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Phosphoinositides (PIPs) are essential lipids that localize in the cytoplasmic 

leaflet of the biological membranes. By providing a signature lipid interface on the 

eukaryotic cell membranes, PIPs act as the code of membrane identity. Despite their 

low cellular abundance, PIPs impart remarkable contributions to essentially all facets 

of the intra and intercellular signaling processes governing critical physiological 

outcomes. They do so by interacting with a large array of PIP-binding “reader” 

proteins (effectors) at membranes to organize and frame downstream signaling 

entities. Pleckstrin homology (PH) domain-containing proteins represent the 11th most 

expressed protein family spanning 1% of the entire proteome. Despite being the 

largest family of such PIP “reader” proteins, only a small number of PH domain-

containing proteins are well characterized for their membrane recognition and 

downstream signaling.  

This dissertation describes the biomolecular and pathophysiological 

characterization of a multidomain PH domain-containing protein, PLEKHA4 

(Pleckstrin homology domain-containing family A, member 4). PLEKHA4 forms a 

phase separated signaling hub at PI(4,5)P2-rich clusters of the plasma membrane and 

recruits the Cullin-3 (CUL3) E3 ubiquitin ligase substrate adaptor Kelch-like protein 



 

12 (KLHL12) to these assemblies. This recruitment decreases CUL3–KLHL12-

mediated polyubiquitination of Dishevelled (DVL), a central intermediate in both b-

catenin-dependent and -independent Wnt signaling. I, therefore, establish a novel 

PLEKHA4 mediated nexus between phosphoinositide signaling at the plasma 

membrane with ubiquitination and Wnt signaling machineries.  

Capitalizing on this new signaling axis, I further define the role of PLEKHA4 

in melanoma, which despite promising advances in targeted and immunotherapies still 

accounts for the highest skin cancer mortality. PLEKHA4 knockdown in melanoma 

cells led to lower Dishevelled levels, attenuated Wnt/b-catenin signaling, and a block 

of progression through the G1/S cell cycle transition. In mouse allo/xenograft models, 

loss of PLEKHA4 attenuated tumor growth in BRAF- and NRAS-mutant melanomas 

and exhibited an additive effect with the clinically used inhibitor encorafenib in a 

BRAF-mutant model. This dissertation identifies PLEKHA4, an E3 ubiquitin ligase 

regulator with both lipid and protein interactors, as a promising drug target for 

melanoma and clarifies a controversial role for Wnt/b-catenin signaling in the control 

of melanoma proliferation.  
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PREFACE 

 

This dissertation was largely adapted from the following articles co-written by the 

author: 
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M. L.; Smolka, M. B.; Baskin, J. M. PLEKHA4/Kramer Attenuates Dishevelled 

Ubiquitination to Modulate Wnt and Planar Cell Polarity Signaling. Cell Rep. 2019, 

27 (7), 2157-2170.e8. https://doi.org/10.1016/j.celrep.2019.04.060. 

 

Chapter 3 was adapted with permission from:  

Shami Shah, A.; Cao, X.; White, A. C.; Baskin, J. M. PLEKHA4 Promotes 

Wnt/Beta-Catenin Signaling-Mediated G1/S Transition and Proliferation in 

Melanoma. Cancer Res. 2021, No. 607, canres.2584.2020. 

https://doi.org/10.1158/0008-5472.can-20-2584. 
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CHAPTER 1  

 

LIPID-BINDING PROTEINS AT THE NEXUS OF UBIQUITINATION, 

WNT SIGNALING AND CANCER 

 

Lipids are more than just the building blocks of cellular membranes. Beyond 

their conventional roles of acting as energy sources and providing structural integrity 

to the membranes serving as a semipermeable barrier, lipids are increasingly 

recognized as signaling molecules. As second messenger molecules, lipids have the 

capacity to trigger profound physiological responses1. There are many classes of lipids 

that harbor specific structural and functional roles within the cells2,3. Phospholipids are 

a class of lipids that comprise of a characteristic hydrophilic “head” group containing 

a phosphate molecule and two hydrophobic fatty acid “tails” linked together by a 

glycerol molecule4,5. The phosphate head group can be further derivatized with 

molecules such as choline, ethanolamine and serine forming abundant cellular 

phospholipids such as phosphatidylcholine, phosphatidylethanolamine and 

phosphatidylserine4,5.  

 

1.1 Phosphoinositides 

Phosphoinositides, a class of phospholipids, are low abundance yet critical 

signaling lipids that encompass approximately 0.2-1% of the phospholipids of the 

biological membranes4,5. These lipids are derivatives of phosphatidylinositol that 
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consist of a myo-inositol headgroup and a phospho-glycerol linker followed by two 

acyl chains of varying length and saturation4,5 (Figure 1.1).  

 

 
 

Figure 1.1 Phosphatidylinositol (PI) molecule comprised of a myo-inositol headgroup, 
a phospho-glycerol linker and two acyl chains of varying length and saturation.  

 
Phosphoinositides are biosynthesized within the cells by the interplay of 

multiple “writer” proteins such as kinases and “eraser” proteins such as phosphatases 

that act upon their membrane-bound lipid substrates4–6. The hydroxyl group at 

positions -3, -4 and -5 of the myo-inositol headgroup can be phosphorylated and 

dephosphorylated in a combinatorial fashion by a number of such kinases and 

phosphatases (Figure 1.2). This interconversion phosphorylation dynamics yield a 

total of seven unique phosphoinositide species (PIPs) – PI(3)P, PI(4)P, PI(5)P, 

PI(3,4)P2, PI(3,5)P2, PI(4,5)P2, and PI(3,4,5)P34–6 (Figure 1.2).  
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Figure 1.2 The interplay of “writer” proteins (lipid kinases) and “eraser” proteins 
(lipid phosphatases) in cells yield seven different phosphoinositide species. 

 
Although minor components of the bulk of phospholipids of the cellular 

membranes, these anionic lipids are crucial as second messengers for a wide array of 

cellular functions6. PIPs are localized in the cytosolic leaflets of various organelle 

membranes and the plasma membrane within the cells and act as a “code” of the 

membrane identity5,7,8.  For instance – majority of the cellular PI(3)P pools can be 

found on early endosomal autoantigen (EEA1)-positive vesicles, PI(4)P can be found 

significantly enriched at the trans-Golgi network and the plasma membrane, PI(3,5)P2 

is the highly enriched phosphoinositide of the late endosomal membrane and PI(4,5)P2 

is the most abundant signature phosphoinositide at the plasma membrane5,7 (Figure 

1.3).  
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Figure 1.3 Phosphoinositides form a code of the membrane identity by enriching 
membranes in the cells. Figure adapted with permission from Idevall-Hagren and De 
Camilli. BBA 20159. 

 
1.2 Phosphoinositide “reader” proteins and their structural motifs 

By providing a signature lipid interface on the membranes acting as the ZIP 

code of the cellular compartments, these phospholipids engage domains from several 

families of PIPs “reader” proteins (effectors) directing them where to bind and where 

to activate as necessary5,7,8 (Figure 1.4).  
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Figure 1.4 “Reader” proteins shown in different colors interact with various 
phosphoinositides in cellular membranes via their unique structural domains, eliciting 
an array of phenotypic responses.  

 
The dynamic interactions between the reader proteins and the PIPs lead to 

changes in cytoskeleton dynamics, cell signaling and trafficking events resulting in 

key phenotypic outcomes7,8,10. A hallmark feature of these reader proteins is the 

signature structural motif/domain that they contain to facilitate the protein-lipid 

interaction. Domains such as PH (Pleckstrin Homology), PX (Phox Homology), 

FYVE (Fab1, YOTB, Vac1, and EEA1 – four cysteine-rich proteins in which this 

domain has been found), and C2 are some of the most prominently expressed 

structural motifs across the human proteome (Figure 1.5). These tertiary structural 

motifs span a wide range of physiological outcomes upon their interaction with their 

designated PIPs by propagating signaling from their precise membrane locations5.  
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Figure 1.5 Phosphoinositide “reader” proteins shown in different colors exhibit a wide 
range of structural domains to facilitate their interactions with various PIPs. Of note, 
Pleckstrin Homology (PH) domain is the largest represented PIP-binding domain in 
the proteome. Figure adapted with permission from Kutateladze. Nature Chemical 
Biology 201011.   

 
1.3 Pleckstrin Homology (PH) domains 

Among many such proteins with PIP-binding motifs (Figure 1.5), PH 

(Pleckstrin Homology) domain-containing protein family members have been of 

profound interest because of the ability of these proteins to couple phosphoinositide 

signaling to other complex intracellular networks within the cell. The PH domain was 

identified almost 30 years ago as regions spanning two approximately 120 amino acid 

regions in pleckstrin12,13, a key substrate of protein kinase C (PKC)14. The first 

structure of PH domain was solved by Oschkinat15 and Fesik16 groups that identified 

the PH domain as a bent seven stranded antiparallel b-sheet closed on one end by a 

characteristic C-terminus a-helix (Figure 1.6). Since then, many groups have 

discovered the PH-domain and its promiscuity in cell signaling via the binding 

interactions of phosphoinositides with varying affinity and specificity. Canonically, 

these interactions are mostly electrostatic in nature between the negatively charged 
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head groups of the membrane phosphoinositides and the positively charged loops of 

lysine and arginine residues of the PH domain17 (Figure 1.6).   

 

Figure 1.6 Cartoon diagram of a prototypical pleckstrin homology domain 
representing a bent seven stranded antiparallel b-sheet closed on one end by a 
characteristic C-terminus a-helix. Structures obtained from PDB: 3VIA. 

 
Research spanning almost three decades of work have shown growing number 

of proteins in the proteome that contain the PH motif. PH domains have been found in 

both enzymatic and non-enzymatic proteins. Some of the most well studied proteins 

such as Akt (Protein Kinase B) have been shown to interact with PI(3,4,5)P3 via its 

PH-domain18. Akt is at the center of phosphoinositide 3-kinase (PI3K) pathway which 

has been a major pathway targeted for cancer diagnostics and therapeutics for over 

two decades18. Another well studied example of a PH domain protein family is 

phospholipase C (PLC), an enzyme that cleaves PI(4,5)P2 to yield the secondary 

messengers diacylglycerol and inositol triphosphate (IP3)19. 
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PH domain-containing proteins represent the largest family of PIP-binding 

reader proteins in the proteome10,20,11. It is the 11th most common domain represented 

in almost 1% of the human proteome spanning >250 PH domain-containing proteins10. 

Of all the PH domain-containing proteins, only about 10% of them are known to bind 

phosphoinositides with high affinity and specificity, whereas 90% of them may bind to 

phosphoinositides often with low-affinity, but still high avidity, or perhaps do not bind 

to lipids at all20. In these low-affinity contexts, PH domains usually function as 

coincidence detectors where they utilize their structural affinity to phosphoinositides 

rich areas of the membranes and strengthen their interfaces with additional domains 

that facilitate protein-protein or protein-lipid interactions10,7,20.  

A major challenge in the field has been to deconvolute the low-affinity binding 

of phosphoinositides to functional relevance within the cells. This has led to a limited 

understanding of how all but only a small number of PH domain-containing proteins 

transduce membrane recognition to downstream signaling and critical physiological 

responses10,20. Elucidating these lipid-protein interactions and their biochemical 

outcomes are vital for understanding their roles within the cell and in many disease 

contexts, yielding tremendous opportunities to expand diagnostic and therapeutic 

windows.  

 

1.4 Chapter 2 overview 

This thesis describes the cellular, biochemical and mechanistic characterization 

of a previously uncharacterized PH domain-containing protein, PLEKHA4 (Pleckstrin 

homology domain-containing family A, member 4), with implications in diseases such 
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as melanoma. PLEKHA4, also known as PEPP1 (Phosphatidylinositol-three-

phosphate-binding PH-domain protein-1) was initially discovered by Dowler and co-

workers as member of the PLEKHA protein family that was proposed to interact with 

PI3P21 (Figure 1.7). Further computational work showed predictions that PLEKHA4 

might bind to PI(3,4,5)P3 in the cells22. Whereas these studies paved a pathway 

towards understanding the lipid-protein interaction of PLEKHA4 and PIPs, they were 

significantly limited by lack of physiological evidence translating in vitro binding to in 

vivo cellular functions. Thus, Chapter 2 of this dissertation describes a detailed 

molecular and biochemical characterization of PLEKHA4 in vitro in cell culture 

models and in vivo in Drosophila melanogaster.  
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Figure 1.7 Structure of the PH domain of PLEKHA4 as shown on top interacting with 
inositol-(1,3,4,5)-tetrakisphosphate (IP4). Two key arginine residues are highlighted. 
At the bottom, a two-dimensional image of key residues within the PH domain that are 
necessary for the interaction. IP4 chemically mimics the PH domain binding to 
PI(3,4,5)P3 headgroup in the cells. Structures obtained from PDB: 1UPR. 

 
PLEKHA4 belongs to a larger family of PIP-binding proteins such as TAPP1/2 

and FAPP1/2 that have been shown to bind PI(3,4)P2 and PI4P respectively21. 
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Chapter 223 describes a detailed domain map constructed after critical biochemical 

characterization of PLEKHA4 in vitro and in cell culture models (Figure 1.8) that 

shows an N-terminal amphipathic helix (H) and a stretch of basic amino acids (BP) 

preceding a pleckstrin homology (PH) domain together forming H-BP-PH motif 

(Figure 1.9). Lipid interaction studies performed with purified fragments of 

PLEKHA4 on a physiologically relevant liposome bilayer system showed PLEKHA4 

interacts with PI(4,5)P2 via this H-BP-PH motif and localizes at the plasma membrane 

of the cells (Chapter 2).  

 

 

Figure 1.8 Domain map of PLEKHA4 constructed after characterizing the roles of 
each domain involved in PLEKHA4 functionality.  

 
A proline-rich domain (PRD) in the middle of PLEKHA4 aids in interactions 

with other proteins. Finally, a coiled-coil domain (CC) and an intrinsically disordered 

region (IDR) is found at the C-terminus that mediate formation of PLEKHA4 

oligomers and directs higher-order phase separated assembly formation (Figure 1.8). 

Through these domains, PLEKHA4 interacts with KLHL12 (Kelch-like protein 12) 

and forms a nexus between phosphoinositide binding, ubiquitination and Wnt 

signaling. We establish that PLEKHA4 modulates the activity of a key E3 ligase 
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complex (CUL3-KLHL12) that can polyubiquitinate Dishevelled (DVL) the so-called 

master regulator of Wnt signaling, targeting it for degradation. 

 

 

Figure 1.9 PLEKHA4 interacts with PI(4,5)P2 at the plasma membrane of the cells via 
its lipid-binding motif, H-BP-PH where “H” represents the amphipathic helix, “BP” is 
the basic peptide region and PH is the pleckstrin homology domain.    

 
1.5 PLEKHA4 and Wnt signaling 

Wnt signaling (Figure 1.10) controls key cell fate decisions in the 

development of eukaryotes, and its dysregulation can cause many diseases24,25,26. 

Figure 1.11 shows simplified diagrams of Wnt pathways that are divide into two sub 

classes – canonical b-catenin dependent and non-canonical b-catenin independent 

pathways27. b-catenin independent Wnt pathway further consists of planar cell polarity 

(PCP) and Wnt-Ca2+ pathways27 (Figure 1.11). Wnt pathways initiate at the plasma 

membrane by the recruitment of a key cytosolic protein Dishevelled (DVL) (Figure 

1.10).  
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Figure 1.10 Wnt signaling pathway overview. In the absence of the Wnt ligand, b-
catenin is ubiquitinated by the “destruction” complex and degraded via proteosome. In 
the presence of the Wnt ligand, cell surface receptors Frizzled (Fzd) and LRP5/6 
together recruit Dishevelled (DVL) to the plasma membrane. DVL proteins further 
recruit and inhibit the b-catenin “destruction” complex leading to the cytosolic 
accumulation and eventual translocation of b-catenin to the nucleus leading to the 
expression of Wnt target genes. Figure adapted and modified with permission from 
Shami Shah et al. Cell Chemical Biology 202025.  
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Figure 1.11 Wnt pathways can be divided into two major classes – canonical b-
catenin-dependent and non-canonical b-catenin-independent pathways. Non-canonical 
pathway can be further subdivided into planar cell polarity (PCP) and Wnt-Ca2+ 
pathways. These pathways govern key phenotypes within the cells. 

 
DVL proteins are key mediators of the Wnt signal so their levels are tightly 

regulated. The E3 ubiquitin ligase Cullin-3 (CUL3), in complex with one of its 

substrate adaptors, KLHL12, negatively modulates the levels of DVL via 

ubiquitination28 (Figure 1.12). A major unanswered question is how this activity of 

CUL3-KLHL12 toward DVL is regulated at the plasma membrane, the site of DVL 

action in Wnt signaling29.  
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Figure 1.12 The homeostatic levels of DVL proteins are tightly regulated in the cells 
by the interplay of KLHL12, a substrate specific ubiquitination adaptor, with the 
CUL3 E3 ligase machinery. CUL3-KLHL12 complex leads to the ubiquitination 
mediated proteasomal degradation of DVL proteins resulting in the down regulation of 
Wnt signaling pathway.    

 
Chapter 223 thus, provides a mechanistic basis for PLEKHA4 as a key 

modulator of the strength of Wnt signaling through its function as a novel adaptor that 

modulates CUL3-KLHL12 activity at the plasma membrane. In an in vivo context, I 

discovered that knockout of the Drosophila melanogaster PLEKHA4 homolog, 

kramer, selectively affects planar cell polarity (PCP), equivalent to non-canonical Wnt 

signaling in this organism. With this work, I provide mechanistic evidence that 

PLEKHA4 is a novel lipid-binding protein acting as a bona-fide regulator of the Wnt 

signaling pathways by coupling phosphoinositides, critical lipids at the plasma 

membrane of the cells, to the control of the proximal events of Wnt signaling 

machinery. 

 

1.6 PLEKHA4 as a disease-related gene 

Many studies have implicated the roles of PLEKHA4 in disease contexts21,30,31. 

Dowler and co-workers previously reported that the levels of PLEKHA4 were 

significantly elevated in melanoma although they did not identify any molecular or 
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functional consequences21.  Huang et al. identified in a transcriptomic analysis of CNS 

myelin regeneration post injury in a rat model, PLEKHA4 was one of the highly 

upregulated genes during the myelin repair stage in this phenomenon30. Furthermore, a 

whole exome sequencing and neurite outgrowth analysis in autism spectrum disorder 

identified PLEKHA4 as a vulnerable gene in this complex and poorly understood 

disease31. Although the physiological implications of these observations remain 

completely unexplored nonetheless, they provide a clear picture of PLEKHA4 as a 

vulnerable gene in several different diseases.   

I made a phenotypic observation during an experiment in HeLa cells that 

showed proliferation defects in PLEKHA4 knockdown cells compared to the control. 

This phenotype was mild yet general, occurring in several cell lines that I tested. 

Proliferation is one of the hallmark phenotypes in the context of cancer progression32 

so analyzing PLEKHA4 expression patterns in various cancers led me to hypothesize 

the role of PLEKHA4 in this context. TCGA real patient cancer database analysis 

revealed that PLEKHA4 mRNA is ubiquitously expressed in many types of cancers33 

(Chapter 3, Figure 3.1A). Further bioinformatic analysis using the Genevestigator 

database revealed that the expression pattern of PLEKHA4 was highest in melanoma 

cancer cells compared to healthy melanocytes34.   

 

1.7 Melanoma 

Melanoma, the most aggressive form of skin cancer accounts only for 1% of 

all the skin cancers diagnosed in the US but has the highest skin cancer related 

mortality rate35. Almost 65% of melanoma show somatic mutations in BRAF-
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V600D/E and around 10% show mutations in NRAS Q61K/R33. These genetic 

alterations cause phenotypic changes that lead to cell proliferation, differentiation and 

apoptosis ultimately leading to malignancy and tumorigenesis36.   

Whereas targeted therapies toward mutant BRAF via immunotherapy or small 

molecule or both have been incredible breakthroughs in treating melanoma, many 

challenges still linger after decades of research in this field37,38. Immunotherapy can 

lead to lack of tumor cell specificity further causing skin and/or gastrointestinal 

toxicity39. BRAF targeted therapy can lead to resistance, thus a reduced drug 

efficiency and disease relapse over time40. By contrast no known therapies for N-RAS 

mutant melanoma have been discovered yet40. 

 

1.8 Wnt signaling in melanoma 

Besides BRAF or NRAS mutations, aberrations in the Wnt signaling pathway 

have also been extensively reported in melanoma41. Many cancers including 

melanoma can exhibit pathologically high levels of Wnt signaling causing direct 

transcriptional changes throughout cancer progression such as during the stages of cell 

cycle41. Cyclin D1 and c-Myc, key genes for G1-S progression have been reported as 

direct targets of this pathway and any alterations in these genes can lead to 

tumorigenesis and malignancy41. 

The Wnt/β-catenin pathway has been a subject of controversy in the field of 

melanoma and extensive efforts have been made to clarify the roles of Wnt in 

melanoma41,42,43,44. It has been proposed that the Wnt pathway follows a phenotype 

switching model in melanoma pathogenesis41,45 (Figure 1.13). The canonical pathway 
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has been implicated in stages such as proliferation and tumorigenicity whereas the 

non-canonical pathway has been associated with invasiveness and metastasis46,47. 

Melanomas exhibit differential expression of Wnt/β-catenin pathway and many 

studies have associated elevated levels of β-catenin with poor survival and 

prognosis41. In contrast, many others have underlined Wnt pathway activation to have 

varying degree of prognosis for melanoma patients43,48,49,50,51. Despite extensive 

research, it has still been an open question as to whether Wnt is a major driver of 

proliferation in melanoma. Numerous efforts have been made to drug Wnt signaling in 

cancer24,51. A major challenge is targeting pathological Wnt signaling without 

perturbing Wnt signaling necessary for homeostasis in non-diseased tissues52. Given 

the tight regulation of this pathway throughout development and that many core Wnt 

signaling proteins are essential, the modulators or tuners of Wnt such as PLEKHA4 

are ideal targets for therapy24,26,53. 
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Figure 1.13 Wnt signaling pathways regulate phenotype switching in melanoma. The 
canonical pathway has been shown to majorly regulate the phenotypes at the earlier 
stages of melanoma transformation (e.g., proliferation). The non-canonical pathway 
has been shown to govern the phenotypes in the later stages of melanoma (ex: 
metastatic invasion and migration). Figure adapted with permission from Xue et al. 
Cancer Treatment Reviews 201651.    

 
1.9 Chapter 3 overview 

In Chapter 354 of this dissertation, I report that melanoma cells require 

PLEKHA4 for survival and proliferation in vitro and in vivo in tumor xenografts.  

Attenuation of Wnt signaling using inhibitors or siRNA knockdown of core 

components block melanoma cell proliferation, establishing a key role for Wnt 

signaling in melanoma progression. Excitingly, such inhibition of Wnt signaling 

through knockdown of PLEKHA4 was effective both in BRAF and NRAS mutant 
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melanoma in vitro and in vivo. Further manipulation of PLEKHA4 in presence of 

Encorafenib (BRAF V600E/D inhibitor) in vivo displayed a striking additive effect 

revealing the therapeutic potential of PLEKHA4. Chapter 354 provides a molecular 

mechanism for PLEKHA4 as a key modulator of the strength of Wnt/β-catenin 

signaling in melanoma and sheds light to understanding the controversial role of Wnt 

in this disease. PLEKHA4 promotes Wnt/β-catenin mediated G1-S cell cycle 

transition and thus maintains cell proliferation in melanoma. Chapter 354 thus 

provides a basis for pharmacological inhibition of PLEKHA4 could represent a 

promising new targeted therapy avenue in melanoma. Overall, this dissertation 

provides a molecular basis for the biochemical characterization of PLEKHA4 in vitro 

and in vivo. This dissertation also establishes the modulatory role of PLEKHA4 in 

Wnt signaling and sheds light on the pathological role of PLEKHA4 and thus Wnt 

signaling in melanoma progression.    
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CHAPTER 2  

 
PLEKHA4/KRAMER ATTENUATES DISHEVELLED UBIQUITINATION TO 

MODULATE WNT AND PLANAR CELL POLARITY SIGNALING 

 

2.1 ABSTRACT 

Wnt signaling pathways direct key physiological decisions in development. 

Here, we establish a role for a pleckstrin homology domain-containing protein, 

PLEKHA4, as a modulator of signaling strength in Wnt-receiving cells. PLEKHA4 

oligomerizes into clusters at PI(4,5)P2-rich regions of the plasma membrane and 

recruits the Cullin-3 (CUL3) E3 ubiquitin ligase substrate adaptor Kelch-like protein 

12 (KLHL12) to these assemblies. This recruitment decreases CUL3–KLHL12-

mediated polyubiquitination of Dishevelled, a central intermediate in canonical and 

non-canonical Wnt signaling. Knockdown of PLEKHA4 in mammalian cells 

demonstrates that PLEKHA4 positively regulates canonical and non-canonical Wnt 

signaling via these effects on the Dishevelled polyubiquitination machinery. In vivo 

knockout of the Drosophila melanogaster PLEKHA4 homolog, kramer, selectively 

affects the non-canonical, planar cell polarity (PCP) signaling pathway. We propose 

that PLEKHA4 tunes the sensitivities of cells toward stimulation of Wnt or PCP 

signaling by sequestering a key E3 ligase adaptor controlling Dishevelled 

polyubiquitination within PI(4,5)P2-rich plasma membrane clusters. 
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2.2 INTRODUCTION 

Wnt signaling controls key cell fate decisions in the development of 

multicellular eukaryotes, and its dysregulation can cause many human diseases1. As 

such, Wnt signaling is subject to many points and types of regulation, both in cells that 

produce and in those that receive the secreted Wnt signals. In the Wnt-receiving cell, 

engagement of Wnt proteins by the Frizzled family of cell-surface receptors2 can 

activate different intracellular signaling pathways, including the canonical, b-catenin-

dependent pathway and the non-canonical planar cell polarity (PCP) and Wnt–Ca2+ 

routes3–7. 

A feature common to all Wnt signaling pathways is the involvement of the 

cytoplasmic protein Dishevelled (DVL), whose recruitment to the plasma membrane 

upon Wnt binding to Frizzled initiates the intracellular signal transduction pathways. 

Because of this dynamic behavior, the DVL proteins represent key factors that Wnt-

receiving cells can use to tune the strength of the Wnt signal8–10. DVL levels are 

modulated by ubiquitination11–16. In particular, the E3 ubiquitin ligase Cullin-3 

(CUL3), in complex with one of its substrate adaptors, Kelch-like protein 12 

(KLHL12), catalyzes the polyubiquitination of DVL3, leading to the latter’s 

proteasomal degradation11. By lowering DVL3 levels, the CUL3–KLHL12 E3 ligase 

diminishes the strength of Wnt signaling. Given that cells must dynamically tune their 

Wnt ligand sensitivities to different physiological settings, a major unanswered 

question is how this activity of CUL3–KLHL12 toward DVL3 is regulated.  

CUL3 interacts physiologically with adaptors other than KLHL1217 and, in 

complex with KLHL12, functions at intracellular locations distinct from the plasma 
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membrane18,19. For example, at the endoplasmic reticulum, CUL3–KLHL12 mediates 

monoubiquitination of the COPII vesicle component SEC31 to facilitate the formation 

of enlarged COPII vesicles that transport large cargoes such as collagen to the Golgi 

complex; local bursts of calcium regulate this action of CUL3–KLHL12 via the 

calcium-binding adaptor proteins PEF1 and ALG218,20. It remains unknown how these 

distinct activities of CUL3–KLHL12 are regulated. What factors modulate the 

interaction of CUL3–KLHL12 with DVL3? Do such putative factors act analogously 

to how PEF1 and ALG2 regulate CUL3–KLHL12 activity at the ER? One possibility 

is that plasma membrane-localized factors control CUL3–KLHL12 activity toward 

DVL3 in this membrane, the site of DVL3 action in Wnt signaling.  

Key signaling molecules at the plasma membrane are the phosphoinositides 

(PIPs) PI4P and PI(4,5)P2, which function in part by recruiting soluble proteins to the 

plasma membrane and allosterically regulating their function21,22. The largest family of 

PIP-binding proteins in humans consists of the ~250 proteins containing a pleckstrin 

homology (PH) domain23. Although a small minority of PH domain-containing 

proteins are known to bind a specific PIP species and to elicit defined signaling 

outcomes (e.g., PH domains from AKT and BTK), the molecular properties and 

physiological functions of the vast majority of PH domain-containing proteins remain 

unknown24. 

Here, we report that the uncharacterized protein PLEKHA4 (Pleckstrin 

homology domain-containing family A, member 4) is a plasma membrane-localized 

signaling adaptor that regulates CUL3–KLHL12-mediated ubiquitination of DVL3 

and thus tunes the strength of Wnt signaling. We find that PLEKHA4 molecules 



 

 32 

assemble at PI(4,5)P2-rich regions of the plasma membrane, via a unique combination 

of its lipid-binding, oligomerization, and intrinsically disordered domains. PLEKHA4 

physically interacts with CUL3–KLHL12 to recruit the E3 ligase to these plasma 

membrane assemblies. Surprisingly, this recruitment is accompanied by a decrease in 

CUL3–KLHL12 E3 ligase activity toward DVL, its substrate whose site of action in 

both the canonical Wnt and PCP signaling pathways is the plasma membrane. 

Consequently, PLEKHA4 causes DVL to accumulate, upregulating Wnt signaling in 

cultured mammalian cells. A knockout of the Drosophila PLEKHA4 homolog, 

kramer, exhibits defects in PCP signaling, speaking to the physiological relevance of 

our in vitro findings. We thus propose PLEKHA4 as a key modulator of Wnt and PCP 

signaling pathways through its function as an adaptor that tunes CUL3–KLHL12 

activity at the plasma membrane. 

 

2.3 RESULTS 

2.3.1 PLEKHA4 localizes to the plasma membrane via interactions with PI(4,5)P2 

Our interest in PLEKHA4 emerged from a motivation to understand roles for 

phosphoinositides in directing signaling via engagement of their head group by 

effector proteins bearing both PH domains and additional domains for mediating 

signaling. PH domain-containing proteins number approximately 250 in humans, and 

the majority have not been extensively characterized25. In particular, the PH domain-

containing protein PLEKHA4, also known as PEPP1, is part of a family that includes 

several mediators of intracellular signaling (e.g., FAPP1/226,27, TAPP1/228, and 

PLEKHA7/Hadp129). Other than a single report suggesting that its PH domain binds 
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to phosphatidylinositol 3-phosphate (PI3P)30 and a computational study predicting that 

its PH domain binds to phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3)31, 

PLEKHA4 is an unstudied protein with no known cellular functions. We thus set out 

to elucidate its molecular properties, subcellular localization, protein interaction 

partners, and cellular and physiological roles.  

We began our studies of PLEKHA4 by examining the properties of the PH 

domain and how it influences the protein’s subcellular localization. We found that a 

fluorescent protein fusion to PLEKHA4 localized to the plasma membrane (Figure 

2.1A). This result was surprising, because protein-lipid overlay assays had previously 

suggested to other investigators that the PH domain of PLEKHA4 binds to PI3P, 

which localizes to endosomes and not to the plasma membrane30,32.  

We revisited the PIP binding of the PLEKHA4 PH domain (residues 45–167), 

using liposome sedimentation assays that assess protein-lipid interactions in the 

context of intact lipid bilayers, which represent a more physiologically relevant 

environment33. Intriguingly, the PLEKHA4 PH domain partially co-sedimented with 

liposomes containing any one of the three bis-phosphorylated PIPs (PI(3,4)P2, 

PI(3,5)P2, and PI(4,5)P2) and exhibited little affinity for PI3P or the other PIP species 

(Figure 2.1B). Though moderate, the observed binding was specific, as it was 

abolished by mutation of either of two key Arg residues in the PH domain predicted 

by a crystal structure to contact the PIP head group34 (Figure 2.1C and Figure 

S2.1A). 

A GFP-tagged PH domain adopted a diffuse cytosolic localization, suggesting 

that a monomeric PH domain was not sufficient to confer membrane targeting of 
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PLEKHA4 (Figure 2.1D). We noticed that just upstream of the PH domain were two 

other motifs that could potentially mediate membrane binding: a putative amphipathic 

helix (H, residues 28–41) and a basic peptide (BP, residues 42–50) (Figure S2.1A). 

The fusion of these motifs to the PH domain afforded a minimal construct 

(PLEKHA4H-BP-PH, residues 28–167) that mediated both strong and specific co-

sedimentation with PI(4,5)P2-containing liposomes and localization to the plasma 

membrane within cells (Figure 2.1E–F). Importantly, either a single F40E mutation in 

the helix motif or a quadruple mutation of Arg/Lys residues within the basic peptide to 

Ala (4A) abolished binding to PI(4,5)P2-containing liposomes and the plasma 

membrane localization of a GFP fusion to this minimal construct (Figure 2.1G–H and 

Figure S2.1A). 

To further establish the requirement of PI(4,5)P2 for the plasma membrane 

localization of the PLEKHA4H-BP-PH construct, we transiently depleted this lipid by 

stimulation of cells expressing the M1 muscarinic receptor (M1R) with its ligand, 

oxotremorine M, to induce phospholipase C-mediated PI(4,5)P2 hydrolysis35,36. 

Activation of M1R in HeLa cells expressing H-BP-PH caused shifts in localization of 

both a PI(4,5)P2 reporter (PH domain of PLCd1) and GFP-tagged PLEKHA4H-BP-PH 

from the plasma membrane to the cytosol (Figure S2.1B).  
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Figure 2.1 PLEKHA4 localizes to the plasma membrane via recognition of 
PI(4,5)P2.  

(A) Confocal microscopy of HeLa cells transfected with GFP-PLEKHA4. (B–G) 
Lipid-binding assays via co-sedimentation of PLEKHA4 domains with liposomes. 
Graphs show percentage of protein construct that co-sediments with an excess of 
liposome of defined composition. (B–C) Co-sedimentation of the wildtype (B) or 
indicated point mutants (C) of the PLEKHA4 PH domain (amino acids 54–167) with 
liposomes with 5% of the indicated PIP (or 20% of dioleoylphosphatidylserine, PS) 
and the remainder as dioleoylphosphatidylcholine (PC) (n = 3). The (–) sign indicates 
no liposomes. (D) Confocal microscopy of HeLa cells transfected with a GFP-tagged 
PLEKHA4 PH domain (GFP-PLEKHA4PH). (E–G) Co-sedimentation of wild-type 
(E–F) or indicated point mutants (G) of a fusion of amphipathic helix, basic peptide, 
and PH domain (PLEKHA4H-BP-PH, amino acids 28–167) with liposomes 
containing 5% of the indicated PIP (or 20% PS) and the remainder as PC (E), the 
indicated concentration of PI(4,5)P2 (F), or 5% PI(4,5)P2 (G) (n = 3). (H) Confocal 
microscopy of wild-type or the indicated mutant of GFP-PLEKHA4H-BP-PH. 4A 
refers to the quadruple mutant K42A/R43A/R48A/R49A. Scale bars: 10 µm (A (full-
size), D, H); 1 µm (A (inset)). See also Figure S2.1. 
 

2.3.2 PLEKHA4 assembles into higher-order structures at the plasma membrane 

The above data establish a sequence of three N-terminal motifs responsible for 

PLEKHA4 plasma membrane localization. However, full-length PLEKHA4 is not 

uniformly distributed at the plasma membrane but is instead strikingly localized to 
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puncta visible by conventional confocal microscopy (Figure 2.1A) and super-

resolution structured illumination microscopy (Figure 2.2A). Thus, additional factors 

beyond the N-terminal PI(4,5)P2-binding domains might control the localization 

and/or assembly of the full-length protein. 

The PLEKHA4 puncta did not colocalize with markers of established 

assemblies at the plasma membrane, including clathrin-coated pits, caveolae, or 

endoplasmic reticulum–plasma membrane contact sites (Figure S2.2A–C). We also 

observed no colocalization with endosomal and lysosomal markers, consistent with 

our finding that the PH domain does not bind to PI3P (Figure S2.2D). We thus 

hypothesized that the puncta were the result of PLEKHA4 self-association. PLEKHA4 

has two adjacent domains at the C terminus that potentially could be responsible for 

oligomerization into higher-order structures: a coiled coil domain (CC) and an 

intrinsically disordered region (IDR). 

Biochemical and imaging experiments support a role for both of these domains 

in the formation of the PLEKHA4 clusters. First, the isolated CC domain was 

cytoplasmically localized but could be recruited to the plasma membrane by co-

overexpression with full-length PLEKHA4, suggesting a role in dimerization or 

higher-order oligomerization (Figure 2.2B). Second, a version of PLEKHA4 lacking 

the IDR remained at the plasma membrane but no longer assembled into puncta 

(Figure 2.2A). Third, a fusion of the CC and IDR domains formed large puncta in the 

cytoplasm that could, like the isolated CC domain, be recruited to the plasma 

membrane by full-length PLEKHA4 (Figure 2.2B). To complement these imaging 

data, we found via co-immunoprecipitation (co-IP) assays that both the isolated CC 



 

 37 

domain and a CC–IDR fusion could physically interact with full-length PLEKHA4 

(Figure 2.2C).  

The requirement of the IDR for puncta formation and the failure of full-length 

PLEKHA4 to colocalize with known organelle markers led us to hypothesize that the 

PLEKHA4 puncta may represent liquid-liquid phase-separated domains. Also referred 

to as membrane-less organelles, these structures form via controlled aggregation of 

proteins and other biological molecules and can lead to their sequestration from the 

bulk cytosol37–40. A recently recognized mechanism of phase separation in biological 

systems is via non-covalent interactions between highly unstructured, intrinsically 

disordered protein domains41–43.  

To test whether the IDR of PLEKHA4 can mediate assembly into higher-order 

structures within cells, we deployed an optogenetic method that capitalizes on the 

propensity of the protein Cryptochrome-2 (CRY2) to homo-oligomerize upon 

exposure to blue light. By fusing a putative IDR to mCherry-tagged CRY2, light can 

be used to trigger the formation of highly fluorescent, spherical cytoplasmic 

aggregates termed optoDroplets whose presence indicates that the IDR can mediate 

cluster formation44,45. 

We generated mCherry-CRY2 fusion constructs to either the PLEKHA4 IDR 

or the CC–IDR domains. Exposure of cells expressing these domains to blue light led 

to rapid formation of intensely fluorescent cytoplasmic aggregates (Figure 2.2D). 

Removal of blue light stimulation led to a partial disaggregation, indicating that cluster 

formation was reversible. As a negative control, irradiation of cells expressing 
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mCherry-CRY2 under identical conditions did not lead to aggregate formation 

(Figure 2.2D).  

These results indicate that the C-terminal domains of PLEKHA4 are capable of 

assembly into higher-order structures in a cellular context. To further bolster the 

notion that avidity and cluster formation is a strong driving force for PLEKHA4 

assembly at the plasma membrane, we note that transient PI(4,5)P2 depletion did not 

cause a substantial shift in the localization of full-length GFP-PLEKHA4 (Figure 

S2.1C). Attempts to purify the isolated C-terminal domains or full-length protein for 

in vitro analysis were not successful, and a comprehensive in vitro characterization 

would be necessary to fully understand the nature of the plasma membrane PLEKHA4 

puncta. Nevertheless, it is interesting to speculate that the PLEKHA4-positive puncta 

at the plasma membrane may represent oligomeric, liquid-liquid phase-separated 

clusters.  
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Figure 2.2 PLEKHA4 oligomerizes into clusters via its coiled coil and 
intrinsically disordered regions.  

(A) Super-resolution structured illumination microscopy (SR-SIM) of HeLa cells 
transfected with PLEKHA4FL-GFP or PLEKHA4∆IDR-GFP (amino acids 28–495). (B) 
Confocal microscopy of HeLa cells transfected with a GFP-tagged PLEKHA4 coiled-
coil domain construct (GFP-PLEKHA4CC, amino acids 357–495) either alone or in 
combination with mCherry (mCh)-PLEKHA4FL (top) or a GFP-tagged PLEKHA4 
coiled-coil and intrinsically disordered region construct (GFP-PLEKHA4CC-IDR, amino 
acids 357–779) alone or in combination with mCh-PLEKHA4FL (bottom). (C) 
Western blot analysis of anti-GFP immunoprecipitates of HeLa cells co-transfected 
with HA-PLEKHA4FL and either the indicated GFP-PLEKHA4 fragment or GFP as a 
control. (D) Relevant frames from time series of HeLa cells transfected with mCherry-
CRY2, mCherry-CRY2-PLEKHA4IDR, or mCherry-CRY2-PLEKHA4CC-IDR subjected 
to brief photo-activation with 488 nm pulse and monitored for the formation of 
reversible clusters, or aggregates. Scale bars: 5 µm (A); 10 µm (B, D); and 1 µm (B, 
inset). See also Figure S2.2. 
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2.3.3 PLEKHA4 associates with KLHL12, an adaptor of the E3 ubiquitin ligase 

CUL3 

 To explore possible additional components of the PLEKHA4 puncta and to 

ascertain a function for these assemblies, we searched for protein-protein interaction 

partners of PLEKHA4. We generated stable HEK 293 cell lines expressing GFP-

PLEKHA4 or, as a negative control, GFP, and performed SILAC-enabled quantitative 

proteomics46 of anti-GFP immunoprecipitates from each of these cell lines (Figure 

2.3A and Table S2.1). The strongest hit from these experiments was KLHL12. 

 We validated the interaction of both PLEKHA4-GFP and GFP-PLEKHA4 

with endogenous KLHL12 by co-IP followed by Western blot (Figure 2.3B). To map 

the interacting regions, we performed co-IP of KLHL12 with several PLEKHA4 

truncations and isolated domains (Figure 2.3C). The minimal region that interacted 

with KLHL12 is the Pro-rich domain (PRD) of PLEKHA4. A construct including both 

the PRD and the CC domains (PLEKHA4PRD–CC) exhibited a much stronger 

interaction with KLHL12, which we attribute to the capacity of PLEKHA4PRD–CC to 

oligomerize.  

We found that PLEKHA4 can control KLHL12 localization in cells. Whereas 

fluorescently tagged KLHL12 localizes to cytoplasmic puncta consistent with previous 

studies47 (Figure 2.3D, lower cell), co-overexpression of PLEKHA4 with KLHL12 

recruited KLHL12 to the plasma membrane (Figure 2.3D, upper cell). Loss-of-

function studies provide further evidence of a PLEKHA4–KLHL12 interaction. 

Knockdown of either protein by siRNA resulted in a decrease in the level of the other, 
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consistent with the idea that they mutually stabilize one another within a complex 

(Figure 2.3E). 

 The interaction of PLEKHA4 with KLHL12 provides a window into potential 

roles of PLEKHA4 in the cell. KLHL12 is a member of the family of BTB proteins, 

which function as adaptors that direct the E3 ubiquitin ligase Cullin-3 (CUL3) to 

specific substrates48,49. To explore whether the PLEKHA4–KLHL12 interaction 

influences KLHL12’s ability to regulate CUL3, we ascertained the ability of all three 

proteins to colocalize. Indeed, immunofluorescence analysis of cells co-transfected 

with tagged PLEKHA4, KLHL12, and CUL3 revealed that PLEKHA4 could recruit 

the CUL3–KLHL12 complex to the plasma membrane (Figure 2.3F).  
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Figure 2.3 PLEKHA4 associates with KLHL12, an adaptor of the E3 ubiquitin 
ligase CUL3.  

(A) KLHL12 is an interactor of PLEKHA4. Scatterplot showing the enrichment of 
proteins present in anti-GFP immunoprecipitates from SILAC-labeled cells expressing 
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GFP-PLEKHA4 or PLEKHA4-GFP compared to those expressing GFP only. Plot 
shows correlation between two different experiments, one using PLEKHA4-GFP as 
the experimental bait (y-axis) and one using GFP-PLEKHA4 as the bait (x-axis). 
Proteins were identified by shotgun proteomics (see Table S2.1 for full list of 
identified proteins). (B–C) Western blot analysis of anti-GFP immunoprecipitates of 
HeLa cell lines that were transfected with GFP, GFP-PLEKHA4 or PLEKHA-GFP for 
immunoprecipitation of endogenous KLHL12 (B) or transfected with HA-
PLEKHA4FL and the indicated GFP-PLEKHA4 fragment (C). Asterisk indicates non-
specific background immunoreactivity. (D) Live-cell confocal microscopy of HeLa 
cells co-transfected with mCh-PLEKHA4 and GFP-KLHL12. Note that top cell 
expresses both proteins whereas bottom cell expresses only GFP-KLHL12. (E) 
Western blot analysis and quantification of lysates from HeLa cells treated with 
siRNA against PLEKHA4 or KLHL12 or a control siRNA (–). **, p < 0.01; ***, p < 
0.001 (n = 3). (F) Immunofluorescence analysis of HeLa cells transfected with the 
indicated combination of HA-CUL3 (cyan), mCh-PLEKHA4 (yellow) and GFP-
KLHL12 (magenta), with cartoon representation of the subcellular localizations at 
right. Scale bars: 10 µm. 
 
 
2.3.4 PLEKHA4 negatively regulates the E3 ligase activity of CUL3–KLHL12 

 We first tested whether PLEKHA4 is simply a ubiquitination substrate of the 

CUL3–KLHL12 E3 ubiquitin ligase. We found that GFP-PLEKHA4 was minimally, 

if at all, ubiquitinated, and, importantly, that its marginal levels of ubiquitination were 

not affected by overexpression of KLHL12 (Figure S2.3).  

 If PLEKHA4 is not a ubiquitination substrate of CUL3–KLHL12, it instead 

might function as an adaptor to recruit CUL3–KLHL12 to a site of action at the 

plasma membrane. Among the established ubiquitination substrates of CUL3–

KLHL12, the protein Dishevelled-3 (DVL3) can localize to the plasma membrane. We 

thus interrogated the levels of total amount of DVL3 and the extent of DVL3 

ubiquitination after modulating PLEKHA4 and/or KLHL12 levels. 

 First, we co-expressed FLAG-DVL3 with KLHL12, PLEKHA4, or both 

KLHL12 and PLEKHA4 (Figure 2.4A). As expected, overexpression of KLHL12 
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decreased FLAG-DVL3 levels11. Surprisingly, overexpression of PLEKHA4 along 

with KLHL12 led to higher levels of FLAG-DVL3 than overexpression of KLHL12 

alone, suggesting that PLEKHA4 attenuates the effect of KLHL12 on DVL3 levels. 

Expression of PLEKHA4 alone had no significant effect relative to control, consistent 

with the idea that PLEKHA4 acts through CUL3–KLHL12. 

 Using a similar approach, we investigated how PLEKHA4 influences the 

ubiquitination of FLAG-DVL3 (Figure 2.4B). Here, we found that overexpression of 

full-length PLEKHA4 along with KLHL12 attenuates the massive increase of FLAG-

DVL3 ubiquitination caused by overexpression of KLHL12 alone. As negative 

controls, we used versions of PLEKHA4 and KLHL12 that are non-functional (i.e., 

PLEKHA4∆PRD, which does not interact with KLHL12, and KLHL12Q405X, which does 

not engage CUL311). Thus, we conclude that the effect of overexpressed PLEKHA4 

on FLAG-DVL3 ubiquitination requires its interaction with an active CUL3–KLHL12 

E3 ligase. 

 Loss-of-function studies using siRNA and examining endogenous DVL 

proteins led to the same conclusions. Knockdown of PLEKHA4 decreased the levels 

of all three DVL isoforms (DVL1, DVL2, and DVL3), whereas, as expected11, 

knockdown of KLHL12 led increases in the levels of the three DVL proteins (Figure 

2.4C). Further, knockdown of PLEKHA4 led to increased ubiquitination of 

endogenous DVL3, whereas knockdown of KLHL12 led to decreased ubiquitination 

of DVL3 (Figure 2.4D). Importantly, the effect of PLEKHA4 knockdown could be 

rescued by transfection with an siRNA-resistant GFP-PLEKHA4 construct, 

confirming the specificity of the PLEKHA4 siRNA and the GFP-PLEKHA4 
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construct’s functionality (Figure 2.4E). Collectively, these overexpression and 

knockdown studies support the hypothesis that PLEKHA4 negatively regulates 

CUL3–KLHL12-mediated ubiquitination of the DVL proteins. 

 

 

Figure 2.4 PLEKHA4 negatively regulates the CUL3–KLHL12-mediated 
ubiquitination and degradation of DVL3.  

(A–E) Western blot analysis and quantification of HeLa cells transfected with the 
indicated plasmids and/or siRNA duplexes. (A) Overexpression of PLEKHA4 
attenuates KLHL12-dependent decrease in FLAG-DVL3 levels. On the anti-GFP 
Western blot, arrowheads indicate GFP-PLEKHA4FL (which migrates at 
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approximately 120 kD) and GFP (which migrates at approximately 25 kD), and 
asterisks on blots indicate non-specific background immunoreactivity. **, p < 0.01; 
ns, not significant (n = 3). (B) Overexpression of PLEKHA4FL, which is capable of 
interaction with KLHL12, but not PLEKHA4∆PRD, which cannot, attenuates the 
ubiquitination of FLAG-DVL3 by a functional VSV-tagged KLHL12 (WT) but not an 
inactive KLHL12 mutant that does not engage CUL3 (Q405X, Mut). One day after 
transfection with appropriate plasmids, cells were subjected to anti-FLAG 
immunoprecipitation and Western blot analysis. Note increased levels of DVL3 and 
decreased ubiquitination of DVL3 in lane 3 compared to lane 2. ***, p < 0.001; **, 
p<0.01; ns, not significant (n = 3). (C) PLEKHA4 modulates the levels of endogenous 
DVL1, DVL2 and DVL3. Western blot analysis of lysates from HeLa cells treated 
with siRNA duplexes against PLEKHA4 (siPLEKHA4), KLHL12 (siKLHL12), or a 
negative control siRNA (–). *, p < 0.05; **, p < 0.01 (n = 3). (D) PLEKHA4 
modulates the ubiquitination of endogenous DVL3. Western blot analysis of anti-
DVL3 immunoprecipitates from HeLa cells treated with the indicated siRNA 
duplexes. *, p < 0.05 (n = 3). (E) Full-length GFP-PLEKHA4 can functionally rescue 
changes of DVL3 levels induced by siPLEKHA4. Western blot analysis of lysates 
from HeLa cells subjected to siPLEKHA4 and/or transfection with an siRNA-resistant 
GFP-PLEKHA4FL construct (which migrates at approximately 120 kD). *, p < 0.05 (n 
= 3); ***, p < 0.001. All quantifications were normalized to the loading control 
(GAPDH). See also Figure S2.3.  
 
 
2.3.5 PLEKHA4 is a positive regulator of canonical and non-canonical Wnt 

signaling in mammalian cells 

 DVL3 and its paralogs DVL1 and DVL2 are central intermediates in the 

canonical and non-canonical branches of Wnt signaling, which collectively can control 

many developmental processes1,8. We thus asked whether modulation of PLEKHA4 

levels would affect Wnt signaling strength. For these assays, we used a mouse 

fibroblast cell line (C57MG) responsive to Wnt stimulation that contained a Wnt-

inducible GFP transcriptional reporter termed WntRGreen50,51, as well as human cell 

lines such as HeLa cells.  

PLEKHA4 knockdown decreased WntRGreen fluorescence, as visualized by 

microscopy (Figure 2.5A) and as quantified by flow cytometry (Figure 2.5B). As 
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expected, KLHL12 knockdown increased WntRGreen fluorescence, consistent with a 

role for KLHL12 in mediating DVL3 ubiquitination (Figure 2.5B). We observed 

similar effects on DVL3 levels in these C57MG cells (Figure 2.5C) as we had 

previously seen in HeLa cells (Figure 2.4C). From these data, we conclude that 

PLEKHA4 functions in cells as a positive modulator of Wnt signaling via its effects 

on DVL3 levels. 

To complement the b-catenin-dependent reporter, we also examined the effect 

of PLEKHA4 knockdown on endogenous levels of the Wnt3a target gene Axin2, 

whose levels are induced by canonical Wnt signaling. We found that knockdown of 

PLEKHA4 attenuated the Wnt3a-stimulated increase in endogenous Axin2 (Figure 

2.5D) and that this effect could be rescued by transfection with GFP-PLEKHA4 

(Figure 2.5E). 

Finally, we assessed the effect of PLEKHA4 knockdown on a non-canonical 

Wnt signaling pathway. We found that knockdown of PLEKHA4 attenuated the 

Wnt5a-stimulated increase in phosphorylation of c-Jun N-terminal kinase (JNK), 

which becomes activated upon exposure of cells to Wnt5a, a stimulus of b-catenin-

independent, non-canonical Wnt signaling52 (Figure 2.5F).  

Collectively, these data indicate that, in mammalian cells, PLEKHA4 is a 

positive regulator of both canonical, b-catenin-dependent, and non-canonical, b-

catenin-independent, Wnt signaling. 
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Figure 2.5 PLEKHA4 is a positive regulator of canonical and non-canonical Wnt 
signaling in mammalian cells.  

(A) Knockdown of PLEKHA4 decreases Wnt1-induced expression of GFP in C57MG 
cells stably expressing the WntRGreen reporter. Control siRNA or PLEKHA4 
knockdown (siPLEKHA4) was performed in C57MG-WntRGreen cells, which were 
co-cultured with Wnt1-expressing MV7-Rat2a-Wnt1 cells (+ Wnt1) or control MV7-
Rat2a cells (– Wnt1), followed by imaging of WntRGreen-derived GFP fluorescence 
(green) and nuclei (Hoechst 33342, magenta) by confocal microscopy. (B) 
Quantification of changes in WntRGreen fluorescence induced by knockdown of 
PLEKHA4 or KLHL12. Cells were treated with siRNA against PLEKHA4, KLHL12, 
or negative control siRNA (–), followed by quantification of GFP fluorescence by 
flow cytometry. Each dot on the plot represents a separate biological replicate. **, p < 
0.01; ***, p < 0.001; ****, p < 0.0001 (n = 9). (C) PLEKHA4 and KLHL12 regulate 
levels of endogenous DVL3 in C57MG-WntRGreen cells. Western blot analysis of 
cells treated with an siRNA duplex against PLEKHA4 (siPLEKHA4), KLHL12 
(siKLHL12), or negative control siRNA (–). **, p < 0.01; ****, p < 0.0001 (n = 3). 
(D) PLEKHA4 and KLHL12 regulate Wnt3a-stimulated changes in the levels of 
endogenous Axin2. C57MG or HeLa cells were treated with the indicated siRNA 
duplex and stimulated with Wnt3a-containing conditioned media. *, p < 0.05 (n = 3). 
(E) Full-length GFP-PLEKHA4 can functionally rescue the attenuation of Wnt3a-
stimulated increase in levels of endogenous Axin2 induced by knockdown of 
PLEKHA4 (siPLEKHA4). Western blot analysis of lysates from HeLa cells subjected 
to siPLEKHA4 or negative control siRNA (–), stimulation with Wnt3a-containing 
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conditioned media, and transfection with either GFP only or an siRNA-resistant GFP-
PLEKHA4FL construct. *, p < 0.05; **, p < 0.01 (n = 3). (F) PLEKHA4 regulates the 
phosphorylation of JNK, a marker associated with non-canonical Wnt (planar cell 
polarity) signaling pathway. Western blot analysis of C57MG cells subjected to 
siPLEKHA4 or negative control siRNA (–) and stimulation with control or Wnt5a-
containing conditioned media. *, p < 0.05; ns, not significant (n = 3). In graphs 
showing quantification, all levels were normalized to the loading control (GAPDH) 
except (F), in which levels were normalized to pan-JNK. Scale bar: 200 µm. 
 

2.3.6 The fly PLEKHA4 homolog, kramer, is a specific modulator of planar cell 

polarity signaling 

 To establish the physiological relevance of our in vitro findings linking 

PLEKHA4 to Wnt signaling, we investigated the loss of PLEKHA4 function in vivo 

in Drosophila melanogaster. Both canonical Wnt (Wingless) signaling and planar cell 

polarity (PCP) pathway are well established in this organism53–55. Though PCP 

signaling is not known to respond to Wnt ligands, it shares key intracellular signaling 

molecules and outputs with vertebrate non-canonical Wnt signaling and is considered 

the Drosophila counterpart of this pathway56,57. Importantly, to simplify the analysis, 

the fly genome has only a single PLEKHA4 homolog, CG34383, which shares the 

overall domain architecture and 31% sequence identity with PLEKHA4 (including 

53% identity between the PH domains). 

 We generated two CG34383 knockout alleles using CRISPR/Cas9-mediated 

mutagenesis, both carrying frameshift mutations early in the coding sequence and thus 

predicted to be null (Figure S2.4). We first assessed the physiological effects of loss 

of CG34383 in vivo by viewing hair patterning in the adult wing. The uniform wing 

hair orientation (proximal to distal) is controlled by the PCP pathway, which depends 

on dishevelled (dsh), a core PCP signaling component5,57. Disruption of PCP signaling 
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leads to mis-oriented hair patterns, for example as seen in a strain homozygous for 

dsh1 (Figure 2.6A and Figure S2.5A), a hypomorphic allele defective in PCP52. 

Strikingly, we found that knockout of CG34383 causes aberrant wing hair patterns 

similar to those in the dsh1 flies (Figure 2.6A and Figure S2.5A). Due to the defects 

in adult hair patterning in the CG34383 mutants, we named this locus kramer (kmr) 

and denoted our two knockout mutant alleles kmr1 and kmr2. In all of our experiments, 

both kmr alleles exhibited identical phenotypes and may be referred to interchangeably 

as kmr–.  

We performed two experiments to demonstrate the specificity of these effects. 

First, we confirmed that loss of function in kmr was responsible for the wing hair 

phenotype by generating flies hemizygous for the kmr– alleles with a deletion covering 

kmr and 22 additional genes (Df(3R)Exel6170, termed df). The kmrdf/kmr1 and 

kmrdf/kmr2 hemizygotes exhibited wing hair polarity defects identical to those seen in 

the kmr1 and kmr2 strains (Figure 2.6B and Figure S2.5B). 

Second, we tested the genetic interaction of kmr with dsh by examining hair 

patterning in transheterozygotic strains containing one allele each of either kmr1 or 

kmr2 and one of three different dsh alleles, the hypomorphic dsh1 and the amorphic 

dsh3 and dsh75 alleles. Whereas heterozygotes carrying only one copy of these alleles 

(kmr+/kmr1, kmr+/kmr2, dsh+/dsh1, dsh+/dsh3, and dsh+/dsh75) exhibited wild-type 

wing hair patterning (Figure 2.6C and Figure S2.5C), transheterozygotes containing 

one copy of mutant alleles each of kmr and dsh exhibited modest but consistent 

defects in wing hair patterning (Figure 2.6D and Figure S2.5D). This kind of genetic 

interaction indicates that partial loss of the function of both proteins causes synthetic 
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defects in PCP signaling, strongly suggesting that kmr and dsh function in the same 

pathway. 

We analyzed defects in hair patterning in two additional adult tissues, the eye 

and the thorax, using scanning electron microscopy (SEM) imaging. Again, we found 

that homozygous kmr1 and kmr2 flies exhibited loss of polarized hair patterning in 

these tissues, similar to the dsh1 homozygote (Figures 2.6E, H, S2.6A, and S2.7A). 

Transheterozygote analysis revealed synthetic defects between the two kmr alleles and 

three dsh alleles in the PCP phenotypes in these tissues as well (Figures 2.6F, G, I, J, 

S2.6B, S2.6C, S2.7B, and S2.7C).  



 

 52 

 



 

 53 

Figure 2.6 Knockout of the fly PLEKHA4 homolog, kramer (kmr), results in 
defects in planar cell polarity (PCP) signaling.  

(A–D) Brightfield imaging analysis of Drosophila melanogaster adult wing, oriented 
proximal to distal (left to right), to evaluate effects of various gene disruptions on PCP 
signaling. (A) Two knockout strains of kramer (kmr1 and kmr2, referred to 
interchangeably as kmr–) exhibit aberrant wing bristles similar to that exhibited in a 
homozygous, hypomorphic mutant of Dishevelled (dsh1). See Figure S2.4 for details 
on generation of kmr KO alleles by CRISPR/Cas9-mediated mutagenesis. (B) 
Validation of specificity of phenotype in kmr– via complementation with a 
chromosomal deletion strain, Df(3R)Exel6170 (∆ 87F10–87F14), denoted here as df. 
Note that kmrdf/kmr–, which bears one CRISPR/Cas9-deleted allele and one 
chromosomal deletion allele, phenocopies either homozygous kmr– strain. (C–D) 
Genetic interaction between kmr and dsh. Analysis of five simple heterozygote strains 
(kmr+/kmr1, kmr+/kmr2, dsh+/dsh1, dsh+/dsh3, and dsh+/dsh75) (C) and six 
transheterozygote strains (kmr+/kmr–;dsh+/dsh1, kmr+/kmr–;dsh+/dsh3, or kmr+/kmr–

;dsh+/dsh75 for both the kmr1 and kmr2 alleles) (D), demonstrating that dysfunction of 
a single allele of both genes within the same organism leads to a modest PCP 
phenotype (D), compared to simple heterozygotic strains (C), whose patterning 
resembles wild-type. (E–J) Scanning electron microscopy (SEM) imaging reveals 
aberrant hair patterning resulting from defects in PCP signaling in eyes (E–G) and 
thorax (H–J) of kmr mutant and kmr/dsh transheterozygote adult flies. For these 
experiments, the same genotypes as in (A), (C), and (D) were used for analysis. 
Arrowheads indicate examples of hairs with altered orientations due to defective PCP 
signaling. This figure shows one representative image per genotype, and Figures 
S2.5–S2.7 show three additional images per genotype for wing, eye, and thorax 
imaging, respectively. Scale bars: 50 µm. 
 

2.3.7 kramer modulates PCP signaling by affecting Dishevelled levels and polarized 

localization in the developing wing 

Finally, to evaluate the mechanism by which kmr affects PCP signaling, we 

examined the levels of the Dsh protein in the homozygous kmr1 and kmr2 flies. Due to 

the unavailability of suitable antibodies for immunofluorescence, we used a strain 

expressing a functional, fluorescently tagged Dsh under the control of the endogenous 

dsh promoter (dsh::Clover)58.  

We first examined Dsh-Clover expression in the wing imaginal wing disc, a 

larval tissue that gives rise to the adult wing. Dsh is moderately enriched at the apical 
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membrane of wing disc epithelial cells58,59, which are best visualized at the folds 

because these locations are where apical membranes of opposing epithelial cells meet 

(Figure 2.7A, arrows). Compared to the wildtype, homozygous kmr1 and kmr2 flies 

exhibited reduced Dsh-Clover levels or enrichment within the epithelial folds (Figure 

2.7B). These data suggest that loss of kmr leads to a downregulation of Dsh levels in 

this tissue and at this developmental timepoint.  

Second, we evaluated the subcellular localization of Dsh-Clover at 30 h after 

puparium formation. At this stage, Dsh and other core PCP proteins adopt an 

asymmetric, polarized localization within the epithelium, in advance of the formation 

of actin bundles where the trichome (hair) will emerge. In the wild-type background, 

we observed Dsh-Clover enrichment in the proximal/distal membranes within the 

hexagonal array of epithelial cells, as expected5,57,58,60 (Figure 2.7C). Homozygous 

kmr1 or kmr2 flies exhibit a loss of this asymmetry, with Dsh-Clover adopting an 

apparent stochastic, or less polarized, distribution within the plasma membrane. These 

results indicate that kmr modulates PCP signaling via effects on Dsh levels and 

polarized localization, speaking to the physiological relevance of our findings. 
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Figure 2.7 Knockout of kmr causes defects in Dishevelled levels and polarized 
localization during Drosophila development.  

(A–B) Knockout of kmr leads to lower levels of Dsh-Clover in imaginal wing discs. 
Confocal microscopy analysis (A) and quantification (B) of Dsh-Clover fluorescence 
in L3 larval imaginal wing discs expressing Dsh-Clover (top, wild-type (dsh::Clover); 
bottom, kmr knockout (dsh::Clover;kmr–)). Shown are xy and orthogonal (yz) 
projections. Arrows indicate the epithelial folds of the wing discs. In the box plot 
representing quantification of the Dsh-Clover fluorescence at epithelial folds, boxes 
represent the second and third quartiles, with the line in the middle representing the 
median, and the whiskers denote the maximum and minimum values. ***, p < 0.001 
(n = 12). (C) Knockout of kmr leads to a loss of asymmetric, polarized subcellular 
localization of Dsh-Clover within the pupal wing epithelium. (C) Confocal 
microscopy of Dsh-Clover fluorescence of 30 h after puparium formation wings of the 
same genotypes as in (A). Note that Dsh is asymmetrically enriched at proximal-distal 
boundaries in wild-type background. This asymmetry is partially lost, causing gain of 
symmetry, in both kmr– strains. Two representative images are shown for each 
genotype and zoomed-in images showing a single cell (i–vi) are indicated by the 
dotted line. Cartoon diagrams represent Dsh subcellular localization pattern in wild-
type and in the kmr– mutant. Ant, anterior; Dist, distal; Post, posterior; Prox, proximal. 
Scale bars: 50 µm (A, z-projection); 10 µm (A, orthogonal projection); 5 µm (C, full-
size image); 2.5 µm (C, zoomed-in images (i–vi)). (D) Working model for 
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PLEKHA4/Kmr function wherein it attenuates DVL ubiquitination by sequestering the 
CUL3–KLHL12 E3 ubiquitin ligase in clusters at the plasma membrane to, depending 
on the context, enhance canonical Wnt signaling and/or non-canonical Wnt/PCP 
signaling pathways.  
 

2.4 DISCUSSION 

Phosphoinositides are present in low abundance but act as important 

constituents of eukaryotic membranes21,61,62. A major function of these lipids is to act 

as membrane identity markers by presenting their head groups as ligands to facilitate 

recruitment of cytosolic proteins to the correct target membrane. The most prevalent 

PIP-binding module is the PH domain, which is the 11th-most abundant domain in the 

human proteome, and the physiological functions of the vast majority of PH domain-

containing proteins remain unknown23. Our studies reveal a link between PIPs and the 

control of ubiquitination and Wnt signaling pathways that is mediated by the PH 

domain-containing protein PLEKHA4.  

We found that PLEKHA4 interacts specifically with PI(4,5)P2 at the plasma 

membrane within cells. Three motifs at the N-terminus of PLEKHA4 — an 

amphipathic helix, a basic peptide, and the PH domain — collectively confer the 

specificity of this recognition. The full-length PLEKHA4 protein assembles into 

higher-order structures at the plasma membrane that are, strikingly, visible by confocal 

microscopy as puncta. This assembly is mediated by two C-terminal domains of 

PLEKHA4: a coiled coil and an intrinsically disordered region (IDR). Intriguingly, 

these C-terminal domains can self-associate in cells, as ascertained by colocalization, 

co-immunoprecipitation, and optoDroplet assays44,45. While the nature of the 

PLEKHA4 clusters remains unknown, the puncta fail to colocalize with markers of 
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known plasma membrane assemblies, organelles, or membrane contact sites, and it is 

interesting to speculate they may represent liquid-liquid phase separated domains (i.e., 

membrane-less organelles) containing PLEKHA4 and other interaction partners37–40,63. 

We characterized a protein-protein interaction between PLEKHA4 and the 

CUL3 E3 ubiquitin ligase adaptor KLHL12, to which PLEKHA4 binds via its central, 

proline-rich domain. Mechanistic studies in mammalian cells using both 

overexpression and RNAi-mediated knockdown of PLEKHA4 indicate a role for this 

protein as a positive regulator of DVL levels by preventing its polyubiquitination by 

the CUL3–KLHL12 E3 ligase. These in vitro studies also indicated that PLEKHA4 is 

a positive modulator of both canonical, b-catenin-dependent, and non-canonical, b-

catenin-independent, Wnt signaling pathways. These in vitro studies support a model 

wherein PLEKHA4 recruits the CUL3–KLHL12 E3 ligase complex to the plasma 

membrane and downregulates its ubiquitination of the DVL proteins, permitting DVL 

levels to rise and increasing the strength of DVL-dependent canonical and non-

canonical Wnt signaling pathways (Figure 2.7D).  

A fascinating aspect of this model is that PLEKHA4 can bring CUL3–

KLHL12 to the very membrane where its substrate, DVL3, is activated in Wnt 

signaling, and yet this recruitment results in less DVL3 polyubiquitination. We 

propose that PLEKHA4 sequesters CUL3–KLHL12 in an inactive state in plasma 

membrane regions where CUL3–KLHL12 cannot physically access its substrate 

DVL3, in effect creating an “exclusion zone” devoid of CUL3–KLHL12 E3 ligase 

activity. Interestingly, DVL proteins form cytoplasmic phase-separated clusters64, and 
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it is possible that sequestration of CUL3–KLHL12 at the plasma membrane by 

PLEKHA4 serves to spatially segregate the E3 ligase from these cytoplasmic clusters.  

The knockout studies of the PLEKHA4 homolog in Drosophila melanogaster, 

kramer (kmr), provided both a validation of our in vitro model in a physiologically 

relevant setting and also revealed layers of regulation of Dishevelled-dependent 

signaling in this organism. We found that knockout of kmr led to selective defects in 

PCP signaling, which corresponds to non-canonical Wnt signaling in Drosophila55–57. 

Kmr knockout flies exhibited defects in hair patterning in the adult wing, eye, and 

thorax. Mechanistically, we established that kmr and dsh act in the same genetic 

pathway, as we observed synthetic defects in PCP signaling in transheterozygotic 

strains. Finally, we assessed the effect of kmr knockout on Dsh levels and localization 

in the developing wing. We found lower levels of Dsh enriched at the apical 

epithelium in the larval imaginal wing disc and a loss of asymmetric, polarized Dsh 

distribution at the plasma membrane in the pupal wing epithelium.  

In contrast to these PCP phenotypes, we did not observe any phenotypes 

associated with Wingless signaling, which corresponds to canonical, b-catenin-

dependent pathway in flies, in kmr1 and kmr2 flies54. Given the substantial remaining 

levels of Dsh in the kmr– larval imaginal wing disc and pupal wing, it is possible that 

the partial, modulatory effect of kmr knockout on Dsh levels and localization is not 

sufficient to cause defects in Wingless signaling in Drosophila. As well, kmr 

specifically regulates the localization of Dsh and thus affects PCP signaling in flies. 

Nonetheless, our results in cultured mammalian cell lines demonstrating effect of 

PLEKHA4 knockdown on both the b-catenin-dependent and -independent signaling 
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pathways suggest that the regulatory role of PLEKHA4 in vivo may go beyond the 

non-canonical Wnt signaling pathway in other organisms. 

Interestingly, a study by Strutt and colleagues of the Drosophila homologs of 

KLHL12 (diablo and kelch) established roles for the Cullin-3–Diablo/Kelch E3 ligase 

complex in modulating PCP signaling in vivo in this organism60. Notably, they found 

that subtle changes to the levels of core PCP proteins such as Dsh leads to a 

breakdown of their asymmetric localization in the pupal wing, leading to PCP 

phenotypes. As well, they found that Cul3–Diablo/Kelch-mediated modulation of Dsh 

levels in Drosophila led to selective effects on PCP signaling, with no observed 

effects on Wingless signaling. By contrast, Moon and colleagues found that, in 

vertebrate systems (mammalian cells and zebrafish embryos), the homologous CUL3–

KLHL12 E3 ligase complex modulates DVL levels and the strength of canonical, b-

catenin-dependent Wnt signaling11.  

Our data suggest that PLEKHA4/kmr acts as a tuner to attenuate 

polyubiquitination of DVL proteins by sequestration of their E3 ligase, CUL3–

KLHL12. By creating different DVL setpoints, we propose that PLEKHA4/kmr can 

modulate the sensitivity of cells to stimulation by appropriate ligands that propagate 

canonical Wnt and/or non-canonical Wnt/PCP signaling pathways. In this model, the 

pathway most affected by PLEKHA4/kmr is determined by the relative dependence of 

that pathway on changes to DVL levels in that tissue context. Further, PLEKHA4/kmr 

may affect DVL levels to different extents in different contexts. Given the critical 

importance of Wnt signaling pathways in mammalian development and disease, 

PLEKHA4 may function as a regulator of these pathways in vivo in mammals as well. 
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Finally, the production and maintenance of PI(4,5)P2 at the plasma membrane 

is important for both canonical and non-canonical Wnt signaling pathways. PI(4,5)P2 

enhances the strength of canonical Wnt signaling via effects on the Wnt co-receptor 

LRP6, and Wnt3a stimulation increases PI(4,5)P2 synthesis via the direct action of 

DVL on lipid kinases that synthesize PI(4,5)P2, effectively amplifying this lipid-based 

signal65,66. PI(4,5)P2 is also a key determinant of cell polarity, aiding in both 

establishing the asymmetric spatial arrangement of polarity proteins and in activating 

actin-nucleating factors67–70. Given the central role of DVL in PCP signaling8,9, its 

ability to stimulate PI(4,5)P2 synthesis66,71, and the critical role of actin dynamics in 

PCP signaling55,72, changes to PI(4,5)P2 synthesis may directly affect this pathway as 

well. As a factor that binds to plasma membrane PI(4,5)P2 and impacts DVL levels, 

PLEKHA4 adds a further layer of regulation to DVL-dependent pathways, including 

Wnt and PCP signaling. 

 
2.5 EXPERIMENTAL MODEL AND SUBJECT DETAILS  

2.5.1 Cell culture  

FIp-In T-REx HeLa (Thermo Fisher), Flp-In HEK 293 (Thermo Fisher), 

C57MG WntRGreen (Anthony Brown), L, L Wnt-3a, and L Wnt-5a cells (ATCC) and 

HEK 293TN cells (Anthony Bretscher) were cultured in Dulbecco’s modified Eagle 

medium (DMEM, Corning) supplemented with 10% fetal bovine serum (FBS, 

Corning) and 1% penicillin/streptomycin (P/S, Corning) at 37 ºC in a 5% CO2 

atmosphere. HEK 293 cell lines were also supplemented with 1% sodium pyruvate 

(Corning) in the media. MV7-Rat2a-Wnt1 (Wnt1-secreting) and MV7-Rat2a (control) 
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were cultured in above-mentioned conditions but in low glucose (1 g/L) DMEM. 

Stable expression of GFP, GFP-PLEKHA4 or PLEKHA4-GFP was achieved by 

transfecting FIp-In T-REx HeLa or Flp-In HEK 293 cells (Thermo Fisher) with 

flippase (pOG44, Thermo Fisher) and above-mentioned plasmids cloned in pCDNA5-

FRT vector following the manufacturer’s protocol (Thermo Fisher). Twenty-four h 

post transfection, cells were selected with 100 µg/mL hygromycin B (Sigma). 

Conditioned media (CM) from L, L Wnt-3a, and L Wnt-5a cells was harvested by 

collection of supernatant from cells grown for at least 48 h and that had achieved at 

least 80% confluence, followed by passage through a 0.2 µm filter and storage at 4 ºC 

until use. Cell lines were obtained and used without further authentication.   

 

2.5.2 Drosophila melanogaster husbandry 

 Information on individual fly strains is provided in the Table S2.3. Flies were 

reared at room temperature in density-controlled vials (60-100 embryos/vial) on 

standard yeast-glucose medium, for experiments at L3 larval or adult stages. For 

experiments at 30 h after puparium stage, flies were reared in an incubate at 25 ºC and 

collected at the appropriate stage. Where possible, experiments were performed on 

both male and female flies to avoid sex-specific effects. Due to lethality of alleles on 

the x chromosome, involving flies with FM7a-balanced chromosomes, only female 

flies from such crosses were used for further analysis. 
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2.6 METHOD DETAILS  

2.6.1 Plasmids and cloning 

A PLEKHA4 cDNA (obtained from DNASU, corresponding to BC024157) 

was cloned into the pEGFP-C1 and -N1 vectors (Clontech) using EcoRI and SalI to 

generate GFP-PLEKHA4 and PLEKHA4-GFP, respectively. The full-length proteins 

were subcloned into mCherry-C1 and -N1 vectors using EcoRI and SalI. Fragments 

and deletions of PLEKHA4 were subsequently generated by subcloning into these 

vectors using standard or overlap PCR-based methods, again with EcoRI and SalI. The 

amino acid sequences of the deletions/fragments are the following: PLEKHA4PH (45–

167), PLEKHA4PRD (167–357), PLEKHA4PRD-CC (167–495), PLEKHA4PRD-CC-IDR 

(167–779),  PLEKHA4CC (357–495), PLEKHA4CC-IDR (357–779), PLEKHA4IDR 

(495–779), PLEKHA4H-BP-PH (28–167), PLEKHA4DN+IDR (28–495), PLEKHA4DCC+IDR 

(1–357), PLEKHA4DN+H+BP (54–779), PLEKHA4DPH (1–45, 167–779), 

PLEKHA4DH+BP+PH (1–27, 168–779), PLEKHA4DPRD (1–167, 357–779),  

PLEKHA4DIDR (1–495). For bacterial expression, N-terminal fusions to GST of 

PLEKHA4PH and PLEKHA4H-BP-PH were generated by subcloning into the pGEX-6P-

1 vector (GE Healthcare) using EcoRI and SalI.   

For generation of stable HeLa or HEK 293 cells, GFP-PLEKHA4, PLEKHA4-

GFP, and GFP were subcloned into the pCDNA5-FRT vector (Thermo Fisher) using 

NheI and KpnI (GFP-PLEKHA4), NheI and NotI (PLEKHA4-GFP and GFP). 

mCherry-KLHL12, GFP-KLHL12 and 3xFLAG-KLHL12 were generated by 

subcloning pcDNA3.1+zeo-VSV-KLHL12 (Addgene #16761) into mCherry-C1, 

pEGFP-C1 vector using KpnI and ApaI, and into pCMV10-3xFLAG (Sigma) using 
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HindIII and NotI. HA-CUL3 was cloned into pCMV-HA-N vector using XhoI and 

NotI by amplifying the CUL3 ORF from the ORFeome8.1 library (corresponding to 

Genbank BC039598.1, a gift from Haiyuan Yu, Cornell University). HA-Ub, M1R-

mCherry, and iRFP-PLCd1-PH was a gift from the De Camilli lab (Yale University). 

For optoDroplet experiments, mCherry-CRY2-PLEKHA4IDR and mCherry-CRY2-

PLEKHA4CC-IDR were generated by cloning of the relevant PLEKHA4 fragment into 

mCherry-CRY2(PHR)73 (a gift from Pietro De Camilli) using PvuI and KpnI. 

The following mutations were introduced by Quikchange site-directed 

mutagenesis (Agilent) followed by DpnI digestion of the parental DNA strand. GFP-

PLEKHA4PH, GST-PLEKHA4PH, PLEKHA4H-BP-PH-GFP, GST-PLEKHA4H-BP-PH: 

F40E, 4A (K42A/R43A/R48A/R49A), R75A, R129A; pcDNA3.1+zeo-VSV-

KLHL12: Q405X. For rescue experiments, siRNA-resistant GFP-PLEKHA4 or 

PLEKHA4-GFP were generated by performing silent mutations at the following 

codons S103, I106, R107, D109, and G110, which is within the siRNA target region. 

All constructs were verified by Sanger sequencing (Cornell University Biotechnology 

Resource Center Genomics Facility). 

 

2.6.2 Transfection of plasmids and siRNAs 

Plasmid transfections were performed using Lipofectamine 2000 (Thermo 

Fisher) according to the manufacturer’s protocol but using Transfectagro (Corning) 

instead of Opti-MEM. Cells were incubated with transfection mix in Transfectagro 

supplemented with 10% FBS for 6–8 h, following by a change of media to regular 

growth media and analysis after 18–20 h.     
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DsiRNA duplexes were obtained from Integrated DNA Technologies. 

Transfections with siRNA were performed with the appropriate duplexes (see Table 

S2.3) using Lipofectamine RNAiMAX (Thermo Fisher) following the manufacturer’s 

protocol except using Transfectagro in place of Opti-MEM. Cells were incubated wit 

transfection mix in Transfectagro supplemented with 10% FBS for 12–16 h, followed 

by exchange with fresh media. NC1 (negative control 1, IDT) was used as the control 

siRNA duplex for all experiments. Forty-eight h post transfection, cells were subjected 

to analysis via Western blot, microscopy or flow cytometry.   

 

2.6.3 Confocal microscopy 

Prior to transfections (24 h), cells were seeded on 35 mm glass-bottom MatTek 

(#1.5 thickness, MatTek Corporation) imaging dishes for live cell imaging or on 12 

mm cover glass (#1.5 thickness, Fisherbrand) for fixed cell imaging by 

immunofluorescence. Live cells were imaged 24–30 h post transfection. For 

immunofluorescence, cells were fixed in 4% paraformaldehyde in 100 mM sodium 

phosphate buffer (81 mM Na2HPO4-7H2O, 21 mM NaH2PO4 pH 7.4) for 20 min, 

rinsed three times with PBS, blocked and permeabilized with blocking buffer (5% 

BSA and 0.1% Triton-X in 1X PBS) for 30 min. Cells were treated with primary 

antibody in blocking buffer for 1 h, rinsed with wash buffer (0.1% Triton-X, 1X PBS), 

incubated with secondary antibody in blocking buffer for 1 h at room temperature, 

rinsed with wash buffer and then PBS, mounted on slides in ProLong Diamond 

Antifade with DAPI (Thermo Fisher), and incubated overnight at room temperature in 

dark before imaging. For long-term storage, slides were stored at 4 ºC. 
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Images were acquired on a Zeiss LSM 800 confocal laser scanning microscope 

equipped with Plan Apochromat objectives (20x 0.8 NA or 40x 1.4 NA), and two 

GaAsP PMT detectors. Solid-state lasers (405, 488, 561, and 640 nm) were used to 

excite blue, green, red and far-red fluorescence respectively. Live-cell time-series 

movies were acquired using definite focus. For optoDroplet experiments, a brief 488 

nm pulse was used for photoactivation at the indicated frame in the time series. For 

colocalization-based analysis, multicolor images were acquired using line-scanning 

mode. Super-resolution structured illumination microscopy (SR-SIM) was performed 

on a Zeiss Elyra Super Resolution Inverted Axio Observe.Z1 microscope equipped 

with 405, 488, 561 and 640 nm lasers, definite focus and a Piezo-Z stage insert for fast 

focusing. Images were acquired using Zeiss Zen Blue 2.3 (confocal), Zeiss Zen Black 

(SR-SIM) and analyzed using FIJI74. 

 

2.6.4 Immunoprecipitation and Western blots  

Cells were harvested (500 x g, 3 min), lysed in lysis buffer (150 mM NaCl, 1% 

NP-40, 0.25% sodium deoxycholate, 5 mM EDTA, 50 mM Tris pH 7.5), sonicated for 

3-5 pulses at 10% intensity, and centrifuged for 10 min at 13000 x g. A fraction of the 

supernatant was saved, quantified using the BCA assay (Thermo Fisher), and 

normalized as input, and the remainder was immunoprecipitated by rotation at 4 ºC 

overnight using either anti-GFP-nanobody sepharose (Chromotek), EZview anti-

FLAG-M2, or EZview anti-HA resins (Sigma). For immunoprecipitation using the 

soluble DVL3 antibody, the sample was incubated with primary antibody for 1 h at 4 

ºC with rotation, followed by rotation overnight at 4 ºC with Protein G sepharose 
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(BioVision). The resin was then centrifuged for 10 min at 1000 x g, washed three 

times with lysis buffer and analyzed by SDS-PAGE and Western blot, with detection 

by chemiluminescence (using SuperSignal West Pico (Thermo) or Clarity (Bio-Rad)) 

or, as described below in detail, mass spectrometry-based proteomics.  

 

2.6.5 SILAC labeling and mass spectrometry-based proteomics analysis  

For quantitative proteomics analysis, Flp-In HEK 293 cells stably expressing 

GFP, GFP-PLEKHA4, or PLEKHA4-GFP were cultured in SILAC DMEM media 

(Thermo 89985) supplemented with 10% dialyzed FBS (JR Scientific) and 1% P/S for 

at least 5 passages (approximately 2 weeks) to allow full labeling of cells before 

analysis. “Light” SILAC media contained arginine 12C6, 14N2 and lysine 12C6, 14N4, 

while “heavy” SILAC media contained “heavy” lysine 13C6, 15N2 and “heavy” arginine 

13C6, 15N4. 

Cells were lysed and immunoprecipiated with anti-GFP-nanobody sepharose 

as described above and processed for mass spectrometry as described75,76 Briefly, the 

resin was washed three times with lysis buffer before treatment with elution buffer 

(100 mM Tris pH 8.0, 1% SDS) by incubation at 65 ºC for 15 min with intermittent 

tapping. The samples were reduced (10 mM DTT for 15 min), alkylated (10 mM 

iodoacetamide, 50 mM Tris pH 8.0), and then the “heavy” and “light” solutions were 

mixed in a 1:1 ratio. The protein was then incubated on ice for 30 min, centrifuged 

(4700 x g, 10 min) and washed with a solution of 50% acetone, 49.9% methanol, 0.1% 

acetic acid. The pellet was air-dried and resuspended in urea/Tris solution (8 M urea, 

50 mM Tris pH 8.0) and NaCl/Tris solution (150 mM NaCl, 50 mM Tris pH 8.0) in a 



 

 67 

ratio of 1:3 respectively. Proteins were digested at 37 ºC overnight on a nutator with 

Gold trypsin (1 mg/mL, Promega) and then acidified with 10% trifluoroacetic acid and 

10% formic acid. Samples were stored at –80 ºC if not analyzed immediately. 

The samples were then desalted using a C18 column (WAT0549-55) and dried 

on a speedvac. The samples were then resuspended in 80% acetonitrile and 1% formic 

acid followed by fractionation using Hydrophilic Interaction Chromatography 

(HILIC). HILIC fractions were dried and reconstituted in 0.1% trifluoroacetic acid and 

analyzed using a Q-Exactive Orbitrap. Database search and quantitation of heavy/light 

peptide isotope ratios were performed using Sorcerer as previously described75,76. A 

complete list of hits from these proteomics studies is provided in Table S2.1 and 

describes two different experiments. Experiment #1: PLEKHA4-GFP (Light), GFP 

(Heavy); Experiment #2: GFP-PLEKHA4 (Heavy), GFP (Light). 

 

2.6.6 Protein expression and purification in E. coli 

A single colony of E. coli BL21-pRosetta2 transformed with wild-type or 

mutant GST-PLEKHA4PH or GST-PLEKHA4H-BP-PH was grown in terrific broth (TB) 

supplemented with potassium phosphate buffer (0.17 M monobasic potassium 

phosphate, 0.17 M dibasic potassium phosphate), ampicillin and chloramphenicol for 

6–8 h at 37 ºC, 250 rpm until OD600 was  between 2 and 3.  The temperature was then 

shifted to 18 ºC for 1 h, expression was induced with 0.25 mM isopropylthio-β-

galactosidase (IPTG), and cells were grown overnight for at least 18–20 h at 18 ºC, 

250 rpm. Cells were harvested (2100 x g, 15 min, 4 ºC) and stored at –80 ºC until use. 
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Frozen cell pellets were thawed in bacterial lysis buffer (20 mM Tris pH 8, 500 

mM NaCl, 5% glycerol, 10 mM β-mercaptoethanol and 0.1 mM phenylmethylsulfonyl 

fluoride), sonicated, and centrifuged at 16,500 x g for 30 min to clear the lysate. The 

supernatant was incubated with washed Glutathione Sepharose 4B resin (GE 

Healthcare) for 1–2 h under nutation at 4 ºC. Bound complex was washed 15–20 times 

with lysis buffer and incubated overnight with PreScission protease to cleave off the 

GST tags. Supernatant was concentrated in 3K Amicon concentrators (Millipore), 

quantified using a Bradford assay, and flash frozen for storage at –80 ºC until use. 

     

2.6.7 Liposome co-sedimentation assays 

Liposomes were prepared by mixing 5:94:1 mol% ratio of phosphoinositide 

species:dioleoylphosphatidylcholine (DOPC):DiR (to aid in visualization of liposomes 

following SDS-PAGE) in 18:1 chloroform:methanol. Control liposome were 

DOPC:DiR (99:1 ratio) and dioleoylphosphatidylserine (DOPS):DOPC:DiR (20:79:1 

ratio). After mixing, lipids were vacuum-dried, rehydrated in 25 mM HEPES pH 7.4 

and 125 mM potassium acetate and incubated overnight at 37 ºC. Liposomes were 

generated by extruding lipids through 400 nm membranes (Whatman) and stored at 4 

ºC protecting from light. The final phosphoinositide concentration was 20–100 µM 

(2–10 mol%), and the total lipid concentration was 1 mM. Catalog numbers of the 

exact lipid species used are reported in the Table 2.3.  

Liposome pelleting assay was performed to assess the binding of purified 

PLEKHA4 constructs to varying concentrations of phosphoinositide species in vitro. 

To avoid using any aggregates, each aliquot of purified protein was centrifuged at 



 

 69 

163,000 x g for 10 min at 4 ºC following thawing and then re-quantified prior to use. 

This protein (2 µg) was incubated with liposomes (500 µM), giving a total 

lipid:protein ratio of 150:1 (phosphoinositide species:protein of 15:1 for 10% 

phosphoinositide-containing liposomes) for 10 min at room temperature in the dark. 

The reaction mixture was centrifuged at 163,000 x g for 30 min at 4 ºC. Supernatant 

and pellet were separated, denatured in SDS sample buffer and analyzed via SDS-

PAGE gel. Images were acquired and quantified using a ChemiDoc MP system (Bio-

Rad).       

 

2.6.8 PI(4,5)P2 depletion assay 

HeLa cells were co-transfected with plasmids encoding M1R-mCherry, iRFP-

PLCd1PH, and either GFP-PLEKHA4FL or GFP-PLEKHA4H-BP-PH as described in 

Figure S2.1B–C. Twenty-four h after transfection, live-cell time-series with 5 s 

intervals between each frame, using definite focus as described above. During the time 

series, oxotremorine-M (10 µM) was added to induce PI(4,5)P2 depletion. 

 

2.6.9 Western blot analysis of DVL levels  

Overexpression: HeLa cells were co-transfected with 500 ng each of FLAG-

hDVL3 and the combination of GFP, GFP-PLEKHA4 or pCDNA3-VSV-KLHL12 

plasmids as described in Figure 2.4A. The total DNA amount was normalized to 2.5 

µg using pCDNA3 empty vector. After 36 h of cell growth post-transfection, the cells 

were lysed, quantified, normalized and analyzed by Western blot.  Experiments were 
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performed in biological replicates, and chemiluminescence measured and quantified 

using a ChemiDoc MP system. 

 

 Endogenous levels: SiRNA duplexes (50 nM) against PLEKHA4 or KLHL12 

was performed on either HeLa (human) or C57MG WntRGreen (mouse) cells on a 6-

well plate. Forty-eight h post RNAi, cells were harvested, analyzed by Western blot 

and levels of DVL1, DVL2 and DVL3 were quantified. Reported quantifications are 

from at least three biological replicates.    

 

2.6.10 Analysis of DVL3 ubiquitination  

Over-expression: HeLa cells were co-transfected with the combination of 

plasmids as described in Figure 2.4A–B. After 36 h of cell growth post-transfection, 

the cells were lysed, quantified, immunoprecipitated using EZview a-FLAG resin and 

analyzed by Western blot.   

 

Endogenous: SiRNA-mediated knockdown was performed against PLEKHA4 

or KLHL12 on 60 mm dishes. After 48 h of cell growth post-transfection, cells were 

lysed and immunoprecipitated using 1 µg DVL3 primary antibody per 800 µg of 

lysate following the immunoprecipitation protocol as described above. Samples were 

analyzed in biological replicates via Western blot and quantified as described above.     
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2.6.11 Rescue of DVL3 levels by PLEKHA4 transfection 

RNAi was performed as described in HeLa cells but with cells seeded on 35-

mm MatTek imaging dishes. Thirty-six h after the RNAi transfection, NC1-treated 

cells were transfected with 2 µg of GFP plasmid, siPLEKHA4 treated cells were 

transfected, using Lipofectamine 2000, with 2 µg of a plasmid encoding either GFP or 

PLEKHA4-GFP bearing silent mutations to render it resistant to siRNA (Figure 

2.4E). After 24 h of cell growth after the plasmid transfection, cells were treated with 

Hoechst 33342 (Thermo Fisher) and imaged via confocal microscopy to assess the 

transfection efficiency (which, for these experiments, was determined to be 50–70%). 

After imaging, cells were harvested and analyzed via Western blot.    

 

2.6.12 Western blot analysis of b-catenin dependent Axin2 levels 

Endogenous levels: Appropriate siRNA duplexes (50 nM) against PLEKHA4 or 

KLHL12 were transfected into HeLa (human) or C57MG WntRGreen (mouse) cells 

on a 6-well plate. Cells were stimulated with Wnt3a conditioned media 24 h post 

transfection. Forty-eight h post RNAi, cells were harvested, analyzed by Western blot 

and quantified for Axin2 levels. Reported quantifications are from at least three 

biological replicates.    

  

2.6.13 Rescue of Axin2 levels by PLEKHA4 transfection 

RNAi was performed as described in HeLa cells. Thirty-six h after the RNAi 

transfection, NC1-treated cells were transfected with 2 µg of GFP plasmid, 

siPLEKHA4 treated cells were transfected with 2 µg of a plasmid encoding either 
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GFP or PLEKHA4-GFP bearing silent mutations to render it resistant to siRNA 

(Figure 2.5E). Eight h after the plasmid transfection, cells were stimulated with 

Wnt3a conditioned media for 24 h, and analyzed by Western blot. Reported 

quantifications are from at least three biological replicates 

 

2.6.14 Western blot analysis of b-catenin independent p-JNK levels 

SiRNA duplexes (50 nM) against PLEKHA4 was transfected into C57MG 

WntRGreen cells on a 6-well plate. Cells were stimulated with conditioned media 

from L cells (control) or L Wnt-5a cells 24 h post transfection. Forty-eight h post 

RNAi, cells were harvested, analyzed by Western blot and p-JNK levels were 

quantified. Reported quantifications are from at least three biological replicates.    

 

2.6.15 Fluorescent Wnt reporter assay  

RNAi (50 nM) was performed on C57MG WntRGreen as described above. 

After Thirty-six h after the siRNA treatment, MV7-Rat2a-Wnt1 (Wnt1-secreting) or 

MV7-Rat2a (control) cells were co-cultured with knockdown sample dishes in a 10:1 

ratio of C57MG WntRGreen cells to MV7-Rat2a cells) and incubated at 37 ºC, 5% 

CO2 atmosphere for an additional 26–30 h. Cells were then analyzed in biological 

replicates via flow cytometry (BD Accuri C6) or treated with Hoechst 33342 and 

analyzed by confocal microscopy. Separate dishes treated in exactly the same way 

were harvested for Western blot analysis.   
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2.6.16 Generation of kramer (kmr) knockout flies 

Sequences encoding an sgRNA targeting a region near the beginning of kramer 

(FlyBase: CG34383) open reading frame were cloned into the vector pCFD3 

(Addgene # 49410). The construct was integrated into an attP docking site on the 

Drosophila chromosome 2 by injection into the strain y1 v1 P{y+t7.7 nos-

phiC31\int.NLS}; P{CaryP}attP40 (Bloomington stock center line 25709). Injected 

animals were mated to y v flies, and progeny with wildtype eyes were selected.    

 To make kmr knockout flies, males with the integrated sgRNA construct were 

mated with females of genotype y1 M{w+mC Act5C-Cas9.P}ZH-2A w* (Bloomington 

stock center line 54590). Male progeny expressing Cas9 and the sgRNA were crossed 

with y v; TM3, Sb / TM6B, Tb Hu females.  Single male progeny with the TM3 

balancer were then crossed to the same double balancer stock. Male and female 

progeny of this latter cross with the TM6B, Tb Hu balancer were intercrossed, and 

generating animals homozygous for putative mutations in kmr.  These lines were 

genotyped by sequencing of appropriate PCR products to verify the homozygous 

knockout of kmr gene. We isolated and sequenced two kmr alleles with frameshift 

mutations early in the coding sequence predicted to result in loss of function, kmr1 and 

kmr2. In kmr1, a 1 bp deletion created a frameshift mutation starting at the 89th codon. 

In kmr2, a 2 bp deletion created a frameshift mutation starting at the 88th codon. See 

Figure S2.4 for relevant genomic sequences around the deletions that were 

determined by Sanger sequencing. Both stocks behaved identically in all subsequent 

experiments, and the either of the kmr1 and kmr2 alleles may be referred to simply as 

kmr–. 
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2.6.17 Generation of flies containing kmr– and other alleles 

To examine possible phenotypes associated with heterozygosity, five simple 

heterozygote strains (kmr+/kmr1, kmr+/kmr2, dsh+/dsh1, dsh+/dsh3, and dsh+/dsh75) 

were generated by crossing either homozygous (kmr1, kmr2, and dsh1) or balanced 

(dsh3/FM7a or dsh75/FM7a) strains each separately with w1118. The six 

transheterozygote strains (kmr+/kmr–;dsh+/dsh1, kmr+/kmr–;dsh+/dsh3, and kmr+/kmr–

;dsh+/dsh75 for both the kmr1 and kmr2 alleles) were generated by crossing the 

appropriate homozygous kmr strain with either dsh1, dsh3/FM7a, or dsh75/FM7a. To 

control for possible maternal effects, each cross involving kmr1, kmr2, or dsh1 was 

carried out in two ways by switching the males and females and collecting the 

appropriate F1-generation flies for analysis; the results were identical. For crosses 

involving dsh3/FM7a and dsh75/FM7a, only virgin female flies were used and non-

FM7a F1-generation female flies were selected for further analysis. 

To determine whether wing hair polarity effects are due to knockout of kmr as 

opposed to off-target effects, complementation testing was performed between kmr– 

and the deletion fragment Df(3R)6170 (abbreviated as df), a chromosomal deletion 

encompassing 23 genes including kmr. kmr– flies were crossed with Df(3R)Exel6170 / 

TM6B, Tb1 (Bloomington stock 7649), and non-Tb flies (kmrdf/kmr–) were selected for 

analysis.  

For assessing Dsh protein levels in wing imaginal discs and loss of proximal-

distal asymmetry in pupal wings 30 h after puparium formation, we utilized 

dsh::Clover flies (a gift from Jeffrey Axelrod, Stanford University), which were 

generated by replacing the EGFP in pCasper4-Dsh-EGFP58 with the fluorescent 
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protein Clover2 followed by creation of transgenic lines with insertions on the second 

and third chromosomes (BestGene Inc.). First, dsh::Clover/dsh::Clover virgins (with 

dsh::Clover on chromosome 2 because kmr is on chromosome 3) were crossed with 

sp/CyoW (II); TM2/TM6B, Tb (III) males. In the F1 generation dsh::Clover/CyoW; +/ 

TM6B, Tb flies were collected and then crossed with kmr– flies. Finally, the Tb 

progeny of the previous cross (dsh::Clover/+; kmr–/TM6B) were collected and mated 

with kmr– flies, generating kmr– flies with a single dsh::Clover allele (dsh::Clover; 

kmr–). Control flies that were wild-type at the kmr locus and bearing a single 

dsh::Clover allele (dsh::Clover), were also generated.  

 

2.6.18 Dissection and imaging of wing imaginal discs, pupal wings, and adult wings   

Wing imaginal discs: Wing imaginal discs (WIDs) were dissected from 

individual L3 larvae as described77, and WIDs were fixed in 4% paraformaldehyde for 

30 min, washed three times with wash buffer (5% BSA, 0.1% Triton-X, 1X PBS) and 

twice with 1X PBS. Genomic DNA was extracted from the remaining unfixed tissues 

from each individual larva for genotyping. From each animal, one pair of fixed and 

washed WIDs were mounted with ProLong Diamond Antifade without DAPI (Thermo 

Fisher) on glass slides under 12 mm coverglass (Fisher Scientific), and the slides were 

incubated overnight at room temperature in the dark before imaging. For long term 

storage, slides were stored at 4 ºC. For quantification of fluorescence from the Dsh-

Clover protein fusion in WIDs, orthogonal view images were generated from the 

images of larvae that showed Clover signals post-genotyping. Dsh-Clover localizes in 

the epithelial folds of the WIDs (shown in Figure 2.7A with arrow). Three integrated 
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density values (independent of the area) were generated from each image, and 

background was subtracted to obtain corrected integrated densities. Image analysis 

was performed in a manner blinded with respect to the animals’ genotypes. 

 

Pupal wings: Pupal wings were dissected from individual 30 h post puparium 

formation (APF) pupa as described78. From each animal, one pair of fixed and washed 

pupal wings was mounted with ProLong Diamond Antifade without DAPI (Thermo 

Fisher) on glass slides under 12 mm coverglass (Fisher Scientific), and the slides were 

incubated overnight at room temperature in the dark before imaging. For long term 

storage, slides were stored at 4 ºC. Wings were imaged by confocal fluorescence 

microscopy, and maximum intensity z-projection images were generated and assessed 

for extent of proximal-distal symmetry. 

 

Adult wings: Wings of appropriate genotypes were dissected and mounted on 

glass slides with mounting media (3:1 ratio of DPX:xylenes), and the slides were dried 

overnight at 50 ºC. Mounted wings were imaged by widefield brightfield microscopy.  

 

2.6.19 Scanning electron microscopy (SEM) 

 Adult flies of correct genotype were collected and fixed in 2% glutaraldehyde 

in 0.05 M cacodylate buffer pH 7.4 for 2 h at 4 ºC. The samples were rinsed with 0.05 

M cacodylate buffer three times for 5 min each and post fixed in 1% OsO4 (osmium 

tetroxide, EMS) for 1 h at 4 ºC. The samples were rinsed again with 0.05 M 

cacodylate buffer three times for 5 min each. Serial dehydration was performed in 
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25%, 50%, 70%, 95%, 100% ethanol for 20 min each and 100% for 24–48 h at 4 ºC. 

Samples were critical point dried using a BAL-TEC CPD 030, mounted on stubs, and 

sputter coated with gold:palladium. Image analysis was performed using Tescan Mira3 

FE-SEM microscope. At least 12 individual flies per genotype for eyes and thorax 

tissues each were analyzed, and four representative images per genotype are provided, 

one in Figure 2.6 and three in Figures S2.6–2.7.  

 

2.7 QUANTIFICATION AND STATISTICAL ANALYSIS  

2.7.1 Statistics and reproducibility 

All imaging figures show representative images from experiments performed 

in at least three biological replicates on different days. For all experiments involving 

quantification, significance was calculated using an unpaired two-tailed Student’s t-

test with unequal variance. Statistical significance of p < 0.05 or lower is reported. In 

figures containing bar graphs, the number of biological replicates analyzed has been 

stated in the legend, the height of the bar is the mean, the error bars represent standard 

deviation, and each overlaid dot represents an individual biological replicate. In the 

box plot shown in Figure 2.7B, the boxes represent the middle quartiles, with the line 

in the middle representing the median, and the whiskers denote the maximum and 

minimum values.  Image analysis was performed in a blinded manner. 
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2.9 APPENDIX 

 

 
 
 
Figure S2.1, related to Figure 2.1. Minimal motif for PLEKHA4 plasma 
membrane localization via interaction with PI(4,5)P2 comprises a putative 
amphipathic helix, basic peptide, and PH domain. (A) Shown at left is a helical 
wheel projection of residues 28–42 of human PLEKHA4, with dotted line separating 
hydrophobic (bottom) from hydrophilic (top) faces of the helix. The primary amino 
acid sequence of helix and adjacent basic peptide are provided below, with residues 
that were mutated for structure–function studies bolded. Shown at right is an x-ray 
crystal structure of the PLEKHA4 PH domain in complex with inositol-1,3,4,5-
tetrakisphosphate (PDB ID: 1UPR), with the two key Arg residues indicated that form 
contacts with the PIP head group. (B) PLEKHA4H-BP-PH (28–167) interacts with 
PI(4,5)P2 at the plasma membrane. HeLa cells co-transfected with a PI(4,5)P2 marker 
(iRFP-PLCd1PH), an mCherry-tagged muscarinic M1 receptor (M1R-mCherry), and 
either GFP-PLEKHA4H-BP-PH or GFP-PLEKHA4FL were imaged before and after 
PI(4,5)P2 depletion induced by treatment with oxotremorine M (Oxo-M). Note that 
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Oxo-M treatment causes a decrease in plasma membrane localization and increase in 
cytosolic localization of PLEKHA4H-BP-PH but not of PLEKHA4FL. Scale bar: 10 µm. 
 
 
 
 

 
 
Figure S2.2, related to Figure 2.2. PLEKHA4 does not localize to known 
assemblies at the plasma membrane or endolysosomal compartments. Confocal 
microscopy images of HeLa cells showing that PLEKHA4 puncta do not colocalize or 
minimally colocalize with markers of established assemblies such as clathrin-coated 
pits (A), caveolae (B), endoplasmic reticulum–plasma membrane contact sites (C), or 
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endosomes and lysosomes (D). Cells were transfected with the indicated GFP, 
mCherry (mCh), or mRFP-tagged plasmids. For clarity, in the merged image, 
PLEKHA4 (PLEKHA4FL, full-length) is shown in green and organelle markers are 
shown in magenta. For images where the organelle marker is a transfected plasmid 
(AP2, CLC (clathrin light chain), ORP5, E-syt2, E-syt3, Rab5, Rab7, and LAMP1), 
confocal microscopy imaging was performed on live cells. For images where the 
organelle marker is the endogenous protein (Cav1, EEA1, Rab3, Rab8, and Rab11), 
fixation and immunofluorescence labeling was performed, followed by confocal 
microscopy imaging. Scale bars: 10 µm; 1 µm (insets). 
 
 
 
 

 
Figure S2.3, related to Figure 2.4. KLHL12 does not modulate ubiquitination of 
PLEKHA4. Western blot analysis of anti-GFP immunoprecipitates from HeLa cells 
transfected with plasmids for either 3xFLAG-KLHL12 or 3xFLAG only (empty 
vector) in combination with GFP-PLEKHA4 and HA-ubiquitin (HA-Ub).    
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Figure S2.4, related to Figure 2.6. (A) Transcript alignment showing the guide RNA 
target site, early in the coding sequence, for generation of knockout strains of kramer 
(kmr), the PLEKHA4 homolog in Drosophila melanogaster. Exons of kmr (CG34383) 
are shown in rectangles, with the open reading frame in black. (B) Alignment of 
partial genomic sequence after genotyping PCR reaction of the mutant alleles kmr1 
and kmr2, compared to the wildtype, with predicted translation shown above. The 
guide RNA target sequences are colored in red. Note that for both the kmr1 and kmr2 
alleles, the deletion of 1 and 2 bases, respectively, leads to a frameshift that causes an 
early stop codon in the Kramer protein. (C) Sanger sequencing traces verify the 
knockout in kmr1 and kmr2. Red arrows indicate the start of frameshift in the knockout 
clones. 
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Figure S2.5, related to Figure 2.6. Knockout of the fly PLEKHA4 homolog, 
kramer (kmr), results in defects in orientation of hair in the adult wing. Shown is 
brightfield imaging analysis of Drosophila melanogaster adult wings oriented 
proximal to distal (left to right) showing defects in PCP signaling. The panels here 
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provide three additional examples of the identical genotypes present in Figure 2.6A–
D: wild-type and homozygotic kmr or dsh strains (A), complementation with a 
deletion fragment strain (B), simple heterozygotic kmr or dsh strains (C), and 
transheterozygotic strains for kmr/dsh (D). Scale bars: 50 µm.   
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Figure S2.6, related to Figure 2.6. Knockout of the fly PLEKHA4 homolog, 
kramer (kmr), results in defects in polarization of adult eye bristles. Shown are 
scanning electron microscopy (SEM) images of the eyes of adult flies. The top row of 
each part shows the complete eye, and the bottom two rows show additional zoomed 
in examples. The panels here correspond to and provide additional examples of the 
identical genotypes shown in Figure 2.6E–G: wild-type and homozygotic kmr or dsh 
strains (A), simple heterozygotic kmr or dsh strains (B), and transheterozygotic strains 
for kmr/dsh (C). Arrowheads indicate examples of hairs with altered orientations due 
to defective PCP signaling. Note loss of polarized eye bristle patterning in 
homozygotic strains and modest loss of patterning in transheterozygotes, compared to 
wild-type and simple heterozygote controls. Scale bars: 100 µm (top rows of each 
part; full eyes) and 50 µm (middle and bottom rows of each part; zoomed-in views). 
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Figure S2.7, related to Figure 2.6. Knockout of the fly PLEKHA4 homolog, 
kramer (kmr), results in defects in polarization of thoracic bristles. Shown are 
scanning electron microscopy (SEM) images of the thoraxes of adult flies. The panels 
here correspond to and provide additional examples of the identical genotypes shown 
in Figure 2.6H–J: wild-type and homozygotic kmr or dsh strains (A), simple 
heterozygotic kmr or dsh strains (B), and transheterozygotic strains for kmr/dsh (C). 
Arrowheads indicate examples of hairs with altered orientations due to defective PCP 
signaling. Note loss of polarized thoracic hair patterning in homozygotic strains and 
modest loss of patterning in transheterozygotes, compared to wild-type and simple 
heterozygote controls. Scale bars: 50 µm. 
 
 
Table S2.1, related to Figure 2.3. Complete data set from SILAC proteomics to 
identify PLEKHA4 interaction partners. HEK 293 cells stably expressing PLEKHA4-
GFP, GFP-PLEKHA4, or GFP were grown in the appropriate SILAC medium (heavy 
or light), and GFP immunoprecipitation was performed, followed by quantitative 
SILAC-enabled shotgun proteomics. Experiment #1: PLEKHA4-GFP (light), GFP 
(heavy); Experiment #2: GFP-PLEKHA4 (heavy), GFP (light). For a complete list of 
hits, please refer to Table S1 in Shami Shah A. et al. Cell Reports (2019) 

 
 
Table S2.2 List of oligonucleotides used in this study. 

Oligonucleotides 

REAGENT SOURCE IDENTIFIER 

NC1 Negative Control dsiRNA Sense: 

rCrGrUrUrArArUrCrGrCrGrUrArUrArArUrArCrG

rCrGrUAT 

IDT N/A 

NC1 Negative Control dsiRNA Antisense: 

rArUrArCrGrCrGrUrArUrUrArUrArCrGrCrGrArU

rUrArArCrGrArC 

IDT N/A 

siRNA hPLEKHA4 Sense: 

rArGrCrUrArCrArArUrArUrUrArGrArCrCrArGrA

rUrGrGGC 

IDT N/A 
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siRNA hPLEKHA4 Antisense: 

rGrCrCrCrArUrCrUrGrGrUrCrUrArArUrArUrUrG

rUrArGrCrUrGrG 

IDT N/A 

siRNA mPLEKHA4 Sense: 

rArGrCrUrUrGrGrArGrArCrArGrArUrArCrGrUrU

rGrUrUGA 

IDT N/A 

siRNA mPLEKHA4 Antisense: 

rUrCrArArCrArArCrGrUrArUrCrUrGrUrCrUrCrC

rArArGrCrUrCrU 

IDT N/A 

siRNA hKLHL12 Sense: 

rArArCrCrUrUrArUrGrUrUrGrArCrArUrCrCrArA

rGrGrUTT 

IDT N/A 

siRNA hKLHL12 Antisense: 

rArArArCrCrUrUrGrGrArUrGrUrCrArArCrArUrA

rArGrGrUrUrUrC 

IDT N/A 

siRNA mKLHL12 Sense: 

rArCrGrArGrArUrUrCrArGrGrUrGrGrArUrUrCrU

rGrArAGA 

IDT N/A 

siRNA mKLHL12 Antisense: 

rUrCrUrUrCrArGrArArUrCrCrArCrCrUrGrArArU

rCrUrCrGrUrCrG 

IDT N/A 
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CG34383 gRNA: 

GTCGGCCTACCAGACGAATCTCG 

 

IDT N/A 
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Table S2.3 Key resource table for reagents used in this study. 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 

Rabbit polyclonal anti-PLEKHA4 Abcam Cat#ab170537 

Mouse monoclonal anti-KLHL12 
ProMab 

Biotechnology 
Cat#30058 

Mouse monoclonal anti-DVL1 
Santa Cruz 

Biotechnology 
Cat#sc-8025 [3F12] 

Rabbit polyclonal anti-DVL2 
Cell Signaling 

Technology 
Cat#3216 

Mouse monoclonal anti-DVL3 
Santa Cruz 

Biotechnology 
Cat#sc-8027 [4D3] 

Rabbit monoclonal anti-Axin2 
Cell Signaling 

Technology 
Cat#2151 [76G6] 

Rabbit monoclonal anti-Axin2 Abcam Cat#ab109307 

Mouse monoclonal anti-p-JNK 
Santa Cruz 

Biotechnology 
Cat#sc-6254 [G7] 

Mouse monoclonal anti-pan-JNK 
Santa Cruz 

Biotechnology 
Cat#sc-7345 [D2] 

Mouse monoclonal anti-GFP Takara Bio 
Cat #632375 Living 

Colors 

Mouse monoclonal anti-mCherry Abcam 
Cat#ab125096 

[1C51] 
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Rabbit polyclonal anti-FLAG 
Millipore 

Sigma 
Cat#F7425 

Rat monoclonal anti-HA Roche 
Cat#11867423001 

[3F10] 

Mouse monoclonal anti-Ubiquitin 
Santa Cruz 

Biotechnology 
Cat#sc-8017 [P4D1] 

Mouse monoclonal anti-GAPDH GeneTex 
Cat#GTX78213 

[1D4] 

Rabbit polyclonal anti-Caveolin 1 BD Biosciences Cat#610059 

Rabbit polyclonal anti-EEA1 
Thermo Fisher 

Scientific 
PA1-063A 

Mouse monoclonal anti-Rab3 
Pietro De 

Camilli, Yale 
CL42.1 ascites 

Rabbit monoclonal anti-Rab8 
Cell Signaling 

Technology 
Cat#6975S [D22D8] 

Rabbit monoclonal anti-Rab11 
Thermo Fisher 

Scientific 

Cat#700184 

[3H18L5] 

Chemicals, Peptides, and Recombinant Proteins 

Osmium Tetroxide (4% solution) 

Electron 

Microscopy 

Sciences 

Cat#RT 19140 

Protein G–Sepharose resin BioVision Inc. Cat#6511-5 
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DPX 
Millipore 

Sigma 
Cat#06522 

L-α-phosphatidylinositol (Liver, Bovine) 

(sodium salt) (PI) 

Avanti Polar 

Lipids 
Cat#840042 

1,2-dioleoyl-sn-glycero-3-phospho-L-

serine (sodium salt) 

 (DOPS)  

Avanti Polar 

Lipids 
Cat#840035C 

1,2-Dioleoyl-sn-glycero-3-phosphocholine 

(DOPC) 

Echelon 

Biosciences  
Cat#L-1182 

DiR';DiIC18(7) (1,1'-Dioctadecyl-3,3,3',3'-

Tetramethylindotricarbocyanine Iodide)  

Thermo Fisher 

Scientific 
Cat#D12731 

L-α-D-myo-Phosphatidylinositol 3-

monophosphate, 3-O-phospho linked, 

D(+)-sn-1,2-di-O-

hexadecanoylglyceryl (PI3P) 

CellSignals Inc. Cat#910 

L-α-D-myo-Phosphatidylinositol 4-

monophosphate, 3-O-phospho linked, 

D(+)-sn-1,2-di-O-

hexadecanoylglyceryl (PI4P) 

CellSignals Inc. Cat#912 
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L-α-D-myo-Phosphatidylinositol 5-

monophosphate, 3-O-phospho linked, 

D(+)-sn-1,2-di-O-

hexadecanoylglyceryl (PI5P) 

CellSignals Inc. Cat#914 

L-α-D-myo-Phosphatidylinositol 4,5-

bisphosphate, 3-O-phospho linked, D(+)-

sn-1,2-di-O-

hexadecanoylglyceryl (PI(4,5)P2) 

CellSignals Inc. Cat#902 

L-α-D-myo-Phosphatidylinositol 3,4-

bisphosphate, 3-O-phospho linked, D(+)-

sn-1,2-di-O-

hexadecanoylglyceryl (PI(3,4)P2) 

CellSignals Inc. Cat#904 

L-α-D-myo-Phosphatidylinositol 3,5-

bisphosphate, 3-O-phospho linked, D(+)-

sn-1,2-di-O-

hexadecanoylglyceryl (PI(3,5)P2) 

CellSignals Inc. Cat#906 

L-α-D-myo-Phosphatidylinositol 3,4,5-

trisphosphate, 3-O-phospho linked, D(+)-

sn-1,2-di-O-

hexadecanoylglyceryl (PI(3,4,5)P3) 

CellSignals Inc. Cat#908 

Experimental Models: Cell Lines 
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Human: Flp-In T-REx HeLa 
Pietro De 

Camilli, Yale 
N/A 

Human: Flp-In T-REx HeLa GFP This work N/A 

Human: Flp-In T-REx HeLa GFP-

PLEKHA4 
This work N/A 

Human: Flp-In T-REx HeLa PLEKHA4-

GFP 
This work N/A 

Human: HEK 293TN 
Tony Bretscher, 

Cornell 
N/A 

Human: Flp-In HEK293 
Pietro De 

Camilli, Yale 
N/A 

Human: Flp-In HEK293–GFP (SILAC 

Heavy/Light) 
This work N/A 

Human: Flp-In HEK293–GFP-PLEKHA4 

(SILAC Heavy/Light) 
This work N/A 

Human: Flp-In HEK293–PLEKHA4-GFP 

(SILAC Heavy/Light) 
This work N/A 

Mouse: C57MG–WntRGreen 

Anthony 

Brown, Weill 

Cornell 

Medicine1  

N/A 



 

 103 

Mouse: MV7 Rat2a (control) 

             MV7 Rat2a–Wnt1   

Gerlinde Van 

De Walle, 

Cornell  

N/A 

Mouse: L (control) 

             L–Wnt3a  

Anthony 

Brown, Weill 

Cornell 

Medicine 

N/A 

Mouse: L–Wnt5a ATCC CRL-2814 

Experimental Models: Organisms/Strains 

D. melanogaster:  y[1] 

M{w[+mC]=Act5C-Cas9.P}ZH-2A w[*] 

 

Bloomington 

Drosophila 

Stock Center 

Stock# 54590 

D. melanogaster:  y1 v1 P{y+t7.7 nos-

phiC31\int.NLS}; P{CaryP}attP40 

Bloomington 

Drosophila 

Stock Center 

Stock# 25709 

D. melanogaster:  y v; TM3, Sb / TM6B, 

Tb Hu 
This work N/A 

D. melanogaster:  sp/CyoW (II); 

TM2/TM6B, Tb (III) 
This work N/A 

D. melanogaster:  w[1] dsh[1] 

Bloomington 

Drosophila 

Stock Center 

Stock# 5298 
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D. melanogaster:  w[*] dsh[3] 

P{ry[+t7.2]=neoFRT}19A/FM7a 

Bloomington 

Drosophila 

Stock Center 

Stock# 6331 

D. melanogaster:  dsh[75] 

P{ry[+t7.2]=neoFRT}19A/FM7a 

Bloomington 

Drosophila 

Stock Center 

Stock# 68165 

D. melanogaster:  w[1118]; 

Df(3R)Exel6170, P{w[+mC]=XP-

U}Exel6170/TM6B, Tb[1] 

 

Bloomington 

Drosophila 

Stock Center 

Stock# 7649 

D. melanogaster:  pCasper4-Dsh-clover2 

 

Jeffrey 

Axelrod, 

Stanford 

N/A 

Recombinant DNA 

PLEKHA4 cDNA DNASU BC024157 

pEGFP-C1  Clontech Cat#6084-1 

pEGFP-N1 Clontech Cat#6085-1 

mCherry-N1 Clontech Cat#632523 

mCherry-C1  Clontech Cat#632524 

GFP-PLEKHA4 This work N/A 

PLEKHA4-GFP This work N/A 

mCherry-PLEKHA4 This work N/A 
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PLEKHA4-mCherry This work N/A 

GFP-PLEKHA4PH (45–167) This work N/A 

GFP-PLEKHA4PRD (167–357) This work N/A 

GFP-PLEKHA4PRD-CC (167–495) This work N/A 

GFP-PLEKHA4PRD-CC-IDR (167–779) This work N/A 

GFP-PLEKHA4CC (357–495) This work N/A 

GFP-PLEKHA4CC-IDR (357–779) This work N/A 

GFP-PLEKHA4IDR (495–779) This work N/A 

GFP-PLEKHA4H-BP-PH (28–167) This work N/A 

PLEKHA4DN+IDR (28–495)-GFP This work N/A 

GFP-PLEKHA4DCC+IDR (1–357) This work N/A 

GFP-PLEKHA4DN+H+BP (54–779) This work N/A 

GFP-PLEKHA4DPH (1–45, 167–779) This work N/A 

GFP-PLEKHA4DH+BP+PH (1–27, 168–779) This work N/A 

GFP-PLEKHA4DPRD (1–167, 357–779) This work N/A 

GFP-PLEKHA4DIDR (1–495) This work N/A 

pCDNA5-FRT Thermo Fisher Cat#K601002 

pCDNA5-FRT-GFP-PLEKHA4 This work N/A 

pCDNA5-FRT-PLEKHA4-GFP This work N/A 

pCDNA5-FRT-GFP This work N/A 

pcDNA3.1+zeo-VSV-KLHL12 Addgene Cat#16761 

pCMV10-3xFLAG Sigma Cat#E7658 
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3xFLAG-KLHL12 This work N/A 

GFP-KLHL12 This work N/A 

mCherry-KLHL12 This work N/A 

pCMV-HA-N Clontech Cat#635690 

CUL3 ORF 

ORFeome8.1 

library 

(Haiyuan Yu, 

Cornell 

University) 

N/A 

HA-CUL3 This work N/A 

HA-Ub 
Pietro De 

Camilli, Yale 
N/A 

M1R-mCherry 
Pietro De 

Camilli, Yale 
N/A 

iRFP-PLC�1-PH 
Pietro De 

Camilli, Yale 
N/A 

mCherry-CRY2(PHR) 
Pietro De 

Camilli, Yale2  
N/A 

mCherry-CRY2-PLEKHA4IDR This work N/A 

mCherry-CRY2-PLEKHA4CC-IDR This work N/A 

GFP-PLEKHA4PH R75A This work N/A 

GFP-PLEKHA4PH R129A This work N/A 
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GST-PLEKHA4PH R75A This work N/A 

GST-PLEKHA4PH R129A This work N/A 

PLEKHA4H-BP-PH-GFP This work N/A 

PLEKHA4H-BP-PH-GFP F40E This work N/A 

PLEKHA4H-BP-PH-GFP R75A This work N/A 

PLEKHA4H-BP-PH-GFP R129A This work N/A 

PLEKHA4H-BP-PH-GFP 

K42A/R43A/R48A/R49A (4A) 
This work N/A 

GST-PLEKHA4H-BP-PH  This work N/A 

GST-PLEKHA4H-BP-PH F40E This work N/A 

GST-PLEKHA4H-BP-PH R75A This work N/A 

GST-PLEKHA4H-BP-PH R129A This work N/A 

GST-PLEKHA4H-BP-PH 

K42A/R43A/R48A/R49A (4A) 
This work N/A 

pcDNA3.1+zeo-VSV-KLHL12: Q405X This work N/A 

GFP-PLEKHA4 S103, I106, R107, D109, 

and G110 silent (siRNA resistant) 
This work N/A 

PLEKHA4-GFP S103, I106, R107, D109, 

and G110 silent (siRNA resistant) 
This work N/A 

Software and Algorithms 

Fiji (ImageJ) Open source3 https://imagej.net/Fiji 

Zen Blue 2.3 Zeiss N/A 



 

 108 

Zen Black Zeiss N/A 

BD Accuri C6 BD Biosciences N/A 
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CHAPTER 3  

 
PLEKHA4 PROMOTES WNT/b-CATENIN SIGNALING-MEDIATED G1/S 

TRANSITION AND PROLIFERATION IN MELANOMA 

 

3.1 ABSTRACT 

Despite recent promising advances in targeted therapies and immunotherapies, 

melanoma patients incur substantial mortality. In particular, inhibitors targeting 

BRAF-mutant melanoma can lead to resistance, and no targeted therapies exist for 

NRAS-mutant melanoma, motivating the search for additional therapeutic targets and 

vulnerable pathways. Here we identify a regulator of Wnt/b-catenin signaling, 

PLEKHA4, as a factor required for melanoma proliferation and survival. PLEKHA4 

knockdown in vitro decreased Dishevelled levels, attenuated Wnt/b-catenin signaling, 

and blocked progression through the G1/S cell cycle transition. In mouse xenograft 

and allograft models, inducible PLEKHA4 knockdown attenuated tumor growth in 

BRAF- and NRAS-mutant melanomas and exhibited an additive effect with the 

clinically used inhibitor encorafenib in a BRAF-mutant model. As an E3 ubiquitin 

ligase regulator with both lipid and protein binding partners, PLEKHA4 presents 

several opportunities for targeting with small molecules. Our work identifies 

PLEKHA4 as a promising drug target for melanoma and clarifies a controversial role 

for Wnt/b-catenin signaling in the control of melanoma proliferation. 
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3.2 INTRODUCTION 

Melanoma is the most aggressive and deadliest form of skin cancer. The root 

cause of most melanomas is somatic mutations in a relatively small number of genes1. 

Roughly 65% of melanoma cases feature a V600D/E mutation in the Ser/Thr kinase 

BRAF, and an additional 10% feature a Q61K/R mutation in the GTPase NRAS2. 

These genetic alterations cause phenotypic changes, including elevated signaling 

through MAP kinase, PI 3-kinase, and other related pathways, which lead to increased 

cell proliferation, differentiation, and ultimately tumorigenesis and malignancy3. 

Inhibitors of BRAF or the downstream kinase MEK heralded an era of targeted 

therapies for BRAF-mutant melanomas4,5. Nonetheless, resistance typically occurs in 

roughly one year, leading to relapse, and no targeted therapies exist for NRAS-mutant 

melanomas6. Further, immunotherapies, such as checkpoint inhibitors, have more 

long-lasting effects but are only successful in a subset of patients 7. Combinations of 

BRAF targeted therapies and anti-PD1 immunotherapies are promising avenues but 

are still not universally effective8. Thus, new therapeutic strategies are needed to 

prevent melanomagenesis and progression.  

Wnt/b-catenin signaling, which regulates proliferation, is aberrantly 

hyperactive in several cancers, including melanoma9. In the canonical, b-catenin-

dependent form of this pathway, secreted Wnt ligands engage a receptor from the 

Frizzled family in the plasma membrane of the Wnt-receiving cell10. This binding 

event causes recruitment of Dishevelled (DVL), which mediates disassembly of a 

multicomponent b-catenin destruction complex, resulting in b-catenin stabilization, 

nuclear translocation, and altered gene expression at several loci, most notably those 
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associated with the TCF/LEF transcription factor family. In cancer, aberrant Wnt/b-

catenin signaling leads to increased expression of Wnt/b-catenin target genes 

including Cyclin D1 and c-Myc, which regulate progression through the G1/S 

transition of the cell cycle, helping to promote proliferation, tumorigenesis, and 

malignancy9. 

Wnt signaling pathways have been linked to melanoma, but their exact roles 

remain controversial9,11–13. Wnt/b-catenin signaling has been shown to promote 

melanoma tumor initiation and growth in both BRAF and NRAS mutant 

backgrounds14–17. Further, a recent study using a new engineered mouse model 

implicated Wnt signaling in the transformation of healthy melanocyte stem cells to 

melanoma in a BRAF and PTEN mutant background18. As well, BRAF inhibition is 

more effective in settings with lower levels of b-catenin19. Yet, elevated levels of 

nuclear (active) b-catenin have correlated with diverging patient survival, depending 

on the study12,20–23. Beyond the controversial roles of Wnt/b-catenin signaling in 

melanoma, b-catenin-independent non-canonical Wnt signaling controls actin 

cytoskeletal dynamics and cell migration and has been implicated in melanoma 

metastasis24,25. In fact, melanoma progression has been proposed to involve a 

phenotype switching model wherein the canonical and non-canonical pathways 

alternate to allow cells to switch between proliferative and migratory phenotypes9,26. 

Thus, Wnt signaling pathways appear to be important players in melanoma 

progression in most contexts and are thus a potential point of therapeutic intervention. 

Numerous efforts have been made to drug Wnt signaling in cancer23,27. These 

efforts have largely focused on inhibiting core Wnt components (e.g., PORCN, FZD, 
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b-catenin/CBP)28. Though efficacious in model systems, they have seen limited 

success in vivo due, in part, to undesirable side effects on homeostatic Wnt signaling 

in non-diseased tissues29. Fortunately, Wnt/b-catenin signaling is subject to many 

levels of regulation, and though core Wnt components are typically essential due to 

important roles in development and tissue homeostasis, many modulators, or tuners, of 

Wnt signaling strength may not be required for viability10,27,30. Thus, it is a high 

priority to identify modulators of Wnt signaling, whose inhibition downregulates but 

does not completely eliminate Wnt signaling, as potential therapeutic targets. 

Among the many factors involved in Wnt signaling, DVL has emerged as a 

major point of regulation31. Several different E3 ubiquitin ligases act on DVL, 

modulating its levels and thus changing the strength of the Wnt signal in Wnt-

receiving cells32–35. To this end, we recently discovered that the phosphoinositide-

binding protein PLEKHA4 (pleckstrin homology containing family A, number 4) 

modulates the activity of the CUL3–KLHL12 E3 ligase that polyubiquitinates 

DVL36,37. PLEKHA4 acts to sequester the substrate-specific adaptor KLHL12 within 

plasma membrane-associated clusters, thus reducing DVL ubiquitination, increasing 

DVL levels, and enhancing Wnt/b-catenin signaling in mammalian cells. Thus, 

PLEKHA4 acts as a tuner for DVL levels and Wnt signaling strength, as near-

complete elimination of PLEKHA4 resulted in only partial DVL depletion and 

attenuation of Wnt signaling. 

Intriguingly, PLEKHA4 expression is high in melanoma but its levels are low 

in healthy melanocytes2,38. We were thus motivated to test whether PLEKHA4 is an 

important factor for promoting pathological Wnt signaling in melanoma, as a step 
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toward both validating Wnt/b-catenin signaling in general, and PLEKHA4 in 

particular, as therapeutic targets in melanoma. Here, we report that melanoma cells 

from both BRAF and NRAS mutant backgrounds require PLEKHA4 for survival and 

proliferation in vitro and in vivo in mouse xenograft and allograft models. Depletion 

of PLEKHA4 by siRNA and shRNA led to attenuated Wnt signaling in these models 

and phenocopied inhibitors or siRNA knockdown of core Wnt components. Further, 

inducible PLEKHA4 knockdown in the presence of the clinically used BRAF 

V600D/E inhibitor encorafenib39 displayed an additive effect in a xenograft model of 

BRAF-mutant melanoma, suggesting the therapeutic potential of targeting PLEKHA4 

in melanoma. This work highlights PLEKHA4 as a new modulator of Wnt/b-catenin 

signaling strength in melanoma that, by promoting the G1/S cell cycle transition, 

maintains cell proliferation in melanoma. Importantly, our study provides additional 

clarity on the pathological role of Wnt/b-catenin signaling in this disease and suggests 

that pharmacological inhibition of PLEKHA4 could represent a promising new avenue 

for targeted therapy in melanoma.  

 

3.3 RESULTS 

3.3.1 PLEKHA4 knockdown blocks proliferation and increases apoptosis in 

melanoma cells 

In the course of earlier work in HeLa cells, we noticed that PLEKHA4 

knockdown by siRNA had mild qualitative effects on cell proliferation and viability36. 

We reasoned that cancer cells expressing the highest levels of PLEKHA4 might be 

more sensitive to its loss. Analysis of patient gene expression data in the TCGA 
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database revealed widespread expression of PLEKHA4 in many types of cancers, but, 

relative to other cancers, PLEKHA4 levels were highest in melanoma (Figure 3.1A)2. 

This high expression of PLEKHA4 in melanoma was independent of genotype, across 

121 different melanoma cell lines (Figure S3.1A), and of melanoma subtype (e.g., 

cutaneous vs. non-cutaneous) in 259 primary tumor samples (Figure S3.1B). In 

healthy melanocytes, however, PLEKHA4 levels were low, as analyzed in the 

Genevestigator database38. With a working hypothesis that PLEKHA4 might be an 

important factor in melanomagenesis and progression, we examined its requirement 

for proliferation and survival in two melanoma cell lines: WM266-4, a BRAF V600D 

mutant line, and SK-MEL-2, an NRAS Q61R mutant line.    

We validated several PLEKHA4 siRNA duplexes (Figure 3.1B and Table 

S3.1) and examined effects of PLEKHA4 knockdown using automated, continual 

monitoring of cell number on IncuCyte system, wherein images were acquired every 

hour for 100–150 hours. We observed a strong reduction of cell proliferation upon 

PLEKHA4 knockdown in both cell lines, using multiple siRNA duplexes (Figure 

3.1B–C and Table S3.2). Examination of the images suggested substantial cell death 

was occurring, and indeed, Western blot analysis of lysates from these cells revealed 

that PLEKHA4 knockdown caused increases in levels of cleaved PARP and activated 

caspase 3, two markers of apoptosis (Figure 3.1D). Interestingly, overexpression of 

PLEKHA4-GFP in WM266-4 cells resulted in a modest increase in proliferation 

relative to control (Figure S3.1C). 
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3.3.2 PLEKHA4 promotes Wnt/b-catenin signaling in melanoma cells 

Given the role of PLEKHA4 as a positive regulator of Wnt/b-catenin signaling 

in other cells36, we next investigated effects of PLEKHA4 knockdown on Wnt 

signaling in the context of melanoma. We found that siRNA-mediated PLEKHA4 

knockdown led to reduced levels of DVL2 and DVL3, the two major DVL isoforms in 

both the BRAF and NRAS mutant melanoma cell lines (Figure 3.1E–F). To further 

reinforce the generality of this finding, we also determined that Plekha4 knockdown 

reduces DVL2 and DVL3 levels in YUMM1.7 cells, a mouse melanoma cell line 

derived from a genetically engineered mouse model bearing several mutations 

commonly found within melanoma, including BRAF V600E, as well as inactivating 

mutations in PTEN and CDKN2A (Figure S3.2A–C)40. We then examined effects on 

Wnt/b-catenin signaling using two approaches. First, PLEKHA4 knockdown led to a 

>50% decrease in luminescence from the two human melanoma cell lines that were 

engineered to stably express a b-catenin-dependent luciferase transcriptional reporter 

(TOPFlash) and then stimulated with Wnt3a (Figure 3.1G). Second, we found that 

PLEKHA4 knockdown in cells stimulated with Wnt3a led to reduced levels of Axin2, 

whose expression is induced by canonical Wnt/b-catenin signaling, by Western blot 

(Figure 3.1E–F).  

 To complement these studies on PLEKHA4 knockdown, we examined whether 

perturbing Wnt signaling via two distinct mechanisms would similarly affect viability 

and proliferation of these melanoma cells. First, we used a pan Wnt inhibitor (IWP-4) 

that targets Porcupine, an O-acyltransferase that installs a posttranslational 

modification that is required for their secretion from Wnt-producing cells and thus for 
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Wnt signaling41. We found that IWP-4 treatment led to a drastic cell proliferation 

defect in both the cell lines (Figure S3.3A–B). Second, we performed siRNA-

mediated knockdown of DVL2 or DVL3, the direct mechanistic targets of PLEKHA4 

action36, and found similar effects on cell proliferation in both human melanoma cell 

lines (Figure S3.3C–D). Further, Western blot analyses on DVL2 or DVL3 

knockdown samples revealed increases in the levels of cleaved PARP and activated 

caspase 3, suggesting increases in apoptosis similar to PLEKHA4 knockdown (Figure 

S3.3E). Together, these data indicate that PLEKHA4 acts as a positive modulator of 

Wnt/b-catenin signaling in melanoma and suggests that it mediates cell survival and 

proliferation in melanoma.  
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Figure 3.1 PLEKHA4 loss from melanoma cells reduces proliferation and 
increases apoptosis via attenuation of Wnt/b-catenin signaling.  

(A) Analysis of PLEKHA4 mRNA levels in various cancers, based on data generated 
by the TCGA Research Network. FPKM, fragments per kilobase of transcript per 
million mapped reads. (B and C) PLEKHA4 knockdown by siRNA inhibits melanoma 
cell proliferation in vitro. Automated brightfield imaging of cell proliferation via 
IncuCyte of (B) WM266-4 and (C) SK-MEL-2 melanoma cells treated with siRNA 
duplexes targeting different regions of PLEKHA4 (siPLEKHA4 #1, #2 and #3) or a 
negative control siRNA (n=3). Western blot validation of siRNA duplexes is shown in 
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WM266-4 cells (B). (D–F) PLEKHA4 knockdown (using siPLEKHA4 #2) causes 
increased levels of apoptotic markers (cleaved PARP and activated Caspase 3 
(CASP3)) and reduction in Wnt signaling (DVL2, DVL3, and Axin2) in mutant 
melanoma cells. Shown is Western blot analysis of WM266-4 and SK-MEL-2 cells 
subjected to siPLEKHA4 or a negative control siRNA (–) (n=3). For Axin2 analysis, 
cells were stimulated with Wnt3a-containing conditioned media concurrently with 
siRNA. (G) PLEKHA4 modulates Wnt/b-catenin signaling in WM266-4 and SK-
MEL-2 cells. Shown is TOPFlash assay signal, i.e., ratio of b-catenin-dependent 
firefly luciferase activity to constitutive Renilla luciferase activity in WM266-4 or SK-
MEL2 cells treated with siPLEKHA4 (#2) or negative control siRNA (–) and 
stimulated with Wnt3a-containing conditioned media (n=6). For Western blot 
analysis, GAPDH and Ponceau are shown as loading controls. * p < 0.05; ** p < 0.01; 
*** p < 0.001; **** p < 0.0001; ns, not significant. Scale bars: 200 µm.  
 

3.3.3 PLEKHA4 regulates the G1/S transition and melanoma cell proliferation 

 A major role of Wnt/b-catenin signaling is to stimulate proliferation by 

promoting progression through the G1/S cell cycle transition. The effects of 

PLEKHA4 and Wnt perturbation on cell growth curves suggested an effect on 

proliferation, and we next examined whether the mechanism of action of PLEKHA4 

occurred via perturbing the cell cycle. First, we analyzed the cell cycle phase of 

asynchronous WM266-4 cells treated with either control or two different PLEKHA4 

siRNA duplexes and stained fixed cells with propidium iodide to measure DNA 

content. We found that PLEKHA4 knockdown led to an accumulation of cells in the 

G1 phase (Figure 3.2A). Importantly, this PLEKHA4 knockdown-induced G1/S 

transition defect could be rescued by introduction of an siRNA-resistant form of 

PLEKHA4 via lentiviral transduction (Figure 3.2B). Intriguingly, effects of 

PLEKHA4 knockdown could also be substantially, but not completely, rescued by 

overexpression of DVL2 or DVL3, the downstream targets of PLEKHA4 (Figures 

3.2B and S3.4), suggesting that the established mechanism of action of PLEKHA4 on 
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DVL proteins, via effects on their ubiquitination by CUL3–KLHL1236, accounts for a 

major portion of the effects of PLEKHA4 knockdown in these melanoma cells, though 

there are likely additional DVL-independent effects, discussed below. 

To examine the G1/S phenotype in more detail, including its dynamics, we 

used the fluorescent ubiquitination-based cell cycle indicator (FUCCI) system, a live 

cell-compatible, dual color reporter that wherein cells in G1 phase express mRFP (red) 

and cells in S, G2, or M phase express GFP (green). We generated WM266-4 and SK-

MEL-2 cell lines stably expressing the FUCCI reporters and synchronized either 

control or PLEKHA4 knockdown cells to G1 using serum starvation42. Upon release 

from this G1 arrest by addition of serum, we found that, for both cell lines, PLEKHA4 

knockdown caused an increase in retention in G1 phase, i.e., a failure to progress to S 

phase (Figures 3.2C–D and S3.4). 
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Figure 3.2 PLEKHA4 knockdown inhibits Wnt/b-catenin mediated G1/S cell 
cycle transition.  

(A) PLEKHA4 knockdown leads to accumulation of WM266-4 cells in G1 phase. An 
asynchronous population of WM266-4 cells was treated with one of two different 
siRNA duplexes against PLEKHA4 (siPLEKHA4 #1 and #2) or a negative control 
siRNA (–), followed by fixation, propidium iodide staining, and flow cytometry 
analysis. (n=6) (B) PLEKHA4-GFP, DVL2-GFP, and DVL3-GFP can rescue the 
attenuation of the G1/S transition defect induced by PLEKHA4 knockdown (using 
siPLEKHA4 #2). WM266-4 cells were synchronized to G1 phase, subjected to 
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siPLEKHA4 or negative control siRNA (–), and stimulated with media containing 
FBS and simultaneously transduced with conditioned media containing lentivirus 
encoding GFP, siRNA-resistant PLEKHA4-GFP, DVL2-GFP, or DVL3-GFP, 
followed by fixation, propidium iodide staining, and flow cytometry analysis (n=9). 
(C–D) PLEKHA4 knockdown (using siPLEKHA4 #2) impairs G1/S transition in 
synchronized melanoma cells stably expressing the FUCCI cell cycle indicator. 
WM266-4-FUCCI (C) and SK-MEL-2-FUCCI (D) stable cells were synchronized to 
G1 phase via serum starvation and concurrent treatment with the indicated siRNA 
duplex for 48 h. Cells were then released into fresh medium containing FBS, followed 
by the quantification of mRFP (G1) and GFP (S-G2-M) fluorescence via flow 
cytometry (n=3). * p < 0.05; *** p<0.001; **** p < 0.0001.  
 

To complement this phenotypic characterization of G1/S defects, we examined 

levels of Cyclin D1 and c-Myc, two well-studied transcriptional targets of Wnt/b-

catenin signaling that affect the G1/S cell cycle transition43,44. In asynchronous 

populations of WM266-4 or SK-MEL-2 cells, we found that PLEKHA4 knockdown 

led to decreased levels of both Cyclin D1 and c-Myc in the two human melanoma cell 

lines (Figure 3.3A–B) and in YUMM1.7 cells (Figure S3.2A). Further, PLEKHA4 

knockdown on G1-synchronized cells (via serum starvation) led to a similar decrease 

in the levels of Cyclin D1 and c-Myc, as well as DVL2 and DVL3 in WM266-4 or 

SK-MEL-2 cells (Figures 3.3C–D) and YUMM1.7 cells (Figure S3.2B). The decrease 

in the levels of these proteins induced by PLEKHA4 knockdown could be 

substantially rescued by lentiviral transduction with an siRNA-resistant form of 

PLEKHA4-GFP (Figure 3.3E). Interestingly, whereas the rescue of c-Myc levels was 

near-complete, the rescue of Cyclin D1 levels was only partial, suggesting other 

uncharacterized effects in this instance.  

In the same experiment, we found that the decrease in levels of Cyclin D1 and 

c-Myc induced by PLEKHA4 knockdown could also be substantially, but not 
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completely, rescued — again, partially for Cyclin D1 and completely for c-Myc — by 

expression of DVL2-GFP, DVL3-GFP, or a combination of DVL2-GFP and DVL3-

GFP (Figure 3.3E). Similar overexpression of DVL proteins could also partially 

rescue the induction of apoptosis markers, cleaved PARP and activated caspase 3, 

caused by PLEKHA4 knockdown (Figure S3.5A–B). Though the extent of reversal of 

these PLEKHA4 knockdown phenotypes by DVL overexpression in these experiments 

was substantial, further supporting the proposed mechanism of action, it was not 

complete, indicating additional DVL-independent effects of PLEKHA4 knockdown in 

melanoma cells, discussed below. Finally, to complement these findings, we found 

that DVL2 or DVL3 knockdown led to the same effects on Cyclin D1 and c-Myc 

levels in both human melanoma cell lines (Figure 3.3F) and in YUMM1.7 cells 

(Figure S3.2C). Overall, these data indicate that decreasing PLEKHA4 levels in 

melanoma leads to a Wnt/b-catenin-mediated G1/S cell cycle transition defect largely 

via effects on the key proliferation markers Cyclin D1 and c-Myc.   
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Figure 3.3 PLEKHA4 knockdown reduces levels of Wnt/b-catenin-controlled 
markers of proliferation.  

(A and B) PLEKHA4 knockdown decreases Cyclin D1 and c-Myc levels in 
asynchronous WM266-4 (A) and SK-MEL-2 (B) cells. Shown is quantification and 
representative blot images of Western blot analysis of lysates from the indicated cells 
treated with an siRNA duplex against PLEKHA4 (siPLEKHA4, #2) or a negative 
control siRNA (–) (n=3). (C and D) PLEKHA4 modulates the levels of DVL2, DVL3, 
Cyclin D1, and c-Myc in G1-synchronized WM266-4 (C) and SK-MEL-2 (D) cells. 
Shown is Western blot analysis and quantification of lysates from melanoma cells 
synchronized to G1 phase via serum starvation that were treated with siPLEKHA4 
(#2) or a negative control siRNA (–) and then stimulated with FBS-containing 
medium (n=3). (E) PLEKHA4-GFP, DVL2-GFP, and DVL3-GFP can partially rescue 
the changes in DVL2, DVL3, Cyclin D1, and c-Myc levels induced by PLEKHA4 
knockdown in WM266-4 cells. Shown is quantification and representative blot images 
of Western blot analysis of lysates from WM266-4 cells subjected to siPLEKHA4 (#2) 
or negative control siRNA (–) and transduced with conditioned media containing 
lentivirus encoding GFP, siRNA-resistant PLEKHA4-GFP, DVL2-GFP, DVL3-GFP, 
or a combination of DVL2-GFP and DVL3-GFP (n=3). (F) Knockdown of DVL2 or 
DVL3 leads to a decrease in levels of Cyclin D1 and c-Myc. Shown is quantification 
and representative blot images of Western blot analysis of lysates from WM266-4 and 
SK-MEL-2 cells treated with the indicated siRNA duplex or negative control siRNA 
(n=3). GAPDH and Ponceau are shown as loading controls. * p < 0.05; ** p < 0.01; 
*** p < 0.001; **** p < 0.0001.  
 

3.3.4 PLEKHA4 is required for tumorigenic and malignant properties in melanoma 

in vitro  

The above molecular and phenotypic data implicate PLEKHA4 as a novel 

modulator of Wnt signaling in melanoma whose removal causes defects in cell cycle 

progression and proliferation. We therefore envisioned that loss of PLEKHA4 in 

melanoma cells might attenuate cancer-causing properties in vitro such as clonogenic 

capacity, or the ability of a single cell to proliferate into a colony.  

 We first examined effects of PLEKHA4 knockdown on the anchorage-

dependent clonogenic capacity of melanoma cells, using crystal violet staining of 

colonies derived from single cells grown on traditional 2D cell culture surfaces. 
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PLEKHA4 knockdown in both WM266-4 and SK-MEL-2 cell lines led to substantial 

losses in clonogenic capacity (Figure 3.4A). Further, a similar effect was observed 

upon inhibition of Wnt signaling via other mechanisms, including knockdown of 

DVL2 or DVL3 (Figure 3.4B) and IWP-4 treatment (Figure 3.4C). In these assays, 

though the effects on anchorage-dependent clonogenic capacity were significant for all 

perturbations relative to control, we noticed a stronger effect for all siRNA 

experiments in the BRAF-mutant, WM266-4 cells compared to the NRAS mutant, 

SK-MEL-2 cells, similar to effects observed in proliferation assays (Figure 3.1B–C).  

 To evaluate tumorigenic potential of malignant cells grown in a soft substrate 

that better mimics the tumor environment, we employed an anchorage-independent 

colony formation assay45. Here, colony formation was measured after seeding cells in 

a 3D soft agar environment, followed by nitrotetrazolium blue staining. We found that 

PLEKHA4 knockdown in both melanoma cell lines strongly, and roughly 

equivalently, reduced anchorage-independent growth capacities (Figure 3.4D). Again, 

inhibition of Wnt signaling via DVL2 or DVL3 knockdown led to decreases in 

anchorage-independent growth (Figure 3.4E). The effect of DVL2 knockdown was 

stronger than DVL3 knockdown, suggesting a greater dependence on DVL2 in this 

setting. Collectively, these data indicate that loss of PLEKHA4 causes a drastic 

decrease in tumorigenic and malignant properties in BRAF and NRAS mutant 

melanoma in vitro. 
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Figure 3.4 PLEKHA4 knockdown and Wnt inhibition causes loss of tumorigenic 
and malignant properties in melanoma cells in vitro.  

Cells treated as described below were analyzed via anchorage-dependent colony 
formation assay with crystal violet staining (A–C) or anchorage-independent soft agar 
assay (D–E). Representative brightfield images are shown for each treatment, and 
graphs indicate colony count. (A and D) Cells were treated with the indicated siRNA 
duplex against PLEKHA4 or negative control siRNA (–) (n=6). (B and E) Cells were 
treated with siRNA duplexes against DVL2, DVL3, or negative control siRNA (n=6 
for all, except for n=3 for SK-MEL-2 in (E)). (C) Cells were treated with the pan Wnt 
inhibitor IWP-4 or DMSO control (–) (n=6). ** p < 0.01; **** p < 0.0001.  
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3.3.5 PLEKHA4 knockdown attenuates melanoma tumor growth in vivo  

Buoyed by the in vitro data implicating PLEKHA4 as a factor required for 

melanoma cell proliferation, we next tested whether PLEKHA4 played a similar role 

in vivo. Here, we used two different types of mouse models. First, we established 

xenografts in immunocompromised NOD scid gamma (NSG) mice using WM266-4 

and SK-MEL-2 cells, the BRAF- and NRAS-mutant human melanoma cell lines that 

we had used for the in vitro studies above. Separately, to assess effects of PLEKHA4 

knockdown within wild-type mice, we established allografts in C57BL6.J mice using 

the syngeneic, engineered YUMM1.7 mouse melanoma cell line40.  

For these in vivo experiments, we established PLEKHA4 knockdown by 

generating cell lines stably expressing a doxycycline-inducible shRNA against human 

PLEKHA4 and mouse Plekha4. To accomplish this, we generated stable cell lines 

expressing different shRNA constructs against human PLEKHA4 in WM266-4 cells 

(Figure S3.6A–B) and mouse Plekha4 in YUMM1.7 cells (Figure S3.7). Cells were 

grown in vitro, PLEKHA4/Plekha4 knockdown was induced by addition of 

doxycycline, and Western blot analysis was performed. We examined the levels of 

PLEKHA4, DVL2, DVL3, Cyclin D1, and c-Myc to determine the most effective 

shRNAs from each collection (Figures S3.6A and S3.7). We further validated the 

effectiveness of the human PLEKHA4 shRNAs at suppressing Wnt3a-stimulated 

Wnt/b-catenin signaling using the TOPFlash system within the PLEKHA4 stable 

knockdown lines (Figure S3.6B). The best-performing shRNAs against human 

PLEKHA4, as validated in WM266-4 cells, were subsequently stably expressed and 

validated in SK-MEL-2 cells (Figure S3.8A–B). 
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We then generated xenograft/allograft models by subcutaneous injection into 

the shoulder or hind leg flanks in the absence of doxycycline to allow tumors to form. 

For the WM266-4 xenograft and YUMM1.7 allografts, after 12 days in the absence of 

doxycycline to allow tumors to form, doxycycline was administered for 10–12 days to 

induce PLEKHA4/Plekha4 knockdown (Figure 3.5A). As negative controls, stable 

cell lines expressing luciferase shRNA were employed. Importantly, in the absence of 

doxycycline, the rate of tumor formation was identical for all cells from the same 

parental cell line. We monitored tumor progression over this time span and, following 

the addition of doxycycline to induce shPLEKHA4 expression, observed a major 

attenuation of tumor growth for both BRAF-mutant models (Figure 3.5B–C). Further 

analysis of the tumors at the experimental endpoint revealed that shPLEKHA4-

expressing tumors were approximately four-fold smaller in the WM266-4/NSG model 

(Figure 3.5B) and three-fold smaller in the YUMM1.7/C57BL6.J model (Figure 

3.5C).  

To test the effect of PLEKHA4 knockdown on NRAS-mutant melanoma in 

vivo, we established an SK-MEL-2 xenograft, and once visible tumors appeared at 1.5 

months post-injection, doxycycline administration was carried out for 14 days (Figure 

3.5A). Analysis of tumor progression and endpoint data revealed that tumor growth 

was attenuated two-fold in the PLEKHA4 knockdown samples compared to control 

(Figure 3.5D). These data demonstrate that PLEKHA4 knockdown in an in vivo, 

tumor xenograft or allograft setting results in a substantial decrease in tumor growth 

and implicate PLEKHA4 and, by extension, Wnt signaling, as a regulator of BRAF 

and NRAS-mutant melanoma progression in vivo.  
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Figure 3.5 Inducible PLEKHA4 knockdown inhibits melanoma tumor 
xenograft/allograft growth in vivo.  

(A) Schematic representation of experimental setup and timeline for 
xenograft/allograft analyses. Cell lines stably expressing doxycycline-inducible 
shRNA against human PLEKHA4 (shPLEKHA4; WM266-4 and SK-MEL-2) or 
mouse Plekha4 (shPlekha4; YUMM1.7) or a negative control shRNA (Renilla) were 
xenografted into NSG (for WM266-4 and SK-MEL-2) and C57BL/6J (for YUMM1.7) 
mice. Mice were monitored, and after small tumor bumps appeared (12 d for WM266-
4 and YUMM1.7; 45 d for SK-MEL-2), doxycycline was administered through the 
drinking water for a total of 10–16 d to induce PLEKHA4 knockdown. Tumor 
progression over this time period was monitored by measurement of tumor dimensions 
using a digital caliper and calculation of tumor volume using the formula v = 
0.5233*l*w2. Mice were then sacrificed, and tumors were collected (n=12 for 
WM266-4-xenografted NSG mice, n=10 for YUMM1.7-allografted C57BL/6J mice, 
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and n=14 for SK-MEL-2-xenografted NSG mice). (B–D) Data from studies using 
WM266-4 xenografts (B), YUMM1.7 allografts (C), and SK-MEL-2 xenografts (D). 
The plots at left show changes in tumor volume over time, and the plot in the middle 
show final tumor volumes measured with a caliper post-harvesting, with images of 
tumors harvested at the endpoint shown at right. n=9 for WM266-4 and n=8 for 
YUMM1.7 and SK-MEL-2. **** p < 0.0001; ns, not significant. 
 

To examine whether the mechanism underlying the effects of PLEKHA4 

knockdown in vivo was similar to that determined in vitro, we performed Western blot 

analysis on tumor samples (Figure 3.6). We found that, for xeno-/allografts from all 

three cell lines — WM266-4, (Figure 3.6A), YUMM1.7 (Figure 3.6B), and SK-

MEL-2 (Figure 3.6C) — the PLEKHA4 shRNAs were highly effective at reducing 

PLEKHA4 protein levels, relative to the control tumors expressing control shRNA. 

Further, this analysis revealed substantial decreases in DVL2, DVL3, Cyclin D1, and 

c-Myc in PLEKHA4 shRNA-expressing tumors compared to controls expressing 

control shRNA (Figure 3.6). This analysis is consistent with the effects of PLEKHA4 

siRNA and shRNA observed in vitro and supports the conclusion that PLEKHA4 

knockdown attenuates proliferation via effects on Wnt/b-catenin signaling.  
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Figure 3.6 Inducible PLEKHA4 knockdown in tumor xenograft/allografts 
reduces levels of Wnt/b-catenin signaling and proliferation markers.  

Tumor samples were harvested at the endpoints of the xenograft experiments 
described in Figure 6. Lysates were generated and analyzed by Western blot for 
PLEKHA4, to verify shRNA efficacy, and for DVL2, DVL3, Cyclin D1, and c-Myc, 
to assess effects on Wnt/b-catenin signaling and proliferation. GAPDH and Ponceau 
are shown as loading controls. Representative Western blots are shown at top, with 
quantification in scatter plots below. Results are shown for all xenograft studies, from 
WM266-4 (A), YUMM1.7 (B), and SK-MEL-2 (C). n=9 for WM266-4 and n=8 for 
YUMM1.7 and SK-MEL-2. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.  
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3.3.6 PLEKHA4 knockdown has an additive effect with a BRAF inhibitor on 

preventing tumor proliferation in vivo 

 Finally, we wanted to establish the feasibility of targeting PLEKHA4 in a 

model of a therapeutic setting. Targeted BRAF therapy, i.e., BRAF and/or MEK 

inhibitors, represents a frontline treatment for melanoma46,47. Though effective, this 

treatment has its limitations, including resistance, leading to relapse6,48. PLEKHA4 

and its effect on Wnt signaling could represent a second, parallel druggable pathway 

to block melanoma progression. Thus, we examined whether the anti-proliferative 

effects of encorafenib (BRAFi), an FDA-approved BRAF inhibitor used routinely to 

treat BRAF-mutant melanoma, would be enhanced by simultaneous knockdown of 

PLEKHA4 in vivo39. We generated WM266-4 xenografts bearing doxycycline-

inducible PLEKHA4 or control shRNA as before. On day 12 post-injection, following 

the formation of tumors, mice were administered both doxycycline to induce shRNA 

expression and encorafenib, via daily oral gavage, to inhibit BRAF and downstream 

MAP kinase signaling (Figure 3.7A).  

This study was divided into two phases. In the first phase, we examined effects 

of PLEKHA4 knockdown and encorafenib treatment separately or in combination. We 

found that encorafenib treatment prevented tumor growth compared to control, similar 

to effects of PLEKHA4 knockdown alone (Figure 3.7B). Encouragingly, encorafenib 

treatment in the context of PLEKHA4 knockdown resulted in significantly reduced 

tumor growth compared to either PLEKHA4 knockdown or encorafenib treatment 

alone (Figure 3.7B). These data indicate an additive effect of PLEKHA4 knockdown 

and BRAF inhibition. Further analysis of tumor size and endpoint data confirmed that 
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encorafenib treatment and PLEKHA4 knockdown exhibited similar effects on tumor 

size compared to control samples (Figure 3.7C–D).  

 Clinically, melanoma tumors can relapse upon development of resistance to 

BRAF inhibitors such as encorafenib, as well as withdrawal of the inhibitor6,48. This 

relapse is problematic, leading to further disease progression and poor patient 

outcomes. As a model for resistance, we examined the effects of continued PLEKHA4 

inhibition on tumor regrowth of residual melanoma cells after removal of encorafenib. 

In the second phase of the study, we extended the study on both control and 

PLEKHA4 knockdown groups that had been treated with encorafenib during the first 

phase of the study. Here, we removed encorafenib but continued doxycycline 

treatment for an additional 14 days to sustain PLEKHA4 knockdown. We observed 

that, upon encorafenib withdrawal, both the control and PLEKHA4 knockdown 

samples started to grow, but to different extents (Figure 3.7B). Further analysis of the 

tumor xenografts during the 14-day timecourse and at the endpoint confirmed that 

upon encorafenib withdrawal, both the encorafenib + PLEKHA4 knockdown and 

encorafenib alone samples had grown, but to different extents (Figure 3.7C–D). 

Notably, the encorafenib + PLEKHA4 knockdown sample exhibited a slower growth 

during the regrowth phase compared to encorafenib only.  
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Figure 3.7 PLEKHA4 knockdown exhibits an additive effect with the BRAF 
inhibitor encorafenib to attenuate melanoma tumor xenograft growth in vivo.  

(A) Schematic representation of experimental setup and timeline. WM266-4 cells 
stably expressing a doxycycline-inducible shRNA hairpin against PLEKHA4 
(shPLEKHA4 #1) or a control shRNA (–) were xenografted into NSG mice. Mice 
were monitored, and after tumors became visible 12 d post-injection (labeled as day 
0), doxycycline was administered through the drinking water and the BRAF inhibitor 
encorafenib or vehicle control was administered via oral gavage every day for 12 d. 
On day 12, all vehicle-treated mice and half of the encorafenib-treated mice bearing 
control and PLEKHA4 knockdown tumors were sacrificed for tumor collection. For 
the remaining mice, doxycycline treatment was continued but encorafenib was 
withdrawn to assess effect of PLEKHA4 knockdown on relapse for another 14 d. On 
day 26, mice were sacrificed for tumor collection. (B–D) Data from these studies. (B) 
Plot showing changes in tumor volume over time, with dimensions determined as 
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described in the Figure 6 legend. (C) Final tumor volumes measured with a caliper 
post-harvesting. (D) Images of tumors harvested at endpoints: day 12 (left) and day 26 
(right) (n=10-12 for each group). ****, ####, and ††††: p < 0.0001; ns, not 
significant. 
 

From these data, we conclude that PLEKHA4 knockdown, in combination 

with BRAF inhibition, prevents melanoma growth in a xenograft model more 

efficaciously than BRAF inhibition alone. Further, sustained PLEKHA4 knockdown 

following encorafenib removal, which in this setting serves as a model for melanoma 

relapse from minimal persister cells49 that had survived the encorafenib treatment, had 

a partial but substantial effect on proliferation, suggesting that inactivation of 

PLEKHA4 might be therapeutically beneficial in combination with existing targeted 

therapies. 

 

3.4 DISCUSSION 

Wnt/b-catenin signaling is a central pathway in embryonic development. In 

adults, it controls many aspects of cell and tissue homeostasis, including cell 

proliferation, differentiation, migration10. Alterations that perturb Wnt signaling 

beyond the normal homeostatic range occur in many diseases; in particular, elevated 

Wnt signaling occurs in many cancers. In certain instances, mutations to core Wnt 

components are clearly understood to be drivers of oncogenesis, e.g., in colorectal 

cancer, where more than 80% of cases feature mutations in adenomatous polyposis 

coli (APC) that lead to hyperactive Wnt signaling and associated pathogenesis27. In 

other cancers with elevated levels of Wnt signaling, the causal nature of this pathway 

in oncogenesis is not as clear.  
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Several studies have implicated increased Wnt signaling in melanoma, and yet 

the functional consequences of this dysregulation in melanoma are not entirely 

understood11–13. In particular, elevated levels of nuclear b-catenin have been 

implicated in both increased proliferation but also, unexpectedly, better prognosis, and 

they are not a marker of the initial transformation event13,50. Nuclear b-catenin alone 

may not necessarily correlate with cellular phenotype, suggesting an interplay of 

additional factors in the regulation of Wnt/b-catenin signaling in melanoma51. Though 

the role of Wnt signaling as a sole driver of melanoma progression is controversial, its 

role in supporting proliferation in certain mutant backgrounds is clearer14–18. In this 

context, our study provides important additional evidence implicating Wnt/b-catenin 

in melanoma proliferation in both BRAF and NRAS mutant backgrounds. 

Inhibition of Wnt signaling is a promising route to new anti-cancer therapies, if 

achievable in a selective or targeted manner that minimizes damage to non-cancerous 

tissues12,27,28,52. Because of challenges associated with targeting core Wnt pathway 

components, efforts have shifted in recent years toward gaining a deeper 

understanding of proteins that regulate the strength of Wnt signaling. Among this 

growing list of modulators, or tuners, PLEKHA4 stands out as a protein with a unique 

mechanism of action and potential relevance to melanoma. 

Previously, we established that PLEKHA4 enhances Wnt signaling by 

sequestering and inactivating the Cullin-3 (CUL3) substrate-specific adaptor KLHL12 

and preventing DVL polyubiquitination by the CUL3–KLHL12 E3 ubiquitin 

ligase36,53. Here, we establish that this fundamental mechanism of tuning Wnt 

signaling strength could be highly beneficial in the context of melanoma. Melanoma 
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cells express higher levels of PLEKHA4 than more than other 20 cancers, and even 

partial removal of PLEKHA4 by siRNA or shRNA dramatically lowers proliferation 

and increases apoptosis in vitro and in vivo.  

PLEKHA4 knockdown exhibited similar effects in melanoma cells, i.e., on 

DVL levels and Wnt signaling strength, as well as strong effects on clonogenic 

capacity in vitro. These results point to Wnt/b-catenin signaling, and its regulator 

PLEKHA4, as important players controlling proliferation in both BRAF- and NRAS-

mutant melanomas. PLEKHA4 knockdown in melanoma cells strongly affected levels 

of the canonical Wnt/b-catenin targets Cyclin D1 and c-Myc, which ensure 

progression through the G1/S cell cycle transition. Disruption of Wnt signaling via 

other means (DVL knockdown or global pharmacological inhibition of Wnt 

production) resulted in similar phenotypes to PLEKHA4 knockdown.  

The ability of DVL overexpression to partially rescue the effects of PLEKHA4 

knockdown both supports this mechanism and also highlights potential undetermined, 

DVL-independent mechanisms underlying the effect of PLEKHA4 knockdown on 

melanoma cell proliferation and apoptosis. In particular, effects on other CUL3–

KLHL12 ubiquitination substrates, including the COPII coat component SEC31, may 

be responsible54. Notably, CUL3 loss of function attenuates proliferation in various 

settings, including mouse embryonic stem cells and the Drosophila pupal wing 

epithelium, and CUL3–KLHL12 has further been proposed to control proliferation in 

other contexts54,55.  

In tumor xenograft and allograft models using both BRAF- and NRAS-mutant 

melanomas, removal of PLEKHA4 by shRNA prevented tumor growth. Further, in a 
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BRAF-mutant melanoma, PLEKHA4 shRNA exhibited an additive effect with a 

clinically used BRAF inhibitor, leading to much stronger anti-proliferative effects, and 

its effects help to keep growth slow even after removal of the inhibitor. These results 

from the combination treatment studies reinforce that, whereas MAP kinase signaling 

is a predominant player in melanoma, Wnt/b-catenin plays important roles in 

supporting proliferation. Other modulators of Wnt signaling affect melanoma 

proliferation. For example, Dkk-1, a negative regulator of Wnt signaling, exhibits 

reduced expression in melanoma, and its activation inhibits tumorigenicity and 

induces apoptosis in melanoma56,57. Another negative regulator of Wnt signaling, 

WIF-1 (Wnt inhibitory factor-1), is downregulated in melanoma progression58. Both 

MAP kinase and Wnt/b-catenin signaling regulate the activity of MITF, a master 

regulator of melanoma progression in both BRAF and NRAS mutant backgrounds59,60.  

Yet, the interactions between Wnt/b-catenin and MAP kinase signaling in 

melanoma are complex. Elevated levels of the former, rather than its inhibition, 

enhanced the efficacy of BRAF inhibition at inducing apoptosis61. However, chronic 

BRAF inhibition-induced resistance caused elevated levels of Wnt5a, which were 

associated with increased cell growth, suggesting that Wnt5a inhibition might 

counteract these effects25. In light of this work, our study, performed using different 

melanoma cell lines and showing that a combination of PLEKHA4 shRNA and BRAF 

inhibition has stronger anti-proliferative effects compared to BRAF inhibition alone, 

further highlights the context-dependent effects of Wnt signaling and its relationship 

to BRAF and MAP kinase signaling in melanoma11–13.  
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Our results suggest that PLEKHA4 inhibition might be therapeutically 

beneficial in both NRAS-mutant melanomas, for which there are no targeted therapies, 

and for BRAF-mutant melanomas, where PLEKHA4 inhibition could be investigated 

in combination with existing BRAF and/or MEK inhibitors. In principle, PLEKHA4 

inhibition in combination with immunotherapies could also represent an interesting 

future direction.  

PLEKHA4 is not a canonical drug target. It is a multidomain adaptor protein, 

not a receptor, ion channel, or enzyme. Yet, our previous work sheds light on several 

protein-lipid and protein-protein interactions that could be targeted36. Its tripartite N-

terminal region, which includes a pleckstrin homology (PH) domain, binds to anionic 

phosphoinositides to localize the protein to the plasma membrane. C-terminal coiled-

coil and intrinsically disordered regions mediate oligomerization into membrane-

associated clusters that are potentially phase-separated. A central proline-rich domain 

binds to KLHL12, and all three of these molecular elements (lipid binding, 

oligomerization, and KLHL12 binding) are featured in its mechanism of action to 

prevent DVL ubiquitination and enhance Wnt signaling.  

In principle, small-molecule ligands could be developed to target the 

phosphoinositide binding site of the PH domain62 or disrupt interactions between the 

proline-rich domain and KLHL12 or homotypic interactions involved in 

oligomerization and cluster formation. Further, ligands that bind to PLEKHA4 but do 

not disrupt function could still serve as starting points for development of 

PROTACs/degraders63. Finally, a global knockout of the Drosophila ortholog of 

PLEKHA4, kramer, is viable36, raising the possibility that mammalian PLEKHA4 
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may be dispensable for development and less critical for maintaining homeostatic Wnt 

signaling. This study, however, implicates it as a vulnerability for melanoma cells. 

Thus, we believe that PLEKHA4 defines a new type of drug target for melanoma. 

Interestingly, our previous work on PLEKHA4 and kramer established that 

these proteins can also mediate non-canonical, b-catenin-independent Wnt signaling36. 

In particular, in Drosophila, kramer knockout resulted in defects in planar cell polarity 

through effects on dishevelled, a pathway that shares key aspects with mammalian 

non-canonical Wnt signaling, including profound effects on the actin cytoskeleton64. 

In melanoma, non-canonical Wnt signaling is implicated in a migratory phenotype, 

whereas canonical Wnt/b-catenin signaling controls proliferation. Melanoma 

progression has been described to involve a phenotype switching scenario, wherein 

alternating cycles of proliferation and migration lead to disease spread and eventually 

to metastasis51.  

Crucially, DVL is a central signaling molecule in both the canonical and non-

canonical pathways31, and thus it is not surprising that PLEKHA4, which regulates 

DVL levels, has the potential to affect multiple types of Wnt signaling, depending on 

the context36. In the in vitro and xenograft models here, which are geared toward 

evaluation of the proliferative stages of melanoma, we found a strong effect on 

removal of PLEKHA4. Examination of effects of PLEKHA4 removal on non-

canonical Wnt signaling in the context of a migratory phenotype represents an 

interesting future direction and could reveal that a single protein, PLEKHA4, might be 

relevant in suppressing later stages of melanoma, including metastasis, where the 

cancer cells exhibit an invasive phenotype. Notably, chronic inhibition of mutant 
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BRAF in melanoma causes an elevation in levels of Wnt5a25. Whereas that study 

examined effects on Wnt5a-induced cell growth, Wnt5a can also mediate non-

canonical Wnt signaling, which is implicated in migration and metastasis, suggesting 

potential interplay in melanoma between BRAF and Wnt signaling pathways in 

multiple contexts. 

In summary, we have identified PLEKHA4 as an important mediator of a 

proliferative phenotype in BRAF- and NRAS-mutant melanoma. We demonstrate that 

PLEKHA4 knockdown negatively regulates Wnt/b-catenin signaling in this context, 

helping to clarify the role of Wnt/b-catenin signaling in melanoma and revealing 

another layer of regulation in the Wnt/b-catenin signaling axis that controls the G1/S 

cell cycle transition to maintain melanoma proliferation.  

 

3.5 EXPERIMENTAL MODEL AND SUBJECT DETAILS  

3.5.1 Cell culture 

WM266-4 cells (RRID:CVCL_2765, NCI PSOC Bioresource Core) and SK-

MEL-2 cells (RRID:CVCL_0069, NCI PSOC Bioresource Core) were cultured in 

minimum essential medium (MEM, Corning), L Wnt-3a cells (RRID:CVCL_0635, 

ATCC) were cultured in Dulbecco’s modified Eagle medium (DMEM, Corning) and 

YUMM1.7 cells (RRID:CVCL_JK16, ATCC) were cultured in Dulbecco’s modified 

Eagle medium/Ham’s F-12 medium (DMEM/F-12, Corning) supplemented with 10% 

fetal bovine serum (FBS, Corning) and 1% penicillin/streptomycin (P/S, Corning) at 

37 ºC in a 5% CO2 atmosphere. Because all cells were obtained from commercial or 



 

 143 

government repositories, no cell line authentication was performed. Mycoplasma 

testing (MycoSensor PCR assay, Agilent) was performed at regular yearly intervals.  

All cells were grown for at least 2–3 passages (approximately one week) prior 

to use in experiments. Stable expression of doxycycline-inducible shRenilla control, 

shPLEKHA4 hairpins or mouse shPLEKHA4 hairpins in WM266-4 or SK-MEL-2 

(human) and YUMM1.7 (mouse) cells was achieved by transducing above-mentioned 

hairpin plasmids cloned in LT3GEPIR vector (a gift from Lewis Cantley) as 

previously described65. Stable expression of cell cycle indicator plasmid pLenti6.2-

FUCCI (Fluorescence Ubiquitination Cell Cycle Indicator, a gift from Jan 

Lammerding) was achieved by transducing FUCCI plasmid into WM266-4 and SK-

MEL-2 cells. After transduction (48 h), hairpin transduced cells were selected with 2.5 

µg/mL puromycin (Sigma-Aldrich) and FUCCI plasmid-transduced cells were 

selected with 2 µg/mL blasticidin (Alfa Aesar). Upon completion of drug selection, 

FUCCI transduced WM266-4 and SK-MEL-2 cells were sorted using FACS to ensure 

99.9% of fluorescent cell population before use. Conditioned media (CM) from L 

Wnt-3a cells was harvested as previously described36. Cell lines were obtained and 

used without further authentication.   

 

3.5.2 Animal husbandry 

 All mice used for experiments were approved by Center for Animal Resources 

and Education (CARE) facility at Cornell University. The C57BL/6J mice were 

purchased from Jackson laboratory and NSG (NOD scid gamma) mice were purchased 

from the PATh PDX facility at Cornell University. The animals were housed and bred 
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on a 12 h light and dark cycle. C57BL/6J mice were used for xenografting/allografting 

the YUMM1.7 syngeneic mouse cell line, and NSG mice were used for xenografting 

WM266-4 or SK-MEL-2 (human melanoma) cell lines. Mice were euthanized when 

tumors reached the maximum size allowed by the approved animal protocol 

accounting for the animal’s health and mobility.  

 

3.6 METHOD DETAILS  

3.6.1 Plasmids and cloning 

The cloning for GFP and siRNA-resistant PLEKHA4-GFP plasmids for rescue 

experiments have been described previously36. Viral transduction vector pCDH-

mCherry-Blasticidin was obtained as a gift from Jan Lammerding’s lab at Cornell 

University. The vector was digested using standard cloning procedure with EcoRI and 

NotI to remove mCherry. The full length GFP or siRNA resistant PLEKHA4-GFP 

PCR fragments were subcloned into the digested pCDH vector. For cloning pCDH-

DVL2-GFP and pCDH-DVL3-GFP, full length DVL2 and DVL3 PCR-fragments 

were amplified from 3X-FLAG-DVL2 (Addgene #24802) and XE251-pcDNA3.1 

(zeo) FLAG-hDsh3 (Addgene #16758) respectively. pCDH-PLEKHA4-GFP was 

digested with EcoRI and AgeI to remove PLEKHA4 fragment and the remaining 

vector was used to subclone the DVL2 or DVL3 fragments.  

For generation of doxycycline-inducible stable shPLEKHA4 lines, 12 shRNA 

constructs each again human PLEKHA4 or mouse Plekha4 were cloned into 

LT3GEPIR vector as described previously65. All constructs were verified by Sanger 

sequencing (Cornell University Biotechnology Resource Center Genomics Facility). 
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3.6.2 Transfection of siRNA 

DsiRNA duplexes were obtained from Integrated DNA Technologies. 

Transfections with siRNA were performed using Lipofectamine RNAiMAX with the 

appropriate duplexes (see Table S3.1) as described previously36, and 48 h post 

transfection, cells were analyzed via Western blot, flow cytometry or other readouts.   

 

3.6.3 Lentivirus production  

Exogenous protein expression was achieved in WM266-4 and SK-MEL-2 cells 

via lentiviral transduction. Lentivirus was produced in HEK 293TN cells, which were 

seeded to achieve a 90% confluency on the day of transfection with the viral plasmids. 

Packaging plasmids VSVg and PAX2, along with the lentiviral plasmid, were 

transfected overnight in the ratio of 1:3.1:4.2 in the HEK 293TN cells 

(RRID:CVCL_UL49, obtained from The Bretscher Lab, Cornell University) using 

Lipofectamine 2000. Fresh media was changed the next morning and the transfection 

media was discarded. Thirty-six h post transfection, the lentivirus-containing media 

was collected, and cells were replenished with new fresh media. The media collection 

was performed every 8 h for a total of four times. The lentivirus-containing media was 

filtered through 0.45 µm syringe filters and stored in 4 ºC until use. The lentivirus 

media was used within two weeks after production. For production of shRNA-

containing lentivirus, the same protocol was used, except that packaging plasmids 

VSVg and PAX2, along with shRNA plasmids, were mixed and transfected overnight 

in the ratio of 1:1.8:3.7. 
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3.6.4 Lentivirus transduction 

 Depending on the experiment, cells were seeded 1–2 d prior to viral 

transduction. On the day of transduction, media was aspirated, and one part of fresh 

media was added with 8 µg/mL of Polybrene (Millipore) and spread evenly. Three 

parts of filtered lentivirus media was added and gently mixed. For the highest 

transduction efficiency, the process was repeated four times every 10-12 h. For stable 

cell line generation, cells were selected with the appropriate selection drug as 

described above. For all other experiments, cells were used without selection. 

Transduction efficiency was determined using fluorescence microscopy for every 

lentivirus transduction experiment using Hoechst 33342 (Thermo Fisher) as the 

counterstain. The transduction efficiency for these experiments were determined to be 

80–90%. Images were acquired on a Zeiss LSM 800 confocal laser scanning 

microscope equipped with Plan Apochromat objectives (20x 0.8 NA or 40x 1.4 NA), 

and two GaAsP PMT detectors. Solid-state lasers (405, 488, 561, and 640 nm) were 

used to excite blue, green, red and far-red fluorescence respectively. Images were 

acquired using Zeiss Zen Blue 2.3 (confocal) and analyzed using ImageJ. 

 

3.6.5 Cell proliferation assays 

 SiRNA (50 nM) against PLEKHA4, DVL2, and DVL3 was performed 

overnight on WM266-4 or SK-MEL-2 cells on a 6-well plate. After 16 h, cells were 

lifted, and 4000 cells were seeded in each well of a low-evaporation 96-well plate. For 

Wnt inhibition experiments, cells were seeded in media containing either DMSO 
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vehicle or 2.5 µM IWP-4 (Inhibitor of Wnt Production-4). Images were acquired every 

hour for at least 4 d in an IncuCyte incubator (20X objective).     

 

3.6.6 Anchorage-dependent colony formation assays 

 SiRNA (50 nM) against PLEKHA4, DVL2, and DVL3 was performed 

overnight on WM266-4 or SK-MEL-2 cells in a 6-well plate. After 16 h, cells were 

lifted, and 4000 cells were plated evenly in each well of a 6-well plate. Fresh media 

was changed every 3 d. For Wnt inhibition experiments, 4000 untreated cells were 

plated in media containing either DMSO or IWP-4 (2.5 µM). The cells were grown for 

two weeks until colonies were observed. Cells were washed with PBS, fixed with 

methanol for 1 h at room temperature, and stained overnight with 0.1% crystal violet 

in 95% ethanol. The lids were propped open slightly to allow the stain solution to 

evaporate overnight. Plates were then rinsed gently with cold water to remove excess 

stain and allowed to dry for 3 h. Images were acquired with a Bio-Rad ChemiDoc, and 

colonies were counted using ImageJ.   

 

3.6.7 Anchorage-independent colony formation assays 

 SiRNA (50 nM) against PLEKHA4, DVL2, and DVL3 was performed 

overnight on WM266-4 or SK-MEL-2 cells in a 6-well plate. After 16 h, cells were 

lifted, and 5000 cells were plated evenly in each well of a 6-well plate. The soft agar 

assay was set up as described previously45. Three weeks after the seeding, colonies 

were observed and stained overnight at 37 ºC with nitrotetrazolium blue (1 mg/mL in 
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PBS). Images were acquired with a Bio-Rad Chemidoc, and colonies were counted 

using ImageJ.   

  

3.6.8 Cell cycle analysis 

 Unsynchronized: For cell cycle analysis in unsynchronized WM266-4 cells, 

siRNA (50 nM) against PLEKHA4 was performed in a 12-well plate. After 48 h, cells 

were lifted, fixed overnight with prechilled ethanol, and stained using propidium 

iodide as described previously66, and analyzed by flow cytometry. 

 

Synchronized: Stable cells expressing FUCCI were seeded on a 15-cm dish, 

grown to 90% confluence, and starved with FBS-free media for 48 h. SiRNA (50 nM) 

against PLEKHA4 was added for the final 16 h of serum starvation. Cells were then 

stimulated by addition of fresh FBS-containing media for 36 h, and then lifted and 

fixed overnight with pre-chilled ethanol at 4 ºC. Cells were washed three times with 

FACS buffer (0.1% FBS in PBS) and analyzed via flow cytometry. 

 

Rescue: Media containing lentivirus encoding rescue constructs (GFP, 

PLEKHA4-GFP, DVL2-GFP, DVL3-GFP, or a combination of DVL2-GFP and 

DVL3-GFP) was generated. RNAi against PLEKHA4 was performed as above on a 

60-mm plate, and 16 h post RNAi, cells were stimulated with rescue media (a mix of 

1.5 mL of fresh media and 2.5 mL of virus-containing rescue media). After 32 h, cells 

were harvested and fixed overnight with prechilled ethanol at 4 ºC. Cell cycle analysis 
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by flow cytometry was performed either by propidium iodide on wild-type cells or 

FUCCI-expressing stable lines, quantifying fraction of cells in G1. 

 

3.6.9 Tumor xenograft and allograft studies of PLEKHA4 shRNA 

 Stable cell lines with doxycycline inducible PLEKHA4 or control shRNA were 

generated. One day before the cell injections, the dorsal sides of mice (4-6 week-old) 

were shaved to enable four injections per animal, two each near the upper and lower 

flanks. On injection day, cells were lifted, and resuspended in media containing 1% 

penicillin/streptomycin. A 1:1 mixture of cells:Matrigel was made, and 1x106 of 

shRNA-expressing WM266-4 or SK-MEL-2 cells were injected subcutaneously into 

NSG mice using a 28-gauge needle. The same procedure was used for shRNA-

expressing YUMM1.7 cells except that 1x105 cells were injected subcutaneously into 

C57BL/6J mice. Injections were performed within 30 min of preparing the 

cells/Matrigel mixture. Mice were monitored every 2 d. For WM266-4 and YUMM1.7 

xenografts, tumor formation appeared at day 12, whereas for SK-MEL-2, the tumor 

formation appeared at 1.5 months post injection. To induce shRNA expression, 

doxycycline (1 mg/mL in sterile water) was added to the drinking water in amber 

bottles and changed every 2 d (WM266-4: 12 d; YUMM1.7: 10 d; SK-MEL-2: 16 d). 

Tumor progression was measured every 2 d with a digital caliper, with volume 

calculated using v = 0.5233*l*w2. All mouse studies were approved by the Cornell 

Institutional Animal Care and Use Committee. 
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3.6.10 Tumor xenograft studies of PLEKHA4 shRNA combined with BRAFi 

treatment 

 PLEKHA4 or control shRNA-expressing WM266-4 cells (1x106) were 

injected subcutaneously as described above. Mice were monitored every 2 d. Tumors 

appeared at day 12. Doxycycline (1 mg/mL in sterile water) was then added to the 

drinking water to induce shRNA as described above, and, concurrently, encorafenib or 

vehicle was administered daily via oral gavage (30 mg/kg in 0.5% 

carboxymethylcellulose and 0.05% Tween-80 in PBS, freshly prepared) for 12 d. 

Tumor progression was monitored as described above. At the end of 12 d of 

encorafenib treatment, the encorafenib treatment was terminated but doxycycline was 

continued for another 14 d. Tumor progression was monitored every 2 days, and 

volumes were calculated as described above.  

 

3.6.11 Western blot analysis of DVL, c-Myc, and Cyclin D1 levels  

SiRNA duplexes (50 nM) against PLEKHA4, DVL2, or DVL3 were used to 

perform knockdown on either WM266-4 or SK-MEL-2 cells on a 6-well plate. Forty-

eight h post-RNAi, cells were harvested and analyzed by Western blot as described 

previously36. The levels of DVL2, DVL3, c-Myc, and Cyclin D1 were quantified. 

Reported quantifications are from at least three biological replicates. For analysis of 

endogenous Axin2 levels, siRNA duplexes (50 nM) against PLEKHA4 were 

transfected into WM266-4 or SK-MEL-2 cells on a 6-well plate. Cells were stimulated 

with Wnt3a-conditioned media, harvested, analyzed by Western blot, and Axin2 levels 

were quantified as described previously36. For rescue experiments, samples were 
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generated as described above for cell cycle rescue analysis. Forty-eight h post-RNAi, 

cells were harvested, normalized and analyzed via Western blot for DVL2, DVL3, c-

Myc, and Cyclin D1 levels. Reported quantifications are from at least three biological 

replicates. Sources of antibodies are provided in Table S3.2. 

      

3.6.12 Luciferase Wnt reporter assays 

Generation of cells stably expressing Wnt reporters: WM266-4 or SK-MEL-2 cells 

were co-transduced with lentiviruses expressing Firefly luciferase-7TFP (Addgene 

#24308) and Renilla luciferase pLenti.PGK.blast-Renilla_Luciferase (Addgene 

#74444). After 48 h, puromycin dihydrochloride (2.5 μg/mL) and blasticidin S 

hydrochloride (2 μg/mL) selection was performed until resistant colonies appeared. 

These reporter cell lines were used in siRNA-based Wnt reporter luciferase assays 

below. 

 

Transient knockdown: SiRNA-mediated knockdown against PLEKHA4 was 

performed in Wnt/b-catenin luciferase reporter-expressing WM266-4 and SK-MEL-2 

cells on 6-well plates. After 30 h of cell growth post-transfection, cells were treated 

with sterile-filtered, Wnt3a-containing conditioned media in a 1:1 ratio with fresh 

media for 30 h. Cells were then lysed, and 150 µL of lysates were transferred to an 

opaque 96-well flat-bottom plate (Greiner) for measuring chemiluminescence. Firefly 

luciferin substrate (50 µL of a 470 µM stock solution) was added to each well, and the 

firefly luciferase signal was measured by a Tecan plate reader. Subsequently, Renilla 

luciferase substrate (50 µL of a 5.5 µM stock solution also containing 25 μM of the 
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firefly luciferase inhibitor 4-(6-methyl-1,3-benzothiazol-2-yl)-aniline (Enamine.net)) 

was added to each well, and the Renilla luciferase signal was measured.   

 

Stable knockdown: ShRNA expression against PLEKHA4 in WM266-4 and 

SK-MEL-2 cells was induced by addition of 2.5 μg/mL doxycycline for 10 d in 6-well 

plates. As a negative control, stable cells bearing inducible Renilla shRNA were 

treated in the absence of doxycycline. Doxycycline-containing media was exchanged 

for fresh media every 2 d. On day 8, cells were treated with a 1:1:1 mixture of 7TFP 

lentivirus-containing conditioned media:PGK-Renilla lentivirus-containing 

conditioned media:fresh media, and 8 μg/mL polybrene and 2.5 μg/mL doxycycline 

for 24 h. Spent media was exchanged for fresh 1:1:1 media mixture as described above 

every 12 h. On day 9, Wnt signaling was induced by adding Wnt3a-containing 

conditioned media in a 1:1 ratio with fresh media containing doxycycline for 30 h. 

Firefly and Renilla luciferase signals were then measured as described above.  

 

3.7 QUANTIFICATION AND STATISTICAL ANALYSIS  

3.7.1 Statistics and reproducibility 

All experiments were performed in at least three biological replicates. Imaging 

figures show representative images from each experiment. For experiments involving 

quantification of comparisons between two groups, statistical significance was 

calculated using unpaired two-tailed Student’s t-test with unequal variance in Excel or 

GraphPad Prism. For experiments involving quantification of comparisons between 

more than two experimental groups, statistical significance was calculated using a 
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one-way ANOVA with post-hoc Tukey test in R. The number of biological replicates 

analyzed is stated in the legend, and statistical significance of p < 0.05 or lower is 

reported. All raw data were plotted using either Excel or GraphPad Prism. In figures 

containing bar graphs, the height of the bar is the mean, the error bars represent 

standard deviation, and each overlaid dot represents an individual biological replicate. 

In figures containing scatter plots, the black line is the mean, and each dot represents 

an individual biological replicate. In figures containing IncuCyte proliferation data and 

tumor xenograft progression data, the means at various time points were plotted, and 

error bars represent standard deviation. Tumor xenograft progression measurements 

were performed in a blinded manner. In Figure 1A, the boxes represent the middle 

quartiles, with the line in the middle denoting the median.  
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3.9 APPENDIX 

 

 

Figure S3.1. PLEKHA4 expression levels in melanoma subtypes and ability of 
PLEKHA4 overexpression to increase melanoma proliferation. (A) Analysis of 
relative PLEKHA4 mRNA levels from Genevestigator in melanoma cell lines, 
grouped by genotype. BRAF only: mutations only in BRAF (n=26); BRAF+: 
mutations in BRAF and other genes (n=56); NRAS only: mutations only in NRAS 
(n=4); NRAS+: mutations in NRAS and other genes (n=13); Other: mutations in genes 
other than BRAF or NRAS (n=7); Unknown: genotype unknown (n=15). (B) Analysis 
of relative PLEKHA4 mRNA levels from Genevestigator in human melanoma patient 
samples, grouped according to cutaneous (n=178) and non-cutaneous (n=81). (C) 
WM266-4 cells stably overexpressing GFP (Control/Ctrl) or PLEKHA4-GFP to 
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different extents (L: lower relative levels of overexpression; H: higher relative levels 
of overexpression) were generated, and their proliferation rate was measured relative 
to control cells using automated brightfield imaging of cell proliferation via IncuCyte 
(n=3). Shown at left is proliferation curve; shown at right are representative Western 
blots to indicate PLEKHA4 levels. GAPDH and Ponceau are shown as loading 
controls. *** p < 0.001; **** p < 0.0001; ns, not significant. 
 
 
 

 

Figure S3.2. Knockdown of Plekha4, Dvl2, or Dvl3 causes defects in proliferation in 
YUMM1.7 cells. Shown is Western blot analysis of YUMM1.7 cells treated with the 
indicated siRNA duplexes against mouse Plekha4 (A and B) and either Dvl2 or Dvl3 
(C). In (B), cells were synchronized to G1 phase via serum starvation for 48 h 
(starved), with concurrent treatment with the indicated siRNA duplex. A portion of 
cells were then released into fresh medium containing FBS (stimulated, +) or control 
media containing no FBS (stimulated, –) for 36 h, followed by generation of lysates 
and Western blot analysis. GAPDH and Ponceau are shown as loading controls. 
Shown are representative Western blots and quantification in plots (n=3). * p < 0.05; 
** p < 0.01; *** p < 0.001. 
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Figure S3.3. Inhibition of Wnt signaling decreases proliferation and induces apoptosis 
in melanoma cells. (A–D) Pan Wnt inhibition via treatment with the inhibitor IWP-4, 
compared to DMSO control (A–B), and knockdown of DVL2 (siDVL2) or DVL3 
(siDVL3), compared to negative control siRNA (C–D), both attenuate proliferation of 
WM266-4 (left) and SK-MEL-2 (right) cells, as assessed by automated brightfield 
imaging of cell proliferation using an IncuCyte system (n=3). Growth curves are 
shown in (A) and (C) and representative brightfield images at the indicated timepoints 
are shown in (B) and (D). (E) Knockdown of DVL2 or DVL3 causes apoptosis in 
WM266-4 and SK-MEL-2 cells. Shown is Western blot analysis of WM266-4 (left) 
and SK-MEL-2 (right) cells subjected to siDVL2, siDVL3, or a negative control 
siRNA (–) (n=3). GAPDH and Ponceau are shown as loading controls. * p < 0.05; ** 
p < 0.01; *** p < 0.001; **** p < 0.0001; ns, not significant. 
 

 

 

 

Figure S3.4. PLEKHA4-GFP, DVL2-GFP and DVL3-GFP can rescue the attenuation 
of G1/S transition defect induced by PLEKHA4 knockdown. WM266-4 cells stably 
expressing the dual color FUCCI reporters were synchronized to G1 phase, subjected 
to siPLEKHA4 or negative control siRNA (–), and stimulated with media containing 
FBS and simultaneously transduced with conditioned media containing lentivirus 
encoding GFP, siRNA-resistant PLEKHA4-GFP, DVL2-GFP, or DVL3-GFP, 
followed by flow cytometry analysis. The plots at left show populations of cells 
expressing mRFP (G1) and GFP (S-G2-M), and the fraction of mRFP+ cells is plotted 
at right (n=3). *** p < 0.001, **** p < 0.0001.  
 



 

 168 

 

 

Figure S3.5. DVL overexpression can partially reverse the increase in apoptosis 
markers caused by PLEKHA4 knockdown. Shown is quantification and representative 
blot images of Western blot analysis of lysates from WM266-4 cells subjected to 
siPLEKHA4 (#2) or negative control siRNA (–) and transduced with conditioned 
media containing lentivirus encoding GFP, DVL2-GFP, DVL3-GFP, or a combination 
of DVL2-GFP and DVL3-GFP. (A) Representative Western blots. GAPDH and 
Ponceau are shown as loading controls. (B) Quantification of cleaved PARP 
(normalized ratio of cleaved PARP to PARP (pan)) and activated CASP3 (normalized 
ratio of activated CASP3 to CASP3 (pan)) (n=3). In the GFP blot, arrowheads indicate 
the expected migration of GFP (lanes 1–2) and DVL2-GFP or DVL3-GFP (lanes 3–5), 
and asterisks denote major antibody background bands. * p < 0.05; ** p < 0.01; *** p 
< 0.001; **** p < 0.0001; ns, not significant. 
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Figure S3.6. Characterization of WM266-4 cell lines stably expressing inducible 
human PLEKHA4 shRNA. WM266-4 cell lines were generated that stably expressed 
the indicated doxycycline (dox)-inducible shRNA constructs targeting human 
PLEKHA4 (#1, 2, or 3) or, as a control, Renilla luciferase. (A) Shown are 
quantification (left, n=3) and representative Western blots (right) of these 
shPLEKHA4 cell lines, evaluating levels of PLEKHA4 as well as Wnt signaling-
related genes DVL2, DVL3, Cyclin D1, and c-Myc. Note the dox-dependent decreases 
in levels of PLEKHA4 as well as DVL2, DVL3, Cyclin D1, and c-Myc in the three 
shPLEKHA4 cell lines, but not in the shRenilla line. GAPDH and Ponceau are shown 
as loading controls. (B) Wnt3a-stimulated b-catenin-dependent TOPFlash assay of 
these cell lines (n=6). ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns, not significant.  
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Figure S3.7. Characterization of YUMM1.7 cell lines stably expressing inducible 
mouse Plekha4 shRNA. YUMM1.7 cell lines were generated that stably expressed the 
indicated doxycycline (dox)-inducible shRNA constructs targeting mouse Plekha4 
(#1, 2, or 3) or, as a control, Renilla luciferase. Shown are quantification (left, n=3) 
and representative Western blots (right) of these shPlekha4 cell lines, evaluating levels 
of PLEKHA4 as well as Wnt signaling-related genes DVL2, DVL3, Cyclin D1, and c-
Myc. Note the dox-dependent decreases in levels of PLEKHA4 as well as DVL2, 
DVL3, Cyclin D1, and c-Myc in the three shPlekha4 cell lines, but not in the 
shRenilla line. GAPDH and Ponceau are shown as loading controls. *, p < 0.05; ** p < 
0.01; *** p < 0.001; **** p < 0.0001; ns, not significant.  
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Figure S3.8. Characterization of SK-MEL-2 cell lines stably expressing inducible 
human PLEKHA4 shRNA. SK-MEL-2 cell lines were generated that stably expressed 
the indicated doxycycline (dox)-inducible shRNA constructs targeting human 
PLEKHA4 (#1, 2, or 3) or, as a control, Renilla luciferase. (A) Shown are 
quantification (left, n=3) and representative Western blots (right) of these 
shPLEKHA4 cell lines, evaluating levels of PLEKHA4 as well as Wnt signaling-
related genes DVL2, DVL3, Cyclin D1, and c-Myc. Note the dox-dependent decreases 
in levels of PLEKHA4 as well as DVL2, DVL3, Cyclin D1, and c-Myc in the three 
shPLEKHA4 cell lines, but not in the shRenilla line. GAPDH and Ponceau are shown 
as loading controls. (B) Wnt3a-stimulated b-catenin-dependent TOPFlash assay of 
these cell lines (n=6). ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns, not significant.  
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Table S3.1 Sequences for siRNAi and shRNAii. 

Name Sequence 

Negative 

control siRNA 

Sense: 

rCrGrUrUrArArUrCrGrCrGrUrArUrArArUrArCrGrCrGrUAT 

Antisense: 

rArUrArCrGrCrGrUrArUrUrArUrArCrGrCrGrArUrUrArArCrG

rArC 

siPLEKHA4 

#1 (human) 

Sense: 

rGrArArUrGrArGrArCrArGrArGrArCrUrUrArArGrGrArAGA 

Antisense: 

rUrCrUrUrCrCrUrUrArArGrUrCrUrCrUrGrUrCrUrCrArUrUrCr

UrC 

siPLEKHA4 

#2 (human) 

Sense: 

rArGrCrUrArCrArArUrArUrUrArGrArCrCrArGrArUrGrGGC 

Antisense: 

rGrCrCrCrArUrCrUrGrGrUrCrUrArArUrArUrUrGrUrArGrCrU

rGrG 

siPLEKHA4 

#3 (human) 

Sense: 

rUrCrUrCrArArCrArCrUrGrUrCrUrArArArUrUrUrGrGrATT 

Antisense: 

rArArUrCrCrArArArUrUrUrArGrArCrArGrUrGrUrUrGrArGrA

rArA 
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siPlekha4 

(mouse) 

Sense: 

rArGrCrUrUrGrGrArGrArCrArGrArUrArCrGrUrUrGrUrUGA 

Antisense: 

rUrCrArArCrArArCrGrUrArUrCrUrGrUrCrUrCrCrArArGrCrUr

CrU 

siDVL2 

(human) 

Sense: 

rGrUrCrArCrGrCrUrArArArCrArUrGrGrArGrArArGrUrACA 

Antisense: 

rUrGrUrArCrUrUrCrUrCrCrArUrGrUrUrUrArGrCrGrUrGrArC

rUrG 

siDvl2 

(mouse) 

Sense: 

rGrGrUrGrArUrUrUrArCrCrArUrCrUrGrGrArUrGrArArGAA 

Antisense: 

rUrUrCrUrUrCrArUrCrCrArGrArUrGrGrUrArArArUrCrArCrCr

UrU 

siDVL3 

(human) 

Sense: 

rGrArUrArUrGrUrUrGrUrUrArCrArGrGrUrArArArCrGrAGA 

Antisense: 

rUrCrUrCrGrUrUrUrArCrCrUrGrUrArArCrArArCrArUrArUrCr

UrC 

siDvl3 

(mouse) 

Sense: 

rGrArUrArUrGrCrUrArCrUrGrCrArGrGrUrArArArUrGrAGA 
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Antisense: 

rUrCrUrCrArUrUrUrArCrCrUrGrCrArGrUrArGrCrArUrArUrCr

UrC 

Negative 

control Renilla 

shRNA 

TGCTGTTGACAGTGAGCGCAGGAATTATAATGCTTATC

TATAGTGAAGCCACAGATGTATAGATAAGCATTATAAT

TCCTATGCCTACTGCCTCGGA 

shPLEKHA4 

#1 (human) 

TGCTGTTGACAGTGAGCGCAGAGTCAACTTTCCACCAA

AATAGTGAAGCCACAGATGTATTTTGGTGGAAAGTTGA

CTCTATGCCTACTGCCTCGGA 

shPLEKHA4 

#2 (human) 

TGCTGTTGACAGTGAGCGCAGCTACAATATTAGACCAG

AATAGTGAAGCCACAGATGTATTCTGGTCTAATATTGT

AGCTATGCCTACTGCCTCGGA 

shPLEKHA4 

#3 (human) 

TGCTGTTGACAGTGAGCGCAGGTTCTCAGCCTCTCCCA

AATAGTGAAGCCACAGATGTATTTGGGAGAGGCTGAGA

ACCTATGCCTACTGCCTCGGA 

shPlekha4 #1 

(mouse) 

TGCTGTTGACAGTGAGCGCAGCGCATGCGTAGAAACCA

AATAGTGAAGCCACAGATGTATTTGGTTTCTACGCATG

CGCTATGCCTACTGCCTCGGA 

shPlekha4 #2 

(mouse) 

TGCTGTTGACAGTGAGCGCACAGTGGATCTGCAGACTG

AATAGTGAAGCCACAGATGTATTCAGTCTGCAGATCCA

CTGTATGCCTACTGCCTCGGA 

shPlekha4 #3 TGCTGTTGACAGTGAGCGAACAGATACGTTGTTGACTA
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(mouse) AGTAGTGAAGCCACAGATGTACTTAGTCAACAACGTAT

CTGTCTGCCTACTGCCTCGGA 

 

i The siRNA sequences were obtained as DsiRNA duplexes from IDT. 

ii For shRNA, the indicated 97-mers were designed and cloned into LT3GEPIR as 

described previously1.  
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Table S3.2 Antibodies used in this study. 

Antibody Source RRID 

Rabbit monoclonal anti-Axin2 
Cell Signaling Technology 

(Cat# 2151 [76G6]) 

AB_2062432 

 

Rabbit polyclonal anti-activated 

CASP3 

Cell Signaling Technology 

(Cat# 9661S) 

AB_2341188 

 

Rabbit polyclonal anti-CASP3 (pan) 
Cell Signaling Technology 

(Cat# 9662S) 

AB_331439 

 

Mouse monoclonal anti-c-Myc 
Enzo Life Sciences 

(Cat# BML-SA294-0500) 

AB_2051150 

 

Mouse monoclonal anti-Cyclin D1 
Santa Cruz Biotechnology 

(Cat# sc-8396 [A12]) 

AB_627344 

 

Rabbit polyclonal anti-DVL2 
Cell Signaling Technology 

(Cat# 3216) 

AB_2093338 

 

Mouse monoclonal anti-DVL3 
Santa Cruz Biotechnology 

(Cat# sc-8027 [4D3]) 

AB_627434 

 

Mouse monoclonal anti-GAPDH 
GeneTex (Cat# GTX78213 

[1D4]) 

AB_625368 

 

Mouse monoclonal anti-GFP 
Takara Bio (Cat# 632375 

Living Colors) 

AB_2756343 

 

Rabbit polyclonal anti-cleaved 

PARP 

Cell Signaling Technology 

(Cat# 9541S) 

AB_331426 
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Rabbit polyclonal anti-PARP (pan) 
Cell Signaling Technology 

(Cat# 9542S) 

AB_2160739 

 

Rabbit polyclonal anti-PLEKHA4 Abcam (Cat# ab170537) N/A 
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CHAPTER 4  

SUMMARY AND OUTLOOK 

 

Phosphoinositides are phospholipids that have emerged as platforms for intra 

and intercellular signaling processes. Although very low in cellular abundance, these 

molecules are known for their profound contributions in governing an array of 

physiological and phenotypic outcomes1,2. As lipid-based code of the cellular 

membrane identity, phosphoinositides provide a platform by presenting their 

headgroups as ligands to recruit and mediate interactions with phosphoinositides 

“reader” proteins at correct membrane locales2,3. PH (pleckstrin homology) domain-

containing proteins represent a major class of such reader proteins3,4,5. Even though 

PH-domain containing proteins represent the largest such reader protein family, the 

majority of them still remain poorly understood.   

This dissertation has described a novel PH-domain containing protein, 

PLEKHA4 and established its key roles in connecting the phosphoinositide signaling 

at the plasma membrane with ubiquitination and Wnt signaling machineries. Utilizing 

various microscopy and biochemical techniques, we discovered that PLEKHA4 

localizes at the plasma membrane of the cells in a clustered fashion. Further analysis 

of the plasma membrane puncta revealed that the clusters may represent liquid-liquid 

phase-separated oligomers of multiple PLEKHA4 units at PI(4,5)P2-rich regions. 

While functionally, these clusters act as signaling hubs where PLEKHA4 sequesters 

KLHL12, a CUL3 E3 ubiquitin ligase adaptor and inhibits the polyubiquitination and 

degradation of DVL proteins, much is yet to be known about the dynamic nature of 
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these clusters. Deconvoluting these plasma membrane oligomers can present 

additional mechanistic insights of Wnt pathways regulation via PLEKHA4. One way 

to understand the composition of these structures is via proximity labeling 

approaches6,7. This strategy could further aid in identifying novel partners of 

PLEKHA4 that are short-lived and interact only in a context-dependent manner in 

cells. Such discoveries could help to identify the biophysical nature of these phase-

separated clusters in space and time, eliciting other unidentified roles of PLEKHA4 in 

signaling cascades initiating at the plasma membrane.      

Our in vitro characterization supports a model wherein PLEKHA4 is a positive 

modulator of both canonical, b-catenin-dependent, and non-canonical, b-catenin-

independent, Wnt signaling pathways. We further validated the in vitro findings with 

in vivo studies. Genetic knockout of the PLEKHA4 homolog in Drosophila 

melanogaster, kramer (kmr), corroborated our in vitro model and revealed a 

Dishevelled-dependent attenuation of PCP signaling, equivalent to non-canonical Wnt 

signaling in Drosophila. To further elucidate the roles of PLEKHA4/kmr in the 

Wingless pathway, equivalent to canonical Wnt b-catenin-dependent signaling in 

Drosophila, one could exploit novel genetic approaches to probe specific tissues 

where Wingless signaling is more prominent8,9. Examining these tissues at various 

developmental stages could shed light on the modulatory role of PLEKHA4/kmr in 

Wingless signaling in this organism. Overall, Chapter 2 establishes the novel role of 

PLEKHA4/kmr as a tuner to attenuate polyubiquitination of DVL proteins by 

sequestration of their E3 ligase, CUL3–KLHL12, further modulating the canonical 

and non-canonical Wnt signaling strength in vitro and in vivo.  
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 Wnt signaling pathways are tightly regulated throughout development, and 

their dysregulation is associated with many diseases. Wnt pathways dictate key 

phenotypic outcomes of cell and tissue homeostasis, including cell proliferation, 

differentiation, polarity formation, and migration10. Mutations in the core components 

of the canonical Wnt/b-catenin signaling have been implicated as drivers of 

oncogenesis, in many cases. For instance, in colorectal cancer more than 80% of cases 

feature mutations in adenomatous polyposis coli (APC) that lead to hyperactive Wnt 

signaling and associated pathogenesis11. Many cancers that exhibit aberrant Wnt 

pathway activation leading to pathogenesis still remain poorly characterized. 

Melanoma, the most aggressive form of skin cancer, shows dysregulation in Wnt 

signaling homeostasis, and yet the functional consequence of this dysregulation is 

poorly understood12,13,14. The role of Wnt signaling as a sole driver of melanoma 

progression is controversial; yet, its role in supporting melanoma proliferation and 

progression in certain mutational background is clearer15,16,17,18,19.   

This dissertation provides additional evidence supporting the role of Wnt/b-

catenin signaling in melanoma proliferation in both BRAF and NRAS mutant 

backgrounds. Chapter 3 establishes the fundamental mechanism of tuning Wnt 

signaling strength through the role of PLEKHA4 could be highly beneficial in the 

context of melanoma. Through TCGA analysis, we revealed that PLEKHA4 levels are 

highest in melanoma compared to more than 20 other cancers. Capitalizing on the 

mechanistic insights of PLEKHA4 as a modulator of Wnt pathways from Chapter 2, 

we showed that even partial removal of PLEKHA4 by siRNA or shRNA dramatically 

lowers proliferation and increases apoptosis in vitro and in vivo via Wnt signaling 
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attenuation. Disruption of Wnt signaling in melanoma cells through the knockdown of 

either core Wnt pathway components such as DVL or modulatory components such as 

PLEKHA4 strongly affected levels of the canonical Wnt/b-catenin targets Cyclin D1 

and c-Myc, which ensure progression through the G1/S cell cycle transition. The 

effects of PLEKHA4 knockdown could be partially rescued by DVL overexpression 

highlighting potential undetermined, DVL-independent mechanisms underlying the 

effect of PLEKHA4 knockdown on melanoma cell proliferation and apoptosis. 

Characterizing the effects of PLEKHA4 on other CUL3–KLHL12 ubiquitination 

substrates, including the COPII coat component SEC31, could further provide 

additional mechanistic evidence20.  

 Inhibition of Wnt signaling is a promising route to new anti-cancer therapies 

in many cancers including melanoma. Selectively targeting the core components of 

Wnt signaling while minimizing damage to non-cancerous tissues has been 

challenging11,13,21. In recent years, efforts have shifted toward gaining a deeper 

understanding of and targeting the proteins that regulate the strength of Wnt signaling. 

As a modulator of Wnt signaling with a multi-domain architecture, PLEKHA4 stands 

out as a protein with a unique mechanism of action and potential relevance to 

melanoma. In Chapter 3 of this thesis, we showed that removal of PLEKHA4 by 

shRNA prevented tumor growth in both BRAF- and NRAS-mutant tumor xenograft 

and allograft melanoma mouse models. Additionally, PLEKHA4 shRNA exhibited an 

additive effect with an FDA-approved BRAF inhibitor, leading to much stronger anti-

proliferative effects, and its effects helped to keep growth slow even after removal of 

the inhibitor. These results reinforce that targeting MAP kinase signaling together with 
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modulators of Wnt pathways such as PLEKHA4 could be critical to extending the 

length of time that targeted therapies are effective in combating melanoma. Further 

mechanistic studies delineating the complex crosstalk between Wnt/b-catenin and 

MAP kinase signaling in melanoma is vital for the success of such therapy regimen22.  

 Although PLEKHA4 is not a conventional drug target, its multidomain 

architecture provides a unique platform to target this molecule in different context. 

The N-terminus motif of PLEKHA4 that includes the amphipathic helix, basic peptide 

and the PH-domain partly mediates the plasma membrane localization via interaction 

with phosphoinositides. From Chapter 2, it is evident that the plasma membrane 

location is vital for the cellular function of PLEKHA4. Therefore, in principle a small 

molecule inhibitor targeting the N-terminus motif could be developed to interrupt the 

lipid-protein interaction, disrupting the function of PLEKHA423. Such an inhibitor 

could further be exploited for future mechanistic studies and therapeutic applications 

for diseases such as melanoma. Additionally, small-molecule inhibitors and 

PROTACs/degraders24 could also be developed to disrupt the homo and heterotypic 

protein-protein interactions of PLEKHA4. This dissertation provides evidence that 

targeting modulatory rather than the core components of cell signaling can be a new 

promising approach for targeted therapy.  

In summary, this dissertation identifies a novel lipid-binding protein, 

PLEKHA4, as a critical modulator of both canonical and non-canonical Wnt signaling 

in vitro and in vivo. PLEKHA4 tunes the strength of Wnt/b-catenin signaling in 

melanoma progression and provides further clarity on the pathological role of Wnt/b-
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catenin signaling in this disease, suggesting that pharmacological inhibition of 

PLEKHA4 could represent a promising new avenue for targeted therapy in melanoma.    
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