;  Patricelli, M. P.; Cravatt, B. F., Activity-based protein profiling: The 
serine hydrolases. Proc Natl Acad Sci USA 1999, 96 (26), 14694-9. 
 
 
15. Wang, C.;  Weerapana, E.;  Blewett, M. M.; Cravatt, B. F., A chemoproteomic 
platform to quantitatively map targets of lipid-derived electrophiles. Nat Methods 
2014, 11 (1), 79-85. 
 
 
16. Abegg, D.;  Frei, R.;  Cerato, L.;  Prasad Hari, D.;  Wang, C.;  Waser, J.; 
Adibekian, A., Proteome-wide profiling of targets of cysteine reactive small molecules 
by using ethynyl benziodoxolone reagents. Angew Chem Int Ed Engl 2015, 54 (37), 
10852-7. 
 
 
17. Wong, H. L.; Liebler, D. C., Mitochondrial protein targets of thiol-reactive 
electrophiles. Chem Res Toxicol 2008, 21, 796-804. 
 
 
18. Chen, Y.;  Cong, Y.;  Quan, B.;  Lan, T.;  Chu, X.;  Ye, Z.;  Hou, X.; Wang, 
C., Chemoproteomic profiling of targets of lipid-derived electrophiles by 
bioorthogonal aminooxy probe. Redox Biol 2017, 12, 712-718. 



 

259 

 
 
19. Chen, Y.;  Liu, Y.;  Lan, T.;  Qin, W.;  Zhu, Y.;  Qin, K.;  Gao, J.;  Wang, H.;  
Hou, X.;  Chen, N.;  Friedmann Angeli, J. P.;  Conrad, M.; Wang, C., Quantitative 
Profiling of Protein Carbonylations in Ferroptosis by an Aniline-Derived Probe. J Am 
Chem Soc 2018, 140 (13), 4712-4720. 
 
 
20. Poganik, J. R.;  Long, M. J. C.; Aye, Y., Interrogating Precision Electrophile 
Signaling. Trends Biochem Sci 2019, 44 (4), 380-381. 
 
 
21. Fang, X.;  Fu, Y.;  Long, M. J.;  Haegele, J. A.;  Ge, E. J.;  Parvez, S.; Aye, Y., 
Temporally controlled targeting of 4-hydroxynonenal to specific proteins in living 
cells. J Am Chem Soc 2013, 135 (39), 14496-9. 
 
 
22. Parvez, S.;  Long, M. J.;  Lin, H. Y.;  Zhao, Y.;  Haegele, J. A.;  Pham, V. N.;  
Lee, D. K.; Aye, Y., T-REX on-demand redox targeting in live cells. Nat Protoc 2016, 
11 (12), 2328-2356. 
 
 
23. Liu, X.;  Long, M. J. C.; Aye, Y., Proteomics and beyond: Cell decision-
making shaped by reactive electrophiles. Trends Biochem Sci 2019, 44 (1), 75-89. 
 
 
24. Zhao, Y.;  Long, M. J. C.;  Wang, Y.;  Zhang, S.; Aye, Y., Ube2V2 Is a 
Rosetta stone bridging redox and ubiquitin codes, coordinating DNA damage 
responses. ACS Cent Sci 2018, 4 (2), 246-259. 
 
 
25. Reich, D. S.;  Lucchinetti, C. F.; Calabresi, P. A., Multiple sclerosis. N Engl J 
Med 2018, 378 (2), 169-180. 
 
 
26. Lucchinetti, C.;  Brück, W.;  Parisi, J.;  Scheithauer, B.;  Rodriguez, M.; 
Lassmann, H., Heterogeneity of multiple sclerosis lesions: Implications for the 
pathogenesis of demyelination. Ann Neurol 2000, 47 (6), 707-17. 
 
 
27. International Multiple Sclerosis Genetics Consortium;  Wellcome Trust Case 
Control Consortium;  Sawcer, S.;  Hellenthal, G.;  Pirinen, M.;  Spencer, C. C.;  
Patsopoulos, N. A.;  Moutsianas, L.;  Dilthey, A.;  Su, Z.;  Freeman, C.;  Hunt, S. E.;  
Edkins, S.;  Gray, E.;  Booth, D. R.;  Potter, S. C.;  Goris, A.;  Band, G.;  Oturai, A. 
B.;  Strange, A.;  Saarela, J.;  Bellenguez, C.;  Fontaine, B.;  Gillman, M.;  Hemmer, 



 

260 

B.;  Gwilliam, R.;  Zipp, F.;  Jayakumar, A.;  Martin, R.;  Leslie, S.;  Hawkins, S.;  
Giannoulatou, E.;  D'Alfonso, S.;  Blackburn, H.;  Martinelli Boneschi, F.;  Liddle, J.;  
Harbo, H. F.;  Perez, M. L.;  Spurkland, A.;  Waller, M. J.;  Mycko, M. P.;  Ricketts, 
M.;  Comabella, M.;  Hammond, N.;  Kockum, I.;  McCann, O. T.;  Ban, M.;  
Whittaker, P.;  Kemppinen, A.;  Weston, P.;  Hawkins, C.;  Widaa, S.;  Zajicek, J.;  
Dronov, S.;  Robertson, N.;  Bumpstead, S. J.;  Barcellos, L. F.;  Ravindrarajah, R.;  
Abraham, R.;  Alfredsson, L.;  Ardlie, K.;  Aubin, C.;  Baker, A.;  Baker, K.;  
Baranzini, S. E.;  Bergamaschi, L.;  Bergamaschi, R.;  Bernstein, A.;  Berthele, A.;  
Boggild, M.;  Bradfield, J. P.;  Brassat, D.;  Broadley, S. A.;  Buck, D.;  Butzkueven, 
H.;  Capra, R.;  Carroll, W. M.;  Cavalla, P.;  Celius, E. G.;  Cepok, S.;  Chiavacci, R.;  
Clerget-Darpoux, F.;  Clysters, K.;  Comi, G.;  Cossburn, M.;  Cournu-Rebeix, I.;  
Cox, M. B.;  Cozen, W.;  Cree, B. A.;  Cross, A. H.;  Cusi, D.;  Daly, M. J.;  Davis, E.;  
de Bakker, P. I.;  Debouverie, M.;  D'Hooghe M, B.;  Dixon, K.;  Dobosi, R.;  Dubois, 
B.;  Ellinghaus, D.;  Elovaara, I.;  Esposito, F.;  Fontenille, C.;  Foote, S.;  Franke, A.;  
Galimberti, D.;  Ghezzi, A.;  Glessner, J.;  Gomez, R.;  Gout, O.;  Graham, C.;  Grant, 
S. F.;  Guerini, F. R.;  Hakonarson, H.;  Hall, P.;  Hamsten, A.;  Hartung, H. P.;  
Heard, R. N.;  Heath, S.;  Hobart, J.;  Hoshi, M.;  Infante-Duarte, C.;  Ingram, G.;  
Ingram, W.;  Islam, T.;  Jagodic, M.;  Kabesch, M.;  Kermode, A. G.;  Kilpatrick, T. 
J.;  Kim, C.;  Klopp, N.;  Koivisto, K.;  Larsson, M.;  Lathrop, M.;  Lechner-Scott, J. 
S.;  Leone, M. A.;  Leppa, V.;  Liljedahl, U.;  Bomfim, I. L.;  Lincoln, R. R.;  Link, J.;  
Liu, J.;  Lorentzen, A. R.;  Lupoli, S.;  Macciardi, F.;  Mack, T.;  Marriott, M.;  
Martinelli, V.;  Mason, D.;  McCauley, J. L.;  Mentch, F.;  Mero, I. L.;  Mihalova, T.;  
Montalban, X.;  Mottershead, J.;  Myhr, K. M.;  Naldi, P.;  Ollier, W.;  Page, A.;  
Palotie, A.;  Pelletier, J.;  Piccio, L.;  Pickersgill, T.;  Piehl, F.;  Pobywajlo, S.;  Quach, 
H. L.;  Ramsay, P. P.;  Reunanen, M.;  Reynolds, R.;  Rioux, J. D.;  Rodegher, M.;  
Roesner, S.;  Rubio, J. P.;  Ruckert, I. M.;  Salvetti, M.;  Salvi, E.;  Santaniello, A.;  
Schaefer, C. A.;  Schreiber, S.;  Schulze, C.;  Scott, R. J.;  Sellebjerg, F.;  Selmaj, K. 
W.;  Sexton, D.;  Shen, L.;  Simms-Acuna, B.;  Skidmore, S.;  Sleiman, P. M.;  
Smestad, C.;  Sorensen, P. S.;  Sondergaard, H. B.;  Stankovich, J.;  Strange, R. C.;  
Sulonen, A. M.;  Sundqvist, E.;  Syvanen, A. C.;  Taddeo, F.;  Taylor, B.;  Blackwell, 
J. M.;  Tienari, P.;  Bramon, E.;  Tourbah, A.;  Brown, M. A.;  Tronczynska, E.;  
Casas, J. P.;  Tubridy, N.;  Corvin, A.;  Vickery, J.;  Jankowski, J.;  Villoslada, P.;  
Markus, H. S.;  Wang, K.;  Mathew, C. G.;  Wason, J.;  Palmer, C. N.;  Wichmann, H. 
E.;  Plomin, R.;  Willoughby, E.;  Rautanen, A.;  Winkelmann, J.;  Wittig, M.;  
Trembath, R. C.;  Yaouanq, J.;  Viswanathan, A. C.;  Zhang, H.;  Wood, N. W.;  
Zuvich, R.;  Deloukas, P.;  Langford, C.;  Duncanson, A.;  Oksenberg, J. R.;  Pericak-
Vance, M. A.;  Haines, J. L.;  Olsson, T.;  Hillert, J.;  Ivinson, A. J.;  De Jager, P. L.;  
Peltonen, L.;  Stewart, G. J.;  Hafler, D. A.;  Hauser, S. L.;  McVean, G.;  Donnelly, 
P.; Compston, A., Genetic risk and a primary role for cell-mediated immune 
mechanisms in multiple sclerosis. Nature 2011, 476 (7359), 214-9. 
 
 
28. Hayes, J. D.; Dinkova-Kostova, A. T., The Nrf2 regulatory network provides 
an interface between redox and intermediary metabolism. Trends Biochem Sci 2014, 
39 (4), 199-218. 



 

261 

 
 
29. Poganik, J. R.;  Long, M. J. C.;  Disare, M. T.;  Liu, X.;  Chang, S.-H.;  Hla, 
T.; Aye, Y., Post-transcriptional regulation of Nrf2-mRNA by the mRNA-binding 
proteins HuR and AUF1. FASEB J 2019, in press. 
 
 
30. Cuadrado, A.;  Rojo, A. I.;  Wells, G.;  Hayes, J. D.;  Cousin, S. P.;  Rumsey, 
W. L.;  Attucks, O. C.;  Franklin, S.;  Levonen, A. L.;  Kensler, T. W.; Dinkova-
Kostova, A. T., Therapeutic targeting of the NRF2 and KEAP1 partnership in chronic 
diseases. Nat Rev Drug Discov 2019, 18 (4), 295-317. 
 
 
31. Hammer, A.;  Waschbisch, A.;  Kuhbandner, K.;  Bayas, A.;  Lee, D. H.;  
Duscha, A.;  Haghikia, A.;  Gold, R.; Linker, R. A., The NRF2 pathway as potential 
biomarker for dimethyl fumarate treatment in multiple sclerosis. Ann Clin Transl 
Neurol 2018, 5 (6), 668-676. 
 
 
32. Johnson, D. A.;  Amirahmadi, S.;  Ward, C.;  Fabry, Z.; Johnson, J. A., The 
absence of the pro-antioxidant transcription factor Nrf2 exacerbates experimental 
autoimmune encephalomyelitis. Toxicol Sci 2010, 114 (2), 237-46. 
 
 
33. Li, B.;  Cui, W.;  Liu, J.;  Li, R.;  Liu, Q.;  Xie, X. H.;  Ge, X. L.;  Zhang, J.;  
Song, X. J.;  Wang, Y.; Guo, L., Sulforaphane ameliorates the development of 
experimental autoimmune encephalomyelitis by antagonizing oxidative stress and 
Th17-related inflammation in mice. Exp Neurol 2013, 250, 239-49. 
 
 
34. Kobayashi, E. H.;  Suzuki, T.;  Funayama, R.;  Nagashima, T.;  Hayashi, M.;  
Sekine, H.;  Tanaka, N.;  Moriguchi, T.;  Motohashi, H.;  Nakayama, K.; Yamamoto, 
M., Nrf2 suppresses macrophage inflammatory response by blocking proinflammatory 
cytokine transcription. Nat Commun 2016, 7, 11624. 
 
 
35. Pareek, T. K.;  Belkadi, A.;  Kesavapany, S.;  Zaremba, A.;  Loh, S. L.;  Bai, 
L.;  Cohen, M. L.;  Meyer, C.;  Liby, K. T.;  Miller, R. H.;  Sporn, M. B.; Letterio, J. 
J., Triterpenoid modulation of IL-17 and Nrf-2 expression ameliorates 
neuroinflammation and promotes remyelination in autoimmune encephalomyelitis. Sci 
Rep 2011, 1, 201. 
 
 
36. Parvez, S.;  Fu, Y.;  Li, J.;  Long, M. J.;  Lin, H. Y.;  Lee, D. K.;  Hu, G. S.; 
Aye, Y., Substoichiometric hydroxynonenylation of a single protein recapitulates 



 

262 

whole-cell-stimulated antioxidant response. J Am Chem Soc 2015, 137 (1), 10-3. 
 
 
37. van Horssen, J.;  Drexhage, J. A.;  Flor, T.;  Gerritsen, W.;  van der Valk, P.; 
de Vries, H. E., Nrf2 and DJ1 are consistently upregulated in inflammatory multiple 
sclerosis lesions. Free Radic Biol Med 2010, 49 (8), 1283-9. 
 
 
38. Licht-Mayer, S.;  Wimmer, I.;  Traffehn, S.;  Metz, I.;  Bruck, W.;  Bauer, J.;  
Bradl, M.; Lassmann, H., Cell type-specific Nrf2 expression in multiple sclerosis 
lesions. Acta Neuropathol 2015, 130 (2), 263-77. 
 
 
39. Aharoni, R., The mechanism of action of glatiramer acetate in multiple 
sclerosis and beyond. Autoimmun Rev 2013, 12 (5), 543-53. 
 
 
40. Gold, R.;  Kappos, L.;  Arnold, D. L.;  Bar-Or, A.;  Giovannoni, G.;  Selmaj, 
K.;  Tornatore, C.;  Sweetser, M. T.;  Yang, M.;  Sheikh, S. I.;  Dawson, K. T.; 
Investigators, D. S., Placebo-controlled phase 3 study of oral BG-12 for relapsing 
multiple sclerosis. N Engl J Med 2012, 367 (12), 1098-107. 
 
 
41. Fox, R. J.;  Miller, D. H.;  Phillips, J. T.;  Hutchinson, M.;  Havrdova, E.;  Kita, 
M.;  Yang, M.;  Raghupathi, K.;  Novas, M.;  Sweetser, M. T.;  Viglietta, V.;  Dawson, 
K. T.; Investigators, C. S., Placebo-controlled phase 3 study of oral BG-12 or 
glatiramer in multiple sclerosis. N Engl J Med 2012, 367 (12), 1087-97. 
 
 
42. Yadav, S. K.;  Soin, D.;  Ito, K.; Dhib-Jalbut, S., Insight into the mechanism of 
action of dimethyl fumarate in multiple sclerosis. J Mol Med (Berl) 2019, 97 (4), 463-
472. 
 
 
43. Offermanns, S.; Schwaninger, M., Nutritional or pharmacological activation of 
HCA2 ameliorates neuroinflammation. Trends Mol Med 2015, 21 (4), 245-55. 
 
 
44. Gopal, S.;  Mikulskis, A.;  Gold, R.;  Fox, R. J.;  Dawson, K. T.; Amaravadi, 
L., Evidence of activation of the Nrf2 pathway in multiple sclerosis patients treated 
with delayed-release dimethyl fumarate in the Phase 3 DEFINE and CONFIRM 
studies. Mult Scler 2017, 23 (14), 1875-1883. 
 
 
45. Linker, R. A.;  Lee, D. H.;  Ryan, S.;  van Dam, A. M.;  Conrad, R.;  Bista, P.;  



 

263 

Zeng, W.;  Hronowsky, X.;  Buko, A.;  Chollate, S.;  Ellrichmann, G.;  Bruck, W.;  
Dawson, K.;  Goelz, S.;  Wiese, S.;  Scannevin, R. H.;  Lukashev, M.; Gold, R., 
Fumaric acid esters exert neuroprotective effects in neuroinflammation via activation 
of the Nrf2 antioxidant pathway. Brain 2011, 134 (3), 678-92. 
 
 
46. Schulze-Topphoff, U.;  Varrin-Doyer, M.;  Pekarek, K.;  Spencer, C. M.;  
Shetty, A.;  Sagan, S. A.;  Cree, B. A.;  Sobel, R. A.;  Wipke, B. T.;  Steinman, L.;  
Scannevin, R. H.; Zamvil, S. S., Dimethyl fumarate treatment induces adaptive and 
innate immune modulation independent of Nrf2. Proc Natl Acad Sci USA 2016, 113 
(17), 4777-82. 
 
 
47. Mrowietz, U.;  Morrison, P. J.;  Suhrkamp, I.;  Kumanova, M.; Clement, B., 
The pharmacokinetics of fumaric acid esters reveal their in vivo effects. Trends 
Pharmacol Sci 2018, 39 (1), 1-12. 
 
 
48. Treumer, F.;  Zhu, K.;  Glaser, R.; Mrowietz, U., Dimethylfumarate is a potent 
inducer of apoptosis in human T cells. J Invest Dermatol 2003, 121 (6), 1383-8. 
 
 
49. Blewett, M. M.;  Xie, J.;  Zaro, B. W.;  Backus, K. M.;  Altman, A.;  Teijaro, J. 
R.; Cravatt, B. F., Chemical proteomic map of dimethyl fumarate–sensitive cysteines 
in primary human T cells. Sci Signal 2016, 9 (445), rs10. 
 
 
50. Hoch, D. G.;  Abegg, D.; Adibekian, A., Cysteine-reactive probes and their use 
in chemical proteomics. Chem Commun (Camb) 2018, 54 (36), 4501-4512. 
 
 
51. Long, M. J. C.; Aye, Y., Privileged electrophile sensors: A resource for 
covalent drug development. Cell Chem Biol 2017, 24 (7), 787-800. 
 
 
52. Uchida, K.; Stadtman, E. R., Covalent attachment of 4-hydroxynonenal to 
glyceraldehyde-3-phosphate dehydrogenase. A possible involvement of intra- and 
intermolecular cross-linking reaction. J Biol Chem 1993, 268 (9), 6388-93. 
 
 
53. Blatnik, M.;  Frizzell, N.;  Thorpe, S. R.; Baynes, J. W., Inactivation of 
glyceraldehyde-3-phosphate dehydrogenase by fumarate in diabetes: formation of S-
(2-succinyl)cysteine, a novel chemical modification of protein and possible biomarker 
of mitochondrial stress. Diabetes 2008, 57 (1), 41-9. 
 



 

264 

 
54. Kornberg, M. D.;  Bhargava, P.;  Kim, P. M.;  Putluri, V.;  Snowman, A. M.;  
Putluri, N.;  Calabresi, P. A.; Snyder, S. H., Dimethyl fumarate targets GAPDH and 
aerobic glycolysis to modulate immunity. Science 2018, 360, 449-453. 
 
 
55. Endo, A.;  Hasumi, K.;  Sakai, K.; Kanabe, T., Specific inhibition of 
glyceraldehyde-3-phosphate dehydrogenase by koningic acid (heptelidic acid). J 
Antiobiot 1985, 38 (7), 920-5. 
 
 
56. Zandi-Nejad, K.;  Takakura, A.;  Jurewicz, M.;  Chandraker, A. K.;  
Offermanns, S.;  Mount, D.; Abdi, R., The role of HCA2 (GPR109A) in regulating 
macrophage function. FASEB J 2013, 27 (11), 4366-74. 
 
 
57. Tang, H.;  Lu, J. Y.;  Zheng, X.;  Yang, Y.; Reagan, J. D., The psoriasis drug 
monomethylfumarate is a potent nicotinic acid receptor agonist. Biochem Biophys Res 
Commun 2008, 375 (4), 562-5. 
 
 
58. Chen, H.;  Assmann, J. C.;  Krenz, A.;  Rahman, M.;  Grimm, M.;  Karsten, C. 
M.;  Kohl, J.;  Offermanns, S.;  Wettschureck, N.; Schwaninger, M., 
Hydroxycarboxylic acid receptor 2 mediates dimethyl fumarate's protective effect in 
EAE. J Clin Invest 2014, 124 (5), 2188-92. 
 
 
59. Long, M. J.;  Lin, H. Y.;  Parvez, S.;  Zhao, Y.;  Poganik, J. R.;  Huang, P.; 
Aye, Y., β-TrCP1 Is a Vacillatory Regulator of Wnt Signaling. Cell Chem Biol 2017, 
24 (8), 944-957 e7. 
 
 
60. Kastrati, I.;  Siklos, M. I.;  Calderon-Gierszal, E. L.;  El-Shennawy, L.;  
Georgieva, G.;  Thayer, E. N.;  Thatcher, G. R.; Frasor, J., Dimethyl fumarate inhibits 
the nuclear factor kappaB pathway in breast cancer cells by covalent modification of 
p65 protein. J Biol Chem 2016, 291 (7), 3639-47. 
 
 
61. Gillard, G. O.;  Collette, B.;  Anderson, J.;  Chao, J.;  Scannevin, R. H.;  Huss, 
D. J.; Fontenot, J. D., DMF, but not other fumarates, inhibits NF-kappaB activity in 
vitro in an Nrf2-independent manner. J Neuroimmunol 2015, 283, 74-85. 
 
 
62. Dou, X.;  Li, S.;  Wang, Z.;  Gu, D.;  Shen, C.;  Yao, T.; Song, Z., Inhibition of 
NF-kappaB activation by 4-hydroxynonenal contributes to liver injury in a mouse 



 

265 

model of alcoholic liver disease. Am J Pathol 2012, 181 (5), 1702-10. 
 
 
63. Leibowitz, S. M.; Yan, J., NF-kappaB pathways in the pathogenesis of 
multiple sclerosis and the therapeutic implications. Front Mol Neurosci 2016, 9, 84. 
 
 
64. Gesser, B.;  Rasmussen, M. K.;  Raaby, L.;  Rosada, C.;  Johansen, C.;  
Kjellerup, R. B.;  Kragballe, K.; Iversen, L., Dimethylfumarate inhibits MIF-induced 
proliferation of keratinocytes by inhibiting MSK1 and RSK1 activation and by 
inducing nuclear p-c-Jun (S63) and p-p53 (S15) expression. Inflamm Res 2011, 60 (7), 
643-53. 
 
 
65. Andersen, J. L.;  Gesser, B.;  Funder, E. D.;  Nielsen, C. J. F.;  Gotfred-
Rasmussen, H.;  Rasmussen, M. K.;  Toth, R.;  Gothelf, K. V.;  Arthur, J. S. C.;  
Iversen, L.; Nissen, P., Dimethyl fumarate is an allosteric covalent inhibitor of the p90 
ribosomal S6 kinases. Nat Commun 2018, 9 (1), 4344. 
 
 
66. Schwartz, P. A.;  Kuzmic, P.;  Solowiej, J.;  Bergqvist, S.;  Bolanos, B.;  
Almaden, C.;  Nagata, A.;  Ryan, K.;  Feng, J.;  Dalvie, D.;  Kath, J. C.;  Xu, M.;  
Wani, R.; Murray, B. W., Covalent EGFR inhibitor analysis reveals importance of 
reversible interactions to potency and mechanisms of drug resistance. Proc Natl Acad 
Sci USA 2014, 111 (1), 173-8. 
 
 
67. Kotelnikova, E.;  Kiani, N. A.;  Messinis, D.;  Pertsovskaya, I.;  Pliaka, V.;  
Bernardo-Faura, M.;  Rinas, M.;  Vila, G.;  Zubizarreta, I.;  Pulido-Valdeolivas, I.;  
Sakellaropoulos, T.;  Faigle, W.;  Silberberg, G.;  Masso, M.;  Stridh, P.;  Behrens, J.;  
Olsson, T.;  Martin, R.;  Paul, F.;  Alexopoulos, L. G.;  Saez-Rodriguez, J.;  Tegner, J.; 
Villoslada, P., MAPK pathway and B cells overactivation in multiple sclerosis 
revealed by phosphoproteomics and genomic analysis. Proc Natl Acad Sci USA 2019, 
116 (19), 9671-9676. 
 
 
68. Ogrodnik, M.;  Salmonowicz, H.; Gladyshev, V. N., Integrating cellular 
senescence with the concept of damage accumulation in aging: Relevance for 
clearance of senescent cells. Aging Cell 2019, 18 (1), e12841. 
 
 
69. Dominguez-Gonzalez, M.;  Puigpinos, M.;  Jove, M.;  Naudi, A.;  Portero-
Otin, M.;  Pamplona, R.; Ferrer, I., Regional vulnerability to lipoxidative damage and 
inflammation in normal human brain aging. Exp Gerontol 2018, 111, 218-228. 
 



 

266 

 
70. Haider, L.;  Fischer, M. T.;  Frischer, J. M.;  Bauer, J.;  Hoftberger, R.;  
Botond, G.;  Esterbauer, H.;  Binder, C. J.;  Witztum, J. L.; Lassmann, H., Oxidative 
damage in multiple sclerosis lesions. Brain 2011, 134 (Pt 7), 1914-24. 
 
 
71. Fivaz, M.; Meyer, T., Specific Localization and Timing in Neuronal Signal 
Transduction Mediated by Protein-Lipid Interactions. Neuron 2003, 40 (2), 319-330. 
 
 
72. Holt, C. E.;  Martin, K. C.; Schuman, E. M., Local translation in neurons: 
visualization and function. Nat Struct Mol Biol 2019, 26 (7), 557-566. 
 
 
73. Nussbacher, J. K.;  Tabet, R.;  Yeo, G. W.; Lagier-Tourenne, C., Disruption of 
RNA Metabolism in Neurological Diseases and Emerging Therapeutic Interventions. 
Neuron 2019, 102 (2), 294-320. 
 
 
74. Castelli, V.;  Benedetti, E.;  Antonosante, A.;  Catanesi, M.;  Pitari, G.;  
Ippoliti, R.;  Cimini, A.; d'Angelo, M., Neuronal Cells Rearrangement During Aging 
and Neurodegenerative Disease: Metabolism, Oxidative Stress and Organelles 
Dynamic. Front Mol Neurosci 2019, 12, 132. 
 
 
75. Long, M. J. C.;  Parvez, S.;  Zhao, Y.;  Surya, S. L.;  Wang, Y.;  Zhang, S.; 
Aye, Y., Akt3 is a privileged first responder in isozyme-specific electrophile response. 
Nat Chem Biol 2017, 13 (3), 333-8. 
 
 
76. Burrows, D. J.;  Ramesh, T. M.;  McGown, A.;  Jain, S. A.;  Felice, M. D.;  
Sharrack, B.; Majid, A., Animal models of multiple sclerosis: From rodents to 
zebrafish. Mult Scler J 2019, 25 (3), 306-324. 
 
 
77. US Food and Drug Administration Drugs@FDA: FDA-Approved Drugs, NDA 
211855. (accessed 12/16/2019). 
 
 
78. Ferguson, F. M.; Gray, N. S., Kinase inhibitors: the road ahead. Nat Rev Drug 
Discov 2018, 17 (5), 353-377. 
 
 
79. Tujios, S.; Fontana, R. J., Mechanisms of drug-induced liver injury: from 
bedside to bench. Nat Rev Gastroenterol Hepatol 2011, 8 (4), 202-11. 



 

267 

 
 
80. Mills, E. A.;  Ogrodnik, M. A.;  Plave, A.; Mao-Draayer, Y., Emerging 
Understanding of the Mechanism of Action for Dimethyl Fumarate in the Treatment 
of Multiple Sclerosis. Front Neurol 2018, 9, 5. 
 
 
81. Linker, R. A.; Haghikia, A., Dimethyl fumarate in multiple sclerosis: latest 
developments, evidence and place in therapy. Ther Adv Chronic Dis 2016, 7 (4), 198-
207. 
 
 
82. Long, M. J. C.;  Parvez, S.;  Zhao, Y.;  Surya, S. L.;  Wang, Y.;  Zhang, S.; 
Aye, Y., Akt3 is a privileged first responder in isozymespecific electrophile response. 
Nat Chem Biol 2017, 13, 333-338. 
 
 
83. Cuadrado, A.;  Rojo, A. I.;  Wells, G.;  Hayes, J. D.;  Cousin, S. P.;  Rumsey, 
W. L.;  Attucks, O. C.;  Franklin, S.;  Levonen, A.-L.;  Kensler, T. W.; Dinkova-
Kostova, A. T., Therapeutic targeting of the NRF2 and KEAP1 partnership in chronic 
diseases. Nature Reviews Drug Discovery 2019, 18, 295-317. 
 
 
84. Kopacz, A.;  Kloska, D.;  Forman, H. J.;  Jozkowicz, A.; Grochot-Przeczek, A., 
Beyond repression of Nrf2: An update on Keap1. Free Radic Biol Med 2020. 
 
 
85. Lin, H. Y.;  Haegele, J. A.;  Disare, M. T.;  Lin, Q.; Aye, Y., A generalizable 
platform for interrogating target- and signal-specific consequences of electrophilic 
modifications in redox-dependent cell signaling. J Am Chem Soc 2015, 137 (19), 
6232-44. 
 
 
86. Lam, P. Y.;  Yoo, S. K.;  Green, J. M.; Huttenlocher, A., The SH2-domain-
containing inositol 5-phosphatase (SHIP) limits the motility of neutrophils and their 
recruitment to wounds in zebrafish. J Cell Sci 2012, 125 (Pt 21), 4973-8. 
 
 
87. Ellett, F.;  Pase, L.;  Hayman, J. W.;  Andrianopoulos, A.; Lieschke, G. J., 
mpeg1 promoter transgenes direct macrophage-lineage expression in zebrafish. Blood 
2011, 117 (4), e49-56. 
 
 
88. Pyaram, K.;  Kumar, A.;  Kim, Y.-H.;  Noel, S.;  Reddy, S. P.;  Rabb, H.; 
Chang, C.-H., Keap1-Nrf2 System Plays an Important Role in Invariant Natural Killer 



 

268 

T Cell Development and Homeostasis. Cell Reports 2019, 27 (3), 699-707.e4. 
 
 
89. He, J.;  Zhang, X.;  Lian, C.;  Wu, J.;  Fang, Y.; Ye, X., KEAP1/NRF2 axis 
regulates H2O2-induced apoptosis of pancreatic beta-cells. Gene 2019, 691, 8-17. 
 
 
90. Schulze-Topphoff, U.;  Varrin-Doyer, M.;  Pekarek, K.;  Spencer, C. M.;  
Shetty, A.;  Sagan, S. A.;  Cree, B. A. C.;  Sobel, R. A.;  Wipke, B. T.;  Steinman, L.;  
Scannevin, R. H.; Zamvil, S. S., Dimethyl fumarate treatment induces adaptive and 
innate immune modulation independent of Nrf2. Proc Natl Acad Sci U S A 2016, 113 
(17), 4777-4782. 
 
 
91. Scott, C. W.;  Sobotka-Briner, C.;  Wilkins, D. E.;  Jacobs, R. T.;  Folmer, J. J.;  
Frazee, W. J.;  Bhat, R. V.;  Ghanekar, S. V.; Aharony, D., Novel small molecule 
inhibitors of caspase-3 block cellular and biochemical features of apoptosis. J 
Pharmacol Exp Ther 2003, 304 (1), 433-40. 
 
 
92. Martinez, J. A.;  Zhang, Z.;  Svetlov, S. I.;  Hayes, R. L.;  Wang, K. K.; Larner, 
S. F., Calpain and caspase processing of caspase-12 contribute to the ER stress-
induced cell death pathway in differentiated PC12 cells. Apoptosis 2010, 15 (12), 
1480-93. 
 
 
93. Rao, R. V.;  Hermel, E.;  Castro-Obregon, S.;  del Rio, G.;  Ellerby, L. M.;  
Ellerby, H. M.; Bredesen, D. E., Coupling endoplasmic reticulum stress to the cell 
death program. Mechanism of caspase activation. J Biol Chem 2001, 276 (36), 33869-
74. 
 
 
94. Stennicke, H. R.;  Jürgensmeier, J. M.;  Shin, H.;  Deveraux, Q.;  Wolf, B. B.;  
Yang, X.;  Zhou, Q.;  Ellerby, H. M.;  Ellerby, L. M.;  Bredesen, D. E.;  Green, D. R.;  
Reed, J. C.;  Froelich, C. J.; Salvesen, G. S., Pro-caspase-3 is a major physiologic 
target of caspase-8. J Biol Chem 1998, 273 (42), 27084-27090. 
 
 
95. Cai, J.;  Yang, J.; Jones, D. P., Mitochondrial control of apoptosis: the role of 
cytochrome c. Biochem Biophys Acta 1998, 1366, 139-149. 
 
 
96. Xin, M.;  Li, R.;  Xie, M.;  Park, D.;  Owonikoko, T. K.;  Sica, G. L.;  Corsino, 
P. E.;  Zhou, J.;  Ding, C.;  White, M. A.;  Magis, A. T.;  Ramalingam, S. S.;  Curran, 
W. J.;  Khuri, F. R.; Deng, X., Small-molecule Bax agonists for cancer therapy. Nat 



 

269 

Commun 2014, 5, 4935. 
 
 
97. Tan, Y.;  Ruan, H.;  Demeter, M. R.; Comb, M. J., p90RSK Blocks Bad-
mediated Cell Death via a Protein Kinase C-dependent Pathway. J Biol Chem 1999, 
274 (49), 34859–34867. 
 
 
98. Kile, B. T.;  Panopoulos, A. D.;  Stirzaker, R. A.;  Hacking, D. F.;  
Tahtamouni, L. H.;  Willson, T. A.;  Mielke, L. A.;  Henley, K. J.;  Zhang, J. G.;  
Wicks, I. P.;  Stevenson, W. S.;  Nurden, P.;  Watowich, S. S.; Justice, M. J., 
Mutations in the cofilin partner Aip1/Wdr1 cause autoinflammatory disease and 
macrothrombocytopenia. Blood 2007, 110 (7), 2371-80. 
 
 
99. Bowes, C.;  Redd, M.;  Yousfi, M.;  Tauzin, M.;  Murayama, E.; Herbomel, P., 
Coronin 1A depletion restores the nuclear stability and viability of Aip1/Wdr1-
deficient neutrophils. J Cell Biol 2019, 218 (10), 3258-3271. 
 
 
100. Hast, B. E.;  Goldfarb, D.;  Mulvaney, K. M.;  Hast, M. A.;  Siesser, P. F.;  
Yan, F.;  Hayes, D. N.; Major, M. B., Proteomic analysis of ubiquitin ligase KEAP1 
reveals associated proteins that inhibit NRF2 ubiquitination. Cancer Res 2013, 73 (7), 
2199-210. 
 
 
101. Li, J.;  Brieher, W. M.;  Scimone, M. L.;  Kang, S. J.;  Zhu, H.;  Yin, H.;  von 
Andrian, U. H.;  Mitchison, T.; Yuan, J., Caspase-11 regulates cell migration by 
promoting Aip1-Cofilin-mediated actin depolymerization. Nat Cell Biol 2007, 9 (3), 
276-86. 
 
 
102. Kornerg, M. D.;  Bhargava, P.;  Kim, P. M.;  Putluri, V.;  Snowman, A. M.;  
Putluri, N.;  Calabresi, P. A.; Snyder, S. H., Dimethyl fumarate targets GAPDH and 
aerobic glycolysis to modulate immunity. Science 2018, 360 (6387), 449-453. 
 
 
103. Matthews, P. M., Chronic inflammation in multiple sclerosis - seeing what was 
always there. Nat Rev Neurol 2019, 15 (10), 582-593. 
 
 
104. Wickramarachchi, D. C.;  Theofilopoulos, A. N.; Kono, D. H., Immune 
pathology associated with altered actin cytoskeleton regulation. Autoimmunity 2010, 
43 (1), 64-75. 
 



 

270 

 
105. Kuhns, D. B.;  Fink, D. L.;  Choi, U.;  Sweeney, C.;  Lau, K.;  Priel, D. L.;  
Riva, D.;  Mendez, L.;  Uzel, G.;  Freeman, A. F.;  Olivier, K. N.;  Anderson, V. L.;  
Currens, R.;  Mackley, V.;  Kang, A.;  Al-Adeli, M.;  Mace, E.;  Orange, J. S.;  Kang, 
E.;  Lockett, S. J.;  Chen;  Steinbach, P. J.;  Hsu, A. P.;  Zarember, K. A.;  Malech, H. 
L.;  Gallin, J. I.; Holland, S. M., Cytoskeletal abnormalities and neutrophil dysfunction 
in WDR1 deficiency. Blood 2016, 128 (17), 2135-2143. 
 
 
106. Poganik, J. R.;  Long, M. J. C.;  Disare, M. T.;  Liu, X.;  Chang, S. H.;  Hla, T.; 
Aye, Y., Post-transcriptional regulation of Nrf2-mRNA by the mRNA-binding 
proteins HuR and AUF1. FASEB J 2019, 33 (12), 14636-14652. 
 
 
107. Ma, Q., Role of nrf2 in oxidative stress and toxicity. Annu Rev Pharmacol 
Toxicol 2013, 53, 401-26. 
 
 
108. Taguchi, K.;  Motohashi, H.; Yamamoto, M., Molecular mechanisms of the 
Keap1-Nrf2 pathway in stress response and cancer evolution. Genes Cells 2011, 16 
(2), 123-40. 
 
 
109. Chowdhry, S.;  Zhang, Y.;  McMahon, M.;  Sutherland, C.;  Cuadrado, A.; 
Hayes, J. D., Nrf2 is controlled by two distinct beta-TrCP recognition motifs in its 
Neh6 domain, one of which can be modulated by GSK-3 activity. Oncogene 2013, 32 
(32), 3765-81. 
 
 
110. Nioi, P.; Nguyen, T., A mutation of Keap1 found in breast cancer impairs its 
ability to repress Nrf2 activity. Biochem Biophys Res Commun 2007, 362 (4), 816-21. 
 
 
111. Copple, I. M., The Keap1-Nrf2 cell defense pathway--a promising therapeutic 
target? Adv Pharmacol 2012, 63, 43-79. 
 
 
112. Cheng, X.;  Ku, C.-H.; Siow, R. C. M., Regulation of the Nrf2 antioxidant 
pathway by microRNAs: New players in micromanaging redox homeostasis. Free 
Radical Biology and Medicine 2013, 64, 4-11. 
 
 
113. Strobel, E. J.;  Watters, K. E.;  Loughrey, D.; Lucks, J. B., RNA systems 
biology: uniting functional discoveries and structural tools to understand global roles 
of RNAs. Curr Opin Biotechnol 2016, 39, 182-91. 



 

271 

 
 
114. Clery, A.;  Blatter, M.; Allain, F. H., RNA recognition motifs: boring? Not 
quite. Curr Opin Struct Biol 2008, 18 (3), 290-8. 
 
 
115. Roundtree, I. A.;  Evans, M. E.;  Pan, T.; He, C., Dynamic RNA Modifications 
in Gene Expression Regulation. Cell 2017, 169 (7), 1187-1200. 
 
 
116. von Roretz, C.;  Di Marco, S.;  Mazroui, R.; Gallouzi, I. E., Turnover of AU-
rich-containing mRNAs during stress: a matter of survival. Wiley Interdiscip Rev RNA 
2011, 2 (3), 336-47. 
 
 
117. Simone, L. E.; Keene, J. D., Mechanisms coordinating ELAV/Hu mRNA 
regulons. Curr Opin Genet Dev 2013, 23 (1), 35-43. 
 
 
118. Chang, S. H.; Hla, T., Gene regulation by RNA binding proteins and 
microRNAs in angiogenesis. Trends Mol Med 2011, 17 (11), 650-8. 
 
 
119. Spitzer, J.;  Hafner, M.;  Landthaler, M.;  Ascano, M.;  Farazi, T.;  Wardle, G.;  
Nusbaum, J.;  Khorshid, M.;  Burger, L.;  Zavolan, M.; Tuschl, T., PAR-CLIP 
(Photoactivatable Ribonucleoside-Enhanced Crosslinking and Immunoprecipitation): a 
step-by-step protocol to the transcriptome-wide identification of binding sites of RNA-
binding proteins. Methods Enzymol 2014, 539, 113-61. 
 
 
120. Wang, T.;  Xiao, G.;  Chu, Y.;  Zhang, M. Q.;  Corey, D. R.; Xie, Y., Design 
and bioinformatics analysis of genome-wide CLIP experiments. Nucleic Acids Res 
2015, 43 (11), 5263-74. 
 
 
121. Lebedeva, S.;  Jens, M.;  Theil, K.;  Schwanhausser, B.;  Selbach, M.;  
Landthaler, M.; Rajewsky, N., Transcriptome-wide analysis of regulatory interactions 
of the RNA-binding protein HuR. Mol Cell 2011, 43 (3), 340-52. 
 
 
122. Mukherjee, N.;  Corcoran, D. L.;  Nusbaum, J. D.;  Reid, D. W.;  Georgiev, S.;  
Hafner, M.;  Ascano, M., Jr.;  Tuschl, T.;  Ohler, U.; Keene, J. D., Integrative 
regulatory mapping indicates that the RNA-binding protein HuR couples pre-mRNA 
processing and mRNA stability. Mol Cell 2011, 43 (3), 327-39. 
 



 

272 

 
123. Lal, A.;  Mazan-Mamczarz, K.;  Kawai, T.;  Yang, X.;  Martindale, J. L.; 
Gorospe, M., Concurrent versus individual binfing of HuR and AUF1 to common 
labile target mRNAs. EMBO J 2004, 23, 3092-3102. 
 
 
124. Brennan, C. M.; Steitz, J. A., HuR and mRNA stability. Cell Mol Life Sci 
2001, 58, 266-277. 
 
 
125. Fan, X. C.; Steitz, J. A., HNS, a nuclear-cytoplasmic shuttling sequence in 
HuR. Proc Nat Acad Sci USA 1998, 95, 15293-15298. 
 
 
126. Doller, A.;  Akool el, S.;  Huwiler, A.;  Muller, R.;  Radeke, H. H.;  
Pfeilschifter, J.; Eberhardt, W., Posttranslational modification of the AU-rich element 
binding protein HuR by protein kinase Cdelta elicits angiotensin II-induced 
stabilization and nuclear export of cyclooxygenase 2 mRNA. Mol Cell Biol 2008, 28 
(8), 2608-25. 
 
 
127. Izquierdo, J. M., Hu antigen R (HuR) functions as an alternative pre-mRNA 
splicing regulator of Fas apoptosis-promoting receptor on exon definition. J Biol 
Chem 2008, 283 (27), 19077-84. 
 
 
128. Chang, S. H.;  Elemento, O.;  Zhang, J.;  Zhuang, Z. W.;  Simons, M.; Hla, T., 
ELAVL1 regulates alternative splicing of eIF4E transporter to promote postnatal 
angiogenesis. Proc Natl Acad Sci U S A 2014, 111 (51), 18309-14. 
 
 
129. Srikantan, S.; Gorospe, M., HuR function in disease. Front Biosci 2012, 17, 
189-205. 
 
 
130. Meisner, N. C.;  Hintersteiner, M.;  Mueller, K.;  Bauer, R.;  Seifert, J. M.;  
Naegeli, H. U.;  Ottl, J.;  Oberer, L.;  Guenat, C.;  Moss, S.;  Harrer, N.;  
Woisetschlaeger, M.;  Buehler, C.;  Uhl, V.; Auer, M., Identification and mechanistic 
characterization of low-molecular-weight inhibitors for HuR. Nat Chem Biol 2007, 3 
(8), 508-15. 
 
 
131. Wang, Z.;  Bhattacharya, A.; Ivanov, D. N., Identification of Small-Molecule 
Inhibitors of the HuR/RNA Interaction Using a Fluorescence Polarization Screening 
Assay Followed by NMR Validation. PLoS One 2015, 10 (9), e0138780. 



 

273 

 
 
132. Wu, X.;  Lan, L.;  Wilson, D. M.;  Marquez, R. T.;  Tsao, W. C.;  Gao, P.;  
Roy, A.;  Turner, B. A.;  McDonald, P.;  Tunge, J. A.;  Rogers, S. A.;  Dixon, D. A.;  
Aube, J.; Xu, L., Identification and validation of novel small molecule disruptors of 
HuR-mRNA interaction. ACS Chem Biol 2015, 10 (6), 1476-84. 
 
 
133. Muralidharan, R.;  Mehta, M.;  Ahmed, R.;  Roy, S.;  Xu, L.;  Aube, J.;  Chen, 
A.;  Zhao, Y. D.;  Herman, T.;  Ramesh, R.; Munshi, A., HuR-targeted small molecule 
inhibitor exhibits cytotoxicity towards human lung cancer cells. Sci Rep 2017, 7 (1), 
9694. 
 
 
134. Wang, W.;  Furneaux, H.;  Cheng, H.;  Caldwell, M. C.;  Hutter, D.;  Liu, Y.;  
Holbrook, N.; Gorospe, M., HuR regulates p21 mRNA stabilization by UV light. Mol 
Cell Biol 2000, 20 (3), 760-769. 
 
 
135. Yang, X.;  Wang, W.;  Fan, J.;  Lal, A.;  Yang, D.;  Cheng, H.; Gorospe, M., 
Prostaglandin A2-mediated stabilization of p21 mRNA through an ERK-dependent 
pathway requiring the RNA-binding protein HuR. J Biol Chem 2004, 279 (47), 49298-
306. 
 
 
136. Lin, S.;  Wang, W.;  Wilson, G. M.;  Yang, X.;  Brewer, G.;  Holbrook, N. J.; 
Gorospe, M., Down-Regulation of Cyclin D1 Expression by Prostaglandin A2 Is 
Mediated by Enhanced Cyclin D1 mRNA Turnover. Mol Cell Biol 2000, 20 (21), 
7903-7913. 
 
 
137. Cok, S. J.;  Acton, S. J.;  Sexton, A. E.; Morrison, A. R., Identification of 
RNA-binding proteins in RAW 264.7 cells that recognize a lipopolysaccharide-
responsive element in the 3-untranslated region of the murine cyclooxygenase-2 
mRNA. J Biol Chem 2004, 279 (9), 8196-205. 
 
 
138. Yoon, J. H.;  De, S.;  Srikantan, S.;  Abdelmohsen, K.;  Grammatikakis, I.;  
Kim, J.;  Kim, K. M.;  Noh, J. H.;  White, E. J.;  Martindale, J. L.;  Yang, X.;  Kang, 
M. J.;  Wood, W. H., 3rd;  Noren Hooten, N.;  Evans, M. K.;  Becker, K. G.;  Tripathi, 
V.;  Prasanth, K. V.;  Wilson, G. M.;  Tuschl, T.;  Ingolia, N. T.;  Hafner, M.; 
Gorospe, M., PAR-CLIP analysis uncovers AUF1 impact on target RNA fate and 
genome integrity. Nat Commun 2014, 5, 5248. 
 
 



 

274 

139. Gratacos, F. M.; Brewer, G., The role of AUF1 in regulated mRNA decay. 
Wiley Interdiscip Rev RNA 2010, 1 (3), 457-73. 
 
 
140. Panda, A. C.;  Abdelmohsen, K.;  Yoon, J. H.;  Martindale, J. L.;  Yang, X.;  
Curtis, J.;  Mercken, E. M.;  Chenette, D. M.;  Zhang, Y.;  Schneider, R. J.;  Becker, 
K. G.;  de Cabo, R.; Gorospe, M., RNA-binding protein AUF1 promotes myogenesis 
by regulating MEF2C expression levels. Mol Cell Biol 2014, 34 (16), 3106-19. 
 
 
141. Jacobs, A. T.; Marnett, L. J., Systems analysis of protein modification and 
cellular responses induced by electrophile stress. Acc Chem Res 2009, 43 (5), 673-683. 
 
 
142. Kim, D.;  Pertea, G.;  Trapnell, C.;  Pimentel, H.;  Kelley, R.; Salzberg, S. L., 
TopHat2: accurate alignment of transcriptomes in the presence of insertions, deletions 
and gene fusions. Genome Biology 2013, 14, R36. 
 
 
143. Chorley, B. N.;  Campbell, M. R.;  Wang, X.;  Karaca, M.;  Sambandan, D.;  
Bangura, F.;  Xue, P.;  Pi, J.;  Kleeberger, S. R.; Bell, D. A., Identification of novel 
NRF2-regulated genes by ChIP-Seq: influence on retinoid X receptor alpha. Nucleic 
Acids Res 2012, 40 (15), 7416-29. 
 
 
144. Lau, A.;  Tian, W.;  Whitman, S. A.; Zhang, D. D., The predicted molecular 
weight of Nrf2: it is what it is not. Antioxid Redox Signal 2013, 18 (1), 91-3. 
 
 
145. Chang, N.;  Yi, J.;  Guo, G.;  Liu, X.;  Shang, Y.;  Tong, T.;  Cui, Q.;  Zhan, 
M.;  Gorospe, M.; Wang, W., HuR uses AUF1 as a cofactor to promote p16INK4 
mRNA decay. Mol Cell Biol 2010, 30 (15), 3875-86. 
 
 
146. Tsujita, T.;  Li, L.;  Nakajima, H.;  Iwamoto, N.;  Nakajima-Takagi, Y.;  
Ohashi, K.;  Kawakami, K.;  Kumagai, Y.;  Freeman, B. A.;  Yamamoto, M.; 
Kobayashi, M., Nitro-fatty acids and cyclopentenone prostaglandins share strategies to 
activate the Keap1-Nrf2 system: a study using green fluorescent protein transgenic 
zebrafish. Genes Cells 2011, 16 (1), 46-57. 
 
 
147. Li, X.;  Lu, Y.-C.;  Dai, K.;  Torregroza, I.;  Hla, T.; Evans, T., Elavl1a 
regulates zebrafish erythropoiesis via posttranscriptional control of gata1. Blood 2014, 
123 (9), 1384-1392. 
 



 

275 

 
148. Kobayashi, M.;  Li, L.;  Iwamoto, N.;  Nakajima-Takagi, Y.;  Kaneko, H.;  
Nakayama, Y.;  Eguchi, M.;  Wada, Y.;  Kumagai, Y.; Yamamoto, M., The 
antioxidant defense system Keap1-Nrf2 comprises a multiple sensing mechanism for 
responding to a wide range of chemical compounds. Mol Cell Biol 2009, 29 (2), 493-
502. 
 
 
149. Barker, A.;  Epis, M. R.;  Porter, C. J.;  Hopkins, B. R.;  Wilce, M. C.;  Wilce, 
J. A.;  Giles, K. M.; Leedman, P. J., Sequence requirements for RNA binding by HuR 
and AUF1. J Biochem 2012, 151 (4), 423-37. 
 
 
150. Sengupta, S.;  Jang, B. C.;  Wu, M. T.;  Paik, J. H.;  Furneaux, H.; Hla, T., The 
RNA-binding protein HuR regulates the expression of cyclooxygenase-2. J Biol Chem 
2003, 278 (27), 25227-33. 
 
 
151. DeMaria, C. T.;  Sun, Y.;  Long, L.;  Wagner, B. J.; Brewer, G., Structural 
determinants in AUF1 required for high affinity binding to A + U-rich elements. J 
Biol Chem 1997, 272 (44), 27635-27643. 
 
 
152. Yang, M.;  Yao, Y.;  Eades, G.;  Zhang, Y.; Zhou, Q., MiR-28 regulates Nrf2 
expression through a Keap1-independent mechanism. Breast Cancer Res Treat 2011, 
129 (3), 983-91. 
 
 
153. Sakharkar, M. K.;  Chow, V. T.; Skangueane, P., Distributions of exons and 
introns in the human genome. In Silico Biol. 2004, 4 (4), 387-93. 
 
 
154. Robinson, J. T.;  Thorvaldsdóttir, H.;  Winckler, W.;  Guttman, M.;  Lander, E. 
S.;  Getz, G.; Mesirov, J. P., Integrative genomics viewer. Nat Biotechnol. 2011, 29, 
24-26. 
 
 
155. Valencia, P.;  Dias, A. P.; Reed, R., Splicing promotes rapid and efficient 
mRNA export in mammalian cells. Proc Natl Acad Sci U S A 2008, 105 (9), 3386-91. 
 
 
156. Moore, M. J., Nuclear RNA Turnover. Cell 2002, 108, 431-434. 
 
 
157. Mehta, M.;  Basalingappa, K.;  Griffith, J. N.;  Andrade, D.;  Babu, A.;  



 

276 

Amreddy, N.;  Muralidharan, R.;  Gorospe, M.;  Herman, T.;  Ding, W.-Q.;  Ramesh, 
R.; Munshi, A., HuR silencing elicits oxidative stress and DNA damage and sensitizes 
human triple-negative breast cancer cells to radiotherapy. Oncotarget 2016, 7 (40), 
64820-64835. 
 
 
158. Huang, Y.;  Li, W.; Kong, A.-N. T., Anti-oxidative stress regulator NF-E2-
related factor 2 mediates the adaptive induction of antioxidant and detoxifying 
enzymes by lipid peroxidation metabolite 4-hydroxynonenal. Cell Biosci 2012, 2 (40), 
1-6. 
 
 
159. Levonen, A.-L.;  Landar, A.;  Ramachandran, A.;  Ceaser, E. K.;  Dickinson, 
D. A.;  Zanoni, G.;  Morrow, J. D.; Darley-Usmar, V. M., Cellular mechanisms of 
redox cell signalling: role of cysteine modification in controlling antioxidant defences 
in response to electrophilic lipid oxidation products. Biochem J 2004, 378 (2), 373-
382. 
 
 
160. Aluise, C. D.;  Rose, K.;  Boiani, M.;  Reyzer, M. L.;  Manna, J. D.;  Tallman, 
K.;  Porter, N. A.; Marnett, L. J., Peptidyl-prolyl cis/trans-Isomerase A1 (Pin1) Is a 
Target for Modification by Lipid Electrophiles. Chemical Research in Toxicology 
2012, 26 (2), 270-279. 
 
 
161. Abdelmohsen, K.; Gorospe, M., Posttranscriptional regulation of cancer traits 
by HuR. Wiley Interdiscip Rev RNA 2010, 1 (2), 214-29. 
 
 
162. Menegon, S.;  Columbano, A.; Giordano, S., The Dual Roles of NRF2 in 
Cancer. Trends Mol Med 2016, 22 (7), 578-93. 
 
 
163. Hur, W.; Gray, N. S., Small molecule modulators of antioxidant response 
pathway. Curr Opin Chem Biol 2011, 15 (1), 162-73. 
 
 
164. Poganik, J. R.;  Van Hall-Beauvais, A. K.;  Long, M. J. C.;  Disare, M. T.;  
Zhao, Y.; Aye, Y., The mRNA-binding protein HuR is a kinetically-privileged 
electrophile sensor. Helv Chim Acta 2020, In press. 
 
 
165. Castello, A.;  Fischer, B.;  Eichelbaum, K.;  Horos, R.;  Beckmann, B. M.;  
Strein, C.;  Davey, N. E.;  Humphreys, D. T.;  Preiss, T.;  Steinmetz, L. M.;  
Krijgsveld, J.; Hentze, M. W., Insights into RNA biology from an atlas of mammalian 



 

277 

mRNA-binding proteins. Cell 2012, 149 (6), 1393-406. 
 
 
166. Li, X.;  Kazan, H.;  Lipshitz, H. D.; Morris, Q. D., Finding the target sites of 
RNA-binding proteins. Wiley Interdiscip Rev RNA 2014, 5 (1), 111-30. 
 
 
167. Srikantan, S.; Gorospe, M., HuR function in disease. Front Biosci (Landmark 
Ed) 2012, 17, 189-205. 
 
 
168. Khabar, K. S., Hallmarks of cancer and AU-rich elements. Wiley Interdiscip 
Rev RNA 2017, 8 (1). 
 
 
169. Epis, M. R.;  Barker, A.;  Giles, K. M.;  Beveridge, D. J.; Leedman, P. J., The 
RNA-binding protein HuR opposes the repression of ERBB-2 gene expression by 
microRNA miR-331-3p in prostate cancer cells. J Biol Chem 2011, 286, 41422-41454. 
 
 
170. Kurosu, T.;  Ohga, N.;  Maishi, N.;  Akiyama, K.;  Kakuguchi, W.;  
Kuroshima, T.;  Kondo, M.;  Akino, T.;  Totsuka, Y.;  Shindoh, M.;  Higashino, F.; 
Hida, K., HuR keeps an angiogenic switch on by stabilising mRNA of VEGF and 
COX-2 in tumour endothelium. Br J Cancer 2011, 104, 819-829. 
 
 
171. Blanco, F. F.;  Jimbo, M.;  Wulfkuhle, J.;  Gallagher, I.;  Deng, J.;  Enyenihi, 
L.;  Meisner-Kober, N.;  Londin, E.;  Rigoutsos, I.;  Sawicki, J. A.;  Risbud, M. V.;  
Witkiewicz, A. K.;  McCue, P. A.;  Jiang, W.;  Rui, H.;  Yeo, C. J.;  Petricoin, E.;  
Winter, J. M.; Brody, J. R., The mRNA-binding protein HuR promotes hypoxia-
induced chemoresistance through posttranscriptional regulation of the proto-oncogene 
PIM1 in pancreatic cancer cells. Oncogene 2016, 35, 2529-2541. 
 
 
172. Jimbo, M.;  Blanco, F. F.;  Huang, Y. H.;  Telonis, A. G.;  Screnci, B. A.;  
Cosma, G. L.;  Alexeev, V.;  Gonye, G. E.;  Yeo, C. J.;  Sawicki, J. A.;  Winter, J. M.; 
Brody, J. R., Targeting the mRNA-binding protein HuR impairs malignant 
characteristics of pancreatic ductal adenocarcinoma cells. Oncotarget 2015, 6 (29), 
27312-31. 
 
 
173. Kakuguchi, W.;  Kitamura, T.;  Kuroshima, T.;  Ishikawa, M.;  Kitagawa, Y.;  
Totsuka, Y.;  Shindoh, M.; Higashino, F., HuR knockdown changes the oncogenic 
potential of oral cancer cells. Mol Cancer Res 2010, 8 (4), 520-8. 
 



 

278 

 
174. Lang, M.;  Berry, D.;  Passecker, K.;  Mesteri, I.;  Bhuju, S.;  Ebner, F.;  
Sedlyarov, V.;  Evstatiev, R.;  Dammann, K.;  Loy, A.;  Kuzyk, O.;  Kovarik, P.;  
Khare, V.;  Beibel, M.;  Roma, G.;  Meisner-Kober, N.; Gasche, C., HuR Small-
Molecule Inhibitor Elicits Differential Effects in Adenomatosis Polyposis and 
Colorectal Carcinogenesis. Cancer Res 2017, 77 (9), 2424-2438. 
 
 
175. D'Agostino, V. G.;  Lal, P.;  Mantelli, B.;  Tiedje, C.;  Zucal, C.;  Thongon, N.;  
Gaestel, M.;  Latorre, E.;  Marinelli, L.;  Seneci, P.;  Amadio, M.; Provenzani, A., 
Dihydrotanshinone-I interferes with the RNA-binding activity of HuR affecting its 
post-transcriptional function. Sci Rep 2015, 5, 16478. 
 
 
176. Backus, K. M.;  Correia, B. E.;  Lum, K. M.;  Forli, S.;  Horning, B. D.;  
Gonzalez-Paez, G. E.;  Chatterjee, S.;  Lanning, B. R.;  Teijaro, J. R.;  Olson, A. J.;  
Wolan, D. W.; Cravatt, B. F., Proteome-wide covalent ligand discovery in native 
biological systems. Nature 2016, 534 (7608), 570-4. 
 
 
177. Ostrem, J. M.;  Peters, U.;  Sos, M. L.;  Wells, J. A.; Shokat, K. M., K-
Ras(G12C) inhibitors allosterically control GTP affinity and effector interactions. 
Nature 2013, 503 (7477), 548-51. 
 
 
178. Narayan, S.;  Muldoon, J.;  Finn, M. G.;  Fokin, V. V.;  Kolb, H. C.; Sharpless, 
K. B., "On water": unique reactivity of organic compounds in aqueous suspension. 
Angew Chem Int Ed Engl 2005, 44 (21), 3275-9. 
 
 
179. Lixa, C.;  Mujo, A.;  de Magalhaes, M. T. Q.;  Almeida, F. C. L.;  Lima, L.; 
Pinheiro, A. S., Oligomeric transition and dynamics of RNA binding by the HuR 
RRM1 domain in solution. J Biomol NMR 2018, 72 (3-4), 179-192. 
 
 
180. Scheiba, R. M.;  de Opakua, A. I.;  Díaz-Quintana, A.;  Cruz-Gallardo, I.;  
Martínez-Cruz, L. A.;  Martínez-Chantar, M. L.;  Blanco, F. J.; Díaz-Moreno, I., The 
C-terminal RNA binding motif of HuR is a multi-functional domain leading to HuR 
oligomerization and binding to U-rich RNA targets. RNA Biology 2015, 11 (10), 1250-
1261. 
 
 
181. Ripin, N.;  Boudet, J.;  Duszczyk, M. M.;  Hinniger, A.;  Faller, M.;  Krepl, M.;  
Gadi, A.;  Schneider, R. J.;  Sponer, J.;  Meisner-Kober, N. C.; Allain, F. H., 
Molecular basis for AU-rich element recognition and dimerization by the HuR C-



 

279 

terminal RRM. Proc Natl Acad Sci U S A 2019, 116 (8), 2935-2944. 
 
 
182. Pabis, M.;  Popowicz, G. M.;  Stehle, R.;  Fernandez-Ramos, D.;  Asami, S.;  
Warner, L.;  Garcia-Maurino, S. M.;  Schlundt, A.;  Martinez-Chantar, M. L.;  Diaz-
Moreno, I.; Sattler, M., HuR biological function involves RRM3-mediated 
dimerization and RNA binding by all three RRMs. Nucleic Acids Res 2019, 47 (2), 
1011-1029. 
 
 
183. Gronemeyer, T.;  Godin, G.; Johnsson, K., Adding value to fusion proteins 
through covalent labelling. Curr Opin Biotechnol 2005, 16 (4), 453-8. 
 
 
184. Levy, N. S.;  Chung, S.;  Furneaux, H.; Levy, A. P., Hypoxic stabilization of 
Vascular Endothelial Growth Factor mRNA by the RNA-binding protein HuR. J Biol 
Chem 1998, 273 (11), 6417-6423. 
 
 
185. Levy, A. P., Hypoxic regulation of VEGF mRNA stability by RNA-binding 
proteins. Trends Cardiovasc Med 1998, 8 (6), 246-250. 
 
 
186. Long, M. J. C.;  Wang, L.; Aye, Y., Getting the Right Grip? How 
Understanding Electrophile Selectivity Profiles Could Illuminate Our Understanding 
of Redox Signaling. Antioxid Redox Signal 2019. 
 
 
187. Tae, H. S.;  Sundberg, T. B.;  Neklesa, T. K.;  Noblin, D. J.;  Gustafson, J. L.;  
Roth, A. G.;  Raina, K.; Crews, C. M., Identification of hydrophobic tags for the 
degradation of stabilized proteins. Chembiochem 2012, 13 (4), 538-41. 
 
 
188. Surya, S. L.;  Long, M. J. C.;  Urul, D. A.;  Zhao, Y.;  Mercer, E. J.;  IM, E. I.;  
Evans, T.; Aye, Y., Cardiovascular Small Heat Shock Protein HSPB7 Is a Kinetically 
Privileged Reactive Electrophilic Species (RES) Sensor. ACS Chem Biol 2018, 13 (7), 
1824-1831. 
 
 
189. Marino, S. M.; Gladyshev, V. N., Cysteine function governs its conservation 
and degeneration and restricts its utilization on protein surfaces. J Mol Biol 2010, 404 
(5), 902-16. 
 
 
190. Aluise, C. D.;  Rose, K.;  Boiani, M.;  Reyzer, M. L.;  Manna, J. D.;  Tallman, 



 

280 

K.;  Porter, N. A.; Marnett, L. J., Peptidyl-prolyl cis/trans-isomerase A1 (Pin1) is a 
target for modification by lipid electrophiles. Chem Res Toxicol 2013, 26 (2), 270-9. 
 
 
191. Long, M. J.;  Lin, H. Y.;  Parvez, S.;  Zhao, Y.;  Poganik, J. R.;  Huang, P.; 
Aye, Y., beta-TrCP1 Is a Vacillatory Regulator of Wnt Signaling. Cell Chem Biol 
2017, 24 (8), 944-957 e7. 
 
 
192. Long, M. J.;  Liu, X.; Aye, Y., Genie in a bottle: controlled release helps tame 
natural polypharmacology? Curr Opin Chem Biol 2019, 51, 48-56. 
 
 
193. Martin, M., Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnet.journal 2011, 17 (1), 10-12. 
 
 
194. Trapnell, C.;  Hendrickson, D. G.;  Sauvageau, M.;  Goff, L.;  Rinn, J. L.; 
Pachter, L., Differential analysis of gene regulation at transcript resolution with RNA-
seq. Nat Biotechnol 2013, 31 (1), 46-53. 
 
 
195. Sorrells, S.;  Toruno, C.;  Stewart, R. A.; Jette, C., Analysis of apoptosis in 
zebrafish embryos by whole-mount immunofluorescence to detect activated Caspase 
3. J Vis Exp 2013,  (82), e51060. 
 
 
196. Long, M. J. C.;  Parvez, S.;  Zhao, Y.;  Surya, S. L.;  Wang, Y.;  Zhang, S.; 
Aye, Y., Akt3 is a priveleged first responder in isozyme-specific electrophile response. 
Nat Chem Biol 2017, 13, 333-338. 
 
 
197. Wang, C.; Youle, R. J., The role of mitochondria in apoptosis. Annu Rev Genet 
2009, 43, 95-118. 
 
 
198. Brown, N. M.;  Martin, S. M.;  Maurice, N.;  Kuwana, T.; Knudson, C. M., 
Caspase inhibition blocks cell death and results in cell cycle arrest in cytokine-
deprived hematopoietic cells. J Biol Chem 2007, 282 (4), 2144-55. 
 
 
199. Xiong, S.;  Mu, T.;  Wang, G.; Jiang, X., Mitochondria-mediated apoptosis in 
mammals. Protein Cell 2014, 5 (10), 737-49. 
 
 



 

281 

200. Arnoult, D.;  Karbowski, M.; Youle, R. J., Caspase inhibition prevents the 
mitochondrial release of apoptosis-inducing factor. Cell Death & Differentiation 2003, 
10 (7), 845-849. 
 
 
201. Surya, S. L.;  Long, M. J. C.;  Urul, D. A.;  Zhao, Y.;  Mercer, E. J.;  IM, E. I.;  
Evans, T.; Aye, Y., Cardiovascular Small Heat Shock Protein HSPB7 Is a Kinetically 
Privileged Reactive Electrophilic Species (RES) Sensor. ACS Chem Biol 2018. 
 
 
202. Zhao, Y.;  Long, M. J. C.;  Wang, Y.;  Zhang, S.; Aye, Y., Ube2V2 is a 
Rosetta Stone bridging redox and ubiquitin codes, coordinating DDR responses. ACS 
Cent Sci 2018, 4 (2), 246-259. 
 
 
203. Langmead, B.; Salzberg, S. L., Fast gapped-read alignment with Bowtie 2. Nat 
Methods 2012, 9 (4), 357-9. 
 
 
204. Tenenbaum, S. A.;  Lager, P. J.;  Carson, C. C.; Keene, J. D., Ribonomics: 
identifying mRNA subsets in mRNP complexes using antibodies to RNA-binding 
proteins and genomic arrays. Methods 2002, 26, 191-198. 
 
 
205. Wang, Y.;  Zhu, W.; Levy, D. E., Nuclear and cytoplasmic mRNA 
quantification by SYBR green based real-time RT-PCR. Methods 2006, 39 (4), 356-
62. 
 
 
206. Hellman, L. M.; Fried, M. G., Electrophoretic mobility shift assay (EMSA) for 
detecting protein-nucleic acid interactions. Nat Protoc 2007, 2 (8), 1849-61. 
 
 
207. Ke, Y.;  Han, Y.;  Guo, X.;  Wen, J.;  Wang, K.;  Jiang, X.;  Tian, X.;  Ba, X.;  
Boldogh, I.; Zeng, X., PARP1 promotes gene expression at the post-transcriptiona 
level by modulating the RNA-binding protein HuR. Nature Communications 2017, 8. 
 
 
208. Li, X.;  Lu, L.;  Bush, D. J.;  Zhang, X.;  Zheng, L.;  Suswam, E. A.; King, P. 
H., Mutant copper-zinc superoxide dismutase associated with amyotrophic lateral 
sclerosis binds to adenine/uridine-rich stability elements in the vascular endothelial 
growth factor 3′-untranslated region. Journal of Neurochemistry 2009, 108 (4), 1032-
1044. 
 
 



 

282 

209. Kwan, K. M.;  Fujimoto, E.;  Grabher, C.;  Mangum, B. D.;  Hardy, M. E.;  
Campbell, D. S.;  Parant, J. M.;  Yost, H. J.;  Kanki, J. P.; Chien, C. B., The Tol2kit: a 
multisite gateway-based construction kit for Tol2 transposon transgenesis constructs. 
Dev Dyn 2007, 236 (11), 3088-99. 
 
 
210. Bennett, J. S.;  Stroud, D. M.;  Becker, J. R.; Roden, D. M., Proliferation of 
embryonic cardiomyocytes in zebrafish requires the sodium channel scn5Lab. Genesis 
2013, 51 (8), 562-74. 
 
 
211. Poganik, J. R.;  Long, M. J. C.; Aye, Y., Getting the Message? Native Reactive 
Electrophiles Pass Two Out of Three Thresholds to be Bona Fide Signaling Mediators. 
Bioessays 2018, 40 (5), e1700240. 
 
 

 

 


