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Frizzled 3 receptor (FZD3) plays an important role in the homeo-
stasis of the neural crest and its derivatives, which give rise
to pigment-synthesizing cells, melanocytes. While the role for
FZD3 in specification of the melanocytic lineage from neural crest
is well established, its significance in the formation of melanoma, its
associated malignancy, is less understood. In this study we identi-
fied FZD3 as a critical regulator of human melanoma tumorigenesis.
Down-regulation of FZD3 abrogated growth, colony-forming po-
tential, and invasive capacity of patient-derived melanoma cells.
Xenotransplantation of tumor cells with down-regulated FZD3
levels originating from melanomas carrying the BRAF(V600) muta-
tion uniformly suppressed their capacity for tumor and metastasis
formation. FZD3 knockdown leads to the down-regulation of the
core cell cycle protein components (cyclins D1, E2, B1, and CDKs 1, 2,
and 4) in melanomas with a hyperactive BRAF oncogene, indicating
a dominant role of this receptor during melanoma pathogenesis.
Enriched pathway analysis revealed that FZD3 inhibits transcrip-
tional networks controlled by CREB5, FOXD1, and ATF3, which suppress
the activity of MAPK-mediated signaling. Thus, FZD3 establishes a
positive-feedback mechanism that activates MAPK signal transduction
network, critical to melanoma carcinogenesis. Importantly, high levels
of FZD3 mRNA were found to be correlated with melanoma advance-
ment to metastatic stages and limited patient survival. Changes in
gene-expression patterns mediated by FZD3 activity occur in the ab-
sence of nuclear p-catenin function, thus representing an important
therapeutic target for the melanoma patients whose disease pro-
gresses independent of canonical WNT signaling.
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elanomas arise from the malignant transformation of the

melanocytic cell lineage and have high metastatic potential.
Multiple studies have indicated that this aggressive skin cancer
partially recapitulates a developmental program of normal mela-
nocytes, but in an uncontrolled and disorganized manner (1-4).
Consistent with these findings is the notion that the genes con-
trolling phenotypic properties of melanocyte precursors also play
an important role in melanoma pathogenesis. In vertebrates, me-
lanocytes are derived from the neural crest cell population, which
appears at the dorsal side of the neural tube during the final, closing
stages of its formation in late embryogenesis (5). Upon dorsal-
ventral migration melanocytic neural crest derivatives give rise to
highly migratory precursors, melanoblasts, which undergo multiple
steps of differentiation to become pigment-synthesizing cells, me-
lanocytes (6). The WNT signaling pathway plays a critical role
during melanocyte specification from the neural crest. In humans,
the highly conserved WNT molecular network encompasses
19 closely related WNT ligands and 10 Frizzled receptors (FZD1-
10) that direct self-renewal and regeneration of many tissues
during their development (7, 8). FZDs are G protein-coupled
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receptors characterized by seven transmembrane-spanning do-
mains, a cysteine rich N-terminal ligand binding domain, and a
C-terminal intracellular activation domain. Depending on their
activation, ligands, and intracellular binding adapter proteins,
FZDs are capable of transmitting extracellular signals into diverse
transcriptional program outputs that determine cell fate during
normal and pathogenic development (9-11).

Previous studies using Xenopus and mouse models have de-
lineated FZD3 as one of the few FZD family members that are
predominantly expressed at the dorsal site of the neural tube,
coinciding with neural crest appearance (12, 13). Subsequently, it
was shown that the injection of FZD3 mRNA can induce for-
mation of the neural crest in embryos and explants, while in-
hibition of FZD3 receptor action blocks endogenous neural crest
formation, demonstrating a critical role for this receptor in
neural crest biogenesis (13, 14). Using mouse knockout ap-
proaches, it was demonstrated that FZD3 is also required for
axonal development in the forebrain and CNS (15, 16). In hu-
mans, FZD3 expression underlies proliferation and specification
of the human neural crest and its melanocytic derivatives in vitro
(17). While the above experimental evidence points to a major
role for FZD3 in melanocyte biology, little is known about the
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properties of aggressive human melanoma. Using in vivo and
in vitro tumorigenic assays, combined with functional tran-
scriptomics analysis of FZD3 knockdown in human patient-
derived cells, we determined key signaling nodes regulated
by FZD3 activity during malignant transformation.
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functional significance of this receptor’s activity in melanoma
initiation and progression. Interestingly, a recent study reported
that FZD3 is overexpressed in 20% of melanoma patients whose
tumors were devoid of infiltrating T cells, pointing to the im-
portance of this receptor in the immune-evasive properties of
melanoma (18).

FZD3 is distinct from most other FZD receptor family mem-
bers in that it is not strongly linked to the canonical, p-catenin—
dependent, signal transduction pathway. Instead, FZD3 is
mostly associated with noncanonical, f-catenin-independent,
signaling. This fact bears special significance when trying to
understand the role of the WNT/FZD signaling axis in mela-
noma pathogenesis that remains the subject of heated debate
(12, 19-21). In contrast to other cancers where activation of the
canonical, p-catenin-dependent, pathway was shown to be a
driving force behind tumor initiation and progression, human
melanoma represents a type of tumor where nuclear and tran-
scriptionally active fB-catenin has been reported to correlate with a
more favorable prognosis and a less-aggressive disease (22, 23).
Other studies however, had clearly shown that the stabilization of
B-catenin and its accumulation in the cell leads to an increased
melanoma metastasis, both in vitro and in vivo (24, 25). These
seemingly contradictory outcomes may reflect a different spectrum
of driver mutations and species-related variability (human vs. mouse)
in the model systems that are being used in these studies (26).

Due to the high significance of FZD3 in the homeostasis of the
neural crest and the arising melanocytic cell lineage, we hypothe-
sized that FZD3 may exert important influences on melanoma
pathogenesis. In this study using patient-derived cells and xenograft
assays, we demonstrate that indeed, FZD3 plays a critical role in the
regulation of proliferation and metastatic progression of human
melanomas, and it does so independent of p-catenin nuclear ac-
tivity. Global gene-expression analyses reveal a pleotropic function
for this receptor in the control of cell cycle progression and invasion.
Moreover, using clinical datasets we demonstrate that the high
levels of FZD3 expression correlate with the disease progression
and diminished survival of advanced melanoma patients, revealing
its significance as a therapeutic target.

Results

FZD3 Down-Regulation Suppresses Proliferation and Colony-Forming
Capacity of Melanoma Patient-Derived Cells. Based on the critical
involvement of FZD?3 in the homeostasis of melanocytic cell lineage,
including neural crest stem cells, we hypothesized that this receptor
can also play a critical role in the regulation of melanoma patho-
genesis in human patients. To test this hypothesis, we employed
lentiviral-based short-hairpin RNAs (shRNAs) targeting FZD3
mRNA expression in melanoma patient-derived cells. Using two
independent shRNA sequences targeting different regions of FZD3
mRNA, and three independently derived cell cultures (M727,
M1626, and M525), we were able to achieve significant levels of
FZD3 down-regulation at the mRNA and protein levels (Fig. 1 A-
(). qRT-PCR revealed that shFZD3 shRNA clone-2 (referred as
shFZD3 hereafter) displayed the most potent knockdown efficiency
among tested shRNAs, inducing ~65% to ~90% FZD3 mRNA
down-regulation in all three independently derived patient mela-
noma cell cultures (Fig. 14). FZD3 down-regulation was also
confirmed at the protein level using an immunohistochemical ap-
proach and FZD3-specific antibody. Our results indicate that
shFZD3 causes a significant decrease in FZD3 cell surface protein
levels (Fig. 1 B and C).

To evaluate the effects of FZD3 down-regulation on the
proliferative capacity of melanoma, we measured growth kinetics
of the cells transduced with shFZD3 or shScramble (shSC)
vectors using a Resauzarin assay. The resulting growth curves of
M525, M727, and M1626 cells indicated a significant reduction
in the proliferative rate of shFZD3-transduced melanoma cells
compared with the control (shSC) transduced counterparts (Fig.
1D). These results were also supported by the overall decreased
cell density in response to FZD3 down-regulation recorded by
phase-contrast microscopy at the end of the monitoring period
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(SI Appendix, Fig. S14). We next examined clonogenic proper-
ties of melanoma following FZD3 knockdown by seeding the
transduced cells at the rare density of 10° cells per well in six-well
plates, and periodically (every 3 d) counting the number of
arising colonies. A more than 90% reduction in the number of
colonies formed was observed following FZD3 knockdown in
M525, M727, and M1626 cells compared with the shSC controls
(Fig. 1 E and F). In addition to the overall reduced colony
number, the colonies that arose from the shFZD3-transduced
cells were much smaller in size (SI Appendix, Fig. S1B), in-
dicating a significant decrease in colony-forming capacity of the
cells lacking FZD3. In summary, the above experiments revealed
that FZD3 expression is required for melanoma cell prolifera-
tion and colony formation.

To demonstrate that the observed changes in the tumorigenic
phenotype of melanoma cells were specific to FZD3 down-
regulation and not caused by the shRNA-mediated off-target ef-
fects, we performed FZD3 rescue experiments. In these assays we
overexpressed FZD3 cDNA using lentiviral vector pFZD3_FL. To
generate stably expressing FZD3_FL cells and the matched con-
trols, we transduced melanoma M727 cells with either pFZD3_FL
or pLM lentiviral particles and subjected them to puromycin se-
lection at (1 pg/mL). Using puromycin-selected cells, we transduced
them with either shFZD3- or shSC-expressing vectors as described
above. Introduction of shFZD3 into pLM M727 cells caused
~T75% reduction of FZD3 mRNA level; however, introduction of
shFZD3 into pFZD3_FL M727 cells had no significant effect on
FZD3 mRNA levels, which remained virtually unchanged (S/
Appendix, Fig. S24). We also confirmed rescue of FZD3 at the
protein level by performing immunohistochemical analysis using
anti-FZD3 mAb on the melanoma cells transduced with the
pLM+shSC, pLM+shFZD3, and pFZD3_FL+shFZD3 (SI Ap-
pendix, Fig. S2 B and C). Importantly, while pLM-transduced cells
ceased to proliferate in response to shFZD3 expression, FZD3_FL-
transduced cells continued to grow in the presence of shFZD3 at
the similar rate as control shSC-transduced counterparts (SI Ap-
pendix, Fig. S2D). To further validate FZD3 rescue phenotype, we
performed a colony assay by seeding the above generated cell cul-
tures at the density of 10° cells per well in six-well plates, and pe-
riodically (every 3 d) counting the number of colonies for the period
of 15 d. At the end of the experiment, we observed ~90% reduction
in the number of colonies formed by pLM_shFZD3 cells compared
with the pLM_shSC control cells (SI Appendix, Fig. S2E).
However, cells expressing pFZD3_FL in the presence of
shFZD3 retained their colony-forming capacity, and their colony
number closely matched the one produced by control, pLM_shSC-
transduced cells (SI Appendix, Fig. S2F). These results confirmed
that the suppression of melanoma cell proliferation, and colony-
forming capacity is specific to FZD3 down-regulation and is not
due to the off-target effects caused by shRNA transduction.

Global Gene-Expression Analysis Reveals FZD3 as a Critical Regulator
of Cell Cycle Progression in Melanoma. To gain molecular insights
into the regulatory function of FZD3 in melanoma, we analyzed
global gene-expression changes in the independently patient
derived cell cultures (M727, M525, and M1626) in response to
FZD3 down-regulation. For each patient-derived cell culture,
the RNA was isolated from two groups of cells, shFZD3 and
shSC, in multiple biological replicates, and the RNA-sequencing
(RNA-Seq) library was created as previously described (27). Upon
completion of RNA sequencing, we derived gene-expression
profiles of M727, M525, M1626 cells that had 25,548 unique
transcripts in common, including long-noncoding RNAs. Af-
ter exclusion of lowly expressed genes, the dataset comprised
10,693 transcripts. We then identified 519 differentially
expressed genes with log-fold changes greater than 1.0 and P
values below 0.05. It is important to mention that these datasets
included both slowly growing and highly aggressive metastasis-
forming melanomas (SI Appendix, Table S1). Despite these
differences, the transcriptional response among patient-derived
cells with FZD3 knockdown was uniform and showed separation
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Fig. 1.

Down-regulation of FZD3 inhibits melanoma cell proliferation and colony-forming capacity. (A) Expression of FZD3 was analyzed by qRT-PCR following

transduction of melanoma M727, M1626, and M525 cells with the control shRNA (shSC) or FZD3-specific sShRNA (shFZD3-2 and shFZD3-3). Error bars represent SEM
of duplicate experiments with three replicates each. (B and C) Immunofluorescence analysis of FZD3 protein expression in the indicated melanoma cells trans-
duced with control shRNA (shSC) or shFZD3. The y axis indicates relative FZD3 protein fluorescence intensity. Red color indicates positive FZD3 staining. (Scale bars,
50 pm.) (D) Proliferation kinetics of shFZD3 and shSC-transduced melanoma cells, M727, M525, and M1626 quantified using Resazurin assay. Fluorescence values
were normalized to the background readings collected from the wells that had no growing cells but contained growth culture media and Resazurin reagent. (E)
Numbers of colonies formed by M727, M525, and M1626 melanoma cells following their transduction with the control shRNA (shSC) or shFZD3. Error bars
represent SEM of duplicate experiments with two replicates each. *P < 0.05, **P < 0.005, ***P < 0.0005. (F) Representative images of Crystal violet-stained plates

demonstrating colony growth potential of indicated melanoma cell lines transduced with the control shRNA (shSC) or shFZD3.

of clusters in the principal component analysis (PCA) (Fig. 24).
Hierarchical cluster analysis of the melanoma specimens in
combination with knockdown of FZD3 showed that the majority
of transcripts have a positive association with FZD3 activity,
as 79.1% of differentially expressed transcripts were down-
regulated following knockdown of FZD3 (Fig. 2B). Using
these data, we defined the group of 373 genes as positively
regulated by FZD3 activity (significantly down in the melanoma
specimens with shRNA knockdown of FZD3), and 146 genes as
negatively regulated by FZD3 activity (Fig. 2B).

Signaling pathway analysis using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) revealed major cellular networks
of cell cycle, transcriptional regulators, MAPK signaling, and cyto-
kine interactions to be significantly enriched with P values below
0.05 and g values below 0.2 (Fig. 2C). Further on, upstream-
regulator analysis discovered a hierarchical structure of regulatory
events that act in concert with the above identified pathways under
the control of FZD3 (Fig. 2D). Thus, following FZD3 knockdown,
transcriptional networks controlled by FOXD1, CREBS, and
ATF3 become up-regulated and suppressed the activity of MAPK
signaling, which affected downstream cell cycle regulatory path-
ways. This is reflected by strongly enriched networks of E2F,
MYC, and AP1 transcription factors highly ranking in the
pathway analysis with a normalized enrichment score above
2.0 and P values and g values below 10°72° (Fig. 2D). Further
downstream, in the cell cycle category, various cyclins (CCNs),
cell division cycle homologs (CDCs), and cyclin dependent kinases
(CDKs) (CCND1, CCNB1, CCNE2, CCNA2, CDCA2, CDCAS,
CDCAS, CDC25C, CDC45, CDC20, CDC6, CDCA7L, CDK2,
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CDKN3) were found to be significantly up-regulated in the ab-
sence of FZD3 knockdown (Fig. 34).

To validate changes in the critical cell cycle regulators, as
revealed by our global transcriptome analysis of the FZD3 network,
we examined their expression at the mRNA and protein levels in
response to FZD3 down-regulation. Using M727, M525, and
M1626 patient-derived cells with FZD3 knockdown and matching
controls, shSC cells, we examined mRNA levels of cyclinA2,
cyclinB1, cyclinB2, cyclinD1, cyclinEl, and cyclinE2 using qRT-
PCR and corresponding primers (SI Appendix, Table S2). Our
data demonstrate that FZD3 down-regulation in multiple inde-
pendently derived melanoma cells significantly suppressed
mRNA expression of cyclinA2, cyclinB1, cyclinB2, cyclinD1, and
cyclinE2, but not cyclinE1 (Fig. 3B). Cyclins represent an integral
part of cell cycle regulatory complex when bound to corresponding
CDK:s. Interestingly enough, analysis of the global transcrip-
tional network controlled by FZD3 predicted changes in the
genes encoding not only the cyclins but also multiple CDK sub-
units. Using corresponding primers (SI Appendix, Table S2) and
qRT-PCR, we confirmed that indeed FZD3 knockdown leads to
the significant reduction in the mRNA levels for CDK1, CDK2,
and CDK4 (Fig. 3C). Moreover, protein analysis of cyclins and
CDKs further confirmed significant loss of their expression in
shFZD3-transduced cells compared with shSC controls (Fig. 3D).

The above findings revealed that FZD3 cell surface expression
was critical in modulating the activity of the MAPK pathway and
its downstream targets associated with proliferation of mela-
noma cells. The most common genetic alteration augmenting
MAPK signaling network activity in melanoma resides within
the BRAF kinase, which is mutated in ~65% of the patients.
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Mutations in this protein at the V600 amino acid position enable
cell proliferation independent of the upstream regulatory signals.
We therefore decided to determine the status of BRAF in the
patient-derived cells that were sensitive to the FZD3 inhibition.
Analysis of the BRAF mutation hotspot sequence region revealed
that M727 cells carried a BRAF"%°°F mutation, M1626 had a
BRAFY%%°P mutation, and M525 had no alterations in the BRAF
sequence (SI Appendix, Fig. S3). This indicated that FZD3 has the
capability to exert significance influence on the MAPK signaling
output even in the presence of the oncogenic BRAF mutations.

In summary, our results demonstrated that activity of the
FZD3 receptor positively regulates proliferation of melanoma
cells by engaging critical transcriptional networks that lead to the
strong activation of cell cycle machinery.

Li et al.

Inhibition of FZD3 Expression Suppresses Melanoma Initiation and
Growth in Vivo. To examine the regulatory effects of FZD3 on mel-
anoma pathogenesis in vivo, we tested ability of patient-derived
melanoma cells to initiate and maintain tumor growth following
stable FZD3 knockdown. M727, M525, and M1626 cells were
transduced with shFZD3 and shSC lentiviral vectors, as described
above, and intradermally injected into two dorsal flanks of immu-
nocompromised NSG mice (n = 10 for each shFZD3 or shSC group).
Mice were monitored on a weekly basis for the time of tumor initi-
ation following by regular measurements of the tumor size in each
group. Our results demonstrate that FZD3 down-regulation sup-
pressed tumor-forming capacity of multiple independent patient-
derived cells carrying a BRAF"*’? mutation, which either failed
to initiate tumors at the site of an injection or were giving rise to
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many smaller tumors at a significantly later time period, compared
with the mock-transduced counterparts (Fig. 4). For M727
BRAF"*) melanoma, tumor initiation rate was decreased by 70%
(3 of 10) in shFZD3 group compared with 100% (10 of 10) for the
control, shSC-transduced cells (Fig. 44). The overall tumor volume
among shFZD3 M727 was decreased by a mean of 94.9% (P =
0.0023) in size compared with the tumors derived from shSC-
transduced cells (Fig. 4B). Similarly dramatic results were obtained
with M1626 melanoma (BRAF"**P) cells where tumor initiation rate
was decreased by 70% (3 of 10) in the shFZD3 group compared with
100% (10 of 10) for the control, shSC-transduced cells (Fig. 4C). The
overall tumor volume in shFZD3 M1626 was decreased by a mean of
97% (P = 0.0024) in size compared with the tumors derived from
shSC-transduced cells (Fig. 4D). Finally, in M525 (BRAF"") mela-
noma the tumor initiation rate was decreased by 50% (5 of 10)
among the cells transduced with shFZD3, compared with 100%
(10 of 10) by those transduced with the control vector (Fig. 4E). The
overall tumor volume in shFZD3 M525 was decreased by a
mean of 65% (P = 0.014) compared with the tumors derived
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each. *P < 0.05, **P < 0.005, ***P < 0.0005. (D and E) Western blot analysis of
a cells after they were transduced with control shRNA (shSC) and shFZD3.

from shSC-transduced cells (Fig. 4F). These results demonstrated
that the FZD3 receptor is a critical signaling component required
for melanoma initiation and growth in vivo. Importantly, knock-
down of FZD3 resulted in the very effective suppression melanoma
tumors that carried a BRAF mutation, considered to be a driving
oncogenic event in the pathogenesis of this disease.

FZD3 Expression Mediates Melanoma Invasiveness and Metastasis.
Severe lethality of advanced melanomas is attributed to their
aggressive invasive properties, underlying ability of these cells to
colonize distant organs, which eventually fail due to a widespread
disease. Further analysis of the global gene-expression profile in
M727 cells capable of forming spontaneous metastases in mice
revealed that FZD3 knockdown leads to the significant down-
regulation of EDNRB, TWIST1, MCM3, MCM4, MCM6, BIRCS,
and other proteins previously associated with melanoma inva-
siveness and progression signatures in human patients (28) (Fig.
5A4). Therefore, we set out to determine how FZD3 down-
regulation affects metastatic properties of melanoma. First,
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we performed an in vitro assay using BD invasion chamber wells:
M727 _ shFZD3 and M727_shSC cells were plated into the top
wells (10° cells per well) containing serum-free media and sepa-
rated by the Matrigel-coated membrane from the bottom cham-
bers containing media supplemented with 10% FBS serum. Cells
were maintained in a TC incubator for 24 h and the number of
invading cells reaching the bottom chamber was counted under the
light microscope (Fig. 5B). The resulting data demonstrate that
FZD3 down-regulation leads to the significant reduction (~80%) of
melanoma cells capable of invading the bottom chamber by mi-
grating through the Matrigel-coated membrane (Fig. 5C).

Next, we analyzed the ability of shFZD3 and shSC M727 cells
to form spontaneous metastases in vivo upon their intradermal
injection into the skin of NSG mice. At the end of the experi-
ment we performed pathological examination of the mouse or-
gan tissues that were sectioned and stained using an H&E
procedure, as well as immunofluorescence staining using the
human melanoma-specific nuclear antigen, Ku-80. Microscopic
analysis revealed multiple metastatic lesions in the visceral
organs of all animals (five of five) transplanted with shSC
M?727 cells, while mice transplanted with shFZD3 M727 cells
were virtually free of metastases (Fig. 5 D-F and SI Appendix,
Fig. S44). Detailed examination of the kidneys at the end point
of the monitoring period (141 d) uncovered metastatic lesions in
100% of control mice (five of five) on an average with 31.7 le-
sions per kidney sectioned (Fig. SE). In drastic contrast, mela-
nomas derived from FZD3 knockdown cells failed to produce
detectable kidney metastases in corresponding animals examined
(Fig. 5SE and SI Appendix, Fig. S44). In addition to kidneys, we also
detected metastases in lungs of the control group of mice trans-
planted with shSC M727 cells (Fig. SF and SI Appendix, Fig. S4B).
Lungs from control mice contained multiple metastatic lesions
throughout the epithelia of the lung structures in 80% of the cases
(four of five), with ~87 lesions per lung section on average. At the
same time mice transplanted with shFZD3 M727 cells had lungs that
were virtually free of metastases (Fig. SH and SI Appendix, Fig. S4B).

We next investigated whether metastatic cells could still be
present in the organs of mice transplanted with shFZD3 mela-
noma cells despite the absence of microscopically detectable
metastatic lesions. To answer this important question, we utilized
an established technique of human cell detection based on the
human-specific Alu sequences and a real-time PCR (29). Using
human Alu-specific primers and the DNA isolated from the
lungs and kidneys of the mice transplanted with either shSC or
shFZD3 M727 cells, we performed multiple qRT-PCR reactions.
Human melanoma cells in each mouse organ were quantified
based on the standard curve detection method generated by
spiking a wide range of known human cell quantities into the

p=0.014

separate PCR reactions, as previously described (29). Our results
reveal that a small fraction of metastatic cells (<10° in kidneys
and <7 x 10° in lungs) can be found in the visceral organs of
mice transplanted with shFZD3_M727 melanomas, compared
with a 51gn1flcantly larger fraction of metastatic cells (1.4 x 10° in
kidneys and 10° in lungs) found in the organs of mice trans-
planted with control, shSC_M727 melanomas (Fig. 5 F and I).
These findings mdlcate that, while FZD3 down-regulation in-
hibits metastatic disease, it does not completely abolish the
ability of the rare tumor cells to migrate and seed into visceral
locations. Nonetheless, shFZD3-transduced cell populations that
are capable of distant seeding completely failed to proliferate
and establish any microscopically detectable metastatic lesions in
the target organs (Fig. 5 D and G).

Taken together, the above results demonstrate that FZD3
suppression leads to the significant reduction of M727 melanoma
invasiveness and inhibits proliferative capacity of seeded meta-
static cells in vivo.

FZD3 Expression Is Clinically Associated with Melanoma Progression
and Reduced Patient Survival. Given the critical importance of
FZD3 in melanoma growth and metastasis, we evaluated clinical
significance of FZD3 expression levels in melanoma patients by
using gene-expression datasets for the cohorts of patients whose
disease stage was individually linked to their transcriptome profile.
Analysis of independent groups of patients (GSE8401, n = 83 and
GSE46517, n = 104) (30) revealed that FZD3 expression is signif-
icantly elevated in metastatic lesions compared with primary tumors
(P =0.00895 and P = 0.000239, respectively) (SI Appendix, Fig. S5 A
and B). We next investigated groups of melanoma patients whose
transcriptome profiles were linked to their survival outcomes
(GSE19234, n = 44 and GSE65904, n = 130) (31, 32). When these
patients were stratified by either high or low expression levels for
FZD3, significant differences (P = 0.01541 and P = 0.016, re-
spectively) between Kaplan-Meier survival curves of the two patient
groups were observed in a 40-wk study period, with a hazard ratio of
high FZD3 expression group vs. low FZD3 expression group equals
to 3.3 and 1.78, respectively (SI Appendix, Fig. S5 C and D).

In addition, transcriptomics and somatic copy number analysis
of the TCGA database (n = 471) (https://cancergenome.nih.gov/)
revealed that in skin-cutaneous melanoma and uveal melanoma,
both cancer tissues related to melanocytes, showed up-regulation,
amplification, or copy number gain in 28.0% of the cases. To confirm
that up-regulation of FZD3 correlates with melanoma progression on
the protein level, we analyzed the human protein atlas (33) to leamn
that FZD3 overexpression can be detected in 91,7% of the
microarrays of melanoma tissue specimens with more than 50%
staining (n = 12 with single replicates) (SI Appendix, Fig. S5E).

M525

sh SC =10/10
~*~ ShFzD3=5/10

Fig. 4. Down-regulation of FZD3 inhibits melanoma
initiation and growth in the presence of BRAF/6%PF
M525 mutation. Indicated patient-derived melanoma cells
were transduced with either shFZD3 or shSC lentivectors
and intradermally xenotransplanted into two dorsal
flanks of NSG mice (100 cells per injection, n = 10 for
each shFZD3 or shSC group). Tumor growth was moni-
tored and measured on the weekly basis. Individual
tumor growth curves for M727 (A), M1626 (C), and
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. M525 (E) are plotted; the average tumor growth for
20 40 60 M727 (B), M1626 (D), and M525 (F) is summarized, with
Days indicated P values for each tumor sample.
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In summary, the above results, while mostly limited to the mRNA
expression levels in several patient cohorts, provide indication that
an increase in FZD3 expression can be associated with melanoma
progression to the advanced metastatic stages and represents an
adverse survival factor for melanoma patients. Future experiments
that include a large number of early-stage melanoma biopsies along
with the matched samples collected from the same patients that
progressed to metastatic stage 3—4 phase will allow in depth as-
sessment of the messenger and protein-tissue expression levels of
FZD3 to firmly establish its role as a marker of melanoma pro-
gression and survival.

FZD3 Control of Human Melanoma Cell Proliferation Is Independent of
the Canonical WNT Signaling. FZD receptors often signal through
the canonical WNT pathway, which is stimulated by their biding
to the WNT ligands, leading to the stabilization and nuclear
translocation of B-catenin protein, where it acts as an important
costimulatory factor initiating transcription of downstream target
genes (8). Having established that multiple aggressive patient-
derived melanoma cells required FZD3 activity to activate the
specific transcription programs to maintain their tumorigenic
properties, we wished to determine whether it was dependent on
the canonical WNT signaling. In these experiments we used
upstream (IWP2) and downstream (XAV939) inhibitors of the
WNT pathway to measure proliferation of M727, M525, and
M1626 cells, which were found to be sensitive to FZD3 down-
regulation. Briefly, cells were seeded at the density of 10* cells
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replicates each.

per well in six-well plates, and their growth was assessed in the
presence of XAV939 (at the concentration of 2.5, 5, and 10 pM)
or IWP2 (at the concentration of 0.25, 0.5, and 1 uM). As a control
for these experiments, we also included a well characterized,
pB-catenin—dependent, colon cancer cell line, HCT116. At the end of
the incubation period, we observed that while XAV939 had sig-
nificantly inhibited proliferation of HCT116 cells, it had no effect
on the growth of either melanoma samples analyzed under the
same conditions (Fig. 64). Similarly to XAV939, IWP2 also failed
to arrest proliferation of M727-, M525-, and M1626-derived cells
(Fig. 6B), indicating that in these cases melanoma growth was not
sensitive to the inhibition of the canonical WNT pathway. To un-
derstand the reason behind this phenotypic insensitivity to the ca-
nonical WNT-inhibiting molecules, we analyzed cellular distribution
and localization of p-catenin in these cells during an actively
growing phase. Immunohistochemical and cell fractionation ap-
proaches revealed that p-catenin was expressed in all melanoma-
derived cells but was mainly localized in the cytoplasm and virtually
undetectable in the nucleus of actively proliferating melanoma cells
(Fig. 6 C and D). Poly(ADP-ribose) polymerase (PARP) protein
was used as a control for the cytoplasmic and nuclear fractionation
assays and was efficiently detected only in the nuclear fraction
(Fig. 6D).

Finally, to confirm the absence of nuclear p-catenin activity
in the analyzed melanoma cells, we utilized the Super8x
TOPFLASH/FOPFLASH luciferase reporter system, which
contains seven T cell factor/lymphoid enhancer factor binding
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sites driving expression of the luciferase enzyme, whose activity
was quantified using Luc colorometric assay. Super8x FOPFLASH
luciferase reporter with mutated binding sites was used in the
same set-up as a negative control. Introduction of these reporters
into the HCT116 cells resulted in ~14-fold induction of TOPFLASH
luciferase activity normalized to FOPFLASH luciferase, reflecting
an active transcriptional program regulated by nuclear f-catenin
(Fig. 6E, rightmost panel). However, none of the FZD3-
dependent melanoma-derived cell cultures displayed any signif-
icant induction of p-catenin—dependent transcription of Luc
enzyme upon its introduction (Fig. 6F). Taken together, the
above results indicate that FZD3 tumorigenic signaling is inde-
pendent of the canonical WNT pathway.

Discussion

In malignant melanoma, one of the most aggressive cancers, the
WNT pathway is frequently deregulated (10, 34-36). WNT sig-
naling represents a critical determinant for disease progression
and can be mediated by multiple Frizzled receptors and their
corresponding ligands. Furthermore, changes in the activity of
Wnt network components have been shown to drive resistance of
melanoma cells to the targeted and immune therapies (37, 38).
Therefore, identifying tumorigenic properties of key WNT sig-
naling components in the pathogenesis of melanoma represents
a pivotal task against this devastating disease.

In the present study, we characterized FZD3 as a critical
factor underlying tumorigenic properties of aggressive human
melanoma. The functional genomics analysis of FZD3 knock-
down in human patient-derived cells highlighted regulation of
the cell proliferation and invasiveness as the key processes pos-
itively regulated by the FZD3 receptor during malignant trans-
formation. Using global transcriptome profiling and protein-
expression analysis, we established that a tumorigenic role of
FZD3 is linked to its ability to positively regulate (i) major
components of the cell cycle machinery, such as cyclins and
CDKs, and (if) genes enabling aggressive metastatic properties
of these cells. Up-regulation of the cyclins and CDKs is a hall-
mark of many melanomas with altered MAPK signaling pathway
(mutated in ~80% of melanomas). The most common genetic
alteration augmenting MAPK signaling network activity in mel-
anoma resides within the BRAF kinase, which is mutated in
~65% of the patients (39). Mutations in this protein at the
V600 amino acid position enable cell proliferation independent
of the upstream regulatory signals and receptors. Significantly, in
the present study we discovered that even in the presence of
BRAF oncogenic mutation activity of FZD3 is still required for
melanoma cell cycle progression and an induction of key pro-
liferative proteins, such as cyclins D1, E2, and B1, as well as,
CDKs 1, 2, and 4. Moreover, intradermal xenotransplantation of
BRAF mutant melanoma cells with reduced FZD3 expression
levels prevented ability of these cells to initiate and sustain tumor
growth in vivo. This indicates that FZD3 plays a dominant role in
the regulation of melanomagenesis with an altered MAPK
pathway. A number of previous reports established that rewiring
of the MAPK pathway represents a key node for melanoma
progression (40-43). Therefore, identification of MAPK regu-
latory mechanisms represents a critical task in the field. In our
study, enriched pathway analysis revealed that FZD3 inhibits
transcriptional networks controlled by CREBS, FOXD1, and
ATF3, which suppress the activity of MAPK-mediated signaling.
Thus, FZD3 establishes a positive feedback mechanism that
activates the MAPK signal transduction network, critical to
melanoma carcinogenesis. Importantly, in our present study we
also demonstrate that high FZD3 expression levels correlate with
melanoma progression and reduced patient survival, making this
molecule an ideal candidate for targeted therapeutic approaches
in the clinic.

In addition to MAPK, protein networks controlled by E2F,
MYC, AP1, and EZH?2 also became deregulated in FZD3 knock-
down cells and reflected pleotropic ability of FZD3 to control key
transcriptional nodes vital for the tumorigenic phenotype. This was
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functionally confirmed in our present study, when we assayed
metastatic properties of aggressive patient-derived melanoma cells.
We identified a specific gene signature, consisting of the proteins
previously associated with cell invasion and migration, such as
TWIST1, EDNRB, and members of the MCM family (44, 45), to be
significantly down-regulated following FZD3 knockdown. Thus, as a
result of FZD3 inhibition, target melanoma cells had greatly re-
duced invasive potential and failed to form metastases in vivo when
intradermally transplanted into the skin of experimental animals. In
depth pathological and molecular analysis of mouse organs from
the group of mice transplanted with shFZD3 cells revealed the
presence of rare melanoma cells in them, which nevertheless failed
to establish any proliferative clones, leading to the formation of
microscopically detectable metastatic lesions. This indicates that
while FZD3 down-regulation inhibits metastatic disease, it does not
completely prevent initial seeding of the rare metastatic cells in the
case of the M727 PDX model. Further in vivo experiments that
include a large panel of patient-derived melanoma cells capable of
spontaneous metastases in mice, combined with the live luciferase-
based imaging approaches for extended period of time, will reveal a
more specific requirement for FZD3 signaling during the multistage
process of metastasis. Interestingly enough, expression of the hy-
peractive FZD3 mutant, Fz37A insensitive to the inhibitory C-
terminal phosphorylation, results in the up-regulation of the of
the neural crest markers, such as TWIST and Slug (46). EDNRB,
TWIST1, and SLUG have been previously defined as early markers
that promote migration and invasion of neural crest cells, using
dorsolateral pathway (47, 48). These cells eventually give rise to
melanocytic precursors, which invade developing embryo skin layers
and differentiate into pigment-synthesizing cells, melanocytes.
Studies of the mouse brain, neural crest, and perepherial nervous
system demonstrated that FZD3 functions through the non-
canonical WNT pathway to play a critical role in the development
of those normal tissues (13, 16, 49). Taken previously described
observations and the results presented in this paper on the critical
involvement of FZD3 in melanoma pathogenesis together, we
further confirm the paradigm that tumors recapitulate, to a certain
degree, growth and developmental programs of their original tis-
sues by selectively augmenting activity of those genes that convey
proliferation and invasion advantages.

Previous studies of the WNT signaling network demonstrated
an important role of the canonical, nuclear p-catenin-driven,
arm of this pathway in melanoma development, as well as its
resistance to the multiple types of therapeutic approaches (24,
37, 38). However, a number of other studies using clinical and
pathological analysis of human tumors demonstrated that the
lack of a nuclear p-catenin was indicative of an adverse prognosis
for melanoma patients, while its transcriptional activity was as-
sociated with a less-aggressive phenotype (22, 23, 50). Besides
species-related variations during disease development, these seem-
ingly contradictory results can also be explained by the differences
in the genetic make-up of melanoma subtypes. Depending on the
context and tumor microenvironment, p-catenin is able to induce
expression of not only the positive regulators of cell proliferation
but also augment differentiation and cell death pathways in mela-
noma as well. This points to the fact that contingent on the disease
subtype substantial proportion of human melanomas can utilize
receptors of the WNT signaling network that bypass activation and
nuclear localization of p-catenin to positively regulate tumor de-
velopment. Thus, identification of molecular mechanisms that en-
able p-catenin-independent tumorigenic initiation and progression
of melanoma represents an important task in the field. Significantly,
in our present study we identified FZD3 as a critical mediator of
oncogenic signaling in melanoma subtypes that evolved in the ab-
sence of the nuclear B-catenin activity. Determining a global gene-
expression pattern regulated by FZD3 uncovered its unique prop-
erty to activate transcription of proliferative and invasive genes,
while at the same time avoiding up-regulation of the genes that can
induce differentiation or cell death. It is also notable that FZD6, the
most closely evolutionary related receptor to FZD3 in the Frizzled
receptor family, has been characterized as a key mediator of
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Fig. 6. FZD3 control of human melanoma cell proliferation is independent of the canonical WNT signaling. Cell growth kinetics of indicated melanoma cells

and HCT-116 colon cancer cells in the presence of potent Tankyrase inhibitor, XAV939 (A) and Porcn inhibitor, IWP2 (B) at indicated concentrations. Error bars
represent SEM of duplicate experiments with two replicates each. *P < 0.05, **P < 0.005, ***P < 0.0005. (C) Immunofluorescence analysis of patient-derived
melanoma cells using p-catenin-specific antibodies, following their transduction shSC or shFZD3 lentivectors. Green color indicates positive f-catenin staining.
Blue color indicates nuclear staining by DAPI. (Scale bars, 100 pm.) (D) Analysis of p-catenin protein in the nuclear and cytosolic cell fractions using Western
blot and indicated antibodies. (E) Analysis of p-catenin-mediated transcriptional activity using Luciferase assay following transient transfection of TOPFLASH
and FOPFLASH constructs into the indicated melanoma cells. HCT-116 colon cancer cells were used as a positive control. Firefly luciferase activity was nor-
malized to Renilla luciferase activity and pGL3 basic negative control to obtain the fold-change. Error bars represent SEM of duplicate experiments with two

replicates each. *P < 0.05, **P < 0.005, ***P < 0.0005; ns, not significant.

noncanonical WNT signaling, playing a central role in the patho-
genesis of human sarcomas and breast carcinomas (19, 51) through
the regulation of cell cycle components, such as CDC25 (52).
Requirement for FZD3 function to sustain malignant properties
of melanoma, combined with the fact that an up-regulation of this
receptor is associated with the disease progression and a reduced
patient survival, uncovers FZD3 as a critical therapeutic target.
Further development of FZD3 blocking agents, including in-
hibitory peptides and antibodies, will provide a powerful ap-
proach that can be combined with available kinase inhibitors, as
well as immune-modulating agents to significantly enhance ef-
ficacy of antimelanoma treatments and increase patient survival.

Materials and Methods

Cells and Growing Conditions. Human melanoma samples were obtained with
the consent of patients at the Stanford Hospital, per protocols approved by
the Institutional Review Board of the Stanford University School of Medicine,
and as previously described (53, 54). Samples were deidentified before use in
the study. M727 cells were grown in DMEM) (Corning) supplemented with
10% FBS (Omega Scientific) and penicillin/streptomycin at 37°, 5% CO,.
M525 cells were cultured in RPMI medium 1640 (Corning) supplemented
with 5% FBS. M1626 cells were maintained in RPMI medium 1640 supple-
mented with 10% FBS. All animal procedures were performed in strict ac-
cordance with the University of California Institutional Animal Care and Use
Committee (IACUCQ).
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FZD3 Knockdown and Full-Length FZD3 cDNA Rescue. Permanent FZD3 down-
regulation was achieved via shRNA mediated mechanism (multiple in-
dependent targets were selected) using lentiviral transduction of target cells.
The target sequences of FZD3—shFZD3-2: GCAGAGAATATCACATTCCATCT
and shFZD3-3: CGCTCCTATTTGTATGGAATACT—were cloned into the lenti-
viral vector, pIKO1 (Sigma-Aldrich). Lentiviral infectious particles were gener-
ated by introducing respective plasmid DNAs into 293T cells. The full-length
ORF of FZD3 (NM_017412.3) was synthesized and cloned into lentiviral pLM-
CMV-H4 plasmid via Nhel-BamH]I cloning sites.

RNA-Seq Analysis. RNA sequencing was performed by the University of Cal-
ifornia, Irvine Genomics High-Throughput Facility with an Illlumina Hi-Seq
2500 system (Illumina) to obtain the RNA-Seq profiles. The RNA-Seq pro-
files were mapped to the reference Genome Reference Consortium
GRCh38 using Bowtie alignment to more than 28,000 transcripts for each
specimen. Statistical testing for differential expression and multiple hy-
pothesis correction was based on read counts and performed using EdgeR in
the Bioconductor toolbox, as previously described (27). We utilized controls,
shSC, and FZD3 knockdowns, shFZD3, of all available specimens for the
clustering analysis. Both, rows (genes) and columns (specimens) were clus-
tered using Pearson correlation distance and average linkage of log-
transformed, normalized fragments per kilobase of transcript per million
mapped reads (FPKM) RNA-Seq values. PCA separated control and knock-
down specimens into two clusters with about 78% data representation in
the first two principal components (PC1 = 69% and PC2 = 9%). Pathway
analysis was performed by Ingenuity Pathway Analysis software (Qiagen
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Bioinformatics) and mapped with KEGG pathway analysis (https://www.
genome.jp/).

Detection of Human Metastatic Cells in the Mouse Organs. Mouse kidney and
lung sections were cut from the respective OCT blocks at 10-um thickness. After
fixation and blocking the sections were incubated with anti-human
KU80 antibody (1:100) overnight at 4 °C. Following incubation with Alexa
Fluor 488 goat anti rabbit IgG (H+L), 1:400, (Life Technologies) at room tem-
perature in the dark for 1 h. Following immunostaining, immunofluorescent
images were taken using a Nikon TI-E fluorescent microscope. Genomic DNA
was extracted from the respective mouse organs using PureLink Genomic
DNA Mini Kit (Life Technologies). Real-time PCR was performed using
human Alu primers: hALU F: 5" - CAC CTG TAA TCC CAG CACTTT - 3’ hALU
R: 5’ - CCC AGG CTG GAG TGC AGT - 3’ and a PowerUp SYBR Green Master
Mix (ThermoFisher Scientific). Normalized mean ACT values were used for
human cell quantification according to the standard curve obtained with
known human cell numbers and as previously described (29).
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