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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/β-

catenin signaling, PLEKHA4, as a factor required for melanoma proliferation and survival. 

PLEKHA4 knockdown in vitro decreased Dishevelled levels, attenuated Wnt/β-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/β-catenin signaling in the control of melanoma proliferation.

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 genes (1). 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 NRAS (2). 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 malignancy (3).

Inhibitors of BRAF or the downstream kinase MEK heralded an era of targeted therapies for 

BRAF-mutant melanomas (4,5). Nonetheless, resistance typically occurs in roughly one 

year, leading to relapse, and no targeted therapies exist for NRAS-mutant melanomas (6). 

Further, immunotherapies, such as checkpoint inhibitors, have more long-lasting effects but 
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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 effective (8). 

Thus, new therapeutic strategies are needed to prevent melanomagenesis and progression.

Wnt/β-catenin signaling, which regulates proliferation, is aberrantly hyperactive in several 

cancers, including melanoma (9). In the canonical, β-catenin-dependent form of this 

pathway, secreted Wnt ligands engage a receptor from the Frizzled family in the plasma 

membrane of the Wnt-receiving cell (10). This binding event causes recruitment of 

Dishevelled (DVL), which mediates disassembly of a multicomponent β-catenin destruction 

complex, resulting in β-catenin stabilization, nuclear translocation, and altered gene 

expression at several loci, most notably those associated with the TCF/LEF transcription 

factor family. In cancer, aberrant Wnt/β-catenin signaling leads to increased expression of 

Wnt/β-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 malignancy (9).

Wnt signaling pathways have been linked to melanoma, but their exact roles remain 

controversial (9,11–13). Wnt/β-catenin signaling has been shown to promote melanoma 

tumor initiation and growth in both BRAF and NRAS mutant backgrounds (14–17). 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 

background (18). As well, BRAF inhibition is more effective in settings with lower levels of 

β-catenin (19). Yet, elevated levels of nuclear (active) β-catenin have correlated with 

diverging patient survival, depending on the study (12,20–23). Beyond the controversial 

roles of Wnt/β-catenin signaling in melanoma, β-catenin-independent non-canonical Wnt 

signaling controls actin cytoskeletal dynamics and cell migration and has been implicated in 

melanoma metastasis (24,25). 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 phenotypes (9,26). 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 cancer (23,27). These efforts 

have largely focused on inhibiting core Wnt components (e.g., PORCN, FZD, β-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 tissues 

(29). Fortunately, Wnt/β-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 viability (10,27,30). 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 

regulation (31). Several different E3 ubiquitin ligases act on DVL, modulating its levels and 

thus changing the strength of the Wnt signal in Wnt-receiving cells (32–35). To this end, we 

Shami Shah et al. Page 2

Cancer Res. Author manuscript; available in PMC 2021 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 DVL (36,37). PLEKHA4 acts to sequester the substrate-specific 

adaptor KLHL12 within plasma membrane-associated clusters, thus reducing DVL 

ubiquitination, increasing DVL levels, and enhancing Wnt/β-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 

melanocytes (2,38). We were thus motivated to test whether PLEKHA4 is an important 

factor for promoting pathological Wnt signaling in melanoma, as a step toward both 

validating Wnt/β-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 encorafenib (39) 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/β-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/β-catenin signaling in this disease and 

suggests that pharmacological inhibition of PLEKHA4 could represent a promising new 

avenue for targeted therapy in melanoma.

MATERIALS AND METHODS

Cell culture

All cell lines (Supplemental Methods) were obtained from ATCC except for WM266–4 and 

SK-MEL-2 (NCI PSOC) in 2017 and used without further authentication. Cells were tested 

yearly for mycoplasma (MycoSensor, Agilent) and were grown for 7 d after thawing prior to 

use.

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 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).

Shami Shah et al. Page 3

Cancer Res. Author manuscript; available in PMC 2021 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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.

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 

previously (40). Three weeks after the seeding, colonies were observed and stained 

overnight at 37 ºC with nitrotetrazolium blue (1 mg/mL in PBS). Images were acquired with 

a Bio-Rad Chemidoc, and colonies were counted using ImageJ.

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 

previously (41), and analyzed by flow cytometry.

Synchronized: Stable cells expressing FUCCI (see Supplementary Methods) 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 

(see Supplementary Methods). 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 by flow cytometry 

was performed either by propidium iodide on wild-type cells or FUCCI-expressing stable 

lines, quantifying fraction of cells in G1.
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Tumor xenograft and allograft studies of PLEKHA4 shRNA

Stable cell lines with doxycycline-inducible PLEKHA4 or control shRNA were generated 

(Supplementary Methods). 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 1×106 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 1×105 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.

Tumor xenograft studies of PLEKHA4 shRNA combined with BRAFi treatment

PLEKHA4 or control shRNA-expressing WM266–4 cells (1×106) 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.

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) 

(Supplementary Methods). 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/β-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 
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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 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.

Data availability statement

The authors declare that all data supporting the findings of this study are available within the 

paper and its supporting information files.

RESULTS

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 viability (36). 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 database revealed widespread 

expression of PLEKHA4 in many types of cancers, but, relative to other cancers, PLEKHA4 

levels were highest in melanoma (Figure 1A) (2). This high expression of PLEKHA4 in 

melanoma was independent of genotype, across 121 different melanoma cell lines (Figure 

S1A), and of melanoma subtype (e.g., cutaneous vs. non-cutaneous) in 259 primary tumor 

samples (Figure S1B). In healthy melanocytes, however, PLEKHA4 levels were low, as 

analyzed in the Genevestigator database (38). 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 1B and Table S1) 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 1B–C and Table S2). Examination of the images suggested 

substantial cell death was occurring, and indeed, Western blot analysis of lysates from these 
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cells revealed that PLEKHA4 knockdown caused increases in levels of cleaved PARP and 

activated caspase 3, two markers of apoptosis (Figure 1D). Interestingly, overexpression of 

PLEKHA4-GFP in WM266–4 cells resulted in a modest increase in proliferation relative to 

control (Figure S1C).

PLEKHA4 promotes Wnt/β-catenin signaling in melanoma cells

Given the role of PLEKHA4 as a positive regulator of Wnt/β-catenin signaling in other cells 

(36), 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 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 S2A–C) (42). We then 

examined effects on Wnt/β-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 β-catenin-dependent luciferase transcriptional 

reporter (TOPFlash) and then stimulated with Wnt3a (Figure 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/β-catenin signaling, by Western blot (Figure 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 Wnt signaling (43). We found that IWP-4 

treatment led to a drastic cell proliferation defect in both the cell lines (Figure S3A–B). 

Second, we performed siRNA-mediated knockdown of DVL2 or DVL3, the direct 

mechanistic targets of PLEKHA4 action (36), and found similar effects on cell proliferation 

in both human melanoma cell lines (Figure S3C–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 S3E). Together, these data indicate that PLEKHA4 acts as a positive modulator of 

Wnt/β-catenin signaling in melanoma and suggests that it mediates cell survival and 

proliferation in melanoma.

PLEKHA4 regulates the G1/S transition and melanoma cell proliferation

A major role of Wnt/β-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 
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accumulation of cells in the G1 phase (Figure 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 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 2B and S4), suggesting that 

the established mechanism of action of PLEKHA4 on DVL proteins, via effects on their 

ubiquitination by CUL3–KLHL12 (36), 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 starvation (44). 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 2C–D and S4).

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/β-catenin signaling 

that affect the G1/S cell cycle transition (45,46). 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 3A–B) and in 

YUMM1.7 cells (Figure S2A). 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 3C–D) and YUMM1.7 cells 

(Figure S2B). 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 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 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 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 

S5A–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 3F) and in YUMM1.7 cells 

(Figure S2C). Overall, these data indicate that decreasing PLEKHA4 levels in melanoma 

Shami Shah et al. Page 8

Cancer Res. Author manuscript; available in PMC 2021 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



leads to a Wnt/β-catenin-mediated G1/S cell cycle transition defect largely via effects on the 

key proliferation markers Cyclin D1 and c-Myc.

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. PLEKHA4 knockdown in both WM266–

4 and SK-MEL-2 cell lines led to substantial losses in clonogenic capacity (Figure 4A). 

Further, a similar effect was observed upon inhibition of Wnt signaling via other 

mechanisms, including knockdown of DVL2 or DVL3 (Figure 4B) and IWP-4 treatment 

(Figure 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 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 

assay (40). 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 4D). Again, inhibition of Wnt signaling 

via DVL2 or DVL3 knockdown led to decreases in anchorage-independent growth (Figure 

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.

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 line (42).

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 
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shRNA constructs against human PLEKHA4 in WM266–4 cells (Figure S6A–B) and mouse 

Plekha4 in YUMM1.7 cells (Figure S7). 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 S6A and S7). We further 

validated the effectiveness of the human PLEKHA4 shRNAs at suppressing Wnt3a-

stimulated Wnt/β-catenin signaling using the TOPFlash system within the PLEKHA4 stable 

knockdown lines (Figure S6B). 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 S8A–B).

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 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 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 5B) and three-fold smaller in the YUMM1.7/C57BL6.J model (Figure 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 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 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.

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 6). We found that, for xeno-/allografts from all three cell lines — WM266–

4, (Figure 6A), YUMM1.7 (Figure 6B), and SK-MEL-2 (Figure 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 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/β-catenin signaling.
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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 melanoma (47,48). Though effective, this treatment has its 

limitations, including resistance, leading to relapse (6,49). 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 vivo (39). 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 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 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 7B). These data 

indicate an additive effect of PLEKHA4 knockdown and BRAF inhibition. Further analysis 

of tumor size and endpoint data confirmed that encorafenib treatment and PLEKHA4 

knockdown exhibited similar effects on tumor size compared to control samples (Figure 7C–

D).

Clinically, melanoma tumors can relapse upon development of resistance to BRAF inhibitors 

such as encorafenib, as well as withdrawal of the inhibitor (6,49). 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 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 7C–D). Notably, 

the encorafenib + PLEKHA4 knockdown sample exhibited a slower growth during the 

regrowth phase compared to encorafenib only.

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 cells 
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(50) 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.

DISCUSSION

Wnt/β-catenin signaling is a central pathway in embryonic development. In adults, it 

controls many aspects of cell and tissue homeostasis, including cell proliferation, 

differentiation, migration (10). 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 pathogenesis (27). In other cancers with elevated levels of Wnt 

signaling, the causal nature of this pathway in oncogenesis is not as clear.

Several studies have implicated increased Wnt signaling in melanoma, and yet the functional 

consequences of this dysregulation in melanoma are not entirely understood (11–13). In 

particular, elevated levels of nuclear β-catenin have been implicated in both increased 

proliferation but also, unexpectedly, better prognosis, and they are not a marker of the initial 

transformation event (13,51). Nuclear β-catenin alone may not necessarily correlate with 

cellular phenotype, suggesting an interplay of additional factors in the regulation of Wnt/β-

catenin signaling in melanoma (52). 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 clearer (14–18). In this context, our study provides important additional 

evidence implicating Wnt/β-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 tissues 

(12,27,28,53). 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 ligase (36,37). Here, we establish 

that this fundamental mechanism of tuning Wnt signaling strength could be highly beneficial 

in the context of melanoma. Melanoma 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 
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results point to Wnt/β-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/β-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 responsible (54). 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 contexts (54,55).

In tumor xenograft and allograft models using both BRAF- and NRAS-mutant melanomas, 

removal of PLEKHA4 by shRNA prevented tumor growth. Further, in a 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/β-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 melanoma (56,57). Another negative 

regulator of Wnt signaling, WIF-1 (Wnt inhibitory factor-1), is downregulated in melanoma 

progression (58). Both MAP kinase and Wnt/β-catenin signaling regulate the activity of 

MITF, a master regulator of melanoma progression in both BRAF and NRAS mutant 

backgrounds (59,60).

Yet, the interactions between Wnt/β-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 apoptosis (61). 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 effects (25). 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 melanoma (11–

13).

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 
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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 targeted (36). 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 domain (62) 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/degraders (63). Finally, a global knockout of 

the Drosophila ortholog of PLEKHA4, kramer, is viable (36), raising the possibility that 

mammalian PLEKHA4 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, β-catenin-independent Wnt signaling (36). 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 cytoskeleton (64). In melanoma, non-

canonical Wnt signaling is implicated in a migratory phenotype, whereas canonical Wnt/β-

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 metastasis (52).

Crucially, DVL is a central signaling molecule in both the canonical and non-canonical 

pathways (31), 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 context (36). 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 

BRAF in melanoma causes an elevation in levels of Wnt5a (25). Whereas that study 

examined effects on Wnt5a-induced cell growth, Wnt5a can also mediate non-canonical Wnt 
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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/β-catenin signaling in this context, helping to clarify 

the role of Wnt/β-catenin signaling in melanoma and revealing another layer of regulation in 

the Wnt/β-catenin signaling axis that controls the G1/S cell cycle transition to maintain 

melanoma proliferation.
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STATEMENT OF SIGNIFICANCE

This study establishes that melanoma cell proliferation requires the protein PLEKHA4 to 

promote pathological Wnt signaling for proliferation, highlighting PLEKHA4 inhibition 

as a new avenue for the development of targeted therapies.
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Figure 1. PLEKHA4 loss from melanoma cells reduces proliferation and increases apoptosis via 
attenuation of Wnt/β-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 WM266–4 cells (B). (D–F) PLEKHA4 

Shami Shah et al. Page 20

Cancer Res. Author manuscript; available in PMC 2021 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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/β-catenin signaling in WM266–4 and SK-MEL-2 

cells. Shown is TOPFlash assay signal, i.e., ratio of β-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.
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Figure 2. PLEKHA4 knockdown inhibits Wnt/β-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 siPLEKHA4 or negative control siRNA 
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(–), 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.
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Figure 3. PLEKHA4 knockdown reduces levels of Wnt/β-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 
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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.
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Figure 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.

Shami Shah et al. Page 26

Cancer Res. Author manuscript; available in PMC 2021 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 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 
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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, 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.
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Figure 6. Inducible PLEKHA4 knockdown in tumor xenograft/allografts reduces levels of Wnt/
β-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/β-

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-
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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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Figure 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 
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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 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.
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