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Differentiation therapy based on all-trans retinoic acid (RA) has dramatically improved
patient outcomes for those suffering from acute promyelocytic leukemia (APL), a subtype
of acute myeloid leukemia (AML), but has been much less effective in treating other types
of AML. This may be at least in part due to the heterogeneity of AML. A cell line used to
model RA-induced differentiation, HL-60, is a non-APL AML, and our lab has recently
shown that it may represent a previously uncharacterized subtype of AML. RA itself is
known to regulate transcription of hundreds of genes, but the mechanistic details of the
signaling pathways essential for differentiation are unclear. Here, we report interactions
between the ectoenzyme receptor CD38 and the cytosolic signaling proteins Lyn, Vav1,
SLP-76, and PI3K and show that Lyn also interacts with these cytosolic proteins. Building
on prior results showing that Src family kinases enhance RA-induced differentiation, we
explore the effects of several Src family kinase inhibitors on the process. We find that
their effects on Lyn expression rather than their effects on Lyn activity appear to drive the
process and that a clinically relevant inhibitor showing relatively low toxicity, bosutinib,
behaves similarly to the more toxic inhibitor dasatinib. We also demonstrate that the
ectoenzyme receptor CD38, which had a body of literature implicating it as a key driver
of RA-induced differentiation, is not essential for the process. CXCR5, a receptor shown

to be essential for RA-induced differentiation, drives migration toward its ligand, CXCL13.
While the mechanism by which CXCR5 contributes to the differentiation process remains
unknown, we show that it does not appear to function via interaction with a number of
candidate binding partners (CD11b, CD38, CXCR4, CXCR5, EBI2, c-Cbl, and Lyn).
Finally, as histone deacetylases are known to be aberrantly active in various cancers, we
show that a drug targeting the histone deacetylase Sirt1 does not affect differentiation,
that two broadly targeting Sirt2 enhance differentiation concurrent with signs of toxicity,
and that one specifically targeting Sirt2 is toxic but does not enhance differentiation.
These findings contribute to the identification of targets to bring differentiation therapy to
AML.
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Chapter 1: Introduction
1.1 Cancer treatments – past, present, and future
Cancer is a uniquely heterogeneous disease with highly varied treatments. Although there
has been tremendous progress in our understanding of the condition and treatment
options have expanded significantly over the last several decades, cancer remains one
of the leading causes of death worldwide.1 Historically, these treatments have largely
fallen into three categories: surgery, radiation therapy, and chemotherapy.
The premise of surgery to treat cancer, which dates back to ancient times, is focused on
removal of malignant cells, generally present as localized tumors, from the body. 2
Radiation therapy was first explored as a way to diminish tumor size in 1896, shortly after
its discovery.3 The basis for its routine clinical use in the treatment of cancers, however,
was not established until the mid-1930s, following the work of Henri Coutard.4,5
Chemotherapy came about in the mid-1900s and involves the use of compounds that kill
rapidly dividing cells.6 Such agents affect stages of the cell growth and division process;
for example, the DNA replication process is a common target of chemotherapeutic drugs,
which alkylate or intercalate between DNA bases to induce mutations and ultimately cell
death.6,7
While each of these treatments have proven effective when used alone and in
combination with one another, they are by nature less than optimal treatments in their
propensity to damage healthy as well as malignant cells, making the treatments and
recovery processes difficult for patients. Surgery can involve significant trauma to
surrounding tissue and is often limited to situations when cancer is present in a localized
area. Radiation, similarly, is most effective in localized regions and may also damage
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surrounding tissue. Chemotherapeutic drugs, which affect rapidly dividing cells, often kill
cancer cells as well as healthy cells such as hair follicle cells, and perhaps more
distressingly, those of the bone marrow and gastrointestinal tract. 8
More selective treatments, which specifically target cancer cells while leaving properly
functioning cells intact, will reduce the burden on the body. The primary mission of these
treatments, known as targeted therapies, is to effectively eliminate or cripple cancer while
mitigating side effects. There are many methods for doing so, all in various stages of
development or clinical popularity, including hormone therapy and small molecule
therapy.9–12
Several of these targeted therapies are also classified as immunotherapies, which are
have perhaps generated the most interest among scientists and clinicians in recent years.
Types of immunotherapies include antibody therapy, cancer vaccines, and chimeric
antigen receptor (CAR) T-cell therapy. Antibody therapy involves the use of monoclonal
antibodies. These may be conjugated with toxic drugs and target proteins overexpressed
on cancer cells; they may be used as naked antibodies to promote or relieve inhibition of
lymphocyte-mediated cancer cell death; or they may be bispecific, targeting proteins
overexpressed in cancer and T-cells to create or boost an immune response against the
cancer cells.13 Cancer vaccines may activate the immune system against viruses that are
correlated with cancer, such as human papilloma virus, or may be created on a personal
level to generate an immune response against mutant proteins expressed by cancer
cells.14,15 CAR T-cell therapy, too, is highly personalized; a subset of a patient’s own T
cells are isolated, transduced to express a receptor against a specific protein expressed
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on cancer cells, amplified, and then reintroduced into the patient to attack the cancer
cells.16,17
While many immunotherapies have shown promising results, most are in early stages of
development and few are currently approved by the Food and Drug Administration for
clinical use. The subject of the studies in this dissertation is one of the oldest clinically
relevant targeted therapies, differentiation therapy involving the use of all-trans retinoic
acid (RA) to treat acute promyelocytic leukemia (APL), a subtype of acute myeloid
leukemia (AML).18 Since the advent of RA in the 1980s and 1990s, APL patient outcome
has dramatically improved, with remission rates going from under 60% to nearly 95%. 19,20
RA is highly effective but when used as a single agent, relapse frequently occurs within
a matter of months.20 Combination therapy with anthracyclines or, more recently, arsenic
trioxide, has become the standard of care and relapse rates are minimal at only about 510%.21 Unfortunately, RA has been far less effective in non-APL AML, where remission
rates tend to fall between 50-70% at best.22
AML is a heterogeneous and relatively uncommon cancer, accounting for just over 20,000
of the nearly 1.7 million new cases of cancer diagnosed in the United States each
year.23,24 As a subtype of AML, APL accounts for about 10% of all AML cases. 25 APL is
almost always characterized by a particular chromosomal translocation, t(15;17), that
results in the fusion of promyelocytic leukemia protein (PML) and retinoic acid receptor α
(RARα) to form PML-RARα.25 A range of other chromosomal translocations, inversions,
and deletions also occur in AML, affecting a variety of genes such as RUNX1, c-KIT,
NPM1, FLT3, CEBPA, and IDH1/2.24,26 Greater understanding of how subtypes with

3

particular genetic profiles respond to RA and other treatments may significantly improve
patient outcome.
Our ultimate goal is to elucidate mechanistic details about RA-induced differentiation in
the hopes that we may identify a key early protein or pathway seminal to the process.
Once found, such targets may be actionable so that the efficacy of combination therapies
based on RA could be improved in non-APL AML.
1.2 RA has various biological roles
RA is a metabolite of vitamin A and has roles in many physiological processes. It specifies
the anterior/posterior axis of the developing embryos of chordate animals, acting through
the Hox gene family.27 RA helps to maintain epithelial surfaces of a variety of tissues,
including the gut and respiratory tract, has functions in bone remodeling, and is used to
treat many dermatological conditions.28–31 RA also helps to regulate differentiation of
hematopoietic stem cells and is critical for immune system development and function,
where it is required for maturation of B cells.32,33
At physiological levels, RA induces granulocytic differentiation of hematopoietic stem
cells; at higher levels, RA is able to drive the process in malignant cells in APL. 18 RA and
one of its isomers, 9-cis retinol, accomplish this because they are ligands of the retinoic
acid receptor (RAR) and retinoid X receptor (RXR).34,35 They activate transcription of
several hundred genes via RAR and RXR. These nuclear receptors can be found as
homodimers or heterodimers and they each have three subtypes: alpha, beta, and
gamma. RAR and RXR function as transcription factors and bind DNA at retinoic acid
response element (RARE) sites present in hundreds of genes.36 RAREs have AGGTCA
hexad half-site consensus sequences and may occur in direct or inverted repeats (DR or
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IR) separated by several nucleotides; RAR binds at sites separated by two or five
nucleotides (DR2 or DR5).37 Non-canonical RAREs, however, are also known to exist,
necessitating experimental approaches to determine genes modulated by RA. 38
The mechanism of action of RA in differentiation therapy involves de-repressing the DNA
near RAREs. In the absence of their ligands, RAR and RXR dimers associate with
repressor complexes that deacetylate nearby histones.39 These repressor complexes are
comprised of a histone deacetylase (HDAC) bound to nuclear co-repressor protein 2
(NCoR), also known as a silencing mediator for retinoid or thyroid-hormone receptors
(SMRT), which is in turn bound to the RAR/RXR dimer.40 The local transcriptional
repression caused by the HDAC is relieved when a ligand binds to one or both of the
RAR/RXR proteins that comprise the dimer. Under the ligand-bound condition, there is a
disruption of the NCoR/SMRT binding domain and a co-activator complex is recruited to
the dimer, consisting of proteins with histone acetyltransferase (HAT) activity such as
p300 and CREB binding protein (CBP).41 The HATs then acetylate the local histones,
reversing the transcriptional repression. As described in the case of one RA-regulated
gene, CXCR5, MAPK activity may also be required for transcription through
phosphorylation of other regulatory transcription factors.42 A simplified graphic is shown
in Figure 1.1.
Apart from transcriptional modulation through RAR and RXR, RA is known to have many
other cellular effects. RA can cause retinoylation, or retinoic acid acylation, of proteins,
affecting fibroblast cell growth and biosynthesis of testosterone. 43–45 It can transrepress
AP1-responsive genes by competing for Raf/MEK/ERK MAPK factors. 46 RA can also
cause phosphorylation of transcription factors such as CREB, lead to both histone
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acetylation and methylation events at various sites, and activate c-Raf via interaction with
a hydrophobic pocket.47–50
Many models are used to study the effects and mechanism of action of RA, and in the
context of non-APL AML, the HL-60 cell line is among the most common of these. HL-60
is a bipotent human myeloblastic leukemia cell line originally isolated in the 1970s from a
patient with myeloblastic leukemia.51,52 HL-60 can be induced to undergo granulocytic
differentiation or monocytic differentiation in response to certain environmental cues and
is classified under the French-American-British (FAB) hematologic system as M2.52,53
Although it is responds to RA treatment like APL, HL-60 itself is not an APL, which are
classified as FAB M3, and does not possess the translocation between chromosomes 15
and 17, or t(15,17), typically characteristic of the condition. 53 The translocation results in
the formation of a fusion protein between RAR alpha and promyelocytic leukemia protein
(PML), called PML-RAR alpha, which has a much higher affinity for some splice variants
of NCoR/SMRT, leading to a stronger repression that can be overcome with
pharmacological but not physiological levels of RA.54 A recent publication from our lab
demonstrated that the HL-60 cell line may be representative of a previously
uncharacterized subtype of AML for which RA could be an effective therapy, making it an
attractive model.26
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Figure 1.1: Simplified mechanism of RA-mediated transcriptional de-repression.
RAR and RXR bind at RAREs of regulated genes and repress transcription through
recruitment of HDACs via NCoRs. Following binding of RA to RAR, a conformational
change occurs to allow recruitment of HATs through nuclear coactivators (NCoAs). HATs
acetylate surrounding histones, allowing for transcription of the RAR-regulated gene.
Other transcription factors (TFs) phosphorylated by MAPKs may also be required, as in
the case of CXCR5, which requires NFATc3 phosphorylated by c-Raf in order to be
transcribed.
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1.3 MAPK signaling in RA-induced differentiation
Perhaps the most important signal generated as a result of RA treatment is a mitogen
activated protein kinase (MAPK) cascade consisting of c-Raf, MEK1/2 (MEK), and
ERK1/2 (ERK). This signal, unlike the classical short-lived MAPK signaling often
generated by receptor tyrosine kinases, is prolonged, lasting for over 48 hours. 55 Durable
MAPK signaling is associated with differentiation, whereas transient activation is
associated with mitogenesis, as compared in the case of nerve versus epidermal growth
factor.56 Blocking the signaling cascade, accomplished via the MEK inhibitor PD98059 or
the Raf inhibitor GW5074, cripples differentiation.55,57 Conversely, ectopic expression of
c-Raf accelerates RA-induced differentiation.58 In addition to the unusual durable MAPK
signal, a paradigm-shifting c-Raf nuclear translocation has been observed and is believed
to be a key component of the differentiation process.59 Classically, early c-Raf and MEK
signaling is believed to propel ERK signaling and nuclear translocation to ultimately
modulate gene expression. c-Raf phosphorylated at serine 621, however, is present in
the nucleus upon RA-induced differentiation, where it binds NFATc3 at the promoter of
CXCR5 and presumably other genes to activate transcription.59,42 Both differentiation and
its presence in the nucleus are crippled when PD98059 is used to disrupt MEK activity. 42
While the durable MAPK signal may be the ultimate driver of RA-induced differentiation
in APL, we do not understand the mechanistic details of how the signal is first generated.
c-Raf expression is increased in the process, but overexpression of c-Raf itself is not
sufficient to induce differentiation on its own; the protein must be activated. 58 Two prime
candidates that may be responsible for activation of c-Raf and thus the MAPK signal are
the membrane-bound receptors CD38 and CXCR5.
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1.4 Motivation: CD38 as a potential early driver of differentiation
CD38 is among the earliest proteins expressed following RA treatment, and it is also
among the most dramatically upregulated, hinting at its potential significance in the
process.60,61 It is a type II transmembrane glycoprotein and its transcription is regulated
by a RARE in the first intron, conveying its response to RA.60 CD38 has both enzyme and
receptor functions. Reports have demonstrated that although enzymatic activity of CD38,
catalyzing the conversion of NAD+ to cADPR and ADPR, is not important for RA-induced
differentiation of HL-60 cells, CD38 does appear to play a role in the process.62 Inhibition
of CD38 by siRNA is reported to inhibit differentiation, while ectopic expression of CD38
levels comparable to those induced by RA enhances RA-induced differentiation.61,63
Ectopic overexpression of CD38, however, cripples the process.61 Interestingly, ERK
activity thought essential for RA-induced differentiation is enhanced in both ectopic
expressors and overexpressors when cultured in higher serum concentrations. 61
The exact manner in which CD38 affects RA-induced differentiation remains an enigma,
although there are indications that it does so through the previously mentioned MAPK
cascade. CD38 is capable of activating two of its members, c-Raf and ERK.64,65 CD38
can also interact with and induce phosphorylation of c-Cbl, an adaptor protein that can
regulate MAPK signaling and is required for RA-induced differentiation.66,67 CD38 is able
to dimerize and tetramerize with itself, and inducing aggregation of CD38 with monoclonal
antibodies generates a short-lived signal through c-Cbl.64,68 Finally, CD38 has been
shown to interact with other cell surface proteins in different contexts, such as a
CD19/CD81 complex in lipid rafts in B cells; the interaction is necessary for CD38mediated ERK signaling.69 Interestingly, CD19 can act as an adapter, mediating receptor
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signaling via Vav1, Src family kinases (SFKs), and PI3K; CD81 also is known to interact
with other receptors and is capable of generating an ERK signal.70–72
Taken together, this evidence suggests the existence of a CD38-associated signaling
complex capable of driving RA-induced differentiation and that it may depend on its
functions as a receptor rather than an enzyme. Greater understanding of the receptor
functions of CD38 and how they may be tied to RA-induced differentiation may yield
valuable insight and reveal key early signaling events necessary for the process to occur.
1.5 Motivation: CXCR5 as a key galvanizer of RA-induced differentiation
CXCR5, originally discovered as Burkitt’s Lymphoma Receptor 1 (BLR1), is best known
for driving migration toward CXCL13 and is highly expressed in naïve B cells and T
follicular helper cells, but it has also been implicated as a potential key driver of RAinduced differentiation.58,73–77 CXCR5 is essential for the process, as bi-allelic knockout
of the protein cripples RA-induced differentiation of HL-60 cells.58 The protein was
originally found in a subtractive hybridization screen between Burkitt’s lymphoma patient
cells to B cells immortalized using Epstein Barr virus, implicating it in the disease.78
CXCR5 expression is driven by a non-canonical RARE, and mRNA expression is
upregulated following RA treatment of HL-60 cells, although unlike with CD38, these
levels are increased over longer time periods, peaking 48-72 h after RA treatment.38,77
CXCR5 is also reported to drive MAPK signaling along the c-Raf/MEK/ERK axis,
activation of which drives RA-induced differentiation; ectopic expression of the protein
results in enhancements of c-Raf S621, MEK, and ERK phosphorylation.58,77 The
mechanism by which CXCR5 is connected to this axis, however, is not known. It is
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possible that CXCR5 is able to interact with other membrane receptors or downstream
proteins in order to drive the MAPK signal and, in turn, cellular differentiation.
1.6 Motivation: SFK inhibitors in RA-induced differentiation
Several SFKs, Lyn, Hck, and Fgr, are overexpressed and abnormally activated in AML
cells.79 SFKs are often found near the plasma membrane, where they contribute to cancer
progression and survival through regulation of proliferation, migration, and adhesion,
making them an attractive target for therapeutic intervention.80–83 They are also known to
positively regulate MAPK signaling and contribute to cell transformation. 84 Lyn is of
particular interest; high expression levels are associated with more favorable cytogenetic
risk groups, indicating higher likelihood of long-term survival, and it is the predominantly
active SFK in HL-60 cells.79,85,86
The SFK inhibitors PP2 and dasatinib enhance RA-induced differentiation of HL-60
cells.87 PP2, however, is not a specific inhibitor of SFKs and broadly inhibits tyrosine
kinases.88 Dasatinib, too, is broad inhibitor of tyrosine kinases, though it is currently in
use for treating chronic myelogenous leukemia (CML) and acute lymphocytic leukemia
(ALL).89–91 Many patients, however, cannot tolerate dasatinib due to its toxicity. 92,93 These
inhibitors are known to have positive effects on activation of c-Raf through its S259 and
S621 phosphorylation sites and may thus drive signaling along the c-Raf/MEK/ERK axis,
promoting RA-induced differentiation.87 A milder SFK inhibitor capable of activating
MAPK signaling may therefore be an attractive candidate for combination therapy with
RA in AML.
1.7

Motivation:

Histone

deacetylase

(HDAC)

inhibitors

in

RA-induced

differentiation
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HDAC inhibitors represent another class of drugs that may be useful for the treatment of
AML in combination with RA. HDACs are a class of proteins that help to regulate gene
expression by altering DNA packaging; histone acetylation is reported to weaken
attractive forces between negatively charged DNA and positively charged lysine resides
of histones.94 In particular, HDACs and their counterparts, histone acetyl transferases,
are known to regulate transcription of RARs.39 While histone acetylation is generally
thought of as a feature of actively transcribed genes, as in the case of histone 3 lysine 9,
14, and 27 acetylation, this modification is not a universal indicator of such activity. 95
Histone 4 lysine 20 acetylation, for example, is a mark associated with gene repression. 96
Given their role in transcriptional regulation, it is unsurprising that HDACs are known to
exhibit aberrant activity in a variety of cancers.97,98 Many HDAC inhibitors have been
shown to induce apoptosis in a variety of cancers.98,99 There are also reports that some
HDAC inhibitors, such as valproic acid, and sodium butyrate, are able to induce
differentiation or enhance RA-induced differentiation of HL-60 cells.100–102 These,
however, are promiscuous inhibitors that affect a range of HDACs.103,104 As the proteins’
activity is also essential for normal regulation of gene transcription, compounds that target
specific HDACs may present more attractive options for study and potential clinical use.
In AML, the class III HDAC and member of the sirtuin family, Sirt2, is particularly
interesting. Sirt2 has been shown to mediate expression of multidrug resistanceassociated protein 1 (MDR1), which is correlated with AML prognosis.105,106 Higher levels
of Sirt2 are seen in relapsed AML patients, and high Sirt2 levels are also indicative of
poor prognosis.106,107 Depletion of Sirt2 reduces MDR1 levels, suggesting that therapeutic
intervention targeting Sirt2 may improve patient outcomes.106
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1.8 Project overview
Here, we assessed several aspects of RA-induced differentiation in the HL-60 cell line in
pursuit of mechanistic details of how RA-induced differentiation works and whether
certain other drugs may make attractive candidates for co-treatment with RA. This report
details the use of two different CD38 linkers, the monoclonal antibody IB4 and a dimeric
version of the suicide substrate, dimeric F-araNAD+, as well as several CRISPR-mediated
CD38 truncations, in order to probe how CD38 is tied to downstream MAPK signaling and
whether it is a key early driver of RA-induced differentiation. We searched for CXCR5
interaction partners to determine whether dimerization with any of a set of candidates
may offer insight as to how it is able to drive MAPK signaling. We also characterized the
effects of a Src family kinase inhibitor known for its relatively benign toxicity profile,
bosutinib, on RA-induced differentiation. Finally, we tested several inhibitors of members
of the sirtuin family of HDACs, a specific Sirt1 inhibitor, two less specific Sirt2 inhibitors,
as well as recently developed specific Sirt2 inhibitor, to determine their effects on RAinduced differentiation.
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Chapter 2 Foreword
The work in this chapter was motivated by our interest in both CD38 and SFK inhibitors.
Earlier data on CD38 interaction partners generated by Dr. Miaoqing Shen (Figures 2.1
and 2.2) was paired with work probing CD38 ligation in combination with early and late
SFK inhibitor treatment initiated by Dr. Johanna Congleton (parts of Figures 2.3-2.5) and
completed by Robert MacDonald (parts of Figures 2.3-2.5). An initial draft was written by
Dr. Johanna Congleton and edited by herself, Dr. Andrew Yen, and Robert MacDonald.
Following a rejection, additional data was added to Figures 2.3 and 2.5 and the paper
was re-written by Robert MacDonald, with edits provided by Dr. Johanna Congleton, Dr.
Fabio Malavasi, and Dr. Andrew Yen. The paper was then accepted, and the full citation
is below:
Congleton, J., Shen, M., MacDonald, R., Malavasi, F. & Yen, A. Phosphorylation of cCbl and p85 PI3K driven by all-trans retinoic acid and CD38 depends on Lyn kinase
activity. Cell Signal. 7, 1589-1597 (2014).
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Chapter 2: Phosphorylation of c-Cbl and p85 PI3K driven by all-trans retinoic acid
and CD38 depends on Lyn kinase activity
2.1 Abstract
The leukocyte antigen CD38 is expressed after all-trans retinoic acid (RA) treatment in
HL-60 myelogenous leukemia cells and promotes induced myeloid differentiation when
overexpressed. We found that Vav1 and SLP-76 associate with CD38 in two cell lines,
and that these proteins complex with Lyn, a Src family kinase (SFK) upregulated by RA.
SFK inhibitors PP2 and dasatinib, which enhance RA-induced differentiation, were used
to evaluate the involvement of Lyn kinase activity in CD38-driven signaling. Cells treated
with RA for 48 hours followed by one hour of PP2 incubation show SFK/Lyn kinase
inhibition. We observed that Lyn inhibition blocked c-Cbl and p85/p55 PI3K
phosphorylation driven by the anti-CD38 agonistic mAb IB4 in RA-treated HL-60 cells and
untreated CD38+ transfectants. In contrast, cells cultured for 48 hours following
concurrent RA and PP2 treatment did not show Lyn inhibition, suggesting RA regulates
the effects on Lyn. 48 hours of co-treatment preserved CD38-stimulated c-Cbl and
p85/p55 PI3K phosphorylation indicating Lyn kinase activity is necessary for these
events. In contrast another SFK inhibitor (dasatinib) which blocks Lyn activity with RA cotreatment prevented RA-induced c-Cbl phosphorylation and crippled p85 PI3K
phosphorylation, indicating Lyn kinase activity is important for RA-propelled events
potentially regulated by CD38. We found that loss of Lyn activity coincided with a
decrease in Vav1/Lyn/CD38 and SLP-76/Lyn/CD38 interaction, suggesting these
molecules form a complex that regulates CD38 signaling. Lyn inhibition also reduced Lyn
and CD38 binding to p85 PI3K, indicating CD38 facilitates a complex responsible for PI3K
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phosphorylation. Therefore, Lyn kinase activity is important for CD38-associated
signaling that may drive RA-induced differentiation.
2.2 Introduction
All-trans retinoic acid (RA) is used clinically to treat acute promyelocytic leukemia (APL),
but is largely unsuccessful in treating other types of leukemias that are t(15,17) negative.
HL-60 is a human acute myelogenous leukemia (AML) cell line that is t(15,17) negative
and used as a model to study the mechanisms of RA-propelled myeloid differentiation in
non-APL cells. Molecules and signaling pathways that confer RA responsiveness in HL60 cells may be important in elucidating how a non-APL leukemia cell can be induced to
differentiate by RA and may ultimately provide knowledge that could expand the use of
RA as a therapeutic agent.
CD38 is a leukocyte antigen that is an early marker of RA induction whose expression is
mediated via retinoic acid receptor α (RARα) and drives differentiation when
overexpressed.1,2 CD38 is an ectoenzyme receptor and has enzymatic activity that
generates the Ca2+ mobilizing compounds NAADP+ and cADPR. It also has receptor
functions that drive cell signaling including the phosphorylation of c-Cbl, extracellular
signal-regulated kinase (ERK), and the p85 PI3K regulatory subunit.2–9
Enzymatic activity and receptor/signaling functions can operate independently. 10–12 For
example, CD38 metabolic activity is unnecessary for RA-induced differentiation while the
receptor function associated with membrane-expressed CD38 is required.13 In addition,
siRNA targeting CD38 cripples differentiation.14 These reports suggest that CD38-driven
signaling is important for RA-driven myeloid maturation. Therefore, it is of interest to

22

identify CD38-associated signaling molecules and how they may regulate RA efficacy.
Such knowledge may indicate targets for therapeutic intervention.
CD38 forms a complex with c-Cbl and CD38 agonist ligand interaction results in c-Cbl
phosphorylation.3,15,16 c-Cbl is an E3 ubiquitin ligase and adaptor molecule that, like
CD38, promotes mitogen-activated protein kinase (MAPK) signaling and RA-induced
differentiation when overexpressed.3,15,16 This suggests that the c-Cbl/CD38 interaction
may cooperatively drive MAPK signaling and other aspects of RA therapy. This is
consistent with a report that a c-Cbl tyrosine kinase binding domain mutant (G306E) that
does not bind CD38 also fails to drive MAPK signaling and differentiation.16
c-Cbl is known to interact with the guanine nucleotide exchange factor Vav1, the SLP-76
adaptor, and, like CD38, the p85 regulatory subunit of PI3K.15–18 c-Cbl, SLP-76, and Vav1
protein expression and p85 PI3K activity are upregulated during granulocytic
maturation.19–23 These four proteins also form complexes in myeloid cells after RA
treatment. For example, Vav1 associates with PI3K and may facilitate the characteristic
nucleoskeleton remodeling that occurs with RA treatment in HL-60 and NB4 cells.24,25
Consistent with this, downmodulation of Vav1 impedes induced myeloid maturation and
nucleoskeleton remodeling, and affects differentiation-related protein expression.23 This
suggests Vav1 may be a key regulator of myeloid differentiation.
The Src homology 2 domain of Vav1 interacts with c-Cbl and SLP-76 in a differentiationdependent manner. After RA treatment Vav1/c-Cbl complexes are detectable in the
cytosol, while Vav1/SLP-76 interactions are predominant in nuclei.24 SLP-76 is also
upregulated after RA and forms a complex with c-Cbl.16 Co-expression of SLP-76 with
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CSF-1/c-FMS enhances RA-induced ERK activation, G0 cell cycle arrest, and a number
of additional differentiation markers.21
CD38 ligation by the anti-CD38 agonistic mAbs IB4 (IB4) and T16 induces
phosphorylation of the p85 regulatory subunit of PI3K and is associated with normal and
leukemic B cell growth suppression.26–28 Consistent with this, PI3K inhibitors relieved
CD38-mediated growth suppression in RA-treated HL-60 cells, which suggests a PI3Kmodulated CD38 feedback loop.29
CD38 also drives transient MAPK activation after agonist ligation, which is orchestrated
by the Raf/MEK/ERK axis.6,7 Transient or protracted signaling from this cascade can lead
to either cell proliferation or differentiation respectively, and sustained MAPK signaling
characterizes RA-induced differentiation.30–32 CD38 overexpression results in persistent
ERK phosphorylation, therefore CD38 appears capable of propagating a transient or
sustained MAPK signal.
Lyn and other Src family kinases (SFKs) are known to be modulated by RA treatment,
and Lyn is linked to CD38-driven signaling events. For example, CD38 stimulation of B
lymphocytes obtained from Lyn-deficient mice showed defective differentiation, and drugs
interfering with PI3K or ERK decreased differentiation.33 This suggests that Lyn may
cooperate with other CD38-associated signaling molecules, such as PI3K and ERK.
Other reports show that both Fyn and Lyn are required for B cell signaling after CD38
ligation.34 Likewise, in lymphoblastoid B-cell membrane rafts CD38 is associated with Lyn
and modulates cell signaling.35
SFK inhibitors are known to enhance aspects of RA induction, including expression of
CD11b and other myeloid maturation markers.36,37 A recent study reported that dasatinib,
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which inhibits Lyn kinase activity alone and with RA co-adminstration, enhances
differentiation.38 However the inhibitor PP2, which inhibits Lyn alone but does not block
kinase activity with RA co-treatment, shows a more significant enhancement of RAinduced differentiation than dasatinib. Therefore, Lyn kinase activity may function to drive
some aspects of differentiation.
While neither inhibitor is specific for Lyn, the protein was the primary target of significance
at the treatment levels used. PP2 can affect ZAP70 and JAK2, for example, but at higher
concentrations; we found negligible expression of SFKs Fyn and Lck in HL-60s, and a
recent study revealed that the SFK Fgr, while expressed in response to RA treatment,
was not activated in response to RA, PP2, dasatinib, or RA and SFK inhibitor cotreatment.38,39 HL-60s also do not express the BCR/ABL fusion protein, a target of
dasatinib.
Since membrane-expressed CD38 has a role in differentiation, signaling that may involve
c-Cbl, SLP-76, Vav1, PI3K, and Lyn are important in understanding how RA provides
therapeutic benefit. Clarification of pathways that confer RA responsiveness in t(15,17)
negative HL-60 cells could lead to new treatment targets in a larger array of leukemias,
as well as other types of cancers. For example, RA has shown some promise in treating
reproductive leiomyomas by modulating the PI3K signaling cascade.40
Our results show that CD38, SLP-76, and Vav1 were able to interact together in two cell
lines, HL-60 and NB4. Lyn also complexed with these molecules and we evaluated if Lyn
kinase activity had an effect on CD38 ligand-induced signaling, including phosphorylation
of c-Cbl, ERK, and p85 PI3K. Using the SFK inhibitor PP2 we found that blocking Lyn
kinase activity had modest effects on ERK phosphorylation, but was able to completely
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abrogate c-Cbl and p85 PI3K phosphorylation driven by IB4. 28,41 We used CD38+ stable
transfectants and RA-treated HL-60 cells to evaluate if the effects of the inhibitor were
associated with either RA or CD38 expression alone, and found that PP2 blocked pY-cCbl and pY-p85 PI3K in both cell lines. A previous report showed that co-treatment with
RA and PP2 followed by 48 hours of culture protects Lyn kinase activity from PP2
inhibition and significantly enhances differentiation.38 Protecting Lyn kinase activity using
RA/PP2 co-treatment also permitted CD38 ligand-induced phosphorylation of c-Cbl and
p85 PI3K. We also observed that dasatinib, which unlike PP2 blocks Lyn activity with RA
co-treatment, prevented RA-propelled c-Cbl phosphorylation and crippled p-p85 PI3K.
Therefore, Lyn activity appears needed for two signaling events that are downstream of
CD38 and induced by retinoic acid.
Finally, we observed that inhibition of Lyn decreased interactions among Vav1/Lyn/CD38,
SLP-76/Lyn/CD38, and p85 PI3K/Lyn/CD38. Importantly, the p85 PI3K/Lyn/CD38
association correlates with p85 phosphorylation. These results suggest that the loss of
Lyn activity interrupts interactions in a proposed CD38-facilitated signaling complex that
involves SLP-76, Vav1, and Lyn, and that this complex regulates the downstream
phosphorylation of c-Cbl and p85 PI3K. The observed interaction between p85 PI3K, Lyn,
and CD38 suggests that CD38 has direct role in assembling a Lyn kinase-containing
complex that phosphorylates p85 PI3K. Together these results indicate that Lyn kinase
activity regulates CD38 signaling which results in pY-c-Cbl and pY-p85 PI3K, which is
associated with RA induction and PP2-enhanced differentiation. These outcomes are
important in understanding how the CD38 receptor functions during differentiation, and
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how it may contribute to the effects of PP2/RA co-treatment that result in differentiation
enhancement.
2.3 Materials and methods
2.3-1 Cell culture
HL-60 and NB4 cells were grown in 5% serum-supplemented RPMI 1640 with 1%
antibiotic/antimycotic from Invitrogen (Carlsbad, CA) and treated with 1 µM RA as
previously described.13 PP2 from EMD Chemicals (Gibbstown, NJ) was solubilized in
dimethyl sulfoxide (DMSO) at 10 mM. Cells were treated with a final concentration of 10
µM with a 0.1% concentration of carrier DMSO. Dasatinib from Santa Cruz Biotechnology
(Santa Cruz, CA) was solubilized in DMSO at 5 mM. Cells were treated with a final
concentration of 300 nM. SFK activity inhibition was confirmed by Western blot. The
concentrations of drugs were approximately 3–4 fold less than that found to cause overt
toxicity in titrations monitoring cell growth with a hemocytometer and trypan blue
exclusion.
2.3-2 Antibodies and reagents
Protein A/G beads used for immunoprecipitation, rabbit anti-c-Cbl, rabbit anti-Vav1, and
p-Tyr antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). PureProteome
Protein G Magnetic Beads were from Millipore (Billerica, MA). Antibodies for GAPDH,
beta-actin, p-Erk1/2, ERK1/2 (rabbit), pan-SFK416, Lyn, Fgr, Lck, Fyn, Vav1, SLP-76,
pY-p55/p85 PI3K, total p85 PI3K, HRP anti-mouse, and HRP anti-rabbit were from Cell
Signaling (Danvers, MA). CD38 antibody was purchased from BD Pharmingen (San Jose,
CA). M-PER Mammalian Protein Extraction Reagent lysis buffer was from Pierce
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(Rockford, IL). Propidium iodide, protease and phosphatase inhibitors, and DMSO were
purchased from Sigma (St. Louis, MO).
2.3-3 Construction of CD38+ stable transfectants
CD38 knock-in plasmid construction and transfection were performed as previously
described.2 To maintain CD38 high expression in stable transfectants, the cells were
stained with APC-conjugated anti-CD38 antibody (BD Biosciences, San Jose, CA) and
sorted based on high expression of CD38 using a fluorescence activated cell sorter
(FACS) flow cytometer (FACS Aria BD Biosciences). Western blotting confirmed CD38
expression.
2.3-4 Western blot analysis and immunoprecipitation
For immunoprecipitation experiments, cells were lysed as previously described. 13 Equal
amounts of protein were pre-cleared with either Protein A/G beads or PureProteome
Protein G Magnetic Beads. The beads were pelleted and supernatant was incubated with
appropriate antibodies and fresh beads overnight. All incubations included protease and
phosphatase inhibitors used for lysis with constant rotation at 4°C. Bead/antibody/protein
slurries were then washed and subjected to standard SDS-PAGE analysis as previously
described.13
2.3-5 Fluorescence resonance energy transfer (FRET)
Cells were harvested, fixed, and permeabilized as previously described. 16 Cells were
resuspended in 200 µl of PBS containing 5 µl of primary rabbit anti-SLP-76 or rabbit antiVav1 and mouse anti-CD38 antibodies and then stained with Alexa-350 and 430conjugated goat anti-rabbit and goat anti-mouse secondary antibodies, respectively, from
Invitrogen. The immunocomplexes were analyzed using flow cytometry (LSR II, BD
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Biosciences). The FRET signal was measured as previously described.16 The Alexa 350
emission from 325 excitation was measured reflected from a 505 longpass dichroic
through a 440/40 bandpass filter. Alexa 430 emission from 488 nm excitation (from an
argon ion laser) was collected through a 505 longpass dichroic and 530/30 bandpass
filter. Controls with secondary antibody(s) only or secondary(s) plus donor or acceptor
primary antibody were included. Cells stained with just SLP-76 or Vav1 or CD38 primary
antibody and Alexa 350 or 430 respectively were used for compensation controls for
spillover into all fluorescence collection channels. Timing gates on the collected
fluorescence defined acceptor emission synchronized to donor excitation. FRET signals
were corrected by subtraction of background fluorescence of negative controls with just
secondary antibodies and compensation controls.
2.3-6 Signaling experiments
For signaling experiments with Lyn kinase inhibition cells were cultured for 48 hours with
1 µM RA, and then washed twice with serum-free RPMI 1640 media. Appropriate samples
were incubated with 10 µM PP2 for one hour and all samples were incubated at 37°C
with constant rotation. The indicated samples were then treated with 5 µM IB4, which was
graciously provided by Fabio Malavasi, for the time points as shown. 9 For samples with
RA/PP2 co-administration cells were cultured for 48 hours with 1 µM RA and 10 µM PP2.
Signaling experiments were performed as described above for IB4 treatment, but the one
hour PP2 pre-incubation was omitted.
2.3-7 Statistics
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Three independent repeats were conducted in all experiments. Error bars represent the
standard error. The student’s t-test function in Microsoft Excel was used to analyze the
data.
2.4 Results
2.4-1 CD38 interacts with the RA-regulated proteins Vav1 and SLP-76
We first determined if there was interaction between CD38 and SLP-76 or Vav1 and
investigated whether or not ectopically expressing CD38 in the absence of RA affected
these interactions. Therefore, we could compare effects that were dependent on RA
treatment versus CD38 expression alone. Western blotting for total protein showed that
SLP-76, Vav1, and CD38 were all upregulated by RA, with CD38 expression showing
dependence on RA treatment (Figure 2.1a). CD38 overexpression in stable transfectants
(CD38+) did not significantly increase Vav1 or SLP-76, indicating that upregulated
expression of these proteins was dependent on RA.
Immunoprecipitation experiments show that RA-induced CD38 was able to complex with
SLP-76 and Vav1, and CD38+ transfectants showed increased interaction (Figure 2.1b).
RA treatment also increased interaction between Vav1 and SLP-76. Untreated CD38+
cells also showed increased Vav1/SLP-76 interaction as well, suggesting that CD38
expression regulates binding between these two proteins and facilitates a CD38/SLP76/Vav1 signaling complex. GAPDH was used as a loading control for protein input for
the SLP-76 probed membrane.
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Figure 2.1: CD38 interacts with SLP-76 and Vav1. A: Western blots (WB) for protein
expression of SLP-76, Vav1, and CD38 in HL-60 cells after 48 hours of RA treatment, or
in untreated CD38+ transfectants. B: Immunoprecipitation (IP) of either SLP-76 or Vav1
shows interaction among CD38/SLP-76/Vav1.The IP:SLP-76/WB:SLP-76 blot shows
protein loading for CD38/Vav1/SLP-76 interaction (top). The IP:Vav1/WB:Vav1 shows
protein loading for CD38/Vav1 interaction, and WB for GAPDH shows total protein input
for the Vav1/SLP-76 interaction (bottom IP).
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2.4-2 FRET corroborates the CD38/SLP-76/Vav1 protein complex
We used FRET to confirm the interaction between CD38 and SLP-76 or Vav1. We
included an additional myeloid leukemia cell line (NB4) which bears the characteristic
APL t(15,17) translocation to show that these interactions are not specific to HL-60
cells.42,43 As expected, CD38, SLP-76, and Vav1 were RA-upregulated as indicated in
donor and acceptor channels (Figures 2.2a&d). FRET signals between CD38 and SLP76 were observed in HL-60 and NB4 cells after 48 hours of RA treatment (Figures
2.2a,b,c) but not in untreated cells that did not express CD38. Likewise we detected
interaction between and CD38 and Vav1 in RA-treated HL-60 and NB4 cells (Figures
2.2d,e,f).
Together, the results from co-immunoprecipitation and FRET experiments demonstrated
that RA-treated HL-60 and NB4 cells showed interaction among CD38, SLP-76, and
Vav1, and indicated that CD38 facilitated a SLP-76/Vav1/CD38 complex. These results
prompted interest in CD38/Vav1/SLP-76 interactions with other signaling molecules that
are regulated by both RA and CD38, specifically the SFK Lyn.
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Figure 2.2: FRET corroborates the CD38/Vav1/SLP-76 interaction. A: Flow cytometry
FRET histograms confirm 48 hours of ATRA upregulates CD38 and SLP-76 expression
and their interaction in HL-60 cells. B: Graph showing means of CD38/SLP-76 FRET
emission in HL-60 cells. C: CD38/SLP-76 FRET interaction in NB4 cells after 48 hours of
ATRA treatment. D: Flow cytometry FRET histograms confirm ATRA-upregulated CD38
and Vav1 expression and interaction in HL-60 cells. E: Graph showing means of
CD38/Vav1 FRET emission in HL-60 cells. F: CD38/Vav1 FRET interaction in NB4 cells
after 48 hours of ATRA treatment.
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2.4-3 Lyn interacts with CD38, SLP-76, and Vav1, and kinase inhibition affects CD38stimulated signaling
Lyn is upregulated by RA and may modulate induction therapy since siRNA against Lyn
interferes with differentiation.44 Lyn also interacts with CD38 to promote signaling.4,34,35
Therefore, we investigated if Lyn participates in a potential CD38/Vav1/SLP-76 signaling
complex. Immunoprecipitation experiments showed that Lyn was able to interact with
CD38, Vav1, and SLP-76 (Figure 2.3a). RA-induced CD38 complexed with Lyn, and
untreated CD38+ cells showed significantly increased interaction, indicating that CD38
alone facilitates binding. RA treatment increased interactions between Lyn/SLP-76 and
Lyn/Vav1, but overexpression of CD38 in untreated cells only modestly increased
Lyn/Vav1 binding. Therefore Lyn/CD38 and, to a lesser extent, Lyn/Vav1 binding is
modulated by CD38 expression level but Lyn/SLP-76 binding is not.
Since CD38, SLP-76, and Vav1 also interact with c-Cbl, we probed for interaction
between c-Cbl and Lyn but were unable to detect any significant evidence of
association.15,16 We also immunoprecipitated Fgr, another SFK upregulated by RA, but
were only able to detect very weak binding to SLP-76 and Vav1. Western blotting for
additional SFKs expressed in myeloid cells (Fyn and Lck) showed negligible protein
expression (above data not shown). This is consistent with previous reports that show
Lyn is the predominant SFK in myeloid leukemia cells. 36,45 Therefore, we focused our
attention on the role of Lyn in CD38 signaling, which motivated interest in whether the
Lyn/SFK inhibitor PP2 could modulate signaling propelled by IB4. Here, IB4 was used as
a tool to stimulate CD38 signaling. As HL-60 cells express so little basal CD38, IB4 does
not affect levels of the targets explored in this paper when added alone (data not shown).

35

We first confirmed that PP2 was effective in crippling SFK activity in HL-60 cells treated
with RA for 48 hours. We incubated the indicated samples with PP2 for one hour followed
by IB4 treatment as shown to evaluate if Lyn/SFK activity was enhanced by IB4, and if
PP2 was able to inhibit Lyn signaling in the presence of IB4. We analyzed samples at
various time points after IB4 treatment by probing Western blot membranes with an
antibody that detects active site phosphorylation of all SFK members (Y416) (Figure
2.3c). We found that PP2 was able to inhibit Lyn/SFK activity after IB4 stimulation in RAtreated cells and that IB4-driven CD38 ligation did not increase Lyn/SFK kinase activity,
consistent with a previous report.28
Lyn may cooperate with CD38 signaling molecules such as ERK, and ligation of Lynassociated CD38 in T cells is followed by ERK and p85 PI3K phosphorylation. 33,35 We
therefore evaluated whether the inhibitor affected transient IB4-induced ERK
phosphorylation (Figure 2.3c). Although PP2 was able to inhibit SFK/Lyn kinase activity,
it had minimal effects on ERK phosphorylation after IB4 stimulation of CD38, allowing the
ERK phosphorylation to last slightly longer. We then turned our attention toward two
alternative CD38 signaling targets, c-Cbl and p85 PI3K.
We immunoprecipitated c-Cbl and compared tyrosine phosphorylation status after the
indicated treatments (Figure 2.3d). c-Cbl became phosphorylated after RA, and IB4
further stimulated phosphorylation. However, pre-incubation with PP2 for one hour was
able to abrogate c-Cbl phoshphorylation during all time points, indicating that Lyn activity
is necessary for RA- and IB4-induced c-Cbl phosphorylation. We also evaluated c-Cbl
phosphorylation in untreated CD38+ cells to investigate if the effects of IB4 and PP2 were
dependent on RA or CD38 expression alone (Figure 2.3d). We found that PP2 was still
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able to block c-Cbl phosphorylation induced by IB4, showing the inhibitor blocked CD38driven signaling independent of RA. It is noteworthy that the kinetics of c-Cbl
phosphorylation induced by IB4 were different in CD38+ transfectants compared to RAtreated HL-60 cells, suggesting RA may temporally regulate modification of c-Cbl.
We also evaluated the effects of PP2 on p85 PI3K regulatory subunit phosphorylation. In
HL-60 cells RA induced phosphorylation of the p85 PI3K subunit after 48 hours (Figure
2.3f). IB4 treatment did not result in a significant increase in phosphorylation but this may
be because RA is already stimulating p-p85 PI3K, and additional phosphorylation could
not be achieved. Like pY-c-Cbl, PP2 was able to block RA-induced p85 phosphorylation.
Phosphorylation of the p55 isoform was not detectable. In untreated CD38+ cells, IB4
was able to stimulate the phosphorylation of the p85 PI3K subunit in the absence of RA
(Figure 2.3g). We also detected an IB4-induced transient phosphorylation of the p55 PI3K
isoform that was undetectable in HL-60 cells. This indicates that CD38 ectopic expression
is able to regulate PI3K proteins differently than RA-induced CD38 in HL-60 cells. PP2
was able to abrogate phosphorylation of both the p55 and p85 subunit proteins, similar to
its ability to block PI3K activity in HL-60 cells. Together this data suggests that Lyn kinase
activity regulates CD38-stimulated phosphorylation of two downstream targets, c-Cbl and
PI3K, in RA-treated HL-60 cells and CD38+ transfectants. PP2 had minimal effects on
CD38-propelled ERK phosphorylation, indicating that the signaling cascade that results
in p-ERK is independent of Lyn kinase activity.
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Figure 2.3: Lyn binds CD38, SLP-76, and Vav1 and its kinase activity regulates
CD38 signaling. A: Immunoprecipiation shows Lyn interaction with CD38, SLP-76, and
Vav1 in HL-60 cells with and without 48 hours of ATRA treatment, and in untreated CD38+
cells. The IP:Lyn/WB:Lyn blot shows protein loading. B: Western blots for SFK/Lyn kinase
basal activity in untreated, ATRA-treated, PP2-treated, and co-treated cells. All
treatments lasted 48 hours. C: Western blots for SFK/Lyn kinase activity in ATRA-treated
HL-60 cells using a pan-Y416 that detects active site phosphorylation in all SFK
members. Cells were treated with ATRA for 48 hours, incubated with PP2 for one hour,
and then stimulated by IB4 for the indicated time points. p-ERK blot shows PP2 did not
significantly affect ERK phosphorylation. Total ERK and GAPDH show protein loading.
D: Immunoprecipitation of c-Cbl shows tyrosine phosphorylation with indicated treatments
in HL-60 cells. Cells treated with ATRA were cultured for 48 hours, cells treated with PP2
were exposed to the inhibitor for one hour, and cells were stimulated by IB4 for the
indicated time points E: c-Cbl tyrosine phosphorylation in CD38+ transfectants in the
absence of ATRA treated as indicated with PP2 for one hour and then stimulated with
IB4. F: Western blot for phospho-p55/p85 PI3K in HL-60 cells treated as indicated. G:
Western blot for phospho-p55/p85 PI3K in CD38+ transfectants treated as indicated.
Actin shows protein loading in pY-p55/p85 PI3K blots.
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2.4-4 Early PP2 treatment co-administered with RA protects Lyn kinase activity and
permits CD38-driven c-Cbl and p85 PI3K phosphorylation
After 48 hours of RA, one hour of PP2 incubation inhibits Lyn activity (Figure 2.3).
However, if PP2 treatment occurs concurrently with RA and cells are then cultured for 48
hours, Lyn kinase activity is protected.38 Though we cannot rule out some PP2
degradation over the 48 hour treatment, based on inhibition of Y416 phosphorylation, PP2
is still effective at 48 hours.38 The mechanism by which RA protects Lyn kinase activity
from inhibition by PP2 is not known. Since one-hour PP2 incubation with RA-treated cells
blocks SFK/Lyn kinase activity but PP2/RA co-treatment for 48 hours protects it, we used
this strategy to evaluate if preserving Lyn activity would permit CD38 ligand-induced
phosphorylation of c-Cbl and p85 PI3K.
First, we confirmed that 48 hours of co-administered PP2 and RA were able to protect
Lyn activity. We compared Y416 phosphorylation in cells that were co-treated with RA
and PP2 simultaneously and then cultured for 48 hours to cells that received only RA for
48 hours followed by PP2 incubation for one hour (Figure 2.4a). All RA-treated samples
were treated with IB4 for the indicated time points to stimulate CD38. As expected, cells
treated with RA and then later incubated with PP2 showed no Y416 phosphorylation,
while cells co-treated with RA and PP2 for 48 hours permitted SFK/Lyn kinase activity.
We then evaluated if protecting Lyn activity correlated with the ability of RA and IB4 to
stimulate CD38-driven c-Cbl and p85 PI3K phosphorylation. Confirming the results
in Figure 3, one hour of PP2 incubation in RA-treated cells blocked p85 PI3K and c-Cbl
phosphorylation in IB4-stimulated cells (Figures 2.4b&c). However, 48 hour co-treatment
with RA and PP2 permitted RA- and IB4-induced c-Cbl and p85 PI3K phosphorylation.
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Finally we used dasatinib, which unlike PP2 abrogates Lyn activity with RA coadministration, to evaluate if kinase inhibition blocked RA-induced c-Cbl and p85 PI3K
phosphorylation (Figure 2.4d).38 We found that dasatinib blocked c-Cbl phosphorylation
and significantly decreased p85 PI3K phosphorylation, suggesting that RA-induced pYc-Cbl requires Lyn activity and RA-upregulated p85 PI3K activity is largely dependent on
Lyn.
Therefore, SFK/Lyn kinase activity regulated RA-propelled and CD38-stimulated
signaling that results in phosphorylation of c-Cbl and p85 PI3K. This motivated interest in
whether or not CD38 associations with other RA-induced molecules, specifically SLP-76
and Vav1, were affected by intact or lost Lyn kinase activity.
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Figure 2.4: Protecting Lyn kinase activity preserves CD38-stimulated c-Cbl and p85
PI3K phosphorylation. A: Cells were treated with ATRA for 48 hours, incubated with
PP2 for one hour or co-treated for 48 hours as indicated, and then stimulated by IB4 for
the indicated time points. Western blotting shows Y416 inhibition in HL-60 cells treated
with ATRA for 48 hours followed by one hour of PP2 incubation, but activation after 48
hours of ATRA/PP2 co-treatment in culture. GAPDH shows protein loading. B: Western
blot for p85 PI3K phosphorylation in HL-60 cells. Samples were either untreated (C),
treated with ATRA for 48 hours followed by one hour of incubation with PP2 to inhibit Lyn
activity (ATRA+PP2 1h), or co-treated with ATRA and PP2 and then cultured for 48 hours
(ATRA+PP2 48h) which protects Lyn kinase activity. C: c-Cbl phosphorylation in HL-60
cells after the treatments described in B. D: Cells were treated with ATRA or a
combination of ATRA and dasatinib for 48 hours. c-Cbl was immunoprecipitated and
membranes were probed for tyrosine phosphorylation (top). Western blotting was
performed for phosphorylated p85 PI3K (bottom).
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2.4-5 PP2 inhibition of c-Cbl and p85 PI3K phosphorylation coincides with decreased
CD38/Lyn/SLP-76, CD38/Lyn/Vav1, and CD38/Lyn/p85 PI3K interactions
Since SLP-76 and Vav1 complex with both CD38 and Lyn, we investigated if those
interactions were affected by the loss of Lyn activity. We immunoprecipitated Vav1 in
samples that were either incubated with PP2 for one hour after 48 hours of RA treatment
or received simultaneous PP2/RA treatment for 48 hours. All RA-treated samples were
stimulated by IB4 to elicit CD38 signaling. We anticipated that an RA-induced effect
seminal to protecting Lyn kinase activity from PP2 inhibition may also be relevant to
interactions between CD38 and its related signaling molecules. We found that the loss of
Lyn activity corresponded with a significant decrease in CD38/Vav1 and Lyn/Vav1
interaction (Figure 2.5b). This suggests that these three molecules constitute part of a
signaling complex that regulates an RA-induced and CD38-stimulated modification of p85
PI3K and c-Cbl.
We also immunoprecipitated SLP-76 and probed for CD38 and Lyn. Similar to Vav1, loss
of Lyn kinase activity resulted in decreased CD38/SLP-76 interaction (Figure 2.5c).
Lyn/SLP-76 interaction was modestly decreased, yet the effects were not as significant
as observed with Vav1 experiments. These results show that loss of c-Cbl and p85 PI3K
phosphorylation, which corresponded to the inhibition of SFK/Lyn kinase activity, is
associated with decreased interaction among CD38/Lyn/Vav1 and CD38/Lyn/SLP-76.
This suggests that a putative signaling complex including CD38, Vav1, SLP-76, and
active

Lyn

regulates

CD38-driven

signaling

which

characterizes

RA-induced

differentiation. Finally, we observed that Lyn inhibition decreased CD38/Lyn/p85 PI3K
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interaction (Figure 2.5d), suggesting that CD38 facilitates a Lyn kinase-containing
complex that is directly responsible for p85 PI3K phosphorylation.
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Figure 2.5: Lyn inhibition disrupts interactions among CD38-associated proteins.
A: Cells were treated with ATRA for 48 hours, incubated with PP2 for one hour or cotreated for 48 hours as indicated, and then stimulated by IB4 for the indicated time points.
Western blots show basal protein expression levels of target proteins. B:
Immunoprecipitation of Vav1 shows changes in CD38 and Lyn interaction after treatments
as indicated in HL-60 cells. The Vav1 blot shows protein loading. C: Immunoprecipitation
of SLP-76 shows changes in CD38 and Lyn interaction after treatments as indicated. The
SLP-76 blot shows protein loading. D: Immunoprecipitation of p85 PI3K shows changes
in CD38 and Lyn interaction after treatments as indicated. The p85 PI3K blot shows
protein loading.
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2.5 Discussion
RA therapy is successful in treating t(15,17) positive APL, yet it has shown little efficacy
in the treatment of other types of leukemias and cancers. The t(15,17) negative HL-60
cell line shows RA responsiveness and is used as a model to investigate how a non-APL
leukemic cell can be induced to differentiate. Therefore, elucidation of signaling pathways
that may confer RA responsiveness could broaden its usefulness in other diseases and
aid in identifying new therapeutic molecular targets.46
CD38 is a leukocyte enzyme and receptor that drives MAPK signaling and differentiation
when overexpressed.2 It has important functions in RA induction, since siRNA targeting
CD38 interferes with differentiation, and a CD38 mutant (CD38 Δ11–20) that is not
membrane-expressed also cripples RA effectiveness.13,14 Identifying signaling pathways
orchestrated by CD38 that are involved in myeloid maturation is important in
understanding how RA works.
2.5-1 CD38 may direct RA-induced differentiation via c-Cbl, Vav1, and SLP-76
In this report, we found that CD38 was able to interact with SLP-76 and Vav1, which
regulate differentiation. Therefore, signaling pathways modulated by these proteins may
also be propelled by the CD38 receptor. For example downregulation of Vav1 prevents
RA-induced differentiation, as evidenced by loss of nucleoskeleton remodeling and
maturation markers.22–24 These reports also show that RA induction is characterized by
the association of Vav1/PI3K and Vav1/SLP-76 in the nucleus and Vav1/c-Cbl in the
cytosol. Those complexes could modulate signaling cascades that are important for
neutrophil differentiation and may be coordinated by CD38. CD38 also associates with cCbl and interruption of this interaction by a c-Cbl mutation (G306E) results in loss of

48

MAPK signaling and RA efficacy.15,16 These studies report that like CD38, c-Cbl binds
Vav1 and SLP-76. This supports our results and suggests that membrane-expressed
CD38 coordinates a putative cytosolic signaling complex involving c-Cbl, Vav1, and SLP76, which could regulate associations with effectors including PI3K.
2.5-2 Lyn is present in a putative RA-induced signaling complex
We also report the involvement of Lyn in a proposed CD38-coordinated complex including
SLP-76 and Vav1, which is significant because SFK inhibitors appear to regulate RAinduced differentiation.38 This motivated interest in whether or not Lyn kinase activity was
able to modulate signaling driven by a CD38 agonist, IB4. We evaluated three targets of
CD38: ERK, c-Cbl, and the p85/p55 PI3K regulatory subunit. Cells were treated with RA
for 48 hours to induce CD38, and then treated with the SFK inhibitor PP2 for one hour
followed by IB4. While PP2 is not specific to Lyn, many of the other SFKs that are affected
at the concentration used do not appear to play important roles in RA-induced
differentiation of HL-60 cells; Fyn and Lck levels were negligible and activated Fgr was
not detected regardless of treatment with RA, PP2, dasatinib, or cotreatment with RA plus
either inhibitor.38 We also used CD38+ transfectants in these experiments to evaluate if
there were signaling effects that were specific to RA or CD38 expression alone.
2.5-3 Lyn kinase activity is necessary for RA-induced c-Cbl and p55/p85 PI3K, but not
ERK, phosphorylation
Since CD38 and c-Cbl interact and both drive MAPK signaling when overexpressed, it is
possible that they cooperatively contribute to the persistent ERK phosphorylation that is
characteristic of RA treatment.15,16,31,47 However it appears that CD38-propelled ERK
phosphorylation is not mediated by Lyn kinase activity since PP2 failed to affect MAPK
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signaling in RA-treated HL-60 cells. In addition, we failed to detect interaction between
Lyn and c-Cbl, suggesting that CD38 and c-Cbl may cooperate to propel MAPK signaling
independent of Lyn, or that Lyn/c-Cbl interaction is labile. Alternatively, it is possible that
Lyn participates in CD38-driven MAPK signaling by serving as a scaffold or by facilitating
signaling complex assembly. For example, PP2/RA co-treatment for 48 hours enhances
Lyn expression along with Lyn/c-Raf and c-Raf/ERK interaction, and c-Raf C-terminal
domain phosphorylation. These events may be facilitated by Lyn. 38,48,49 Therefore the role
of Lyn in CD38-driven MAPK signaling and orchestration may involve the potential for Lyn
to act as a scaffold, which appears to be separate from kinase activity.
In contrast, Lyn inhibition completely abrogated RA- and CD38-driven c-Cbl and p55/p85
PI3K phosphorylation, showing that Lyn regulates these events in both RA-treated HL-60
cells and CD38+ transfectants. It is interesting that co-administration of RA and PP2
followed by 48 hours of culture protects Lyn from the effects of PP2. Protecting Lyn kinase
activity permitted CD38 ligand-induced pY-c-Cbl and pY-p85 PI3K in HL-60 cells.
Dasatinib, which unlike PP2 inhibits Lyn when co-administered with RA, blocked c-Cbl
phosphorylation and impeded pY-p85 PI3K. Therefore, Lyn kinase activity regulates
CD38-stimulated signaling and RA-induced phosphorylation events that may be driven
by CD38.
2.5-4 Lyn kinase activity is necessary for the formation of several RA-induced CD38associated complexes
We also show that the loss of Lyn kinase activity coincided with a loss in interaction
among CD38/Lyn/SLP-76, CD38/Lyn/Vav1, and CD38/Lyn/p85 PI3K. This suggests that
the assembly of these CD38-associated complexes, which are likely involved in CD38
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effector signaling after RA treatment, is partially dependent on Lyn kinase activity. It also
indicates that CD38 participates in the assembly of a Lyn kinase-containing complex that
may result in the direct phosphorylation of p85 PI3K.
It is interesting that co-treatment with PP2 and RA, which significantly enhances
differentiation, preserves Lyn kinase activity.38 The mechanism by which RA protects Lyn
from PP2 inhibition is not known. In contrast dasatinib is able to inhibit Lyn in the presence
of RA and also abrogates c-Cbl tyrosine phosphorylation and significantly decreases p85
PI3K subunit activity driven by RA. Dasatinib still enhances differentiation with RA cotreatment, but to a significantly lesser extent than PP2. This suggests signaling that
characterizes normal RA induction in HL-60 cells that is mediated by Lyn kinase activity
may help drive differentiation and confer the increased effectiveness of PP2 compared to
dasatinib.
In sum, we report a CD38/SLP-76/Vav1 interaction and found that Lyn also interacts with
these proteins. We found that CD38-propelled p85 PI3K and c-Cbl phosphorylation, which
is characteristic of RA-induced differentiation, is mediated by Lyn kinase activity. To our
knowledge, this is the first report that Lyn regulates RA- and CD38-transduced signaling
in myeloid leukemia cells and elucidates how CD38 partner molecules including SLP-76
and Vav1 may regulate differentiation during RA or RA/PP2 co-treatment.
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Chapter 3 Foreword
The work in this chapter represents a significant undertaking by both Dr. Jonathan H.
Shrimp and Robert MacDonald first to test for effects of induced homodimerization of
CD38 on RA-induced differentiation and second to test effects of loss of the protein on
the process. Dr. Shrimp continued work started by Dr. Hong Jiang on creating the linker,
first trying to use a shortened form based on F-araNMN rather than F-araNAD+, but after
failure to induce a high degree of CD38 dimerization had to revert to synthesizing the FaraNAD+-based compound, shown in Figure 3.1. He demonstrated that this compound
was able to induce a high degree of dimerization of purified CD38, shown in Figure 3.2A.
Following his graduation, batches of the linker were synthesized by Dr. Jiang and Lu
Zhang. Downstream work using the linker (Figures 3.2B-D and 3.3), as well as the
CRISPR/Cas9 work, (Figures 3.4-3.6) was performed by Robert MacDonald. Aside from
sections describing the synthesis of the linker, which was written by Dr. Shrimp, the
manuscript was written by Robert MacDonald and edited by all authors. The paper was
ultimately published and the citation is below:

MacDonald, R. J., Shrimp, J. H., Jiang, H., Zhang, L., Lin, H. & and Yen, A. Probing the
requirement for CD38 in retinoic acid-induced HL-60 cell differentiation with a small
molecule dimerizer and genetic knockout. Sci. Rep. 12, 17406 (2017).
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Chapter 3: Probing the requirement for CD38 in retinoic acid-induced HL-60 cell
differentiation with a small molecule dimerizer and genetic knockout
3.1 Abstract
CD38 is an ectoenzyme and receptor with key physiological roles. It metabolizes NAD+
to adenosine diphosphate ribose (ADPR) and cyclic ADPR, regulating several processes
including calcium signalling. CD38 is both a positive and negative prognostic indicator in
leukaemia. In all-trans retinoic acid (RA)-induced differentiation of acute promyelocytic
leukaemia and HL-60 cells, CD38 is one of the earliest and most prominently upregulated
proteins known. CD38 overexpression enhances differentiation, while morpholino- and
siRNA-induced knockdown diminishes it. CD38, via Src family kinases and adapters,
interacts with a MAPK signalling axis that propels differentiation. Motivated by evidence
suggesting the importance of CD38, we sought to determine whether it functions via
dimerization. We created a linker based on the suicide substrate arabinosyl-2’-fluoro-2’deoxy NAD+ (F-araNAD+), dimeric F-araNAD+, to induce homodimerization. CD38
homodimerization did not affect RA-induced differentiation. Probing the importance of
CD38 further, we created HL-60 cell lines with CRISPR/Cas9-mediated CD38
truncations. Deletion of its enzymatic domain did not affect differentiation. Apart from
increased RA-induced CD11b expression, ablation of all but the first six amino acids of
CD38 affected neither RA-induced differentiation nor associated signalling. Although we
cannot discount the importance of this peptide, our study indicates that CD38 is not
necessary for RA-induced differentiation.
3.2 Introduction
CD38 is a type II transmembrane ectoenzyme and receptor with roles in numerous
physiological processes and malignancies. Through its extracellular enzymatic activity,
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which converts NAD+ to adenosine diphosphate-ribose (ADPR) and, to a small extent,
cyclic ADPR, CD38 regulates calcium signalling and thus affects many processes such
as bone metabolism, insulin secretion, and oxytocin secretion.1–5 CD38 also acts as a
receptor and is involved in B and T lymphocyte activation, as well as leukocyte
adhesion.6–8 It is a negative prognostic indicator in HIV and chronic lymphocytic
leukaemia, but a positive prognostic indicator in acute myeloid leukaemia. 9–12 Its
attributes as a receptor giving rise to these different effects are ergo of interest to both
pathogenesis and therapy.
Several pieces of evidence suggest that CD38 may be a key driver of all-trans retinoic
acid (RA)-induced differentiation. In HL-60 acute myeloid leukaemia cells, a model for
RA-induced differentiation, RA induces dramatic upregulation of CD38 mRNA and protein
expression within 8 h.13–16 Overexpression of CD38 enhances RA-induced myelomonocytic differentiation evidenced by markers including CD11b expression, G 1/G0 cell
cycle arrest, and inducible reactive oxygen species production.17 Conversely, morpholinoand siRNA-mediated knockdown of CD38 cripples RA-induced differentiation.18 CD38
interacts with a number of receptor-regulated/associated signalling molecules including
c-Cbl, Slp76, Vav1, and Lyn, several adapters and a Src family kinase. 19–21 These
proteins also interact with one another.19–21 Further, Lyn is linked to c-Raf and ERK,
members of a MAPK signalling cascade necessary for RA-induced differentiation.22–24
Ligation of CD38 using its ligand, CD31, or anti-CD38 monoclonal antibodies induces
activation of a multitude of signalling proteins, including c-Cbl, p85 PI3K, c-Raf, and ERK,
as well as secretion of cytokines such as IL-6 and IL-10.8,20,25–29
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These clues drove us to investigate what CD38 receptor functions might contribute to RAinduced differentiation. We considered three classical receptor signal transduction
mechanisms by which CD38 might act. One is via signalling dependent on its intracellular
domain. The cytosolic tail, however, is very short, comprising only 21 amino acids.
Another is through its extracellular domain, which possesses its catalytic activity. A
previous report discounted this, demonstrating that CD38 catalytic activity is not
necessary for RA-induced differentiation.30 Finally, CD38 might propel RA-induced
differentiation through dimerization-induced signalling, which might depend on
extracellular and intracellular domains and be induced by its ligand, CD31, or by CD38
antibodies. We viewed dimerization as particularly attractive since it is not only one of the
most common mechanisms by which transmembrane receptors function, but it could also
explain the ensemble of interactions between CD38 and differentiation-driving cytosolic
signalling proteins. Since CD38 has a short cytosolic tail, dimerization would allow for a
larger area upon which these interactions could occur. A prior study has also found that,
in murine B lymphocytes, CD38 is expressed as non-covalently associated
homodimers.31 We thus opted to investigate dimerization as a potential differentiationdriving signalling modality of CD38.
To assess the effects of CD38 dimerization on RA-induced differentiation, we used a
small molecule dimerizer of CD38 to induce CD38 homodimer formation. We found that
CD38 dimerization did not affect RA-induced differentiation in HL-60 cells. To further
probe the role of CD38 in the process, we then used the CRISPR/Cas9 system to disrupt
the CD38 gene in HL-60 cells. Surprisingly, we found that apart from an increase in
CD11b in one of three lines, ablation of all but six amino acids of the wild-type protein had
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no effect on RA-induced differentiation, suggesting that the CD38 is not necessary for the
process to occur.
3.3 Materials and methods
3.3-1 Cell culture
Reagents, unless specified otherwise, were purchased from commercial suppliers in the
highest purity available and used as supplied. HL-60 human myeloblastic leukaemia cells
and stable transfectant cell lines (CRISPR 1, CRISPR 2, CRISPR 3) were cultured in
RPMI 1640 supplemented with 5% heat-inactivated foetal bovine serum (GE Healthcare,
Chicago, IL) and 1% antibiotic/antimycotic (Thermo Fisher Scientific, Waltham, MA) in a
5% CO2 humidified atmosphere at 37oC. RA (Sigma, St. Louis, MO) was solubilized in
absolute ethanol. A final concentration of 1 µM was used. Arabinosyl-2’-fluoro-2’-deoxy
NAD+ (F-araNAD+) and dimeric F-araNAD+ (dF-araNAD+) were used at final
concentrations of 1 µM.
3.3-2 Antibodies and reagents
PE-conjugated CD38 (clone HIT2, catalogue number 555460, lot 5027616), APCconjugated CD11b (clone ICRF44, catalogue number 550019, lot 5051946), CD38 for
western blotting (clone 22/CD38, catalogue number 611114, lot 3295551), and CD38
antibodies for direct conjugation to Alexa Fluors (clone HIT2, catalogue number 555458,
lot 4080720) were purchased from Becton Dickinson (Franklin Lakes, NJ). GAPDH (clone
D16H11, catalogue number 5174S, lot 6), Lyn (catalogue number 2732S, lot 4), Slp76
(catalogue number 4958S, lot 2), Vav1 (catalogue number 2502S, lot 2), total MEK 1/2
(catalogue number 9122L, lot 14), phospho-MEK 1/2 (clone 41G9, catalogue number
9154S, lot 14), total ERK 1/2 (clone 137F5, catalogue number 4695S, lot 14), p47 phox
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(clone D21F6, catalogue number 4301S, lot 1), HRP-linked anti-mouse (catalogue
number 7076S, lot 32), and HRP-linked anti-rabbit (catalogue number 7074S, lot 26)
antibodies were purchased from Cell Signaling Technologies (Danvers, MA). Anti-c-Cbl
(clone C-15, catalogue number sc-170, lot H0414) was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Alexa Fluor 488 and 594 succinimidyl esters, Stbl3
competent cells, and slide-a-lyzer MINI 20 kDa molecular weight cutoff (MWCO) dialysis
units were purchased from Thermo Scientific (Waltham, MA). The eCRISP small guide
RNA (sgRNA) tool was used to select sgRNA specific to CD38 and oligos were purchased
from IDT (Coralville, IA).32
3.3-3 Dimerization of purified CD38
CD38 was expressed and purified as previously described. 33,34 5 µM purified CD38 was
incubated for 30 min at 37oC with or without 20 µM dF-araNAD+ in 10 µL reaction buffer
(25 mM HEPES, 50 mM NaCl, pH 7.4) and then mixed with 2 µL 6x protein loading buffer.
Samples were heated at 100oC for 7 min, resolved by SDS-PAGE, and stained with
Coomassie blue.
3.3-4 Direct conjugation of Alexa Fluors to primary antibodies
Conjugation of Alexa Fluor succinimidyl esters to CD38 primary antibodies was performed
using the manufacturer’s protocol. Briefly, 30 µL 0.75 M sodium bicarbonate, pH 8.3, was
added to 200 µL CD38 antibody. 1 mg of Alexa Fluor was dissolved in 100 µL DMSO,
and 20 µL Alexa Fluor 488 or 594 was added to one vial of primary antibody while
vortexing. The tubes were then shaken at room temperature for 1 h at 200 RPM. 20 µL
1.5 M hydroxylamine, pH 8.5, was then added to each tube and they were shaken for an
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additional 1 h. Finally, the conjugated antibodies were dialyzed in 2 L of PBS in the dark
at room temperature for 2 h.
3.3-5 Fluorescence resonance energy transfer
HL-60 cells were cultured for 24 h with 1 µM RA as indicated. At 23 h, F-araNAD+ or dFaraNAD+ was added to appropriate flasks. At 24 h, 1x10 6 cells from each sample were
centrifuged at 700 RPM for 5 min. Samples were washed with PBS twice before being
resuspended in 200 µL PBS containing 5 µL of a 1:1 mixture of Alexa Fluor 488- and 594conjugated CD38 antibodies. Samples were incubated for 1 h at 37 oC in the dark.
Samples were analysed using a Becton Dickinson FACS Aria III SORP (San Jose, CA).
To measure the FRET signal, a 488 nm laser line was used to excite Alexa Fluor 488,
which in turn excited Alexa Fluor 594; emission from Alexa Fluor 594 was collected
through a 600 nm longpass dichroic mirror and a 610/20 nm bandpass filter. Unstained
controls and controls stained with Alexa Fluor 488-conjugated CD38 or Alexa Fluor 594conjugated CD38 alone were used to set compensation values.
3.3-6 Western blot analysis
Cells were pelleted, washed twice with PBS, and lysed with ice cold M-PER Mammalian
Protein Extraction Reagent (Pierce, Rockford, IL) with protease and phosphatase inhibitor
cocktails (Sigma, St. Louis, MO). Samples were incubated overnight at -80oC and debris
was pelleted. Protein concentration was determined using the Pierce BCA Protein Assay
according to the manufacturer’s protocol. Lysate was subjected to standard SDS-PAGE,
using 25 µg of lysate per lane under denaturing conditions. Membranes were blocked
with 5% dry nonfat milk in PBS and probed with antibodies described above. Images were
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captured on a Bio-Rad VersaDoc MP 5000 and analysed with Quantity One software
(Hercules, CA).
3.3-7 Flow cytometric phenotypic analysis
Immunostaining for CD11b and CD38 was performed as previously described and
analysed using a Becton Dickinson LSR II flow cytometer (San Jose, CA)

35.

Gating was

set to exclude 95% of the untreated wild-type HL-60 samples. Propidium iodide (PI) cell
cycle analysis was performed as previously described.35,36
3.3-8 Generation of stable transfectants
CD38 was targeted for CRISPR/Cas9-mediated disruption using sgRNA sequences
generated by the E-CRISP tool.32 Sequences were designed for use in the pLentiCRISPR
v2 plasmid (Addgene #52961) (Addgene, Cambridge, MA) and obtained from IDT
(Coralville, IA). Three sgRNA sequences were used (CRISPR 1, CRISPR 2, and CRISPR
3)

to

minimize

off-target

effects.

The

sequences

are:

CRISPR

1

(F:

CACCGCGCCAGCAGTGGAGCGGTCC-3';
AAACGGACCGCTCCACTGCTGGCGC-3'),

R: 5'CRISPR

CACCGCAGGGTTTGTCCCCGGACAC-3';
AAACGTGTCCGGGGACAAACCCTGC-3'),

5'-

2

(F:

R:
and

CACCGCTCCACTGCTGGCGCCACCT-3';

CRISPR
R:

5'5'-

3

(F:

5'5'-

AAACAGGTGGCGCCAGCAGTGGAGC-3'). These sequences were each cloned into
pLentiCRISPR v2 following the depositor’s protocol.
Lentiviral particles were produced using 2.5 µg pMD2.g (Addgene #12259), 7.5 µg
psPAX2 (Addgene #12260), and 10 µg pLentiCRISPR v2 with CRISPR 1, 2, or 3 inserted.
These were co-transfected into HEK 293T cells at roughly 50% confluence in 10 cm cell
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culture dishes with DMEM and 10% FBS using TransIT-LT1 transfection reagent (Mirus,
Madison, WI) according to the manufacturer’s protocol in a 3:2 ratio of reagent (µL) to
plasmid (µg). After 48 h, media containing viral particles was collected and 5 mL of
additional media was added to the dishes for 24 h until final collection. The 15 mL total
viral media was concentrated using Amicon Ultra (Millipore, Billerica, MA) centrifugal
filters with 30,000 kDa MWCO. Concentrated viral media was stored at -80oC until use.
Transduction of HL-60 cells with the lentiviral particles was performed in 6-well plates.
100 µL concentrated viral particles was added to 5x104 cells in 1 mL RPMI 1640 with 5%
heat-inactivated FBS. After 72 h, transduced cells were put into 10 mL flasks and cultured
in RPMI 1640 with 5% FBS and selected for 3 weeks in 400 ng/mL puromycin. The cell
lines were evaluated for CD38 expression following 24 h treatment with 1 µM RA. In all
cases, while the majority did not upregulate CD38 in response to RA treatment, there was
a population of 15-30% that expressed CD38 levels comparable to wild-type HL-60 cells.
Thus, a single cell sort into a 96-well plate was performed on each cell line using a Becton
Dickinson FACS Aria III SORP. Upon confluence, each well was transferred to a 24-well
plate and RA-induced CD38 expression was assessed as before. Several wells per cell
line which did not express CD38 were pooled and designated CRISPR 1, CRISPR 2, and
CRISPR 3 according to the sgRNA used.
3.3-9 mRNA isolation and sequencing
Total RNA was extracted from CRISPR 1, CRISPR 2, and CRISPR 3 cell lines using a
Qiagen RNeasy Plus Mini kit following the manufacturer’s protocol (Hilden, Germany).
RT-PCR was performed using Invitrogen SuperScript III One Step RT-PCR with Platinum
Taq (Invitrogen, Carlsbad, CA) on a PTC-100 thermocycler from MJ Research (Waltham,
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MA).

Forward

(5’-AGAAGGGGAGGTGCAGTTTC-3’)

and

reverse

(5’-

TGTTGCAAGGTACGGTCTGA-3’) primers for CD38 were purchased from IDT
(Coralville, IA). Products were separated on a 1.5% acrylamide gel and appropriate bands
were excised and purified with a Qiagen QIAquick Gel Extraction Kit according to the
manufacturer’s protocol. Because the lines were established from several populations,
there were two bands corresponding to slightly different CD38 mutants in the CRISPR 2
line, denoted upper and lower. DNA samples were sequenced at Cornell University’s Life
Sciences Core Laboratory. DNA sequences were translated to amino acid sequences
using ExPASY Translate and compared to the sequence of wild-type CD38.
3.3-10 Detection of CD38 enzymatic activity
ADP-ribosyl cyclase activity was detected by fluorometric analysis of the NGD+ metabolic
product cyclic GDP ribose (cGDPR) using a spectrofluorometer (Horiba Jobin Yvon
FluoroMax3, NJ) as previously described.30 Cells were cultured for 48 h treated with or
without 1 µM RA to induce CD38 expression. 1x10 6 cells were pelleted, washed twice
with PBS, resuspended in 0.7 mL PBS, and treated with 100 µM NGD + for 1 h with
constant rotation at 37oC. Cells were then pelleted and the supernatant was analysed for
cGDPR. Readings at 300 nm excitation/410 nm emission were used to measure cGDPR
content.
3.3-11 Statistics
Statistics were analysed using GraphPad Prism version 7.02. One-way and two-way
analysis of variance, as appropriate, with Tukey’s multiple comparisons test was used to
determine significance. Error bars indicate mean ± standard error of the mean (SEM).
3.4 Results
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3.4-1 Design and synthesis of a small molecule dimerizer of CD38
To induce CD38 homodimerization, our approach was to synthesize a dimer of the small
molecule arabinosyl-2’-fluoro-2’-deoxy NAD+ (F-araNAD+), a suicide substrate of
CD38.37,38 The synthesis involved conjugating two 6-alkyne-F-araNAD+ molecules via a
diazido linker using the copper-catalysed Huisgen 1,3-dipolar cycloaddition between the
alkyne and the azide functional groups, commonly known as click chemistry (Figure
3.1A).39 The synthesis of 6-alkyne-F-araNAD+ followed a previous report, with the
exception of the phosphate coupling reaction between 6-alkyne-AMP and a fluorinated
nicotinamide

mononucleotide,

arabinosyl-2’-fluoro-2’-deoxy

nicotinamide

mononucleotide (F-araNMN).40 The modified coupling involved preparing the magnesium
salts of 6-alkyne-AMP and F-araNMN, followed by the coupling reaction using N-(3Dimethylaminopropyl)-N′-ethylcarbodiimide in MOPS buffer (1.5 M, pH 7.4) to afford 6alkyne-F-araNAD+ (Figure 3.1B). The diazido linker 2 was made by coupling two
molecules of 6-azidohexanoic acid and one molecule of the diamino compound, 1,2Bis(2-aminoethoxy)ethane (Figure 3.1B). Finally, the diazido linker 2 was conjugated to
6-alkyne-F-araNAD+ via click chemistry to obtain the desired dimeric F-araNAD+ (dFaraNAD+) (Figure 3.1C).
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Figure 3.1: Synthesis of dimeric F-araNAD+ (dF-araNAD+). A: The strategy used for
convergent synthesis of dF-araNAD+ using click chemistry. B: Synthesis of the linker and
6-alkyne-F-araNAD+ coupling reaction. C: Synthesis of dF-araNAD+ using click chemistry,
showing molecular structure of the small molecule.
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3.4-2 dF-araNAD+ is able to induce covalent dimerization of CD38
We next examined whether dF-araNAD+ was able to induce dimerization of CD38. We
first tested whether dF-araNAD+ can dimerize purified CD38 protein in vitro. As shown in
Figure 3.2A, following a 30 min incubation period, dF-araNAD+ was able to induce a
degree of dimerization of purified CD38.
We then used FRET to detect CD38 dimerization in HL-60 cells.41 We directly conjugated
monoclonal antibodies against CD38 with either Alexa Fluor 488 or 594 and, after
determining that treatment with either F-araNAD+ or dF-araNAD+ did not alter CD38
expression (Fig. 2B), we performed the FRET measurement via flow cytometry (Figure
3.2C). Untreated samples displayed background levels of fluorescence in the FRET
channel. Samples with no CD38 antibodies are included to show that F-araNAD+ and dFaraNAD+ do not have background fluorescence. RA treatment induced CD38 expression
and the acceptor fluorescence mean increased. When F-araNAD+ was added, there was
no effect on the acceptor fluorescence. When dF-araNAD+ was added, however, the
acceptor fluorescence mean increased. Therefore, in the presence of dF-araNAD+, the
donor and acceptor fluors were closer, supporting that dF-araNAD+ increased the
dimerization of CD38. Thus, while some CD38 homodimerization may be present after
RA treatment alone, treatment with dF-araNAD+ increases the degree of CD38
homodimerization. This indicates that not all available CD38 was homodimerized before
addition of dF-araNAD+.
Since dF-araNAD+ functions via covalent interactions, we also assessed and confirmed
CD38 dimerization in HL-60 cells via western blot.37,38,40 HL-60 cells that had been treated
with RA to induce CD38 expression were treated with dF-araNAD+ at 8 h or 23 h and
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harvested at 24 h. In both cases, a band corresponding to twice the molecular weight of
CD38 was present in the samples treated with RA and dF-araNAD+ (Figures 3.2A and
3.2D). These results were consistent with those of the purified CD38 and FRET
experiments, indicating that dF-araNAD+ induced dimerization of CD38.
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Figure 3.2: dF-araNAD+ induces CD38 homodimerization. A: In vitro labelling of
purified CD38. 5 μM purified CD38 was treated with dF-araNAD+ for 30 min as indicated.
Reaction mixtures were resolved by SDS-PAGE and stained with Coomassie blue. B:
Mean fluorescence of HL-60 cells stained with Alexa Fluor 594-conjugated CD38
antibody (n=3). HL-60 cells were cultured for 24 h with 1 μM RA as indicated. At 23 h,
cells were treated with 1 μM F-araNAD+ (+) or dF-araNAD+ (D) as indicated. 1x106 cells
were put in PBS with Alexa Fluor 594-conjugated CD38 antibody as indicated and
analysed by flow cytometry. Error bars indicate standard error of the mean (SEM). C:
FRET means (n=3). HL-60 cells were cultured for 24 h with 1 μM RA as indicated. At 23
h, cells were treated with 1 μM F-araNAD+ (+) or dF-araNAD+ (D) as indicated. 1x106 cells
were put in PBS with Alexa Fluor 488- and 594-conjugated CD38 antibodies as indicated
and analysed by flow cytometry. Error bars indicate SEM. ***, p<0.001; ****, p<0.0001.
Two-way analysis of variance (ANOVA) using Tukey’s multiple comparisons test was
used to determine significance. D: Western blot showing covalent dimerization of CD38
when treated with dF-araNAD+. HL-60 cells were cultured with RA and treated with FaraNAD+ or dF-araNAD+ at 8 or 23 h as indicated and lysate was collected at 24 h. 25 μg
of lysate per lane was run. Membrane images for each protein are cropped to show only
the bands of interest.
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3.4-3 dF-araNAD+ does not affect RA-induced differentiation
In order to assess the effects of CD38 dimerization on RA-induced differentiation, we
analysed several myeloid lineage differentiation markers over the course of a 72 h
treatment. Since a previous report demonstrated that CD38 catalytic activity has no
influence on RA-induced differentiation, we were not concerned about blocking the active
site.30 We measured CD38 surface expression at 24 h and cell density (i.e., population
growth), CD11b surface expression, and G1/G0 cell cycle arrest every 24 h. HL-60 cell
cultures were initiated with or without RA at 0 h, and F-araNAD+ or dF-araNAD+ was
added to flasks as indicated at 8 h or 23 h when CD38 expression was significantly
induced. This represented testing for both early and late potential dimerization effects.
Expression levels of the differentiation markers varied as a function of RA, but not FaraNAD+ or dF-araNAD+, treatment (Figure 3.3). As expected, with RA treatment, CD11b
and CD38 expression increased, the proportion of cells in G 1/G0 increased, and cell
population growth was retarded compared to control cells not treated with RA. Addition
of F-araNAD+ or dF-araNAD+ at either time point, however, had no effect on the induced
expression of any of these markers.
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Figure 3.3: Induction of CD38 homodimerization does not phenotypically affect RAinduced differentiation. A: HL-60 cells were cultured for 24 h with 1 μM RA as indicated
and membrane CD38 was analysed using flow cytometry. Gating to discriminate positive
cells was set to exclude 95% of untreated controls. 1 μM F-araNAD+ or dF-araNAD+ was
added at 8 or 24 h as indicated. B: Membrane CD11b was analysed using flow cytometry
at 24, 48, and 72 h. C: Cell density was measured at 24, 48, and 72 h using a
haemocytometer and 0.2% Trypan Blue exclusion staining. D-F: Cell cycle distribution,
showing the percentage of cells in G1/G0, S, G2/M, was analysed using flow cytometry
with propidium iodide staining at 24, 48, and 72 h. Error bars indicate SEM.
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3.4-4 Characterization of CRISPR/Cas9-mediated CD38 disruption
Using the CRISPR/Cas9 system, we generated three CD38-targeted cell lines, CRISPR
1, 2, and 3, to test whether CD38 is required for RA-induced differentiation. Using the ECRISP design tools, we targeted sites as early as possible along the gene to perform
knockouts.32
To ensure successful disruption, CD38 levels were measured by both flow cytometry and
by western blot following 48 h treatment with RA. We detected no CD38 expression in
any of the pooled cell lines (Figures 3.4B and 3.5A). We further characterized CD38
expression in the CRISPR-derived cell lines using RT-PCR (Figure 3.4A). Comparing
wild-type CD38 with the truncated forms, CRISPR 1 and 3 both lack nearly the entire
extracellular domain but retain the cytoplasmic and transmembrane domains (Figure
3.4A). CRISPR 1 retains the N-terminal 49 amino acids before a substitution at position
50 and a premature stop codon. CRISPR 3 has a CD38 product of 62 amino acids before
a premature stop codon, with the first 45 amino acids of wild-type CD38 conserved (Figure
3.4A.). CRISPR 2 is a mixed population, as we saw two distinct bands after performing
RT-PCR. Sequencing both bands, however, revealed that the CD38 truncations were
similar – both lacked the vast majority of the protein, with only the first six or seven amino
acids of CD38 left (Figure 3.4A.). Both had premature stop codons after 15 amino acids
(Figure 3.4A).
The extracellular domain of CD38 contains its enzymatically active domain, and since we
largely deleted this, we anticipated a loss of RA-induced enzymatic activity with the
CRISPR mutants. We confirmed this using the nicotinamide guanine dinucleotide (NGD +)
assay (Figure 3.4C), which detects ADP-ribosyl cyclase activity. While CD38 is a major
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source of this activity, CD157 also possesses this catalytic activity.42 HL-60 cells normally
express both CD38 and CD157 at very low levels, but they are upregulated following RA
treatment. We calculated the fold increase in cyclic GDP ribose (cGDPR) production from
RA-treated to untreated cells for each mutant line and normalized to wild-type HL-60
levels. In each of the CRISPR-derived lines, RA-induced production of cGDPR was
significantly reduced, further confirming the disruption of CD38.
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Figure 3.4: Disruption of CD38 using the CRISPR/Cas9 system. A: Sequence
alignment comparing the CD38 amino acid sequence of each CRISPR-derived cell line,
up to the first stop codon, to wild-type CD38. Highlight denotes sequence matching wildtype CD38. The CRISPR 2 line is a mixed population expressing two different CD38
truncations. B: Western blot of CD38. Wild-type and CRISPR-derived cell lines were
treated with 1 μM RA as indicated for 48 h and whole cell lysate was collected. 25 μg of
lysate per lane was run. Membrane images for each protein are cropped to show only the
band of interest. C: CD38 enzymatic activity assay. Wild-type and CRISPR cell lines were
cultured for 48 h with 1 μM RA as indicated to stimulate CD38 expression and evaluated
for cGDPR production via an NGD+ assay (n=4). The difference in fold increase between
RA treated and untreated samples was taken for each cell line and normalized to a control
value of 1 in wild-type cells. Error bars indicate SEM. *, p<0.05; **, p<0.01. One-way
ANOVA using Tukey’s multiple comparisons test was used to determine significance. The
raw data NGD+ catabolism curves are shown in Supplementary Information.
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3.4-5 CD38 disruption does not affect RA-induced differentiation
We evaluated the effects of CD38 disruption on RA-induced differentiation as we did with
induced CD38 dimerization. We measured cell density, CD11b, CD38, and G 1/G0 cell
cycle arrest over the course of a 72 h RA treatment. For both wild-type and CRISPRderived cell lines, RA treatment induced growth retardation, upregulation of CD38 and
CD11b expression, and G1/G0 accumulation (Figure 3.5). The responses of the CRISPRderived knockouts were not significantly different from wild-type cells except for the
CRISPR 2 cell line, which displayed increased levels of CD11b at 48 and 72 h after RA
treatment (Figure 3.5B).
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Figure 3.5: CRISPR/Cas9-mediated disruption of CD38 does not phenotypically
affect RA-induced differentiation. A: Wild-type and CRISPR-derived cell lines were
cultured for 72 h with 1 μM RA as indicated and membrane CD38 expression was
evaluated by flow cytometry at 24, 48, and 72 h. Gating to discriminate positive cells was
set to exclude 95% of untreated wild-type cells. B: Membrane CD11b expression was
analysed at 24, 48, and 72 h using flow cytometry. *, p<0.05; **, p<0.01. Two-way ANOVA
using Tukey’s multiple comparisons test was used to determine significance. C: Cell
density was measured at 24, 48, and 72 h using a haemocytometer and 0.2% Trypan
Blue exclusion staining. D-F: Cell cycle distribution was analysed using flow cytometry
with propidium iodide staining at 24, 48, and 72 h. Error bars indicate SEM.
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3.4-6 CD38 disruption does not affect prominent signalling proteins associated with RAinduced differentiation
Since an ensemble of signalling molecules propels differentiation, we determined whether
any RA-response associated signalling proteins were affected by loss of the majority of
CD38. c-Cbl, Lyn, Slp-76, and Vav1, which have been shown to interact with CD38, were
of particular interest.19–21 We treated wild-type HL-60s, as well as the CRISPR-derived
cell lines, with or without RA for 48 h, collected lysates, and analysed them by western
blot (Figure 3.6). For all the proteins we analysed, we observed that the RA-induced
effects were similar for wild-type and CRISPR-derived cells (Figure 3.6). This
corroborates the previously described results for phenotypic shift of the cells. Levels of
the signalling proteins Lyn, c-Cbl, Slp-76, Vav1, and phospho-MEK increased similarly
with RA treatment for wild-type and CRISPR-derived lines (Figure 3.6). RA treatment
induced expression of a component of the NAD+ phosphatase oxidase complex, p47phox,
in all cell lines as well (Figure 3.6). MEK and ERK levels remained stable (Figure 3.6).
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Figure 3.6: CRISPR/Cas9-mediated disruption of CD38 does not affect signalling
proteins known to be involved in RA-induced differentiation. Wild-type and CD38
CRISPR cell lines were cultured for 48 h with 1 μM RA as indicated and whole cell lysate
was collected. 25 μg of lysate per lane was run. Western blots of PAGE-resolved lysates
from wild-type cells and CRISPR 1, 2, and 3 cell lines were probed for the indicated
proteins, where GAPDH is a loading control. Membrane images for each protein are
cropped to show only the band of interest.
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3.5 Discussion
While a previous report indicated that CD38 is found as homodimers on the cell surface
of murine B lymphocytes, our results suggest that dF-araNAD+ is able to induce an
additional degree of CD38 homodimerization in HL-60 cells.31 This increased CD38
homodimerization did not affect RA-induced differentiation. We must note, however, that
there are several alternative explanations for why dF-araNAD+ did not affect RA-induced
differentiation. It is possible that the induced CD38 dimer is not in the correct orientation
to initiate downstream signalling or that high-order oligomerization other than dimerization
is needed.
Additionally, we do not know whether a particular degree of dimerization is required for
signalling. One of the best studied transmembrane receptors, epidermal growth factor
receptor (EGFR), is typically found in a 3:7 ratio of dimer to monomer under resting
conditions and a 1:1 ratio when its cognate ligand, EGF, is bound. 43 The western blot of
relative abundance of CD38 monomer and dimers, although not quantitative, appears
consistent with this range of receptor dimerization. In vitro dimerization of EGFR with EGF
and activation of EGFR tyrosine kinase activity are coincident events, but transmembrane
receptor dimer formation and downstream signalling are not always coupled. 44–46 It is
experimentally intractable to test every possibility such as the dimer to monomer ratios,
relation between dimer formation and downstream signalling, required orientation, and
potential high-order oligomerization for CD38.

Thus, we took a simpler alternative

approach to study the role of CD38 in RA-induced differentiation: We genetically disrupted
endogenous CD38 using the CRISPR/Cas9 system to probe for effects of losing the
protein.
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Results from the CRISPR/Cas9-mediated CD38 truncations indicate that the extracellular
domain of CD38 is not necessary for RA-induced differentiation. CRISPR 1 and CRISPR
3 possess only seven and three amino acids, respectively, of the extracellular domain of
CD38, while CRISPR 2 has none, yet the phenotypic response to RA treatment is largely
unaltered. Because the enzymatic activity of CD38 is dependent on the extracellular
domain, specifically E226, we also conclude that this enzymatic activity is not necessary
for RA-induced differentiation, consistent with previously reported results.30
CRISPR 2 is a mixed population expressing two different short peptides of CD38, both of
which are 15 amino acids long, with the first six or seven amino acids conserved.
Phenotypic markers for RA-induced differentiation in the CRISPR 2 line were equal to or,
in the case of CD11b, better than wild-type HL-60 cells. The transmembrane portion and
much of the cytoplasmic domain are thus also not required for RA-induced differentiation.
We cannot rule out the importance of the remaining short peptide; however, the weight of
the evidence suggests that CD38 is not necessary for RA-induced myeloid differentiation.
This conclusion can be integrated with that of an earlier report showing that siRNA- and
morpholino-mediated knockdown of CD38 compromised RA-induced differentiation of
HL-60 cells.18 That report tested differentiation using only one assay, nitroblue tetrazolium
reduction, a marker for inducible reactive oxidative metabolism. Occurrence of mature
myeloid cells is commonly measured by either the CD11b cell surface marker or by
functional differentiation evidenced by 12-O-tetradecanoylphorbol-13-acetate-inducible
superoxide production. It is also betrayed by occurrence of G1/G0 arrest. While Munshi et
al. measured superoxide production, which is a functional marker for mature cells, we
measured CD11b, which is a widely accepted surface marker for mature cells, as well as

85

G0 arrest and expression of p47phox, a signature component of the superoxide production
machinery. Evidenced by the cell surface and cell cycle indicators, there was cell
maturation and cell cycle arrest following treatment of the CRISPR-derived cell lines with
RA. Induced expression of p47phox was also not compromised. Synthesizing our data and
theirs, it is possible that while some aspect of the NADPH machinery generating
superoxide is CD38 dependent, the expression of the mature cell surface marker is not,
nor is cell cycle arrest and nor is the induced expression of p47 phox. It is potentially also
noteworthy that crippling CD38 may affect NAD+ metabolism so that it adversely affects
the function of NADPH machine and ergo superoxide production. Without being able to
rule this out, superoxide production may not be a reliable marker of differentiation when
NAD+ metabolism is subject to manipulation. Hence, unless a 6-amino acid fragment of
the cytoplasmic tail can account for any differentiation-driving action of the entire CD38
receptor, it appears that CD38 is not necessary for the signalling or differentiation
attributed to RA.
In summary, our data show that despite the evidence suggesting that CD38 is a driver of
RA-induced differentiation, neither induction of dimerization nor deletion of the vast
majority of the protein affected the differentiation process. It appears that CD38 is ergo
not necessary for RA to induce differentiation, even though enhancing its expression can
enhance signalling and differentiation. A full understanding of its function remains to be
determined. Given that CD38 is upregulated so prominently and so early in response to
RA treatment, it is possible that it may play an important role in the function of
differentiated cells. HL-60 cells differentiate into neutrophil-like cells after RA treatment.
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Consistent with this, CD38 knockout mice are known to have immune defects. 47 However,
exactly how CD38 affects the function of immune cells remains to be elucidated.
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Chapter 4 Foreword
This chapter represents a shift from pursuit of CD38 as a potential key driver of RAinduced differentiation to picking up on older studies on CXCR5 that were shelved as a
result of the lack of availability of a reliable commercially available antibody against
CXCR5. Data presented in this chapter was collected by Robert MacDonald and the
chapter mirrors a manuscript written by Robert MacDonald and edited by Dr. Andrew Yen
that has not yet been accepted for publication.
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Chapter 4: CXCR5 overexpression in HL-60 cells enhances chemotaxis toward
CXCL13 without anticipated interaction partners or enhanced MAPK signaling
4.1 Abstract
CXCR5 is a serpentine receptor implicated in controlling cell migration in lymphocytes
and differentiation in leukocytes. It is known to cause MAPK pathway activation and has
known membrane partners for signaling. CXCR5 is reportedly expressed in neutrophils
following isolation, but its role in this cellular context is not known. Expression of CXCR5
mRNA has also been observed in HL-60 cells, a human acute myeloid leukemia line,
following treatment with all-trans retinoic acid (RA), which induces differentiation toward
a neutrophil-like state. Previous reports indicate that it is necessary for differentiation, as
the process was crippled in CXCR5 knockout cells and enhanced in cells ectopically
expressing it. Since CXCR5 has various membrane protein partners and potentially uses
such classical dimerization effects to signal, we investigated whether CXCR5 signaling
driving RA-induced differentiation depends on its association with such partners. Pursuing
this, we generated HL-60 cells overexpressing the protein. We found that CXCR5 drove
migration toward its ligand, CXCL13, and then probed for its interactions with several
candidates, including three reported in other cellular contexts, using an established flow
cytometry-based Förster resonance energy transfer method. Surprisingly, using wild-type
and CXCR5-overexpressing HL-60 cells with or without 24 h RA treatment, we did not
detect interactions with any of our candidates, including the previously reported partners.
Additionally, we observed no significant changes in RA-induced differentiation; this may
be a result of the stoichiometry of CXCR5 and partner receptors or CXCL13. The
anticipated membrane partnerings were surprisingly apparently unnecessary for
downstream CXCR5 signaling and RA-induced differentiation.
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4.2 Introduction
CXCR5 was originally discovered as Burkitt’s Lymphoma Receptor 1 (BLR1), in a
subtractive hybridization screen of Epstein-Barr virus immortalized B cells subtracted
from metastatic Burkitt’s Lymphoma cells to find determinants of the metastatic
phenotype.1 It was also later found by differential display to also be differentially
expressed in myeloid series cells as a function of differentiation.2 CXCR5 is a 7-pass
putative heterotrimeric G-protein coupled receptor capable of instigating mitogenactivated protein kinase (MAPK) pathway signaling.1–3
In lymphocytes, CXCR5 is essential for naïve B cell migration to follicles in lymph nodes
and the spleen, where its ligand, CXCL13, is produced by stromal cells residing in these
locations.3–6 In addition to B cells, CXCR5 is also highly expressed on T follicular helper
cells.7,8 One possible explanation for these expression patterns is that CXCL13 helps to
divide the B cell and T cell zones in the lymph nodes; the T follicular helper cells may
interact with follicular B cells to activate them and form germinal centers. 9–11
In myeloid series cells, CXCR5 mRNA expression has been detected in neutrophils
following isolation and incubation for 3 h at 37oC, though the consequences of expression
of the protein was unclear.12 It is potentially noteworthy that expression of CXCL13 is
upregulated following a number of infections, such as with Borrelia garinii, Chlamydia
trachomatis, and Helicobacter pylori, among others.13–15 Additionally, CXCR5 is
upregulated in HL-60 cells during all-trans retinoic acid (RA)-induced differentiation to
neutrophil-like cells.2,16 Hence in myeloid cells it has potential roles in response to
infection and cell differentiation.
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The HL-60 cell line, a human acute myeloid leukemia (AML) line, has been used as a
model for all-trans retinoic acid (RA)-induced differentiation for several decades. The
proteins and signaling pathways driving RA-induced differentiation, however, remain
enigmatic. A previous report demonstrated that CXCR5 is necessary for the process, as
bi-allelic knockout cripples differentiation.17 Reports have also shown that ectopic
expression of CXCR5 can enhance RA-induced differentiation, evidenced by increased
activation of the MAPK signaling axis members c-Raf, MEK, and ERK; enhancement of
G1/G0 cell cycle arrest; enhancement of the phenotypic marker of differentiation, CD11b;
and enhancement of the functional marker of differentiation, inducible oxidative
metabolism.2,17,18
Mechanistic details concerning signaling via CXCR5 remain unclear. Activation of CXCR5
by CXCL13 is characterized by chemotaxis toward CXCL13, a transient increase in
intracellular calcium, and ERK signaling.19 The steps directly linking CXCR5 to the
generation of a MAPK signal, however, are unknown. In the context of several prostate
cancer cell lines, CXCR5 has been shown to co-immunoprecipitate with CXCR4 as well
as Gαi2, Gαq/11, Gα13, Gβ3, and Gγ9.20 CXCR5 has also been shown to homodimerize and
to heterodimerize with EBI2 in HEK293T cells co-transfected to express the proteins.21
The limited data thus suggest that CXCR5 might be following classical receptor activation
paradigms regarding membrane and cytosolic partnering events.
We sought to fill in gaps in understanding of CXCR5 signaling by searching for interaction
partners following the classical premise that receptor dimerization can be seminal to
activation and signaling. We generated HL-60 transfectants overexpressing CXCR5
(CXCR5+) and found that the protein was active, evidenced by chemotaxis toward
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CXCL13. We then proceeded to probe for several candidate interaction partners found
on the cell surface as well as two found in the cytosol. These interactions were probed
using a previously established and validated flow cytometry-based Förster resonance
energy transfer (FRET) method.22 Our membrane protein candidates were CD11b, CD38,
CXCR4, CXCR5 itself, and EBI2. CD11b and CD38 are both cell surface markers that
are upregulated during RA-induced differentiation.23,24 CD38, while not necessary for RAinduced differentiation, enhances the process when overexpressed. 22,25 CXCR4, CXCR5,
and EBI2 were intended to be controls, as these interactions were previously reported in
different cellular contexts.20,21 Our two cytosolic candidates, c-Cbl and Lyn, have both
been shown to play important roles in RA-induced differentiation.26,27 Surprisingly, we
were unable to detect interactions between CXCR5 and any of our candidates, including
the three previously reported interactions found in different cellular contexts. 20,21 Unlike
previous reports, the CXCR5+ cells did not exhibit enhanced RA-induced differentiation
or associated signaling, suggesting a stoichiometric dependence between CXCR5 and
CXCL13 or interaction partners. We did not detect CXCR5 receptor interactions with other
membrane partners amongst our ensemble of putative candidates that might contribute
to receptor dimerization-mediated signaling in HL-60 cells. Having eliminated this obvious
option for CXCR5-driven signaling, additional studies to elucidate the important role of
CXCR5 in RA-induced differentiation and its potential role in neutrophil function are
needed.
4.3 Materials and methods
4.3-1 Cell culture
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HL-60 human myeloblastic leukemia cells, a generous gift of Dr. Robert Gallagher, were
derived from the original patient isolates and maintained as previously described.22 The
line was certified and tested for mycoplasma by Bio-Synthesis, Lewisville, TX, USA in
August 2017. Raji cells were a kind gift of Dr. Kristi Richards and were maintained in
RPMI 1640 supplemented with 10% heat-inactivated FBS (GE Healthcare, Chicago, IL)
and 1% antibiotic/antimycotic (Thermo Fisher Scientific, Waltham, MA). HL-60 cells
transfected to overexpress CXCR5 (CXCR5+) were maintained as HL-60 cells following
selection described in section 2.3. RA was used at a final concentration of 1 µM.
4.3-2 Antibodies and reagents
Reagents, unless otherwise specified, were purchased from commercial suppliers in the
highest purity available and used as supplied. PE-conjugated CD38, APC-conjugated
CD11b, purified CD38, purified CD11b, CXCR4, and c-Raf antibodies were purchased
from Becton Dickinson (Franklin Lakes, NJ). Alexa Fluor 488-conjugated CXCR5, purified
CXCR5, and EBI2 antibodies were purchased from BioLegend (San Diego, CA). Lyn
antibody was purchased from Abcam (Cambridge, UK). c-Raf pS621 antibody was
purchased from Sigma (St. Louis, MO). c-Cbl antibody was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Total MEK1/2, phospho-MEK1/2 (S217/S221), total
ERK1/2, phospho-ERK1/2 (T202/T404), and GAPDH antibodies were purchased from
Cell Signaling Technologies (Danvers, MA).
4.3-3 Generation of stable transfectants
Human CXCR5 cDNA (NCBI reference sequence NM_001716.4), originally obtained
from Genecopoeia (Rockville, MD) in the EX-A1294-M55 vector, was cloned into pEF1aIRES-Neo, a gift from Thomas Zwaka (plasmid #28019 from Addgene, Cambridge, MA).

96

CXCR5 was mobilized by PCR using PCR Supermix High Fidelity (Invitrogen, Carlsbad,
CA) on a PTC-100 thermocycler (MJ Research, Waltham, MA). Primers to add N-terminal
NheI and C-terminal NotI restriction sites were purchased from Integrated DNA
Technologies (Coralville, IA) (NheI: 5’-TATGCCTAGCATGAACTACCCGCTAACGCTG3’, NotI: 5’-TATAGCGGCCGCCTAGAACGTGGTGAGAGAGGT-3’). The product was
purified using a PureLink PCR Purification Kit (Invitrogen) following the manufacturer’s
protocol. NheI and NotI were purchased from New England Biolabs (NEB) (Ipswich, MA)
and used according to the manufacturer’s protocol to digest the purified PCR product and
pEF1a-IRES-Neo. The cut insert and vector were then ligated using T4 DNA ligase
(NEB), amplified in One Shot Top10 competent cells (Thermo Fisher Scientific, Waltham,
MA), and purified using QIAprep Miniprep kits (Qiagen, Hilden, Germany), all according
to manufacturer’s instructions. Purified plasmid was sequenced to confirm appropriate
CXCR5 insertion.
To generate CXCR5+, stable HL-60 transfectants overexpressing CXCR5, transfection
was performed as previously described.27 CXCR5+ cells were selected for 2 weeks in
RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum and 1 mg/mL
G418. CXCR5+ cells were then purified via FACS using a Becton Dickinson FACS Aria
III SORP (Becton Dickinson, Franklin Lakes, NJ) following immunostaining with an Alexa
Fluor 488-conjugated anti-CXCR5 antibody (BioLegend, San Diego, CA) as previously
described for CD11b.22 Gating for sorting was set to include cells with fluorescence levels
equal to or greater than the top 1% of stained wild type HL-60 cells. To validate stable
transfection, CXCR5 levels in CXCR5+, Raji (positive control), HL-60 (negative control),
and 48 h RA-treated HL-60 cells were analyzed by flow cytometry.
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4.3-4 Cell migration assay
To determine propensity of different cells to migrate toward CXCL13, the ligand for
CXCR5, we used 6.5 mm Transwell inserts with 5.0 µM pore sizes in 24-well plates from
Corning (Corning, NY) using a previously described migration assay.28 Briefly, 600 µL of
complete culture media with 0, 0.1, 0.5, or 2.5 µg/mL human recombinant CXCL13,
purchased from BioLegend (San Diego, CA), was added to the bottom of each well. After
48 h of culture with (for HL-60) or without (for HL-60 and CXCR5+) RA treatment, 1.5 x
105 cells were added to the inserts and the plate was incubated at 37 oC with 5% CO2 for
6 h. The inserts were then removed and wells were imaged using a BioRad ZOE
fluorescent cell imager (Hercules, CA). Cells that had travelled through the membrane to
the well were resuspended by pipetting, transferred to microcentrifuge tubes, and
pelleted. Media was removed and cells were resuspended in 100 uL phosphate-buffered
saline and counted using a hemocytometer. To determine percentage of cell migration
for each sample, the total number of cells that had migrated to the wells was divided by
the number of input cells and this proportion was multiplied by 100. We assumed
negligible cell proliferation, as well as negligible differences in cell proliferation across
samples, during the 6 h treatment period.
4.3-5 Förster resonance energy transfer (FRET) experiments
We probed for CXCR5 interaction partners using flow cytometry FRET using a method
previously described and used to successfully detect CD38 homodimerization in HL-60
cells following treatment with RA and/or a synthetic CD38 linker.22,29 Antibody conjugation
for Alexa Fluor 546 conjugates (c-Cbl, CD11b, and Lyn) was performed as previously
described.22 Alexa Fluor 555 conjugates (CD38, CXCR4, CXCR5, and EBI2) were
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created using an Alexa Fluor 555 antibody labeling kit from Thermo Fisher Scientific
following the manufacturer’s protocol. We chose to use these fluors for the acceptor as
they are more sensitive than the Alexa Fluor 488/Alexa Fluor 594 pair according to the
manufacturer. Although our experimental setup was largely performed according to the
previously described method,22 we adjusted our filter and mirror sets to accommodate
Alexa Fluor 546 and 555, collecting through a 550 nm longpass dichroic mirror and a
585/42 nm filter. When running samples probing for interactions between CXCR5 and
CD11b, CD38, CXCR4, CXCR5, and EBI2, live samples were run. When running samples
probing for interactions between CXCR5 and c-Cbl and Lyn, two cytosolic proteins, cells
were fixed prior to staining, as previously described.30
4.3-6 Phenotyping
Immunostaining for CD11b and CD38 was performed as previously described and
analyzed using a Becton Dickinson LSR II flow cytometer.22 Propidium iodide (PI) cell
cycle analysis was performed as previously described.22
4.3-7 Western blot analysis
Western blots were performed as previously described.22
4.3-8 Statistics
Data were analyzed using GraphPad Prism version 7.02. One-way or two-way analysis
of variance (ANOVA) was used to determine significance as appropriate. Error bars
indicate mean ± standard deviation.
4.4 Results
4.4-1 Generation of stable transfectants overexpressing CXCR5
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In order to probe for CXCR5 binding partners, we generated stable HL-60 transfectants
overexpressing CXCR5 (CXCR5+). CXCR5+ and HL-60 cells were treated with RA for 48
h as indicated in Figure 1, a time when indications of overt differentiation evidenced by
CD11b expression and G1/G0 arrest first become apparent.23,31 HL-60 cells do not
express CXCR5, and as shown in Figure 4.1, there is minimal background fluorescence;
expression is mildly but significantly induced by RA treatment. The percentage of positive
cells is much lower than that of the positive control, Raji cells, which are 100% positive.2,32
CXCR5+ cells, however, are 100% positive like Raji. CXCR5+ cells have significantly
greater CXCR5 per cell, measured by mean fluorescence per cell, than the Raji cells. The
CXCR5 stable transfection thus achieved a high level of expression.
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Figure 4.1: CXCR5+ cells have high CXCR5 expression levels. A. CXCR5 expression
levels in HL-60, RA-treated HL-60, Raji, and CXCR5+ cells were measured by flow
cytometry after a 48 h treatment period. Gating was set to exclude 95% of stained control
cells (HL-60). n = 3. **, p < 0.01; ****, p < 0.0001 B. CXCR5 expression levels shown in
terms of mean fluorescence levels. *, p < 0.05; **, p < 0.01. Error bars indicate standard
deviation (SD).
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4.4-2 CXCR5+ cells migrate toward CXCL13
To determine that the CXCR5 expressed in the CXCR5 + cell line was functional, we
performed a cell migration assay testing for migration toward CXCL13, the ligand of
CXCR5.33 We compared migration of HL-60 cells, which do not express CXCR5, to that
of RA-treated HL-60 cells (to induce CXCR5 expression) and CXCR5+ cells. Following a
previously reported standard experimental protocol for CXCL13-mediated migration, we
measured the percentage of cells that migrated from Transwell inserts to wells below
containing varying concentrations of CXCL13 in complete growth media.28 As shown in
Figure 4.2, we used concentrations between 0 and 2.5 µg/mL and did not observe
chemotaxis in untreated HL-60 cells, which do not express CXCR5, over the 6 h
incubation period. RA-treated HL-60 cells, in which RA has induced CXCR5 expression,
migrated at low levels under all conditions, with increased migration at 0.5 µg/mL
CXCL13. CXCR5+ cells, which express high levels of CXCR5, did not migrate without
ligand, migrated minimally at 0.1 µg/mL CXCL13, and had the highest degree of migration
with 0.5 µg/mL CXCL13. For both RA-treated HL-60 cells and CXCR5+ cells, migration
decreased with 2.5 µg/mL CXCL13 compared to 0.5 µg/mL CXCL13. The ectopic CXCR5
ergo appears to be functional.
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Figure 4.2: CXCR5+ cells exhibit chemotaxis toward CXCL13. A. HL-60 and CXCR5+
cells were cultured with (HL-60 RA) or without (HL-60, CXCR5+) RA for 48 h and 1.5 x
105 cells were seeded into Transwell membranes over wells containing complete culture
media supplemented with CXCL13 (0.1, 0.5, or 2.5 µg/mL) as indicated. After a 6 h
incubation period, Transwell inserts were removed, wells were imaged, and cells from the
wells were counted. Representative images of microscope fields are shown. B. Percent
migration toward CXCL13 was calculated by dividing counts from the wells by the total
number of cells seeded and then multiplying by 100. n = 3. Error bars indicate SD. ***, p
< 0.001; ****, p < 0.0001.
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4.4-3 No detectable FRET signal between CXCR5 and membrane protein candidates
We used a previously established and validated flow cytometry-based FRET assay to test
whether CXCR5 interacts with CD11b, CD38, CXCR4, CXCR5, and EBI2. We chose this
set of candidates based on their upregulation in RA-induced differentiation and their
previously reported interactions in other cellular contexts.20,21,23,24 As shown in Figure 4.3,
HL-60 and CXCR5+ cells were treated for 24 h with RA as indicated and FRET
measurements were performed using the Alexa Fluor 488/Alexa Fluor 546 and Alexa
Fluor 488/Alexa Fluor 555 pairs. We observed no enhancement of signal in the FRET
channels above background, unstained levels; hence there was no FRET-measured
dimerization of CXCR5 with any of the anticipated membrane partners.

105

106

Figure 4.3: Flow cytometry FRET between CXCR5 and several membrane proteins.
Primary antibodies conjugated to Alexa Fluor 488 (donor) or Alexa Fluor 546/555
(acceptor) were used to label CXCR5 and candidate interaction partners on the cell
surface. Mean fluorescence intensity (n = 3) in the FRET channel are shown for each pair
in HL-60 and CXCR5+ cells with or without 24 h RA treatment as indicated. Samples were
stained with PBS, single antibodies, or both antibodies (dual). Candidate CXCR5
interaction partners tested were CD11b (A), CD38 (B), CXCR4 (C), CXCR5 (D), and EBI2
(E).
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4.4-4 No detectable FRET signal between CXCR5 and cytosolic protein candidates, cCbl and Lyn
We used flow cytometry-based FRET to test whether CXCR5 interacts with c-Cbl and
Lyn, two cytosolic proteins important for RA-induced differentiation. CXCR5 has been
found to cause MAPK signaling and c-Cbl and Lyn are known regulators of MAPK
signaling pathways.2,27,34,35 Both proteins are present in a signalsome driven by MAPK
signaling dependent on CXCR5.26,27 HL-60 and CXCR5+ cells with or without 24 h RA
treatment were analyzed. As shown in Figure 4.4, we observed no enhancement of signal
in the FRET channels above background, unstained levels. Hence there was no FRET
indicated immediate association of CXCR5 with these cytosolic signaling regulators,
where the typical detectable FRET distance is approximately 10 nM. 36
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Figure 4.4: Flow cytometry FRET between CXCR5 and two cytosolic proteins.
Primary antibodies conjugated to Alexa Fluor 488 (donor) or Alexa Fluor 546/555
(acceptor) were used to label CXCR5 and candidate interaction partners on the cell
surface. FRET means (n = 3) are shown for each pair in HL-60 and CXCR5+ cells with or
without 24 h RA treatment as indicated. Samples were stained with PBS, single
antibodies, or both antibodies (dual). Candidate CXCR5 interaction partners tested were
c-Cbl (A) and Lyn (B).
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4.4-5 Differentiation-associated signaling protein expression is not affected by CXCR5
overexpression
We sought to test whether CXCR5 overexpression might affect members of an ensemble
of MAPK proteins known to play roles in RA-induced differentiation. RA-induced
differentiation is driven by a signalsome that incorporates a c-Raf/MEK/ERK axis that that
undergoes sustained activation and drives differentiation. 37 We treated HL-60 and
CXCR5+ cells for 48 h with or without 1 µM RA, collected total cell lysate, and performed
western blots probing for c-Raf, MEK, ERK, and their activated phospho-proteins. We did
not observe differences in expression or phosphorylation of the proteins assessed
between HL-60 and CXCR5+ cells; representative blots are shown in Figure 4.5. Levels
of total MEK and total ERK remained constant following RA treatment, whereas levels of
total c-Raf, c-Raf phosphorylated at S621, phosphorylated MEK, and phosphorylated
ERK were enhanced. GAPDH was used as a loading control.
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Figure 4.5: CXCR5+ cells differentiate similarly to HL-60 cells upon RA treatment at
several concentrations. A. HL-60 and CXCR5+ cells were treated with 0.1, 0.5, or 1 µM
RA over 72 h as indicated. CD11b expression was assessed by flow cytometry at 24, 48,
and 72 h. Gating was set to exclude 95% of stained control cells (HL-60). n = 3. B. CD38
expression was assessed at 8, 24, and 48 h. C. Cell counts were performed using a
hemocytometer and 0.2% Trypan Blue exclusion staining at 24, 48, and 72 h after
treatment. D. G1/G0 cell cycle arrest was measured by flow cytometry using propidium
iodide (PI) staining at 24, 48, and 72 h. Error bars indicate SD.
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4.4-6 Overexpression of CXCR5 does not alter RA-induced differentiation
Having established that the ectopically expressed CXCR5 was functional, we
characterised the effects of high levels of ectopic CXCR5 on RA-induced differentiation.
We compared RA-induced differentiation in HL-60 cells to that of CXCR5+ cells over a 72
h treatment period, using several myeloid lineage markers as indicators of maturation.
We used several different concentrations of RA, from 0.1 to the standard 1 µM, in order
to capture effects of CXCR5 overexpression that may only be apparent when using
weaker RA stimulation. We assessed CD11b cell surface expression, G 1/G0 cell cycle
arrest, and cell density at 24, 48, and 72 h after treatment, while CD38 cell surface
expression was evaluated at 8, 24, and 48 h after treatment since it is an early marker of
differentiation.
As shown in Figure 4.6, while some of the markers, such as CD11b, exhibited a doseresponse relationship with varying concentrations of RA, there were no significant
differences between HL-60 and CXCR5+ cells. CD38 levels after 8 h of treatment were
higher in the CXCR5+ cells, but these differences are not statistically significant.
Interestingly there was a consistent slight enhancement, albeit not statistically significant,
of cell density/growth in RA-treated cells associated with ectopic CXCR5 expression. This
is consistent with the other data indicating functionality of the ectopic CXCR5, but the
molecular mechanism here is enigmatic.
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Figure 4.6: Levels and phosphorylation status of several MAPK proteins are similar
in CXCR5+ cells and HL-60 cells with and without RA treatment. CXCR5+ and HL-60
cells were treated with 1 µM RA for 48 h as indicated. Lysate was collected and western
blots were performed, probing for c-Raf, c-Raf pS621, MEK, pMEK, ERK, and pERK.
GAPDH was used as a loading control. 25 µg of lysate was loaded per lane;
representative images cropped to show the band of interest are shown. n = 3 biological
replicates.
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4.5 Discussion
While CXCR5 is known to be capable of generating a MAPK signal, the mechanistic
details are not known. Such an understanding is of import to the biology of cell
proliferation and differentiation. Previous reports have implicated the protein in RAinduced differentiation of HL-60 cells through its ability to activate MAPK signaling. 2,17 A
durable MAPK signaling is known to be necessary to drive cell cycle arrest and
differentiation.37–40 Knocking out CXCR5 cripples differentiation, and ectopic expression
can enhance it.2,17,18 Here, we sought to explore binding partners of CXCR5 that may help
to explain its role in RA-induced differentiation. In particular, given that dimerization is one
of the classical means of starting receptor signaling, we explored the conjecture that RAinduced cell surface molecules might collaborate by dimerization with CXCR5 to
generating the sustained MAPK signaling involved in cell differentiation driven by RA.
We first created stable HL-60 transfectants overexpressing CXCR5, CXCR5+ cells. As
shown in Figure 4.1, CXCR5+ cells express CXCR5 at levels well above that of RA-treated
HL-60 cells as well as of a positive control, the Raji cell line. We then established that the
overexpressed CXCR5 was functional by showing it enhanced migration toward CXCL13
– a known attribute of the receptor. CXCR5+ cells demonstrated strong chemotaxis
toward CXCL13, especially at the 0.5 µg/mL concentration, as shown in Figure 4.2. HL60 cells, which do not express CXCR5, did not migrate toward the ligand. When treated
with RA to induce modest expression of CXCR5, HL-60 cells exhibited a milder degree
of migration with a dose-response curve similar to that of the CXCR5+ cells. There was a
background level of migration in RA-treated HL-60 cells, however; this may be due to
expression of a number of other cell surface receptors that could drive migration toward
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other factors in the media. Interestingly, the propensity of CXCR5+ and RA-treated HL-60
cells to migrate toward CXCL13 diminished at the highest dose of CXCL13 tested,
suggesting that activity in response to CXCL13 may follow a bell-shaped curve. The
results suggest that the CXCR5 receptor may function – as do other receptors dependent
for example on partners and relative stoichiometry therewith – in a dose dependent
manner.
We next probed a set of candidate interaction partners in an attempt to determine if a
classical receptor dimerization process was connecting CXCR5 to downstream MAPK
signaling. We performed several flow cytometry-based FRET experiments, shown in the
Figures 4.3 and 4.4, using a previously established experimental protocol for detecting
protein dimerization.29 This method, based on directly conjugating Alexa Fluor dyes to
primary antibodies against targets of interest, detected CD38 dimerization as described
in a previous report.22 However, we did not detect interactions between CXCR5 and any
of our candidates, a combination of surface markers and downstream proteins implicated
in RA-induced differentiation or shown to interact with CXCR5 in other cellular
contexts.20,21,23–27 The candidate cell surface proteins were either implicated in other
contexts or RA-induced moieties that might rationalize prolonged signal duration. The
putative downstream signaling candidates tested, c-Cbl and Lyn, are regulators of the
MAPK signaling pathway, the central c-Raf/MEK/ERK axes of which undergoes
prolonged activation by RA to drive differentiation34,35,37–40. The absence of FRET argues
against a direct association, but it does not preclude interactions of partners indirectly
connected at a distance exceeding the Förster radius.
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Our newly generated cell line did not behave as previous ectopic CXCR5 expressing lines
had; we saw no phenotypic enhancement of RA-induced differentiation or associated
signaling, as shown in Figures 4.5 and 4.6.2,17,18 A number of factors may explain the
differences in behavior of the presently generated cell line compared to previously
described CXCR5-expressing lines. Although we used a vector with a design similar to
those previously used, with an EF1α promoter and an internal ribosomal entry site linked
to a neomycin resistance gene, we do not know how the expression levels of CXCR5 in
the previous papers compare to those in the current report.2,17,18 Based on the
comparisons to the Raji cell line and RA-treated HL-60 cells, the levels of CXCR5
expressed in the CXCR5+ line are very high. It is possible that the dose-response for
CXCR5 receptor signaling activity and consequential cellular effects may follow a bellshaped curve, such that low and high levels of the receptor in the presence of a given
amount of ligand have little effect but moderate levels may enhance its activity and, in
turn, RA-induced differentiation. This shape of dose-response curve, while it is not
indicative, can be a feature of ligand-induced receptor dimerization.41 An optimum dose
for eliciting a given effect may be a telltale of complex multi-molecular signaling
complexes.42 Differential stoichiometric effects of CXCR5 with different signaling partners
could contribute to potentially complex dose-dependent effects. Additionally, it is possible
that serum levels of the CXCR5 ligand, CXCL13, were not identical in the present and
previous reports.2,17,18 CXCL13 levels in fetal bovine serum are not routinely assessed by
manufacturers, and bovine and human CXCL13 share over 50% sequence identity, so it
is plausible that bovine CXCL13 may be able to act as a ligand for human CXCR5. 43
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Here, we report that FRET revealed no interaction between CXCR5 and a small ensemble
of candidates that may have helped explain its role in RA-induced differentiation in HL-60
cells. This includes the surface receptors CD11b and CD38, the cytosolic Src family
kinase Lyn, the scaffolding protein and E3 ubiquitin ligase c-Cbl, and several partners
previously reported in different cellular contexts: CXCR4, EBI2, and CXCR5 itself. 20,21 Our
results suggest that CXCR5 may not directly interact with these proteins in the HL-60
context. Given its role in RA-induced differentiation of an AML cell line and that its ligand,
CXCL13, is overexpressed in the context of a variety of infections, including those of
Helicobacter pylori, Treponema pallidum, and Borrelia spp., greater understanding of
CXCR5 signaling is of significance in that it may ultimately yield actionable targets for
therapeutic use.13,15,44–46 Further studies that extend the present report to elucidate the
mechanism by which CXCR5 is able to generate a downstream MAPK signal are thus
called for.
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Chapter 5 Foreword
This chapter represents a continuation of work on Src family kinase inhibitors initiated by
Dr. Johanna Congleton and continued most immediately thereafter by Robert MacDonald.
Whereas previous studies focused on PP2 and, to a lesser extent, the clinically relevant
drug, dasatinib, based on literature reviews, bosutinib appeared to be another target
worthy of pursuit; it is also used clinically and has a lower toxicity profile than dasatinib.
Initial phenotyping of bosutinib in HL-60 cells with or without RA was performed by Robert
MacDonald (Figures 5.S1 and 5.S2), who also laid out an experimental path for early
characterization encompassing the experiments performed in Figures 5.1-5.4. This
characterization was performed by Victoria Ip, David Tran, and Dr. Rodica Bunaciu, and
western blots for several additional proteins, shown in Figure 5.5, were planned and
performed by Victoria Ip, Dr. Rodica Bunaciu, and David Dai. An early version of the
manuscript was written by Victoria Ip and Dr. Rodica Bunaciu and a radical re-write was
done by Robert MacDonald and Dr. Rodica Bunaciu, with edits provided by all authors.
The manuscript was accepted and published online but is not yet in print; the current
citation is below:

MacDonald, R. J.*, Bunaciu, R. P.*, Ip, V.*, Dai, D., Tran, D., Varner, J. D. & Yen, A. Src
family kinase inhibitor bosutinib enhances retinoic acid-induced differentiation of HL-60
leukemia cells. Leuk. Lymphoma 1-11 (2018).
*These authors contributed equally to this work.
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Chapter 5: Src family kinase inhibitor bosutinib enhances retinoic acid-induced
differentiation of HL-60 leukemia cells
5.1 Abstract
The acute promyelocytic leukemia (APL) has been treated with all-trans retinoic acid (RA)
for decades. While RA has largely been ineffective in non-APL AML subtypes, cotreatments combining RA and other agents are currently in clinical trials. Using the RAresponsive non-APL AML cell line HL-60, we tested the efficacy of the Src family kinase
(SFK) inhibitor bosutinib on RA-induced differentiation. HL-60 has been recently shown
to bear fidelity to a subtype of AML that respond to RA. We found that co-treatment with
RA and bosutinib enhanced differentiation evidenced by increased CD11b expression,
G1/G0 cell cycle arrest, and respiratory burst. Expression of the SFK members Fgr and
Lyn was enhanced, while SFK activation was inhibited. Phosphorylation of several sites
of c-Raf was increased and expression of AhR and p85 PI3K was enhanced. Expression
of c-Cbl and mTOR was decreased. Our study suggests that SFK inhibition enhances
RA-induced differentiation and may have therapeutic value in non-APL AML.
5.2 Introduction
Acute myeloid leukemia (AML), the most common form of acute leukemia in adults, is
characterized by defective differentiation and excessive accumulation of proliferatively
active progenitor cells in bone marrow and blood. 1,2 The acute promyelocytic leukemia
(APL) subtype of AML is characterized by a t(15,17) cytogenetic marker resulting in the
PML-RARα fusion protein seminal to a block of leukocyte differentiation at the
promyelocyte stage and accounts for approximately 10–15% of all AML cases.3,4 Once
considered one of the most lethal forms of acute leukemia, the advent of all trans-retinoic
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acid (RA) and arsenic trioxide therapy has revolutionized treatment of APL. 4 Now, APL is
characterized by complete remission rates of 90% and cure rates of around 80%. 5
While RA is effective in treating APL, it is not effective in treating other subtypes of AML.
Moreover, many APL patients who initially respond to RA treatment relapse; subsequent
RA treatment is ineffective due to RA-resistance.6,7 It is therefore of great interest to
combine RA with other agents, such as other differentiation-inducing compounds or
kinase inhibitors, in order to promote RA-induced differentiation of APL as well as nonAPL AML.8,9
Src family kinases (SFKs) are a group of enzymes that are important in leukemia cell
proliferation, survival, adhesion, and differentiation.2 SFKs have been shown to positively
regulate MAPK signaling, cell proliferation, and contribute to cell transformation. 10
SFKs are overexpressed in many cancer types and are typically associated with acute
and chronic myeloid malignancies and metastasis.11 Lyn has been found to be the primary
active SFK expressed in AML cells.12,13 However, in the RA-responsive non-APL AML
cell line, patient derived HL-60 cells, expression of both Lyn and Fgr, the only SFKs we
detected in these cells, are upregulated following RA treatment leading to
differentiation.14–16 SFK inhibition has been effective in slowing leukemic cell growth.17 It
is therefore of interest to determine the impact of SFK expression and activity on RAinduced differentiation therapy.
SFK inhibitors PP2 and dasatinib have been reported to enhance RA-induced
differentiation.13,14,18,19 However, some reports demonstrate that SFKs themselves
positively regulate RA-induced differentiation.15,16
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It is ergo unclear what role SFKs themselves have in regulating RA-induced
differentiation. One focus of interest is the impact of SFK inhibitors on the MAPK pathway,
where different signaling/phosphorylation signatures on the same targeted signaling
molecules can cause different outcomes. Defining these signatures is important to
understanding the differential signaling attributes that might be exploited for therapeutic
intervention. RA has been found to elicit MAPK pathway activation necessary for HL-60
cell differentiation and growth arrest.20 PP2 and dasatinib co-treatments with RA were
found to affect the Raf/MEK/ERK axis by upregulating c-Raf pS259 while not impacting
MEK or ERK expression or phosphorylation.14 The results are somewhat counterintuitive
but suggest signaling events that are of importance to inducing differentiation of the
leukemic cells. They motivate interest in signaling that drives differentiation, and, in
particular, they motivate targeting SFKs to probe for signaling attributes driving
differentiation.
Bosutinib is a second-generation SFK inhibitor that has been used clinically to treat
phases of intolerant or resistant Philadelphia chromosome (t(19,21)/Bcr-Abl) – positive
chronic myeloid leukemias (CML) that do not harbor the T315I or V299LABL kinase
domain mutations.21 Bosutinib treatment has been studied extensively in CML, but its
effects on AML have not been well characterized. Additionally, although the effects of
SFK inhibition on APL and AML have been widely reported using PP2, the drug is for
research use only; dasatinib has also been studied but has a worse toxicity profile than
that of bosutinib.22 Studies to characterize the effects of bosutinib are therefore warranted;
bosutinib’s clinical usage to treat CML and benign toxicity profile make it an attractive
candidate for combination treatment of AML.21,23 We recently reported that certain AML
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primary cells responded favorably following co-treatment with RA and bosutinib and that
the HL-60 cell line may represent an RA-responsive non-APL AML subtype.9 Significantly,
bosutinib is already in clinical use for CML and this potential off-label application to
differentiation therapy could accelerate its deployment in AML.
In the present study, we examined the effects of RA/bosutinib co-treatments on HL-60
cells to determine the effects of bosutinib on HL-60 differentiation and the MAPK and
mTOR pathways. We found that RA/bosutinib enhanced RA-induced expression of the
differentiation marker CD11b at 48 and 72 h and G 1/G0 arrest at 48 h. Induced oxidative
metabolism and associated marker p47phox, a component of the NADPH oxidative
metabolism machine, were also enhanced with RA/ bosutinib compared to RA. With
RA/bosutinib treatment, SFK members Fgr and Lyn saw an increase in expression, while
pan-SFK

activation

decreased.

bosutinib

also

enhanced

RA-induced

c-Raf

phosphorylation at S259, S621, and the C-terminal domain. bosutinib decreased
expression of c-Cbl and mTOR compared to RA alone. bosutinib enhanced RA-induced
expression of AhR and p85 PI3K. Hence bosutinib affected several known key signaling
molecule regulators of RA-induced leukemic cell differentiation. Combined RA/ bosutinib
therapy may thus be useful in differentiation therapy for AML.
5.3 Materials and methods
5.3-1 Cell culture and treatments
Reagents, unless specified otherwise, were purchased from commercial suppliers in the
highest purity available. HL-60 human myeloblastic leukemia cells derived from the
original patient isolates, a generous gift of Dr. Robert Gallagher, were maintained in this
laboratory in RPMI 1640 supplemented with 5% heat inactivated fetal bovine serum (GE
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Healthcare, Chicago, IL) and 1x antibiotic/antimycotic (Thermo Fisher Scientific,
Waltham, MA) in a 5% CO2 humidified atmosphere at 37°C. The cells used were certified
as mycoplasma free HL-60 by Bio-Synthesis, Lewisville, TX, in August 2017. Viability was
monitored by 0.2% Trypan Blue (Invitrogen, Carlsbad, CA) exclusion and routinely
exceeded 95%. Experimental cultures were initiated at a density of 0.1×106 cells/mL.
There were three treatment regimens studied: (1) untreated, (2) RA, and (3) RA/bosutinib.
All-trans retinoic acid (RA) (Sigma, St. Louis, MO) was added from a 5 mM stock solution
in 100% ethanol to a final concentration of 1 µM in culture. Bosutinib (Sigma, St. Louis,
MO) was used from a stock of 5 mM in DMSO (Sigma) to make the final concentrations
in culture indicated.
Flow cytometric phenotypic analysis
5.3-2 Flow cytometric phenotypic analysis
Immunostaining for CD11b and CD38 was performed as previously described and
analyzed using a Becton Dickinson LSR II flow cytometer (Franklin Lakes, NJ). Gating
was set to exclude 95% of the untreated wild-type HL-60 samples. Propidium iodide (PI)
cell cycle analysis was performed as previously described.24,25
5.3-3 Respiratory burst quantification
Respiratory burst quantification was performed as previously described and analyzed
using a Becton Dickinson LSR II flow cytometer.25 Gating was set to exclude 95% of the
DMSO-treated samples. The shift in fluorescence intensity in response to 12-Otetradecanoylphorbol-13-acetate (TPA) was used to determine the percent cells with the
capability to generate inducible oxidative metabolites.
5.3-4 Antibodies
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CD38 and CD11b for flow cytometry were from Becton Dickinson (Franklin Lakes, NJ).
Lyn, Fgr, pY416-SFK, AhR, p47phox, mTOR, c-Raf pS259, c-Raf pS621, c-Raf
pS289/296/301(c-Raf pC-terminal domain), GAPDH, horseradish peroxidase anti-mouse
and anti-rabbit antibodies were from Cell Signaling (Danvers, MA, USA). Total c-Raf was
from Becton Dickinson. c-Cbl (C-15) and AhR (H211) were from Santa Cruz
Biotechnology (Santa Cruz, CA).
5.3-5 Western blot analysis
Cells were pelleted, washed twice with PBS, and lysed with ice cold mammalian protein
extraction reagent (Pierce, Rockford, IL) with protease and phosphatase inhibitor
cocktails (Sigma, St. Louis, MO). Samples were incubated overnight at −80 °C and debris
was pelleted. Protein concentration was determined using the Pierce BCA Protein Assay
according to the manufacturer’s protocol. Lysate was subjected to standard SDS-PAGE,
using 25 µg of lysate per lane under denaturing conditions. Membranes were blocked with
5% dry nonfat milk in phosphate-buffered saline (PBS) and probed with antibodies
described above. Enhanced chemiluminescence reagent (GE Healthcare, Pittsburg, PA)
was used for detection. Films were scanned and bands of interest were quantified using
NIH ImageJ (NIH, Bethesda, MD).
5.3-6 Statistical analysis
Statistics were analyzed using Microsoft Excel. Means of treatment groups of interest
were compared using two-tailed paired-sample t-tests. The data represent the means of
three repeats ± standard error of the mean (SEM). A p-value of < 0.05 was considered
significant.
5.4 Results
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5.4-1 RA/bosutinib enhances CD11b expression and G1/G0 arrest
We first determined the effect of bosutinib on RA-induced differentiation in HL-60 cells by
comparing differentiation markers of cells treated with RA alone or in combination with
bosutinib (RA/B) over a 72 h treatment period: we assessed CD38 and CD11b
expression, G1/G0 cell cycle arrest, and population growth. We chose to use 0.25 µM
bosutinib based on an initial dose-response experiment, included in the supplementary
information (Figures 5.S1 and 5.S2). It is the lowest dose that yields significant increases
compared to control; i.e., the lowest observable effect level (LOEL), A previous study also
found that this dosage of bosutinib inhibited cancer cell migration and invasion. 26 The
dose chosen elicited no detectable toxicity or significant phenotypic shift by itself.
We measured expression of two cell surface markers, CD38 and CD11b, using flow
cytometry. CD38 expression was nearly 100% in both RA and RA/bosutinib treated cells
at 24, 48, and 72 hours (Figure 5.1A). CD38 mean expression per cell also yielded no
difference between RA and RA/bosutinib at the three time points (Figure 5.1B). We
measured CD11b, a later differentiation marker of RA-induced differentiation, at 48 h and
72 h. RA/bosutinib significantly increases CD11b expression at 48 h and 72 h (Figure
5.1C). Mean expression per cell of CD11b also shows a significant increase with
RA/bosutinib treatment at 48 h (Figure 5.1D).
At 48 h but not 72 h, RA/bosutinib showed significant enhancement of G 1/G0 arrest
compared to RA alone (Figure 5.1E). Addition of bosutinib to the cells did not result in any
apparent toxicity compared to RA, as both RA/bosutinib and RA treatments yield similar
cell growth patterns over the 72 h treatment period (Figure 5.1F). Both RA and
RA/bosutinib induce growth retardation compared to untreated cells (Figure 5.1F).
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Figure 5.S1: Dose-response curve of bosutinib and DMSO carrier. (A) HL-60 cells
were cultured in the presence of 1 µM RA, 0.125 – 1 µM bosutinib (B) or equivalent
volumes of the carrier, DMSO (D), as indicated. CD38 levels were analyzed via flow
cytometry following 24, 48, and 72 h culture periods. Gating to discriminate positive cells
was set to exclude 95% of untreated controls. (B) CD11b expression was assessed by
flow cytometry at 24, 48, and 72 h. (C) Cell cycle distribution showing the percentage of
cells in G1/G0 was analyzed using flow cytometry with propidium iodide staining at 24, 48,
and 72 h. (D) Cell counts were taken at 24, 48, and 72 h using a hemocytometer and
0.2% Trypan Blue exclusion staining.
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Figure 5.S2: Dose-response curve of co-treatments of RA with bosutinib or DMSO
carrier. (A) HL-60 cells were cultured in the presence of 1 µM RA alone or in combination
with 0.125 – 1 µM bosutinib (RA/B) or equivalent volumes of the carrier, DMSO (RA/D),
as indicated. CD38 levels were analyzed via flow cytometry following 24, 48, and 72 h
culture periods. Gating to discriminate positive cells was set to exclude 95% of untreated
controls. (B) CD11b expression was assessed by flow cytometry at 24, 48, and 72 h. (C)
Cell cycle distribution showing the percentage of cells in G1/G0 was analyzed using flow
cytometry with propidium iodide staining at 24, 48, and 72 h. (D) Cell counts were taken
at 24, 48, and 72 h using a hemocytometer and 0.2% Trypan Blue exclusion staining.
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Figure 5.1: Phenotypic analysis of HL-60 cells treated with RA/bosutinib. (A) HL-60
cells were cultured in the presence of 1 µM RA or 1 µM RA and 0.25 µM bosutinib (B) as
indicated. CD38 expression was assessed by flow cytometry following 24, 48, and 72 h
treatment periods. Gating to discriminate positive cells was set to exclude 95% of
untreated controls (n=3). Error bars indicate SEM. (B) Normalized means of CD38
expression per cell at 24 h, 48 h, or 72 h (n=3). (C) CD11b expression was assessed by
flow cytometry at 48 and 72 h (n=3). *, p < 0.05 comparing RA-treated samples to
RA/bosutinib-treated samples. Two-tailed paired-sample t-tests were used to determine
significance. (D) Normalized means of CD11b expression per cell at 48 h and 72 h (n=3).
*, p < 0.05 comparing RA-treated samples to RA/bosutinib-treated samples. (E) Cell cycle
distribution showing the percentage of cells in G1/G0 was analyzed using flow cytometry
with propidium iodide staining at 24, 48, and 72 h (n=4). *, p < 0.05 comparing RA-treated
samples to RA/bosutinib-treated samples. (F) Cell counts were taken at 24, 48, and 72 h
using a hemocytometer and 0.2% Trypan Blue exclusion staining (n=3).
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5.4-2 RA/bosutinib increases RA-induced respiratory burst activity
To determine the effects of RA/bosutinib on a functional differentiation marker, respiratory
burst, we measured inducible reactive oxygen species production (ROS) by flow
cytometry at 72 h. RA caused an increase in ROS compared to untreated cells, and
RA/bosutinib treated cells show a significant further increase in oxidative metabolism
compared to RA alone (Figure 5.2A).
To corroborate the ROS assay, we also measured expression of a subunit of the NADPH
oxidase complex that produces the respiratory burst, p47phox.27,28 After a 48 h treatment
period, we collected cell lysate and performed western blots for p47 phox (Figure 5.2B).
Expression was greater in both RA and RA/bosutinib compared to untreated cells, and
RA/bosutinib further enhanced p47phox levels compared to RA alone (Figure 5.2B).
GAPDH was used as a loading control (Figure 5.2C).
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Figure 5.2: HL-60 cells treated with RA/bosutinib displayed enhanced respiratory
burst and p47phox expression. (A) HL-60 cells were cultured in the presence of 1 µM RA
or 1 µM RA and 0.25 µM bosutinib (B) as indicated. Respiratory burst was analyzed by
measuring inducible reactive oxygen species (ROS) production by flow cytometry using
the DCF assay. Gates to determine percent increase of expression with treatment were
set to exclude 95% of the DMSO-treated control population for each culture condition;
TPA-treated samples show induced ROS (n=3). Error bars indicate SEM. *, p < 0.05
comparing RA-treated samples to RA/bosutinib-treated samples. Two-tailed pairedsample t-tests were used to determine significance. (B) HL-60 cells were cultured for 48
h in the presence of 1 µM RA or 1 µM RA and 0.25 µM B as indicated and whole cell
lysate was collected. 25 µg of lysate per lane was run. Western blots of PAGE-resolved
lysates were probed for p47phox (n=3). Films were scanned and bands of interest were
quantified using NIH ImageJ. Error bars indicate SEM. A representative blot, cropped to
show only the band of interest, is included. (C) Western blots of GAPDH were used as
loading controls following the procedure described above.
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5.4-3 RA/bosutinib increases RA-induced SFK expression, but decreases SFK activation
As bosutinib is an SFK inhibitor and the SFK members Fgr and Lyn have been shown to
be upregulated by RA treatment in HL-60 cells, we assessed levels and phosphorylation
of these members by western blot.3,26,28 Since Fgr and Lyn are the primary SFK members
that are upregulated (i.e. Fgr, Lyn) or activated (i.e., Lyn) in response to RA treatment in
AML, we did not probe for other members.12–16 We collected lysate following a 48 h
treatment period. Both RA and RA/bosutinib increased Fgr and Lyn levels compared to
untreated cells, and RA/ bosutinib induced further increases of Fgr and Lyn levels
compared to RA alone (Figures 5.3A and 5.3B).
We measured SFK activation using a pan-SFK antibody that detects active site (Y416)
phosphorylation in all family members, including Fgr and Lyn. While treatment with RA
and RA/bosutinib both caused increases in SFK phosphorylation compared to untreated
cells, treatment with RA/bosutinib decreased SFK phosphorylation compared to RA alone
(Figure 5.3, A-C). GAPDH was used as a loading control (Figure 5.3D).
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Figure 5.3: Bosutinib enhances RA-induced SFK expression and diminishes SFK
phosphorylation. (A) HL-60 cells were cultured for 48 h in the presence of 1 µM RA or
1 µM RA and 0.25 µM bosutinib (B) as indicated and whole cell lysate was collected. 25
µg of lysate per lane was run. Western blots of PAGE-resolved lysates were probed for
Fgr (n=3). Films were scanned and bands of interest were quantified using NIH ImageJ.
Error bars indicate SEM. A representative blot, cropped to show only the band of interest,
is included. (B) Western blots of Lyn following the procedure described above. (C)
Western blots of phosphorylated pan-Y416 SFK following the procedure described above.
(D) Western blots of GAPDH were used as loading controls following the procedure
described above.
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5.4-4 RA/bosutinib augments RA-induced c-Raf phosphorylation
We also examined phosphorylation of several sites of c-Raf previously shown to drive
RA-induced differentiation.29 Since SFKs can regulate MAPK signaling, we analyzed the
effect of bosutinib on RA-induced c-Raf activation. We evaluated the phosphorylation
status of c-Raf regulatory phosphorylations at S259, S621, and the c-Raf C-terminal
domain by western blot following a 48 h treatment period. RA increases the amount of cRaf pS259, c-Raf pS621, and c-Raf pC-terminal domain. We observed modest
enhancements of levels of each of these in cells treated with RA/bosutinib compared to
RA alone (Figure 5.4, A-C). Total c-Raf levels were modestly increased with both RA and
RA/bosutinib treatment (Figure 5.4D). GAPDH was used as a loading control (Figure
5.4E).
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Figure 5.4: Bosutinib enhances levels of RA-induced phosphorylated c-Raf. (A) HL60 cells were cultured for 48 h in the presence of 1 µM RA or 1 µM RA and 0.25 µM
bosutinib (B) as indicated and whole cell lysate was collected. 25 µg of lysate per lane
was run. Western blots of PAGE-resolved lysates were probed for c-Raf pS259 (n=3).
Films were scanned and bands of interest were quantified using NIH ImageJ. Error bars
indicate SEM. A representative blot, cropped to show only the band of interest, is
included. (B) Western blots of c-Raf pS621 following the procedure described above. (C)
Western blots of c-Raf pC-terminal domain following the procedure described above. (D)
Western blots of total c-Raf following the procedure described above. (E) Western blots
of GAPDH were used as loading controls following the procedure described above.
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5.4-5 RA/bosutinib inhibits c-Cbl and mTOR expression and enhances AhR and p85 PI3K
expression
We next assessed levels of several proteins associated with RA-induced differentiation,
AhR, c-Cbl, and p85 PI3K, as well as one known to be aberrantly activated in AML,
mTOR.8,24,30,31 After a 48 h treatment period, we collected cell lysate and analyzed
expression of these proteins via western blot. C-Cbl expression was upregulated in cells
treated with RA and RA/ bosutinib, but RA/bosutinib inhibited c-Cbl expression compared
to cells treated with RA alone (Fig. 5A). mTOR expression followed a similar pattern
(Figure 5.5B). AhR and p85 PI3K levels, however, were further upregulated in
RA/bosutinib -treated cells compared to RA-treated cells (Figures 5.5C and 5.5D).
GAPDH was used as a loading control (Figure 5.5E).
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Figure 5.5: The effect of bosutinib on c-Cbl, mTOR, AhR, and p85 PI3K. (A) HL-60
cells were cultured for 48 h in the presence of 1 µM RA or 1 µM RA and 0.25 µM bosutinib
(B) as indicated and whole cell lysate was collected. 25 µg of lysate per lane was run.
Western blots of PAGE-resolved lysates were probed for c-Cbl (n=3). Films were scanned
and bands of interest were quantified using NIH ImageJ. Error bars indicate SEM. A
representative blot, cropped to show only the band of interest, is included. (B) Western
blots of mTOR following the procedure described above. (C) Western blots of AhR
following the procedure described above. (D) Western blots of p85 PI3K following the
procedure described above. (E) Western blots of GAPDH were used as loading controls
following the procedure described above.
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5.5 Discussion
We sought to provide an initial characterization of the effects of treatment with bosutinib
on RA-induced differentiation of HL-60 cells in order to explore its potential therapeutic
value in non-APL AML. We recently reported that the HL-60 cell line bears fidelity to a
previously undefined RA-responsive, non-APL subtype of AML.9 Here, we observed that
RA/bosutinib treatment enhanced several myeloid lineage differentiation markers
compared with RA treatment alone: CD11b expression, G1/G0 cell cycle arrest, and
respiratory burst, a functional marker of mature myeloid series cells. 28 Expression of
CD38, an early marker of RA-induced differentiation, was not affected by the addition of
bosutinib. Recent reports from our laboratory, however, suggest that CD38 may not be
necessary for the differentiation process, although it can enhance it.9,21,32
Since addition of bosutinib enhanced phenotypic and functional markers of RA-induced
differentiation, we explored its effects on activation of the key signaling protein c-Raf.
Cells treated with RA/bosutinib displayed increased phosphorylated c-Raf levels. The
particular phosphorylation sites assayed, S259, S621, and the C-terminal domain, are all
associated with active c-Raf in HL-60 cells and thus drive RA-induced differentiation.29
Our western blotting results are consistent with our phenotypic results and previous
findings that RA co-treatments with PP2 or dasatinib also increased c-Raf
phosphorylation, namely c-Raf pS259 and c-Raf pS621, in HL-60 cells.14 These findings
are congruous with the notion that c-Raf is a downstream target of SFK inhibitors like
bosutinib.
Given that bosutinib is a SFK inhibitor, we assessed its effects on the two prominent SFK
members expressed in RA-treated HL-60 cells, Fgr and Lyn, the primary active SFK
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expressed in AML cells.12–16 As anticipated, we saw that RA/ bosutinib treatment
decreased levels of phosphorylated Y416, a mark of activated SFKs. We did, however,
observe increased levels of Fgr and Lyn in RA/bosutinib compared to RA alone; increase
in expression could perhaps be an attempt to compensate for the inhibited activity of the
proteins. These results are consistent with previous findings with RA/dasatinib cotreatments.14 Dasatinib, like bosutinib, is a second generation SFK inhibitor that is used
clinically to treat CML. Bosutinib, however, may be more interesting as a potential
therapeutic intervention in AML because it has a lower toxicity profile compared to
dasatinib; it is used in patients with CML who have shown intolerance to dasatinib.22
c-Cbl interacts with CD38 to promote RA-induced differentiation and G1/G0 arrest of HL60 cells.30 As previously reported, c-Cbl expression is upregulated by RA treatment; RA/
bosutinib treatment partially inhibits RA-induced upregulation. Since c-Cbl expression has
been shown to drive RA-induced differentiation, this is surprising, but it is possible that
bosutinib drives RA-induced differentiation via other pathways such as c-Raf activation.
The mTOR/p70S6K/4EBP1 pathway, a driver of cellular anabolism/metabolism, is
constitutively activated in AML cells, leading to increased cell proliferation and inhibition
of differentiation.33 mTOR is thought to be downstream of the pathways implicated above
to regulate differentiation. Dasatinib inactivates the mTOR pathway, correlating with an
improvement in cell survival in the AML-derived cell line PVTL-1.33 Lyn is hypothesized
to serve as an intermediary; Lyn stimulates mTOR expression and is inhibited by
dasatinib.13,33 Lending credence to this, silencing Lyn was found to inhibit the mTOR
pathway in primary AML cells, and PP2 mimics rapamycin, a selective inhibitor of
mTOR.12
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To our knowledge, the effects of SFK inhibitors on the mTOR pathway in APL are
unknown. It was hence of interest to determine if bosutinib has an inhibitory effect on
mTOR in an RA-responsive AML cell line as found in other forms of AML. Both RA and
RA/bosutinib induced greater mTOR expression compared to untreated cells, however,
RA/bosutinib decreased mTOR expression compared to RA (Figure 5.5B). It appears that
a decrease in the activated SFKs yields an inhibitory effect on the mTOR pathway in RAtreated cells. This inhibitory effect on the mTOR pathway suggests part of the process by
which bosutinib enhances differentiation compared to RA alone.
We note that MAPK signaling pathway activation is promoting differentiation and cell cycle
arrest in RA-treated HL-60 cells, yet it is also thought to drive mTOR and, consequentially,
cellular anabolism to promote proliferation. Hence, RA appears to be redirecting these
pathways to support differentiation instead of proliferation. The mechanism of this is a
profound but yet unresolved question in leukemic cell differentiation.
AhR is known to drive differentiation and to be linked to phosphorylated c-Raf in an RAactivated signalsome.25 We found that RA treatment increased AhR levels, consistent
with previous studies (Figure 5.5C).3,34 Co-treatment with bosutinib further increased AhR
expression, consistent with the increase in phosphorylated c-Raf expression in
RA/bosutinib treated samples (Figure 5.3, Figure 5.5C).
p85 PI3K activity is upregulated during granulocytic maturation. 35 It was therefore of
interest to determine the effect of bosutinib on p85 PI3K expression; the protein exhibited
an expression pattern similar to that of AhR, as bosutinib caused an increase in RAinduced upregulation of p85 PI3K expression. Interestingly, while both CD38 and c-Cbl

148

are known to interact with p85 PI3K, RA/bosutinib treatment did not affect the RA-induced
expression of these proteins in the same fashion.31
Bosutinib, like other SFK inhibitors, has promising effects on enhancing RA-induced
differentiation in HL-60 cells. These effects include modulation of the SFK members Fgr
and Lyn and impacts on the MAPK and mTOR pathways. Further studies may elucidate
the effects of RA/bosutinib co-treatments on RA-resistant APL cell lines or other myeloid
leukemias. Bosutinib is already in clinical trials as a cytotoxic chemotherapeutic agent,
but our results suggest it is potentially useful as an agent used in combination therapy
with RA for differentiation therapy of AML.
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Chapter 6 Foreword
The work in this chapter represents an exploratory foray arising from the opportunity
presented by the availability a selective Sirt2 inhibitor, TM, generated by Hui Jing and
Lu Zhang of Dr. Hening Lin’s laboratory. Knowing that histone deacetylase inhibitors are
often overexpressed in cancers and in AML in particular, we probed for effects of
treatment with TM and two other Sirt2 inhibitors known to be less specific, AGK2 and
BML-266, as well as a Sirt1 inhibitor, EX-527, on differentiation and RA-induced
differentiation. As Dr. Andrew Yen’s lab is primarily focused on differentiation, we hoped
to see effects on the process, but we found that the Sirt1 inhibitor did not appear to alter
the process and that the Sirt2 inhibitors all exhibited signs of toxicity concurrent with or
before effects on differentiation were apparent. TM was synthesized by Hui Jing and Lu
Zhang while the other drugs were purchased commercially and the data shown was
generated by Robert MacDonald. As a brief foray, we felt the data was not complete
enough to pursue peer-reviewed publication, and since the end result was not what we
hoped, we did not use additional time to flesh out the work with, for example, evidence
that each drug was able to inhibit its target as anticipated.
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Chapter 6: The specific Sirt2 inhibitor TM induces cell death but not differentiation,
whereas promiscuous Sirt2 inhibitors AGK2 and BML-266 induce cell death as well
as the differentiation marker CD11b in HL-60 acute myeloid leukemia cells
6.1 Abstract
All-trans retinoic acid (RA) has been used to treat acute promyelocytic leukemia (APL)
for several decades by inducing differentiation of the cancerous cells but has proven less
effective in other subtypes of acute myeloid leukemia (AML). Combination therapies,
however, show promise in their ability to enhance and expand the efficacy of RA-based
differentiation therapy. Histone deacetylase (HDAC) inhibitors are one such class of drugs
in clinical trials for use in combination with RA for treatment of non-APL AML. The ability
to identify and target the appropriate abnormal HDACs is a key step in harnessing HDAC
inhibitors in patients. Inhibition of the HDAC Sirt2 has been shown to enhance RAinduced differentiation in the non-APL AML cell line HL-60 as well as the APL cell line
NB4, whereas Sirt1 inhibition had no effect. Highly specific inhibitors for another member
of the sirtuin family, Sirt1, are commercially available, but many Sirt2 inhibitors function
against other sirtuins as well. Hening Lin’s laboratory has recently synthesized and
characterized a highly specific inhibitor of Sirt2, TM. Here, we assessed the ability of TM,
two commercially available Sirt2 inhibitors, AGK2 and BML-266, and a commercially
available Sirt1 inhibitor, EX-527, to enhance RA-induced differentiation of HL-60 cells.
EX-527, as anticipated, had no effect on RA-induced differentiation. AGK2 and BML-266,
but not TM, enhanced expression of a marker of myeloid differentiation, CD11b.
Treatment with each of the three Sirt2 inhibitors, however, resulted in decreased cell
density and a corresponding increase in Trypan Blue staining. Our results suggest that
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specific Sirt2 inhibition may induce cell death rather than enhancement of RA-induced
differentiation in HL-60 cells.
6.2 Introduction
The use of all-trans retinoic acid (RA) in the treatment of acute promyelocytic leukemia
(APL), a subtype of acute myeloid leukemia (AML), hinges upon its ability to induce
differentiation of the cancerous cells. Alone, RA is induces remission in over 80% of APL
patients, but remission is transient unless combination therapy with anthracyclines or
arsenic trioxide, the current standard of care, is employed.1–5 Combination therapies that
may enhance the efficacy and durability of RA treatment not only in APL, but also in other
subtypes of AML, where patient outcomes are much worse and RA has historically been
much less effective, are therefore of great interest for their potential therapeutic
applications.6–8
In APL, a common feature in roughly 90% of these cancers is the fusion of the retinoic
acid receptor alpha (RARα) and promyelocytic leukemia (PML) proteins to form PMLRARα.9 As a result, histone deacetylase (HDAC) binding domains from PML are acquired
and RARα transcriptional activity is repressed to a greater degree than under normal
conditions.10–12 Typically, physiological levels of RA are able to bind to RARα and cause
a release of transcriptional repression and subsequent differentiation of immature
granulocytes to neutrophils; however, these levels are not enough to de-repress
transcriptional activity in APL and pharmacological intervention is required to induce
differentiation.13–15 The standard form of intervention clinically is RA and arsenic trioxide,
as introducing higher doses of RA is able to relieve transcriptional repression and
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cotreatment promotes degradation of the PML-RARα fusion protein, resulting in
granulocytic differentiation.5,15–17
In addition to RA, HDAC inhibitors have also been investigated for potential therapeutic
use in both APL and AML.18 There are four classes of HDACs. Classes I, II, and IV have
zinc-dependent active sites, whereas class III HDACs, comprised of the seven members
of the sirtuin family, possess NAD+-dependent activities.19–21 HDAC inhibitors are able to
induce cell death in a variety of cancers, including APL and AML.22–25 However, there are
fewer reports suggesting that they are able to enhance differentiation. Valproic acid and
a handful of its derivatives, which act against class I and II HDACs, are one such set of
HDAC inhibitors that do promote differentiation of HL-60 cells, an RA-responsive nonAPL AML cell line.26,27 Sodium butyrate, which inhibits class I HDACs, also promotes
differentiation of HL-60 cells.28 As in the case of suberoylanilide hydroxamic acid (SAHA),
however, the capacity of HDACs to induce differentiation is often limited by their
propensity to cause apoptosis.21,29,30
Inhibition of Sirt2, a class III HDAC, is also reported to enhance RA-induced differentiation
of HL-60 and NB4 cells, an APL model for inducible differentiation. 31 The same report
also demonstrated that inhibition or loss of Sirt1 had no effect on differentiation.31 Many
commercially available Sirt2 inhibitors are known to be somewhat promiscuous, however,
often acting against multiple members of the sirtuin family.32–34
Here, we compared the effects of one Sirt1 inhibitor, EX-527, two commercially available
Sirt2 inhibitors, AGK2 and BML-266, and a highly selective Sirt2 inhibitor synthesized by
Hening Lin’s laboratory, TM, on RA-induced differentiation of HL-60 cells.33 As
anticipated, we saw no effect of EX-527 on RA-induced differentiation of HL-60 cells.31
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Treatment with the commercially available Sirt2 inhibitors enhanced CD11b expression
but also inhibited cell grown and increased cell death. Treatment with TM inhibited cell
growth and increased cell death but did not enhance expression of CD11b. Our results
suggest that Sirt2 inhibition may be toxic to HL-60 cells; inhibition with a selective drug
leads to cell death before any signs of enhancement of differentiation, while use of less
selective agents increases signs of both differentiation and toxicity.
6.3 Materials and methods
6.3-1 Antibodies and reagents
Reagents, unless specified otherwise, were purchased from commercial suppliers in the
highest purity available and used as supplied. PE-conjugated CD38 (clone HIT2, catalog
number 555460) and APC-conjugated CD11b (clone ICRF44, catalog number 550019)
were purchased from Becton Dickinson (Franklin Lakes, NJ). AGK2 and EX-527 were
purchased from Sigma (St. Louis, MO) and solubilized in DMSO at 4.6 mM and 1 mM,
respectively. BML-266 was purchased from Santa Cruz Biotechnology (Dallas, TX) and
solubilized in DMSO at 1 mM. Final DMSO concentrations in media were 0.2% or below.
The selective Sirt2 inhibitor, TM, was a generous gift of Hening Lin and was solubilized
in absolute ethanol at 25 mM.
6.3-2 Cell culture
HL-60 human myeloblastic leukemia cells derived from original patient isolates, a kind gift
of Dr. Robert Gallagher and maintained in the lab, were cultured in RPMI 1640
supplemented with 5% heat-inactivated fetal bovine serum (GE Healthcare, Chicago, IL)
and 1% antibiotic/antimycotic (Thermo Fisher Scientific, Waltham, MA) in a 5%
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CO2 humidified atmosphere at 37 °C. All-trans retinoic acid (RA) (Sigma, St. Louis, MO)
was solubilized in absolute ethanol. A final concentration of 1 µM was used.
6.3-3 Flow cytometric phenotypic analysis
Immunostaining for CD11b and CD38 was performed as previously described and
analyzed using a Becton Dickinson LSR II flow cytometer. 35 Gating was set to exclude
95% of the untreated wild-type HL-60 samples. Propidium iodide (PI) cell cycle analysis
was performed as previously described.35,36
6.4 Results
6.4-1 The Sirt1 inhibitor EX-527 did not affect RA-induced differentiation
We tested several concentrations of the Sirt1 specific inhibitor, EX-527, to determine
whether it affects RA-induced differentiation of HL-60 cells. Using its published IC50 value
of 38 nM as a base point, we screened from 20 nM up to 500 nM with no noticeable
toxicity.37 We used several markers of differentiation in our assessment: the early cell
surface marker CD38, the late cell surface marker CD11b, G 1/G0 cell cycle arrest, and
cell density. As shown in Figure 6.1, we did not observe any effects on these markers at
any of the concentrations tested.
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Figure 6.1: EX-527 treatment did not affect RA-induced differentiation. A. HL-60 cells
were cultured for 24 h with 1 µM RA or with 20-500 nM EX-527 as indicated and surface
expression of CD38 was analyzed by flow cytometry. Gating to discriminate positive cells
was set to exclude 95% of untreated controls. B. HL-60 cells were cultured for 48 h with
1 µM RA or with 20-500 nM EX-527 as indicated and surface expression of CD11b was
analyzed by flow cytometry. Gating to discriminate positive cells was set to exclude 95%
of untreated controls. C. Cell cycle distribution, showing the percentage of cells in G 1/G0,
was analyzed by flow cytometry with propidium iodide staining at 48 h. D. Cell density
was measured at 48 h using a hemocytometer and 0.2% Trypan Blue exclusion staining.
Error bars indicate standard error of the mean (SEM).
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6.4-2 Sirt2 inhibitors enhanced RA-induced CD11b expression but also caused cell death
We used several concentrations of three different Sirt2 inhibitors: the commercially
available inhibitors AGK2 and BML-266 as well as one synthesized by members of
Hening Lin’s laboratory, TM. We screened AGK2 around its reported IC50 value of 3.5 µM
in in vitro biochemical assays and in HeLa cells, going from 2 to 5 µM. 38 BML-266 was
reported to enhance differentiation in NB4 cells at a concentration of 5 µM, however we
observed nearly complete cell death at that level and instead tested from 0.1 to 2 µM. 31
As the IC50 of TM in HL-60 cells is roughly 11 µM (Hui Jing, unpublished data), we tested
concentrations of 10 and 20 µM.
As shown in Figures 6.2 and 6.3, while we did begin to observe enhanced CD11b
expression with the highest doses of AGK2 and BML-266, we also saw decreases in cell
density and corresponding increases in levels of cells positive for Trypan Blue staining,
an indication of cell death. We observed decreased cell density and increased Trypan
Blue staining but not enhancement of CD11b in samples treated with 20 µM TM, as shown
in Figure 6.4.
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Figure 6.2: AGK2 treatment enhanced RA-induced CD11b expression and inhibited
cell growth. A. HL-60 cells were cultured for 24 h with 1 µM RA or with 2-5 µM AGK2 as
indicated and surface expression of CD38 was analyzed by flow cytometry. Gating to
discriminate positive cells was set to exclude 95% of untreated controls. B. HL-60 cells
were cultured for 48 h with 1 µM RA or with 2-5 µM AGK2 as indicated and surface
expression of CD11b was analyzed by flow cytometry. Gating to discriminate positive
cells was set to exclude 95% of untreated controls. C. Cell cycle distribution, showing the
percentage of cells in G1/G0, was analyzed by flow cytometry with propidium iodide
staining at 48 h. D. Cell density was measured at 48 h using a hemocytometer and 0.2%
Trypan Blue exclusion staining. Error bars indicate standard error of the mean (SEM).
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Figure 6.3: BML-266 treatment enhanced RA-induced CD11b expression and
inhibited cell growth. A. HL-60 cells were cultured for 24 h with 1 µM RA or with 0.1-2
µM BML-266 as indicated and surface expression of CD38 was analyzed by flow
cytometry. Gating to discriminate positive cells was set to exclude 95% of untreated
controls. B. HL-60 cells were cultured for 48 h with 1 µM RA or with 0.1-2 µM BML-266
as indicated and surface expression of CD11b was analyzed by flow cytometry. Gating
to discriminate positive cells was set to exclude 95% of untreated controls. C. Cell cycle
distribution, showing the percentage of cells in G1/G0, was analyzed by flow cytometry
with propidium iodide staining at 48 h. D. Cell density was measured at 48 h using a
hemocytometer and 0.2% Trypan Blue exclusion staining. Error bars indicate standard
error of the mean (SEM).
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Figure 6.4: TM treatment inhibited growth of HL-60 cells. A. HL-60 cells were cultured
for 48 h with 1 µM RA or with 10 or 20 µM TM as indicated and surface expression of
CD38 was analyzed by flow cytometry. Gating to discriminate positive cells was set to
exclude 95% of untreated controls. B. Surface expression of CD11b was analyzed by flow
cytometry. Gating to discriminate positive cells was set to exclude 95% of untreated
controls. C. Cell cycle distribution, showing the percentage of cells in G1/G0, was analyzed
by flow cytometry with propidium iodide staining at 48 h. D. Cell density was measured at
48 h using a hemocytometer and 0.2% Trypan Blue exclusion staining. Error bars indicate
standard error of the mean (SEM).
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6.5 Discussion
Current differentiation therapy of APL using RA in combination with arsenic trioxide is
highly effective, and response is predicated on the ability of RA to induce differentiation
of the cancerous cells. Enhancement of the capability of RA to induce differentiation may
benefit patient outcomes not only in APL, but also in non-APL AML. Combination
therapies using RA as well as other drugs that may improve its efficacy are of particular
interest in non-APL AML, where RA has historically been much less successful and
patient outcomes are far less favorable.6–8
HDACs are one such targetable component of cancers that have generated excitement
for their potential use in combination therapies. Their expression and activity are often
aberrant and many HDAC inhibitors are effective at inducing apoptosis in a broad range
of cancer cell types, including APL and non-APL AML.22–25,39 Fewer, however, have been
shown to induce or enhance differentiation without inducing apoptosis. HDAC activity is
essential for transcriptional regulation in normal cells; to minimize the potential for offtarget effects, it is vital to identify the HDACs that may benefit from intervention as well
as drugs specific to those HDACs.39–41 Sirtuins, which comprise the class III HDACs, have
drawn particular interest for their roles in cancer as well as aging.42,43
Here, we evaluated the ability of several Sirt2 inhibitors, as well as one Sirt1 inhibitor, to
enhance RA-induced differentiation of the non-APL AML cell line, HL-60. Many
commercially available Sirt2 inhibitors, while effective, are promiscuous, targeting not only
Sirt2 but other members of the sirtuin family.32–34 We compared two commercially
available Sirt2 inhibitors, AGK2 and BML-266, with a highly specific Sirt2 inhibitor, TM,
graciously provided by Hening Lin’s laboratory.33 Consistent with a previous report, we
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saw that Sirt1 inhibition did not affect RA-induced differentiation, while the commercially
available Sirt2 inhibitors enhanced CD11b expression, a marker of RA-induced
differentiation.31 AGK2 and BML-266, however, began to display toxicity in the form of
diminished cell growth and corresponding increases in Trypan Blue staining concurrently
with this enhancement of CD11b expression. Treatment with TM did not result in
enhanced CD11b expression, but also began to display toxicity at the highest dose
evaluated. Overall, our results suggest that specific inhibition of Sirt2 may be toxic to HL60 cells, whereas a more broad inhibition of sirtuins may enhance differentiation.
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Chapter 7: Discussion and future directions
The use of all-trans retinoic acid (RA) to treat acute promyelocytic leukemia (APL), a
subtype of acute myeloid leukemia (AML) has transformed patient outcomes; where it
was once a virtual death sentence, it is now a highly survivable disease. The standard of
care, use of RA in combination with arsenic trioxide, has given patients nearly a 95%
remission rate and 5-year disease-free survival rates nearly as high.1
The prognosis for non-APL AML patients, however, remains poor by comparison;
historically, RA has proven far less effective in non-APL AML than in APL and the
traditional chemotherapeutic agents cytarabine and anthracyclines.2 Remission rates are
typically around 60-70%, but the 5-year survival rate is only 27%.3,4 Patients under age
60 fare much better, with remission rates closer to 80% and 5-year survival rates of about
40%, but the disease primarily affects those over age 65.2,5 While RA treatment has been
tested for use in non-APL AML in various clinical trials, many depict only marginal
differences with RA treatment compared to traditional approaches. 6
AML is a highly heterogeneous disease, however, and as various genetic markers are
identified and grouped, there is renewed potential for RA to be effective in AML in
combination therapies.7 The HL-60 cell line, for example, is an AML cell line that responds
well to RA treatment and has been used as a model for RA-induced differentiation for
several decades.8–10 Recently, a report from our lab measured responses of about a
dozen samples of primary AML cells and the HL-60 cell line to treatment with RA, either
alone or in combination with the Src family kinase inhibitor (SFK) bosutinib or the aryl
hydrocarbon receptor agonist 6-formylindolo(3,2-b) carbazole.11 The report indicated that
the response of HL-60 grouped closely with that of a particular primary sample with wild-
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type NPM1, low CD34 expression, and had c-Cbl, Lyn, and c-Raf expression that could
be regulated by RA.11 This may represent a previously uncharacterized subtype of AML
in which RA could be an effective treatment.
For the best chances of RA to benefit AML patients, whether directly or indirectly, we
need a deeper understanding of its mechanism of action in the context of inducible
differentiation. In a basic sense, RA is known to drive differentiation via its interactions
with the RA receptors (RARs) and retinoid X receptors (RXRs). 12–17 RAR/RXR
heterodimers act as transcriptional regulators, binding at specific sites of the genome
known as RA response elements (RAREs).17 Without RA, the RAR/RXR heterodimers
bound at RAREs hold the affected genes in transcriptionally repressed states, and when
RA is present, it is able to remove this transcriptional repression.12,17 Over 500 genes are
known to be regulated by RA, but since RA has numerous biological roles, it is unlikely
that modulation of all of its gene targets is necessary for differentiation. 17 Therefore,
identification of the key elements regulated by RA essential for the differentiation process
would provide candidates for therapeutic targeting.
In probing for RA-regulated elements required for differentiation, one signaling pathway
in particular has stood out: a mitogen-activated protein kinase (MAPK) cascade
comprised of c-Raf, MEK, and ERK. Activation of this signaling cascade is required for
RA-induced differentiation of HL-60 cells; inhibition of c-Raf or MEK has been shown to
cripple RA-induced differentiation, while overexpression of c-Raf enhances the
process.18–22 Activation of the signaling pathway is durable, lasting 48 – 72 h, and is first
detectable 12 – 24 h after RA treatment.20 Knowing that the MAPK cascade is essential
for RA-induced differentiation but does not occur immediately following RA treatment, our
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attention shifted to other proteins upregulated by RA on an earlier timescale that may
serve as initiating factors for the cascade.
CD38, an ectoenzyme receptor, exhibits a number of characteristics that suggested it
may be an essential driver of RA-induced differentiation. The protein exhibits very low
basal expression levels, but its expression is starkly upregulated shortly after RA
treatment.23,24 Previous reports have shown that ectopic expression of CD38 can
enhance

RA-induced

differentiation

while

siRNA

and

morpholino

antisense

oligonucleotides targeting CD38 inhibit the process.24,25 The enzymatic activity of CD38,
converting nicotinamide adenine dinucleotide (NAD+) to adenosine diphosphate ribose
(ADPR) and cyclic ADPR, is not necessary for differentiation, suggesting that its receptor
activity may be important.26 Ligation of CD38 using its ligand, CD31, or anti-CD38
monoclonal antibodies induces a short-lived activation of several downstream proteins
including c-Raf.27–31
Probing for ways in which CD38 may be tied to differentiation-driving signaling pathways
such as the MAPK axis, we found that CD38 is able to interact with two cytosolic signaling
regulators, Vav1 and SLP-76, as well as the Src family kinase (SFK) Lyn.32 We also show
that these proteins interact with one another.32 This implies that pathways regulated by
these proteins may in turn be modulated by CD38 and one another.32 In relation to the
previously mentioned MAPK signaling axis, murine dendritic cells and Jurkat T cells
deficient in SLP-76 exhibit impaired activation of ERK.33,34 Vav1 is an essential
component of RA-induced differentiation, as knockdown impairs the process while
overexpression enhances it.35 Lyn is the predominantly active SFK in HL-60 cells, and
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although its specific role in regulation of MAPK signaling is not well understood, SFKs are
known to positively modulate it as well as to contribute to cell transformation. 36–38
Knowing that SFKs are involved, we also test and demonstrate differential effects of the
SFK inhibitor, PP2, on downstream signaling with and without CD38 ligation with the
monoclonal antibody IB4.32 When treated with PP2 only for 48 h, Lyn activation is
inhibited, and when treated with RA only for 48 h, it is enhanced. 32 Concurrent 48 h
treatment with RA and PP2 preserves Lyn activity; however, when PP2 is added late,
during the final hour of the 48 h treatment period, Lyn activity is inhibited. 32 Interestingly,
concurrent treatment with RA and dasatinib, a clinically relevant SFK inhibitor used in
treatments of chronic myeloid leukemia and acute lymphocytic leukemia, favors inhibition
of Lyn activity.32,39,40 As Lyn expression is upregulated following co-treatment with RA and
either SFK inhibitor, it is possible that Lyn may enhance differentiation by serving as a
scaffold. Src in particular has been implicated as a scaffold, and other kinases such as cRaf and ERK are known to have roles as scaffolds as well. 41–45 CD38 ligation with IB4
shows a similar trend in terms of activation of both the c-Cbl adapter and the MAPK p85
PI3K; ligation drives these signals, and concurrent treatment with RA and PP2 preserves
them while late treatment with PP2 cripples them.32 Following the trend, we also saw that
interactions between many of these partners, Vav1 and CD38, Vav1 and Lyn, SLP-76
and CD38, p85 PI3K and CD38, and p85 PI3K and Lyn, were enhanced with concurrent
RA and PP2 treatment followed by IB4 stimulation, while late PP2 treatment diminished
them.32
These results added to the pre-existing literature suggesting a dependence of RAinduced differentiation on CD38 and suggested that Lyn kinase activity may be important
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for the process through regulation of CD38-driven activity. Ligation of CD38 drove p85
PI3K phosphorylation as well as c-Cbl phosphorylation, a feature of RA-induced
differentiation.28,31,32 While PP2 inhibition is not specific to Lyn, previous reports have
demonstrated that Lyn is the major SFK present and active in HL-60 cells.36,37 Our
findings suggest that Lyn, therefore, may also play an important role in RA-induced
differentiation, since inhibition crippled various interactions between signaling partners as
well as CD38-driven c-Cbl and p85 PI3K phosphorylation.
With this additional data implicating CD38 as an early initiator of RA-induced
differentiation, and with a previous report discounting its enzymatic activity in the process,
we turned to investigate its receptor function.26 Since antibody-mediated ligation induced
phosphorylation of the downstream partners c-Cbl and p85 PI3K, we used a synthetic
linker based on the suicide substrate, F-araNAD+, dimeric F-araNAD+ (dF-araNAD+), to
induce homodimerization of the protein and probe for phenotypic effects. 27–31,46,47
Dimerization is a common mechanism of membrane receptor signaling, and CD38 has
been reported to form homodimers in B lymphocytes. 48,49 We made the conjecture that
there may be an enhancement of RA-induced differentiation if CD38 generates a
downstream signal by homodimerization, and that it may be impaired if it signals via
heterodimerization.
Using both western blot and flow cytometry-based Förster resonance energy transfer
(FRET), we demonstrated that treatment with dF-araNAD+ was able to significantly
enhance CD38 homodimerization.50 We added dF-araNAD+ to dimerize CD38 at 8 h or
24 h after RA treatment, testing whether early versus later CD38 dimerization may affect
the differentiation process.50 As a control, we also tested the effect of F-araNAD+.50
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Neither had any phenotypic effects on differentiation, suggesting that dimerization may
not be important for the process.50
Since there are many caveats to these experiments probing for effects of linker-induced
CD38 homodimerization, which have been previously outlined in Chapter 3 of this
dissertation, we opted to pursue the effects of loss of CD38 on RA-induced differentiation.
Using the CRISPR/Cas9 system, we generated three stable HL-60 cell lines in an attempt
to delete CD38.50 Although we did not fully delete the protein, we were able to severely
truncate it such that, in the most dramatic instance, only the first 6-7 amino acids of CD38
were conserved to generate a peptide 15 amino acids long prior to a stop codon. 50 In the
other two lines, we characterized less extreme truncations, such that only the first 45-50
amino acids remained to generate products no longer than 62 residues long of what is
normally a 300-residue long protein.50 Additionally, nearly the entire extracellular domain,
comprising residues 43-300, was deleted in every case, leaving only the complete
cytoplasmic domain (residues 1-20) and transmembrane domain (residues 21-42) in two
of the three CRISPR-derived cell lines.50 We confirmed deletions via western blot and
flow cytometry to demonstrate that the antibodies could no longer detect CD38 in the
CRISPR-derived cells, through PCR to determine the sequences of the intact sections of
the gene, and finally through the NGD+ enzymatic assay.50 This fluorometric assay shows
that enzymatic activity of CD38, which depends on the extracellular domain, was crippled
in the CRISPR-derived cell lines.50
While we did not generate any cell lines with CD38 entirely deleted, we did create three
lines expressing severely truncated forms of the protein; two that included the cytosolic
and transmembrane domains and one that included only a portion of the cytosolic
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domain.50 We assessed the phenotypic effects of RA treatment, anticipating RA-induced
differentiation to be crippled given the body of circumstantial evidence previously
presented. We were surprised to find the cells’ ability to differentiate in response to RA
treatment intact.50 Additionally, we probed for changes in levels of a subset of signaling
molecules important for the differentiation process, including MEK, phosphorylated MEK,
and ERK, and found no significant changes in their expression in the CRISPR-derived
cell lines compared to HL-60 cells regardless of RA treatment.50 Taken together, our
results strongly suggest that CD38 is not essential for RA-induced differentiation, with the
possible caveat that the small cytosolic peptide remaining in one of the lines may be
enough to drive the process.
Having demonstrated surprisingly that CD38 expression was not necessary for
differentiation, we turned our attention to another receptor, one which is known to be
required for RA-induced differentiation, CXCR5. CXCR5 is a G-protein coupled receptor
best characterized in the context of naïve B cells and T follicular helper cells, where it
helps to promote maturation of the cells and formation of germinal centers. 51–55 These
cells highly express CXCR5, which directs migration toward its ligand, CXCL13, produced
by stromal cells in lymph nodes.56,57 In HL-60 cells, deletion of the protein via homologous
recombination cripples RA-induced differentiation, whereas ectopic expression has been
shown to enhance it.22,58 Expression of CXCR5 mRNA is induced following RA treatment,
though induction is relatively slow and does not peak until 48-72 h after treatment.58
CXCR5 ectopic expression enhances signaling along the c-Raf/MEK/ERK axis, and
downregulation of c-Raf via siRNA or inhibition of c-Raf or MEK blocked RA-induced
CXCR5 mRNA production, suggesting a link between the MAPK axis and CXCR5. 22,58
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We sought to characterize this link, probing whether dimerization of CXCR5 may explain
downstream signaling along the MAPK axis to drive differentiation. While few studies
detail specific CXCR5 interaction partners other than CXCL13, we did find papers
reporting

CXCR5

homodimerization,

heterodimerization

with

CXCR4,

and

heterodimerization with EBI2.59,60 Intending to use these as positive controls, we also
screened for interaction between CXCR5 and two membrane proteins upregulated in RAinduced differentiation, CD38 and CD11b, as well as two cytosolic proteins implicated in
the process, c-Cbl and Lyn.
To accomplish this, we created HL-60 transfectants that stably overexpressed CXCR5
(CXCR5+) and performed an initial migration assay to confirm that the protein was active.
CXCR5 is not expressed in HL-60 cells until treated with RA, and comparing the protein
levels using flow cytometry, we found that expression levels even in RA-treated cells were
quite low compared to the CXCR5+ cells and Raji cells, a positive control. Both RA-treated
HL-60 cells and untreated CXCR5+ cells, however, did demonstrate migration toward
CXCL13, indicating that the ectopically expressed protein was functionally active.
Interestingly, migration followed a bell-shaped curve, with a moderate dose eliciting the
strongest response.
We probed for CXCR5 interaction partners using a similar FRET procedure we tested
and confirmed in our CD38 linker experiments.50 In this case, however, we used two
slightly more sensitive dyes that should have allowed for a better limit of detection.
Surprisingly, we were unable to detect a FRET signal between CXCR5 and any of our
candidates (CD11b, CD38, CXCR4, CXCR5, EBI2, c-Cbl, and Lyn) in HL-60 and CXCR5+
cells with and without RA treatment. The candidate binding partners may not interact with
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CXCR5 in the context of HL-60 cells or they may interact as part of a larger complex that
may inhibit detection via FRET.
Additionally, we tested the phenotypic shift and MAPK signaling attributes of our CXCR5 +
cell line in response to RA treatment but found no difference between CXCR5+ and HL60 cells. This may be due to the degree of CXCR5 expression or differences in serum
CXCL13 levels compared to previous reports in which CXCR5 ectopic expression led to
enhanced RA-induced differentiation.
Future studies could optimize the phenotypic dose-response between levels of CXCR5
expression and enhancements in RA-induced differentiation as well as determine the
influence of CXCL13 levels on differentiation. A stably transfected cell line expressing
CXCR5 at a level similar to that of HL-60 cells treated with RA could be a good starting
point. The CXCL13-mediated migration data indicate that there is an optimal dose
required for migration. Given the direct relationship previously observed between CXCR5
expression and activation of the c-Raf/MEK/ERK axis, it is plausible that MAPK signaling
may be driven in part by CXCL13-mediated stimulation of CXCR5.22,58 There could be a
similar optimal dose for stimulation of CXCR5-mediated signaling that may in turn drive
activation of the c-Raf/MEK/ERK axis and thus differentiation. Adding a degree of merit
to this conjecture, some G-protein coupled receptors are known to be able to drive ERK
signaling through various mechanisms including SFK and PI3K activation, both of which
occur in RA-induced differentiation of HL-60 cells.61–63
Apart from probing single protein targets for their potential relevance in RA-induced
differentiation, another path to set the foundation for differentiation therapy in non-APL
AML is through testing combination therapeutics. Two particular SFK inhibitors, PP2 and
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dasatinib, have previously shown promise in their ability to enhance RA-induced
differentiation of HL-60 cells.36,37,64 Both of these inhibitors, however, are relatively broad
inhibitors of tyrosine kinases, and although dasatinib is clinically approved for use in acute
lymphocytic leukemia and chronic myelogenous leukemia, it is often poorly tolerated by
patients due to its toxicity.65–68
We performed an initial characterization of HL-60 treatment with RA alone versus
combined treatment with RA and bosutinib, another SFK inhibitor approved for clinical
use in the treatment of chronic myelogenous leukemia that is attractive due to its lower
toxicity profile.68,69 Similarly to dasatinib, we found that bosutinib enhanced RA-induced
differentiation.37,64,69 Bosutinib treatment also diminished Lyn phosphorylation and
caused an increase in Lyn and Fgr expression, matching previous data for dasatinib cotreatments; enhanced expression could be a compensatory response as activity of the
proteins is blocked.64,69 We also observed enhancements of c-Raf phosphorylation,
consistent with the dasatinib data.64,69 Additionally, we assessed expression of c-Cbl and
mTOR, which were decreased with bosutinib treatment, and expression of AhR and p85
PI3K, which were enhanced.69 While the decrease of c-Cbl expression was surprising,
since enhanced expression is associated with enhanced RA-induced differentiation, other
changes in protein expression were consistent with our proposed paradigm of
signalsome-originated signaling driving RA-induced differentiation.70 AhR, for example, is
activated in response to PP2 and here we saw enhanced expression of the protein. 71
Activity of p85 PI3K is enhanced in RA-induced differentiation, while mTOR is
hypothesized to be activated by Lyn, which is inhibited by bosutinib. 72,73
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Based on previous reports with PP2 and dasatinib as well as our current work on
bosutinib, SFK inhibitors represent an intriguing class of drugs worthy of further
investigation for potential use in combination with RA in AML. Bosutinib is particularly
attractive given its current clinical use and relatively benign toxicity profile. Future work
could involve kinome profiling of bosutinib to ensure its specificity against SFKs as
opposed to tyrosine kinases broadly. Further characterization of the role of Lyn in RAinduced differentiation may prove beneficial as well. It is noteworthy that Lyn expression
is enhanced following co-treatment with PP2, dasatinib, or bosutinib and RA, but inhibition
is only seen with dasatinib and bosutinib and RA; co-treatment with PP2 and RA
enhances its activity.64,69 Rather than its activity, Lyn’s potential function as a scaffold
may be the mechanism by which these SFK inhibitors enhance RA-induced
differentiation. Such a function would be in line with prior reports suggesting that Src has
scaffolding functions, and other kinases such as c-Raf and ERK have been shown to act
as scaffolds in certain cases.41–45
Another class of inhibitors that have demonstrated potential to be used in combination
therapy with RA are histone deacetylase (HDAC) inhibitors. Four are currently approved
for clinical use in various blood cancers in the USA, but three of these are pan-HDAC
inhibitors and one broadly targets class I HDACs.74 Due to the essential role HDACs play
in maintaining normal gene expression, this presents the opportunity for more selective
HDAC inhibitors to be utilized as aberrant HDAC activity is pinpointed. Various HDAC
inhibitors have been shown in induce apoptosis in cancer cells, including AML cells, and
several have also been shown to enhance RA-induced differentiation, suggesting they
may be attractive for use in AML.75–81
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We performed a series of experiments to explore the phenotypic effects of several sirtuin
inhibitors, comparing effects of a specific Sirt1 inhibitor and less specific inhibitors of Sirt2
to a highly specific inhibitor Sirt2 inhibitor synthesized by collaborators in Dr. Hening Lin’s
lab.82–84 A previous study demonstrated enhancement of RA-induced differentiation in an
APL cell line, NB4, as well as HL-60 cells, with Sirt2 inhibition or knockdown but not Sirt1
inhibition or knockdown.85 Interestingly, our results matched their findings using the Sirt1specific inhibitor, EX-527, but we observed that treatment with the broad Sirt2 inhibitors,
AGK2 and BML-266, resulted in enhancements of the differentiation marker CD11b with
concurrent increases in cell death. Inhibition using the specific Sirt2 inhibitor from Hening
Lin’s lab, TM, resulted in cell death before any enhancement of RA-induced differentiation
became apparent. Each of the Sirt2 inhibitors began to exhibit toxicity at the highest doses
assessed regardless of RA treatment.
Although our results indicated that these Sirt2 inhibitors were not able to induce
differentiation or enhance RA-induced differentiation without signs of toxicity, Sirt2
inhibition may still be beneficial to patients. Two recent reports indicated that high levels
of Sirt2 in AML were associated with unfavorable patient outcome and relapsed patients
expressed higher levels of Sirt2 than new patients, suggesting that this may be the
case.86,87 One of these reports also demonstrated that in HL-60 cells, Sirt2 expression is
directly related to expression of the multidrug resistance protein MRP1 and suggests that
Sirt2 enhances MRP1 expression in an ERK-dependent manner.87 Activation of ERK,
however, is also a feature of RA-induced differentiation; future work may focus on these
roles that lead to such divergent outcomes.
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The work presented in this dissertation discounts CD38 as a key activator of RA-induced
differentiation and also eliminates certain candidate mechanisms by which CXCR5 drives
the process but adds to the growing body of literature demonstrating the potential of
combination therapy to be applied in the treatment of non-APL AML. A brief summary
figure of some of the proteins examined in this dissertation in the context of RA-induced
differentiation is shown in Figure 7.1. Additional studies are needed to determine the role
of CXCR5 and its relation to MAPK signaling and RA-induced differentiation. Historically,
clinical trials using RA in the treatment of non-APL AML have not shown dramatic results
like those seen in APL.6 Due to the heterogeneity of AML, however, it is possible that
effective therapies that include RA are limited to certain subtypes of the cancer, and a
recent study from our laboratory shows that the non-APL AML RA-responsive HL-60 cell
line may represent such a subtype.7,11 Slowly but surely, the field of cancer biology is
evolving to make practical use of the reams of data we are able to gather from primary
samples.88 Cancer treatment strategies are frequently approached on a case-by-case
basis, and the future of cancer treatment looks to become even more intensely
personalized, with targeted therapies based on individual characteristics and subtleties
of each patient’s disease leading to milder treatments and better outcomes for all. 88,89
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Figure 7.1: Brief summary of RA-induced differentiation showing roles of proteins
examined in this dissertation. A putative complex involving c-Cbl, Slp-76, Vav1, and
Lyn connected to c-Raf is able to interact, and expression and interactions are enhanced
following RA treatment. CD38 and CXCR5 are expressed following RA treatment and
members of the complex interact with CD38. CD38 can enhance downstream c-Raf
activation and subsequent differentiation, but CD38 is not essential for the process.
CXCR5, however, is necessary for driving c-Raf activation and differentiation, but the
manner in which it is linked to c-Raf is unknown. Addition of SFK inhibitors concurrent
with RA treatment enhances expression of Lyn, the interaction of Lyn and c-Raf, cRaf/MEK/ERK activation, and differentiation.
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Congleton, J., MacDonald, R. & Yen, A. Src inhibitors, PP2 and dasatinib, increase
retinoic acid-induced association of Lyn and c-Raf (S259) and enhance MAPK dependent
differentiation of myeloid leukemia cells. Leukemia 26, 1180-1188 (2012).
Abstract
All-trans-retinoic-acid (ATRA)-induced differentiation of human myeloid leukemia cells is
characterized by persistent MAPK signaling. Fragmentary data suggests Src family
kinase (SFK) inhibitors enhance differentiation and thus have potential therapeutic value.
The present study shows that SFK inhibitors PP2 and dasatinib enhance aspects of
MAPK signaling and regulate a panel of differentiation markers including CD11b and
p47phox. HL-60 and NB4 myeloid leukemia cells show accelerated ATRA-induced G1/0
arrest/differentiation with inhibitor co-treatment. We also identified components of a Lynand c-Raf-containing MAPK signaling complex augmented by the inhibitors. PP2 and
dasatinib increased ATRA-induced expression of Lyn and c-Raf (total and c-RafpS259)
and their interaction. The Lyn-associated serine/threonine kinase CK2 also complexed
with c-Raf and c-RafpS259, and the KSR1 scaffold protein bound c-Raf, Lyn, and ERK.
c-Raf/ERK association was increased by the inhibitors, which is significant since ERK
may cause c-Raf C-terminal domain (CTD) phosphorylation in a putative feedback
mechanism. Consistent with this, inhibitor treatment caused more CTD phosphorylation.
Lyn knockdown decreased c-Raf CTD and S259 phosphorylation. This is the first
evidence suggesting SFK inhibitors enhance ATRA-induced differentiation through a
possible feedback loop involving KSR1-scaffolded c-Raf and ERK complexed with Lyn
and CK2.
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Shrimp, J. H., Hu, J., Dong, M., Wang, B. S., MacDonald, R., Jiang, H., Hao, Q., Yen, A.
& Lin, H. Revealing CD38 cellular localization using a cell permeable, mechanism-based
fluorescent small-molecule probe. J. Am. Chem. Soc. 136, 5656-5663 (2014).
Abstract
Nicotinamide adenine dinucleotide (NAD) is increasingly recognized as an important
signaling molecule that affects numerous biological pathways. Thus, enzymes that
metabolize NAD can have important biological functions. One NAD-metabolizing enzyme
in mammals is CD38, a type II transmembrane protein that converts NAD primarily to
adenosine diphosphate ribose (ADPR) and a small amount of cyclic adenosine
diphosphate ribose (cADPR). Localization of CD38 was originally thought to be only on
the plasma membrane, but later reports showed either significant or solely, intracellular
CD38. With the efficient NAD-hydrolysis activity, the intracellular CD38 may lead to
depletion of cellular NAD, thus producing harmful effects. Therefore, the intracellular
localization of CD38 needs to be carefully validated. Here, we report the synthesis and
application of a cell permeable, fluorescent small molecule (SR101-F-araNMN) that can
covalently label enzymatically active CD38 with minimal perturbation of live cells. Using
this fluorescent probe, we revealed that CD38 is predominately on the plasma membrane
of Raji and retinoic acid (RA)-treated HL-60 cells. Additionally, the probe revealed no
CD38 expression in K562 cells, which was previously reported to have solely intracellular
CD38. The finding that very little intracellular CD38 exists in these cell lines suggests that
the major enzymatic function of CD38 is to hydrolyze extracellular rather than intracellular
NAD. The fluorescent activity-based probes that we developed allow the localization of
CD38 in different cells to be determined, thus enabling a better understanding of the
physiological function.
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Bunaciu, R. P., Jensen, H. A.*, MacDonald, R. J.*, LaTocha, D. H., Varner, J. D. & Yen,
A. 6-formylindolo(3,2-b)carbazole (FICZ) modulates the signalsome responsible for RAinduced differentiation of HL-60 myeloblastic leukemia cells. PLoS One. 10, e0135668
(2015).
*These authors contributed equally to this work
Abstract
6-Formylindolo(3,2-b)carbazole (FICZ) is a photoproduct of tryptophan and an
endogenous high affinity ligand for aryl hydrocarbon receptor (AhR). It was previously
reported that, in patient-derived HL-60 myeloblastic leukemia cells, retinoic acid (RA)induced differentiation is driven by a signalsome containing c-Cbl and AhR. FICZ
enhances RA-induced differentiation, assessed by expression of the membrane
differentiation markers CD38 and CD11b, cell cycle arrest and the functional
differentiation marker, inducible oxidative metabolism. Moreover, FICZ augments the
expression of a number of the members of the RA-induced signalsome, such as c-Cbl,
Vav1, Slp76, PI3K, and the Src family kinases Fgr and Lyn. Pursuing the molecular
signaling responsible for RA-induced differentiation, we characterized, using FRET and
clustering analysis, associations of key molecules thought to drive differentiation. Here
we report that, assayed by FRET, AhR interacts with c-Cbl upon FICZ plus RA-induced
differentiation, whereas AhR constitutively interacts with Cbl-b. Moreover, correlation
analysis based on the flow cytometric assessment of differentiation markers and western
blot detection of signaling factors reveal that Cbl-b, p-p38α and pT390-GSK3β, are not
correlated with other known RA-induced signaling components or with a phenotypic
outcome. We note that FICZ plus RA elicited signaling responses that were not typical of
RA alone, but may represent alternative differentiation-driving pathways. In clusters of
signaling molecules seminal to cell differentiation, FICZ co-administered with RA
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augments type and intensity of the dynamic changes induced by RA. Our data suggest
relevance for FICZ in differentiation-induction therapy. The mechanism of action includes
modulation of a SFK and MAPK centered signalsome and c-Cbl-AhR association.
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Bunaciu, R. P., MacDonald, R. J., Gao, F., Johnson, L. M., Varner, J. D., Wang, X.,
Nataraj, S., Guzman, M. L. & Yen, A. Potential for subsets of wt-NPM1 primary AML
blasts to respond to retinoic acid treatment. Oncotarget 9, 4134-4149 (2017).
Abstract
Acute myeloid leukemia (AML) has high mortality rates, perhaps reflecting a lack of
understanding of the molecular diversity in various subtypes and a lack of known
actionable targets. There are currently 12 open clinical trials for AML using combination
therapeutic modalities including all-trans retinoic acid (RA). Mutant nucleophosmin-1,
proposed as a possible marker for RA response, is the criterion for recruiting patients in
three active RA phase 3 clinical trials. We tested the ability of RA alone or in combination
with either bosutinib (B) or 6-formylindolo(3,2-b) carbazole (F) to induce conversion of
12 de novo AML samples toward a more differentiated phenotype. We assessed levels
of expression of cell surface markers associated with differentiation, aldehyde
dehydrogenase activity, and glucose uptake activity. Colony formation capacity was
reduced with the combined treatment of RA and B or F, and correlated with modulation
of a c-Cbl/Lyn/c-Raf-centered signalsome. Combination treatment was in most cases
more effective than RA alone. Based on their responses to the treatments, some primary
leukemic samples cluster closer to HL-60 cells than to other primary samples, suggesting
that they may represent a hitherto undefined AML subtype that is potentially responsive
to RA in a combination differentiation therapy.
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We performed single experiments to determine cell surface expression of CD32a and
CD45 using antibodies obtained from Abcam (Cambridge, UK). Antibodies were
conjugated with Alexa Fluor 594 following the procedure described in Chapter 3 and
analyzed on a Becton Dickinson FACS Aria III SORP (Franklin Lakes, NJ) as described
in Chapter 3. Briefly, HL-60 cells were treated with 1 µM RA for 48 h as indicated, stained
with antibodies for 1 h at 37oC, and washed with PBS prior to analysis. Channel means
are shown in the table below.

Sample
HL-60
HL-60 RA

CD32a Mean Expression
2747
5742

CD45 Mean Expression
1899
3153

We also probed for interaction between CXCR5 and RARα as well as CXCR5 and RXRα
in live HL-60 and CXCR5+ cells treated with RA for 24 h as indicated. RARα and RXRα
antibodies were obtained from Abcam (Cambridge, UK) and Alexa Fluor 488-conjugated
CXCR5 antibody was obtained from BioLegend (San Diego, CA). RARα and RXRα
antibodies were conjugated to Alexa Fluor 546 as described in Chapter 4. Cells were
stained and analyzed on a Becton Dickinson FACS Aria III SORP (Franklin Lakes, NJ) as
described in Chapter 4. We did not include the data in the chapter due to uncertainty
regarding the specificity of the antibodies; as this was an exploratory venture we did not
include positive and negative controls for RARα and RXRα staining at the cell surface.
The proteins are nuclear receptors and are generally not known to be expressed at the
cell membrane, although there is one report in which RARα was detected there.1 Our
expression and FRET data are shown in Figure A1.
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Figure A1: Surface expression of RARα and RXRα and flow cytometry FRET
between CXCR5 and RARα or CXCR5 and RXRα. Primary antibodies conjugated to
Alexa Fluor 488 (donor) or Alexa Fluor 546 (acceptor) were used to label CXCR5 and
RARα and RXRα on the cell surface. Mean fluorescence intensity (n = 3) in the RARα
and RXRα channels are shown in HL-60 and CXCR5+ cells with or without 24 h RA
treatment as indicated. FRET channel means (n = 3) in the FRET channels are shown in
HL-60 and CXCR5+ cells with or without 24 h RA treatment as indicated. Error bars
indicate standard error of the mean.
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