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Abstract

Only a small number of genes are bona fide oncogenes and tumor suppressors such as Ras, Myzc,
B-catenin, p53and APC. However, targeting these cancer drivers frequently fail to demonstrate
sustained cancer remission. Tumor heterogeneity and evolution contribute to cancer resistance
and pose challenges for cancer therapy due to differential genomic rearrangement and expression
driving distinct tumor responses to treatments. Here we report that intratumor heterogeneity

of Wnt/p-catenin modulator &-catenin controls individual cell behavior to promote cancer. The
differential intratumor subcellular localization of &-catenin mirrors its compartmentalization in
prostate cancer xenograft cultures as result of mutation-rendered &-catenin truncations. Wildtype
and &-catenin mutants displayed distinct protein interactomes that highlight rewiring of signal
networks. Localization specific 8-catenin mutants influenced p120¢t"-dependent Rho GTPase
phosphorylation and shifted cells towards differential bFGF-responsive growth and motility, a
known signal to bypass androgen receptor dependence. Mutant &-catenin promoted Myc-induced
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prostate tumorigenesis while increasing bFGF-p38 MAP kinase signaling, p-catenin-HIF-1a
expression, and the nuclear size. Therefore, intratumor &-catenin heterogeneity originated from
genetic remodeling promotes prostate cancer expansion towards androgen independent signaling,
supporting a neomorphism model paradigm for targeting tumor progression.

Whnt/B-catenin modulator; intratumor heterogeneity; fibroblast growth factor; MAP kinase; Myc;
rewiring interactomes

INTRODUCTION

The progression of carcinomas is associated with epithelial-to-mesenchyme transition
(EMT) accompanied by the shift of gene expression profiles from cell-cell to cell-
extracellular matrix interactions.}2 Dysregulation of many bona fide oncogenes and tumor
suppressors such as Ras, Myc, p-catenin, p53, and APC ultimately drives the disruption of
E-cadherin cell-cell junction, a signature of cancer invasion towards metastasis.

The stabilization of E-cadherin cell-cell junctions is controlled by interactions with its
associated peripheral proteins such as p-catenin (CTNNBI), 6-catenin (CTNNDZ2), and
p120°" (CTNNDI), the latter two of which bind to the same juxta-membrane domain on
E-cadherin.3 E-cadherin and p120°™" often downregulate concurrently as tumor suppressors
and contribute to tumor progression. On the other hand, &-catenin expression in normal
epithelial cells interferes with cell proliferation.#-8 Then, in malignant cancers, &-catenin
overexpression increased cell growth.”8 It is not clear how &-catenin exerts the context-
dependent roles in cancer progression. However, &-catenin is not the only protein that shows
the dichotomy of both pro-oncogenic and tumor-suppressive functions.2?

Our recent studies showed that &-catenin overexpression in prostate cancer (PCa) cells
induced mutagenesis of &-catenin.19 PCa xenograft cells harboring §-catenin mutations
showed prolonged survival when compared to PCa cells without 6-catenin overexpression
or with full-length &-catenin expression under glucose deprivation.19 Furthermore, a 8-
catenin truncation mutant promoted prostate tumorigenesis in mice with oncogenic Myc
overexpression, supporting that 8-catenin mutants may become neomorphic and gain novel
functions to promote tumor development.10:11 Although we do not fully understand the
molecular mechanisms of how the truncated 5-catenin promotes tumor progression, the
truncation may reduce the ability of 8-catenin to inhibit small GTPase RhoA>12 and prevent
the cytokinesis checkpoint-initiated apoptosis.

It is now well recognized that cancers are heterogeneous and are comprised of multiple
subpopulations of cancer cells that differ in important properties, such as growth rate, cancer
initiation, ability to metastasize, and sensitivity to treatments. Different cells within the
same tumor can behave differently to coordinate cancer expansion.1314 However, little is
known about how changes in oncoproteins regulate the distinct behaviors of individual cells
in the same tumor. In this study, we investigate the origin of intratumor heterogeneity of

one such oncoprotein, 6-catenin, corresponding to genetic aberrations. PCa metastasized to
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lymph nodes as well as the neuroendocrine PCa in human showed prominent amplifications,
fusions, and mutations in &-catenin gene. Full-length and mutation-rendered &-catenin
truncation variants rewired their signaling networks. Intratumor &-catenin heterogeneity
promoted PCa cell motility and altered their MAP kinase responses to bFGF stimulation,

a known androgen receptor bypass mechanism.1% 8-Catenin mutations promoted mouse
prostate tumorigenesis by modulating oncogenic Myc functions, revealing differential
p44/42 ERK/p38 MAPK activation and B-catenin-HIF-1a stabilization.

Intratumor heterogeneity of §-catenin expression in vivo mirrors its differential
compartmentalization/localization/distribution in PCa xenograft cell lines overexpressing

8-catenin

We previously reported that even the expression of the same gene, such as CTNNDZ/6-
catenin, can be enriched at various subcellular locations in different regions of the

same tumor.16 To further investigate the potential functional implications of 6-catenin

on intratumor heterogeneity, we determined &-catenin localization/distribution in various
regions of prostate tumor and in several PCa cell lines including CWR22Rv1 (Fig. 1) and
LNCaP and PC3 (Supp. Fig 1). Consistent with our previous report, in the luminal side of
prostatic tumors, E-cadherin and p120°™" colocalized in the intact adherens junction (Fig.
1A, E-cad and p120°™", arrows). Additionally, 8-catenin colocalized with E-cadherin and
p120°¢t", showing a junction-associated distribution (JAD) (Fig 1A, 8-Cat, arrows). However,
&-catenin also showed a non-junctional, cytoplasm-associated distribution (CAD) away from
the luminal side (Fig. 1A, 6-Cat, circles) or perinuclear localization at the tumor boundary
(Fig. 1A, 6-Cat, arrowheads) where the E-cadherin adherens junction is weakened (Fig. 1A,
E-cad and p120°t", arrowheads).

We then stably overexpressed GFP-tagged &-catenin in CWR22Rv1 cells termed Rv1-M6
(Fig. 1B and 1C). As expected, &-catenin (1B and 1C, green) showed different localization
patterns even in the same transfected population of cell clusters. In some cells, 6-catenin
displayed strong non-junctional staining of actin/cytoplasm-associated distribution (AAD/
CAD, Fig. 1B and 1C, &-catenin/green; left panels, arrowheads and outline), reminiscent
of dotted/cytoplasmic localization in human prostatic tumor (Fig.1A; &-catenin, circles). In
other cells, 6-catenin showed adherens/cell-cell junction-associated distribution (JAD) in
the center of Rv1-M6 cell cluster (Fig. 1B and 1C, &-catenin/green; right panels, arrows).
Thus, as more mutant/truncated &-catenin is produced, there is a shift from JAD &-catenin to
AAD/CAD due to carboxyl terminal truncation as result of induced mutagenesis.1? This is
observed in several PCa cell lines (CWR22Rv1, LNCaP, and PC3) that have been passaged
after the overexpression of &-catenin.

For comparison, we transfected metastatic PCa cell lines (LNCaP-M6 and PC3-T4) with
&-catenin (Supp. Fig. 1). PC3 cells are derived from bone metastasis while LNCaP cells are
derived from the left supraclavicular lymph node metastasis. As such, PC3 cells represent
a more aggressive PCa form, sharing features with small cell neuroendocrine carcinoma.l’
LNCaP cells, on the other hand, are characteristic of adenocarcinoma, an indolent and
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less severe PCa form.17 LNCaP-M6 cells showed localization of §-catenin, E-cadherin, and
p-120%" similar to that of Rv1-M6 cells (Supp. Fig. 1A, green and red).

Our previous studies showed that &-catenin overexpression in PC3 cells led to complete
carboxyl terminal truncation as result of induced mutagenesis.19 As such, PC3-T4 cells did
not show JAD, but rather CAD &-catenin (Supp. Fig. 1B, green). In this case, E-cadherin
and p120°" expression was decreased as well as compared to that of LNCaP cells (Supp.
Fig. 1B, red). LNCaP-M6 cells express several junction-related proteins such as claudin-7
and claudin-3.18 On the other hand, PC3 cells has been reported to have downregulated
junction-related genes.1® A noticeable pattern across the two cell lines is a weaker p120¢th
and E-cadherin staining on PC3 cells versus LNCaP cells. Thus, differences in &-catenin
localization, even after overexpression of 6-catenin, may be associated with the different
cellular profiles in LNCaP and PC3 cells.

8-Catenin genetic alteration is exemplified in metastatic human PCa as well as
neuroendocrine tumors

The changes in expression and distribution of 6-catenin in the primary prostatic tumors
and the xenograft cell lines indicated that 6-catenin overexpression could lead to induced
mutagenesis with subsequent impact on PCa progression.10 If so, we may see extensive
overexpression and mutations in the more advanced and metastatic human PCa. To test this
hypothesis, we examined metastatic tissues, such as lymph nodes, from PCa patients.

As shown in Fig 2A, full-length &-catenin migrated around 160 kDa on SDS gel, consistent
with previous studies.’”10:16 §-Catenin can display various peptide species including the 100
kDa variant, which reflects the sequence insertion or deletions that resulted in truncations
as shown in our earlier studies.1? We observed a striking increase in 8-catenin truncation in
most of the lymph node metastases (Fig. 2A). In control lymph nodes, there was minimal
overexpression of &-catenin and less truncations (Fig. 2A and Supp. Fig. 2).

We then applied sequencing and analyzed the entire coding region of &-catenin gene

(exons 1-22) isolated from human PCa lymph node metastases. As previously reported,10
Sanger sequencing data presented extensive SNP profile in §-catenin gene. Most functional
mutations occurred in Exon 13, Exon 14, Exon 21, and Exon 22 (Supplemental Table I).
We did not observe significant mutations at the amino terminus corresponding to exons 1-9.
There were overall fewer mutations (Fig. 2B) and insertions (Fig. 2C) detected in normal
control. These data suggest that human &-catenin gene contains increased alterations in
metastasis lymph nodes compared with normal control.

Furthermore, we have detected new features of §-catenin genomic DNA that harbors many
insertion fragments. After retrieval and comparison with GENEBANK, these insertion
mutations were mapped and assigned to human genomic DNA, with interesting profile:
most of these insertions came from genes that play important roles in apoptosis, such

as Death-associated protein 1 (DAP), Cytolethal distending toxins (CDTs), and Carbonic
anhydrase-related protein 10 (CA10), etc. Additional profiles include gene fusion involving
androgen, cell adhesion and Wnt signaling, such as the SDK1, DKK3, and ERVK-5 genes.
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The function of aggregation of gene sequences stemming from one signaling pathway to
&-catenin gene was not clear at the present.

We also examined a public database of &-catenin gene alterations in neuroendocrine (NEN)
PCa, since NEN PCa represents aggressive disease with poor survival. According to the
cBioportal database, §-catenin gene alterations including amplification and mutations were
found in 20% (16 out of 81) of patients with NEN PCa (Fig. 2D). Since deep sequencing
identified less SNPs compared with the targeted Sanger sequencing demonstrated in our
previous studies, 10 it is likely that §-catenin gene mutations are underestimated as well in the
cBioportal database. Taken together, these studies show that §-catenin undergoes extensive
gene alterations in metastatic PCa and may acquire new functions that are not predicted in
its original full-length protein.

Wildtype and mutant forms of &-catenin elicit non-overlapping interactomes involved in
distinct biological processes

To investigate the differential effects of full-length &-catenin and the mutant §-catenin with
carboxyl terminal truncation on PCa cells, Rv1-M®6 cells were sorted into two groups.

The full-length &-catenin group showed junctional distribution (JAD) whereas the mutant
&-catenin group displayed mostly cytoplasmic distribution (CAD). Proteomic analysis of
proteins isolated from co-immunoprecipitation of &-catenin variants in JAD and CAD cells
revealed 109 and 112 hits, respectively. Only 36 hits were shared (Fig. 2E). Only 39 out of
109 in JAD/WT, 47 out of 112 in CAD/truncated, and 32 out of 36 in both were identified/
verified genes. These genes were subjected to enrichment and network analysis.

To identify the potential changes to signaling associated with mutant &-catenin, we
examined the biological processes using network analysis using BiNGO. Biological
processes related to 33 out of 39 hits in JAD/WT, 36 out of 47 hits in CAD/truncated,

and 30 out of 32 hits in both were statistically significant (p <0.05). Altogether, the 99 genes
were categorized into 902 biological processes (Fig. 2F and Supp. Table I1). Interestingly,

97 biological processes were specific for the JAD/WT group while 199 were specific for

the CAD/truncated group. The CAD/truncated group uniquely activated several biological
processes related to cytokine regulation, steroid receptor signaling, hormone response, and
actin-myosin contraction (Supp. Table 11). Alternatively, the JAD/truncated mutant lost 97
processes/functions found only in the WT group such as negative regulation of transcription,
pH regulation, and NF-xB regulation (Supp. Table I1). Meanwhile proteomic and enrichment
analysis of &-catenin and cytoskeletal proteins such as tubulin and actin confirmed their
involvement in well-established biological processes such as cell-cell adhesion, microtubule-
based process, and organelle organization, respectively (Supp. Table I11). This data suggests
that the 6-catenin JAD distribution may interact with distinct signaling networks when
compared with that of the mutant &-catenin CAD distribution which may have gained
functions by interacting with non-junctional protein signaling networks.
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Differential 6-catenin subcellular distribution corresponds to the different fate of E-
cadherin/p120°t" and influences the interactions of p120°t" with Rho GTPases

To investigate how JAD and CAD 6-catenin may potentially control cell functions, we

first focused on a well-established interaction between &-catenin and cell adhesion. Since
8-catenin and p120°™" bind to the same juxtamembrane domain on E-cadherin but showed
an inverse expression pattern in PCa development,3 we applied the pixel density index of
junction to cytoplasm (Jun/Cyto) ratio to analyze the potential contribution of regional &-
catenin expression to E-cadherin and p120°™" distribution. The higher the index the stronger
the expression at cell-cell junction.

Figure 3A shows that E-cadherin index of Jun/Cyto is higher when &-catenin distributed at
cell-cell junction (JAD) than when &-catenin presented CAD expression pattern in Rv1-M6
cells. The p120°™" index of Jun/Cyto showed a similar trend to that of E-cadherin index (Fig.
3A). These results are consistent with the ability of JAD 6-catenin to stabilize E-cadherin

at the cell-cell junction while CAD &-catenin is associated with the loss of this function on
E-cadherin cell-cell junction but may gain new functions in the cytoplasm.

Rho GTPases are molecular switch proteins that are classically controlled by regulators
and phosphorylation.29 Expression of p120¢t" increases activity of Cdc42 and Racl, and
decreases RhoA activity.2122 Qverexpression of &-catenin also donwregulates RhoA.> To
determine whether different subcellular &-catenin distribution results in changes in Rho
GTPase activity in PCa cells, we analyzed fluorescent pixel intensity of phosphorylated
RhoA, Racl, and Cdc42 in association with &-catenin JAD and CAD (Fig. 3B). 6-Catenin
CAD increased phosphorylated RhoA and Racl indicating stronger inhibition of RhoA
and Racl compared to 6-catenin JAD. On the other hand, &-catenin CAD reduced
phosphorylated Cdc42 indicating stronger activation of Cdc42 compared to &-catenin JAD.

As &-catenin and p120°™" are both modulators of Rho GTPases, we investigated whether
8-catenin overexpression altered the interactions between Rho GTPases and p120°t™,
Overexpression of &-catenin led to an increase in phosphorylated Racl and a decrease in
phosphorylated Cdc42 (Fig. 3C) as observed in our pixel density results. To determine

if 8-catenin overexpression directly altered &-catenin and Rho GTPase interactions,

we performed co-immunoprecipitation. Pull-down of Rho GTPases and probing for
&-catenin revealed increased interaction of mutant 8-catenin with Cdc42. However, co-
immunoprecipitation indicated minimal direct interactions of &-catenin with RhoA and Racl
(Fig. 3D). Therefore, &-catenin alteration of the phosphorylation of these RhoA and Racl
may be indirect. On the other hand, overexpression of 6-catenin decreased the interaction of
p120°™" with RhoA and increased p120¢™" interaction with Cdc42 (Fig. 3E).

Knockdown of p120°t" altered Rho-GTPase function/activation/phosphorylation in &-
catenin overexpressing CWR22Rv1 cells

It is well known that p120°™" regulates actin cytoskeleton organization and cell motility
through Rho family GTPases,?! balancing between adhesive and motile phenotypes. Since
8-catenin belongs to the p120°™" subfamily of the B-catenin/armadillo superfamily, different
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cell proliferative and migratory behavior due to different &-catenin distribution and Rho
GTPases may be influenced by competition with p120°t" localization.

We knocked down p120°¢t" expression in CWR22Rv1 with 8-catenin overexpression (Rv1-
M®6) cells to determine its effects on &-catenin interaction with Rho family small GTPases.
Knockdown of p120¢™" decreased &-catenin protein expression in Rv1-M6 cells and did not
appear to affect total RhoA and Cdc42 protein level. However, we observed an increase

in phosphorylation of RhoA and Cdc42 following p120°™ knockdown when compared to
Rv1-M6 cells (Fig. 3F). 8-Catenin expression (Rv1-M®6) slightly decreased pCdc42 level
when compared to C2 cells. Knockdown of p120°" in Rv1-M6 cells resulted in increased
pCdc42 level. These results indicate that 8-catenin can inhibit RhoA function in a p120°t"-
independent manner. Meanwhile, p120°™" positively regulates Cdc42. This is in line with
our findings in Figure 3 such that p120¢™ directly binds to Cdc42 (Fig. 3E) and results in
an increase in pCdc42 level (Fig. 3F). Knockdown of p120°™" in Rv1-M6 cells resulted in
increased pCdc42 level. Taken together, after p120°™" knockdown, the net effect of 8-catenin
expression was still the inhibition of RhoA while its effect on activating Cdc42 reversed to
inhibition.

Differential §-catenin subcellular distribution determines different cell fate and behavior
and influences growth factor responses of PCa cells

It is well known that FGFs stimulate the proliferation, migration, and differentiation

of epithelial cells.?® In addition, recent studies showed that androgen receptor pathway-
independent PCa is sustained through FGF signaling.1® Therefore, we examined the cell
behavior of Rv1-M6 cells with &-catenin JAD or CAD in response to treatment with bFGF
using time-lapse video light microscopy (Fig. 4A and 4B).

In the same 24-hour recording period, Rv1-M6 cells with &-catenin JAD expression showed
an increased cell number when compared to that of CAD expression (Fig. 4A and 4C,
-bFGF). Interestingly, treatment with bFGF resulted in decreased cell number in JAD
compared to JAD without bFGF treatment (Fig. 4C JAD -bFGF and +bFGF). The treatment
with bFGF did not increase cell number in CAD (Fig. 4C, CAD -bFGF and +bFGF), either.
However, following bFGF stimulation, cells with §-catenin CAD expression were visibly
more motile in that many of them moved in and out of focus and were displaced during

the 24-hour recording period (Fig 4B, CAD+bFGF; Fig 4D, CAD). The enhanced motile
behavior was exemplified in &-catenin CAD cells moving away from the initial cell cluster
(Fig 4B, CAD+bFGF; compare Ohr with 24hr: asterisks). In contrary, §-catenin JAD cells
remained in focus as sheet of cell clusters during the recording period (Fig 4B, JAD +bFGF),
and fewer cells were displaced (Fig 4D, JAD).

To further discern the roles of 6-catenin on FGF-stimulated cell signaling events, we studied
downstream MAP kinase phosphorylation signaling. We examined p38 and p44/42 MAPK
expression and phosphorylation in Rv1 and PC3 cells with overexpressed mutant (R3

and T4) and full-length (M6) &-catenin (Fig. 4E and 4F). In all Rv1 cells, there was no
significant response of p-p38 to bFGF stimulation. Meanwhile, p-p44/42 was activated in
all Rv1 cells (C2, R3, and M6) after 30 minutes of bFGF stimulation. The truncation
mutant Rv1-R3 cells showed the strongest molecular weight shift in pan-ERK expression
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(Fig. 4E, Rv1-R3 pan-ERK). After overnight treatment of bFGF, MAPK expression and
phosphorylation decreased, although p-p44/42 MAPK was still detected in Rv1-R3 and
Rv1-M6 cells (Fig 4E, p-p44/42 MAPK).

Transfected PC3 cells showed significant changes in p-p38 levels after stimulation with
bFGF (Fig 4F). PC3-R3 and PC3-T4 cells showed a significant increase in p-p38 levels

30 min after bFGF stimulation. Moreover, p-p38 levels were sustained even after overnight
treatment. In contrast, the parental PC3-C2 cells showed only a moderate increase in p-p38
levels following 30 min activation with bFGF. In addition, p-p38 levels in PC3-C2 cells
dropped sharply after overnight stimulation with bFGF. Thus, overexpression of mutant
&-catenin promotes and prolongs bFGF-p38 signaling. Meanwhile, stimulation of the PC3
cells with bFGF increased p-p44/42 levels in all cells. No significant changes were detected
in pan-ERK levels in PC3 cells with or without &-catenin overexpression.

To gain additional insights into the functions of 6-catenin mutation in PCa progression /n
vivo, we generated Myc/8-catenin mutant mice.10-24 ARR,PB-Myc transgenic mice were
further cross-bred with &-catenin heterozygous (5-cat*/~) mutant mice to obtain Myc with
§-catenin homozygous mutation (Myc/8~/7) in which &-catenin expresses as a truncated
protein lacking the carboxyl terminus and the entire armadillo domain (Supp. Fig. 3).10.25
This mutation mimics those seen in human PCa and CWR22Rv1-M6 PCa xenograft cells
that demonstrated AAD/CAD distribution (Fig. 1).

The increased MAPK signaling was also observed in transgenic mice expressing Myc/6-
catenin (Fig. 4G). The expression of mutant &6-catenin increased p-p38 level (Fig 4G,
Myc/8~). While the expression of WT &-catenin increased p44/42 MAPK level (Fig 4G,
Myc/&*/*), expression of mutant §-catenin resulted in the decrease of p-p44/42 (Fig 4G,
Myc/87/7). Therefore, expression of WT and mutant &-catenin altered MAPK signaling in
both PCa cell culture and transgenic mice expressing oncogenic Myc.

Myc/8-catenin mutant mice promote prostate tumor development in a mutation dependent

manner

We further examined the histopathological changes in three different genotypes (Myc/&8*/*,
Myc/8*/~, and Myc/8~/~) compared to WT mice at 6 weeks (Fig. 5A) and 6 months (Fig.
5B) of ages. At 6 weeks, the DLP and VP of Myc/8*"*, Myc/6*/~, and Myc/6~/~ prostates
exhibited multilayering of cells partially filling the lumen, characteristics of mPIN lesions
(Fig. 5A). In addition to multi-layering of cells, the changes in Myc/6*/~ and Myc/6~/~
mutant mice included prominent nucleoli, nuclear shape variability, and intraepithelial
space formation (Fig. 5A, b—d, f-h, j-I, and n—p, asterisks). Additionally, Myc/&-catenin
mutant mice displayed the loss of polarity, which can be characterized by a variation in the
location of nuclei within the mPIN cells rather than basally located nuclei observed in wild-
type animals (indicated by arrows). Striking differences were observed in the prostates of
Myc/8**, Myc/8*/~, and Myc/8~/~ at 6 months of age (Fig. 5B). Myc/&~'~ mice progressed
to develop invasive adenocarcinoma (Fig. 5B, p) whereas Myc/6*/* and Myc/6*/~ mice
continued to exhibit mPIN at the same time point (Fig. 5B, f—g and n—0). These findings
indicate that a homozygous mutation in &-catenin resulting in its truncation exacerbates
prostate tumor progression in Myc transgenic mice.
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§-Catenin mutations enhance p-catenin, Myc, and HIF-1a expression in Myc/§-catenin
mutant mice

Many studies have primarily compared 8-catenin to other p120°™" subfamily members.26
Fewer studies have directly addressed the shared functional properties between Wnt
modulator B-catenin and &-catenin.2”28 Kim et al (2012) reported &-catenin mediates
nuclear accumulation of B-catenin, resulting in the transcription of genes involved in

cell cycle (e.g., cyclin D1), and cell proliferation (e.g., Myc).2? In addition, we recently
reported that 6-catenin mutations increased p-catenin translocation to the nucleus and
HIF-1a expression in PCa xenograft cells.1? Thus, aberrant signaling in this pathway

is associated with overproliferation.13 Therefore, we further investigated what effects &-
catenin mutations exert on Myc/8-catenin mutant PCa mouse model by engaging p-catenin-
mediated oncogenic signaling pathway (Fig. 6).

Western blot analysis of 6-month old mice revealed significantly increased p-catenin
expression, which was correlated with marked reduction in phosphorylated p-catenin in
mutant Myc/8~/~ mice (Fig. 6A and B, * p<0.01, relative to wild type and A p<0.01,
relative to Myc/&*/*). Phosphorylated B-catenin is indicative of targeted-B-catenin for
ubiquitin-dependent degradation in the proteasome. These results suggested that p-catenin
is stabilized in cytoplasm in Myc/&6~'~ mice. Furthermore, Myc, a downstream effector

of Wnt/p-catenin signaling pathway, increased dramatically, corresponding with p-catenin
expression (Fig. 6A). Quantification of protein density in Fig. 6C confirmed the visual
comparison and demonstrated mutant &-catenin not only significantly increased Myc in
Myc/6~/~ as compared to wild type (* p<0.01), but also to Myc/&** and Myc/6*/~ (A
p<0.01). These findings support that mutations of &-catenin facilitated tumorigenesis by
altering p-catenin and Myc protein levels, leading to mouse prostate tumor growth.

HIF-1a upregulates the expression of glucose transporters and most of the glycolytic
enzymes under hypoxia, increasing the capacity of the cell to carry out glycolysis.30-32
In addition, HIF-1a. cooperates with Myc to enhance the expression of shared targets in
the glycolytic pathway.33-35 Our earlier study showed that 8-catenin mutations increased
HIF-1a expression in cultured PCa cells. Here, we further found that HIF-1a protein
expression was minimal in wild type mice (Fig. 6A). However, HIF-1a was significantly
increased, which was correlated to a dosage of 6-catenin mutations and Myc protein
expression in mutant mice (Fig. 6A and D, * p<0.01, relative to wild type and A p<0.01,
relative to Myc/8*/*). These findings further support the hypothesis that the Myconcogene,
besides its-well documented role in controlling cell proliferation, alters the metabolic
phenotype in favoring tumorigenesis.

8-Catenin mutations promote a dramatic increase in cells overexpressing Myc in Myc/6-
catenin mutant mice

Myc overexpression is reported to localize within luminal epithelial cells correlated with

the onset of morphological transformation of mPIN lesions in Myc transgenic mouse
models.36 As depicted in Fig.6E, immunofluorescent analysis revealed a distinct pattern

of Myc expression. Not all prostatic epithelial cells showed positive anti-Myc staining.
Myc/6** and Myc/6*/~, with a well-defined luminal-basal compartment, demonstrated anti-
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Myec positive cells being localized predominantly in luminal epithelial cells (white asterisks
indicate lumina), whereas Myc/6~/~ cells staining positively for Myc were beyond luminal
epithelial cells and located all over tumor lesions. Additionally, wild-type prostates were
completely negative for anti-Myc staining. We also observed that number of cells expressing
Myc was significantly increased in Myc/8~/~ (Fig 6F, * p<0.01, relative to wild type and

A p<0.05, relative to Myc/&*/*). These findings also supported that Myc/8~/~ promoted
prostatic tumorigenesis and progression.

The morphological and functional changes in the nuclei are widely observed in cancer
tissues and directly related to the rate of proliferative cancer cells. We hypothesize that
&-catenin mutants lead to an alteration of nuclei in Myc transgenic mice. We determined
the nuclear area as identified by Hoechst-stained nuclei and Myc expressing cells (with the
exception of WT mouse prostate section which was anti-Myc negative). The results showed
that relative nuclear area of Myc/6~/~ was approximately 2.9- and 1.4-fold greater than WT
and Myc/8*"*, respectively (Fig. 6G).

DISCUSSION

Genomic aberrations are well recognized as cancer drivers and dictate the direction of cancer
development.13 In this report, we demonstrated how genetic mutations contribute to the
functional heterogeneity of cancer cells using the Wnt/p-catenin modulator &-catenin as a
model example (Fig. 7). We anticipate that the gain-of-novel functions (or neomorphism)
due to genetic alterations would be widespread across human genome landscape.2-911

Inside the tumor where &-catenin mainly located at cell-cell junction, it co-localized with
E-cadherin and p120°™", and promoted cell proliferation. This can be simulated in cultured
PCa cells in which &-catenin JAD cells grew faster than CAD cells. With rapid tumor
growth, cancer cells inside the tumor mass became deprived of nutrition, such as oxygen

and glucose supplies. It is well known that cancer cells deregulate expression of many genes
during transformation. Some genes, when expressed highly, can be harmful for overall tumor
growth if the nutrition supplies cannot match the demand of rapid growth. Our previous
studies identified that 6-catenin (CTNND2) gene displays somatic mutations for cell survival
and metabolic adaptation during densely packed tumorigenesis.10

In addition, at the border of the tumor mass, 6-catenin may have high propensity

for mutagenesis to promote cancer progression accompanied by developing androgen
independence. This notion can be simulated in cultured PCa cells, in which &-catenin CAD
cells grew faster than JAD cells when treated with bFGF, a growth factor signaling pathway
known to be used by PCa cells to bypass androgen dependence.1> §-Catenin lacking
carboxyl terminus loses the function of stabilizing cadherin-mediated cell-cell junction. In
this scenario, mutant &-catenin is dissociated from cell membrane and re-localized to the
cytoplasm. In turn, p120°t" and E-cadherin are also re-located from cell-cell junction to the
cytoplasm and are down-regulated during tumor progression. Cytoplasmic mutant §-catenin
and p120°" as well as its downregulation inhibit RhoA and activate Rac1/Cdc42 thereby
promoting cell motility and invasion.37-42 Therefore, PCa cells with &-catenin mutations
increased potential to spread and migrate. Indeed, when we treated cells with bFGF, CAD

Oncogene. Author manuscript; available in PMC 2023 September 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 11

cells became more motile. This is consistent with the roles of Rho family small-GTPase in
cancer progression. Moreover, we presented data that further implicates the role of §-catenin
in Myc signaling which shows altered p38 and p44/42 phosphorylation.

Examination of Sanger cancer gene mutation database revealed remarkable variations in
&-catenin coding and non-coding regions in many cancer types including PCa. The Cancer
Genome Atlas (TCGA\) project also demonstrated the wealth of §-catenin gene variants
including SNPs, mutations, deletions as well as gene fusion.#! These data from unbiased
genome landscape corroborated with our targeted gene sequencing results. Not only have
we found that §-catenin displayed increased sequence variations in primary prostatic
adenocarcinoma, 9 but we have also demonstrated in this study that &-catenin mutations
are widespread in the advanced metastatic tissues such as lymph node metastasis and
neuroendocrine transdifferentiated prostate tumors.

These studies raised a question about the fate of the mutant &-catenin and the roles of

the mutations in cancer evolution. If the mutations are the products of selection for cancer
progression, then would there be increased mutant &-catenin in the late stage of cancer and
less full-length &-catenin in the end? In some cancer types, it is reported that §-catenin exists
as a protein with sizes much smaller than the predicted full-length protein.#243 Therefore, it
may be true that 8-catenin accommodated a mechanism to eliminate the full-length protein
early in some cancer types. On the other hand, we have not confirmed that all PCa cells lost
the full-length protein. At least in some cancer cells, the full-length proteins are retained.
Therefore, it is possible that the roles of &-catenin mutants are stage- and subcellular
location-dependent in cancer progression.

Altogether, we present data that elucidates the potential role of CAD/mutant &-catenin

in PCa (Fig. 7). Overexpression of CAD/mutant &-catenin altered Rho GTPase activation
and increased the expression of HIF-1a, f-catenin, and Myc. CAD/mutant &-catenin also
appeared to alter MAPK signaling differentially through p44/42 (CWR22Rv1 tumor) or p38
(PC3 metastasis) , but direct interactions remain to be determined (Fig. 7, orange dashed
arrow). Following stimulation with bFGF, we observed activation of MAPK-myc signaling
in vivo (Fig. 7 black arrows). However, the direct interactions of FGFR and CAD/mutant
&-catenin is unclear at present (Fig. 7, dashed black arrow).

&-Catenin is not the only gene that gained novel functions by mutagenesis for promoting
cancer. The neomorph concept was first proposed in Drosophila by the Nobel laureate H.
J. Muller in 1932. In recent years, neomorphic mutations became increasingly associated
with cancer progression.1 IDH1 and IDH2, PI3K, PTEN, TP53, MYOD1, and YY1, all of
which showed neomorphic phenotypes. In addition, not only the coding regions of the genes
but also the non-coding elements of genes can also be altered by duplications, deletions,
and fusions.#* Acquired and/or novel gene re-arrangements can either be induced from
therapy or be tumor progression driven such as the dichotomy of CDK12 amplifications
and inactivation.#> Recognizing that novel gain-of-functions can be introduced in both
oncogenes and tumor suppressors has important implications when designing cancer
therapeutics. As discussed by Takiar et al (2017), the unanticipated phenotypic effects
elicited by neomorphic mutations of oncogenes and tumor suppressor genes indicated
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that tumors with the neomorphic mutations may not respond to the cancer therapies
currently designed to target the wild type proteins. Consequently, an effective cancer
treatment strategy should consider the functional impacts of each genomic aberrations to
be targeted.*®:47 Our current studies open the door for further interrogating other genes in
the same way and screening small molecules that can specifically target the mutant cells
within the tumor.

MATERIALS AND METHODS

Antibodies and reagents

Mouse antibodies against E-cadherin, p120ctn, &-catenin or total-Rac were obtained from
BD transduction Lab. Rabbit antibody against total-RhoA (polyclonal) was obtained from
Cytoskeleton, and total-Cdc42 was from Santa Cruz. Rabbit polyclonal anti-phosphorylated-
RhoA (serine188) and anti-phosphorylated Rac1/Cdc42 (Serine71) were obtained from
Millipore. Monoclonal anti-GAPDH was from EMD Science. Phosphorylated antibodies:
1:1000 phospho-p38 MAPK (Rabbit, Cell Signaling Tech), 1:2000 phospho-p42/44 MAPK
(Rabbit, Cell Signaling Tech), 1:1000 phospho-SAPK/INK (Rabbit, Cell Signaling Tech).
Total antibodies: 1:500 p38a. (F-9) (Mouse, Santa Cruz), 1:500 pan-ERK (Mouse,
Transduction Laboratories), 1:500 ERK2 (C-14) (Rabbit, Santa Cruz), 1:500 JNK (D-2)
(Mouse, Santa Cruz). Control antibodies: 1:2000 GAPDH (Mouse, Calbiochem), 1:1000
Histone H3 (Rabbit, Cell Signaling Tech), 1:1000 a-Tubulin (Mouse, Sigma). Sepharose
beads conjugated anti-RhoA and sepharose beads conjugated anti-Cdc42 were from

Santa Cruz Biotech. All other chemicals were form Sigma unless indicated otherwise.
Recombinant Basic Fibroblast Growth Factor (bFGF) was from Biosource.

Tissue for protein assay (Western blot and IP)

Human primary prostatic tumor tissues and metastatic lymph nodes were collected
according to the Institutional Research Board protocols with informed consent obtained
from all subjects. Tissues for protein assay were lysed in RIPA buffer (1% Triton X-100,
0.5% Deoxycholic Acid, 0.2% SDS, 150mM sodium chloride, 2mM EDTA) with complete
protease inhibitor cocktail tablets (Roche, Germany) and pepstatin A. After removing
debris by centrifugation, protein concentration was determined using BCA method. Some
cell lysates were immunoprecipitated using anti-RhoA or anti-Cdc42 conjugated sepharose
beads, or anti-Racl antibody followed with Protein G beads and then Western blotted with
anti-phosphorylated RhoA (serine188) or anti-phosphorylated Rac1/Cdc42 (Serine71).

The proteins separated by SDS-PAGE were transferred to the nitrocellulose membrane
(Optitran, Germany) for Western blot analyses. The primary antibodies used were
against the following antigens: E-cadherin, p120ctn, 8-catenin, phosphorylated-RhoA,
phosphorylated-Rac1/Cdc42 and GAPDH. After incubation in appropriate secondary
antibodies, the membranes were developed with ECL detection reagents. Protein amount
were semi-quantified in triplicates using Quantity One (BioRad). Statistics analyses were
performed and the p-values were assigned with the confidence levels set at 95%.
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H&E and Immunohistochemistry

For human prostate tissue H&E staining, 5um serial tissue sections of paraformaldehyde-
fixed, paraffin-embedded blocks were deparaffinized and rehydrated; endogenous
peroxidase was blocked by incubation with hydrogen peroxide. The sections were stained
with H&E staining followed the standard protocol and observed under microscope.

The sections were also immunostained using mouse anti-5-catenin (1:100), mouse anti-E-
cadherin (1:100) and mouse anti-p120 (1:100) followed by streptavidin-biotin peroxidase
method for detection. The immunostaining was done in Dako Autostainer (Carpinteria, CA)
according to the manufacture instruction.

Cell culture and cell sorting

Transfection of CWR22-Rv1, PC3, and LNCaP PCa cells and sorting were conducted

as previously described.10 Briefly, PCa cells stably transfected with &-catenin (named as
Rv1-M6, PC3-T4, and LNCaP-M®6) or GFP vector alone (named as Rv1-C2, PC3-C2, and
LNCAP-C2) were grown in RPMI1640 medium with 0.25% Gentamicin (G418) (Gibco).
While PC3-T4 cells represented the PC3 cells transfected with full-length &-catenin, they
were rapidly converted to stable PC3-R3 cells displaying carboxyl terminal truncation. On
the other hand, Rv1-M6 cells were able to maintain full length &-catenin expression when
cultured with optimal condition. All cells were incubated at 37°C in 5% CO2 environment.
After sorting, cells in different groups were collected separately for protein assay validation.
All experiments were repeated at least three times.

Immunofluorescent light microscopy

Rv1, LNCaP, and PC3 cells with varying expression of &-catenin were plated on the
coverslips and fixed in 4% paraformaldehyde. Following permeabilization in 0.2-0.5%
Triton X-100, the cells were stained using mouse anti-E-cadherin, anti-p120ctn, anti-
phosphorylated Rac1/Cdc42 or rabbit anti-phosphorylated RhoA. The cells were then
incubated with the appropriate Cy3 conjugated secondary antibodies. The nuclei of the
cells were stained with Hoechst 33258. The coverslips were mounted on slides using
Anti-Fade medium (Invitrogen) and photographed under the Zeiss Axiovert inverted
fluorescent microscope or Nikon’s Stochastic Optical Reconstruction Microscopy (N-
STORM). Immunofluorescent density analyses were performed using a MetaMorph 4.6
imaging software system (Universal Imaging Corp., West Chester, PA). All data was
presented as Mean+SEM and statistically evaluated with t-test. The confidence level was
set at 95%.

Immunoprecipitation and Western blot with ECL detection

Cells for protein assay were lysed in RIPA buffer with complete protease inhibitor

cocktail tablets (Roche, Germany) and pepstatin A. After removing cell debris by
centrifugation, protein concentration was determined using BCA method. Some cell lysates
were immunoprecipitated using anti-RhoA or anti-Cdc42 conjugated sepharose beads, or
anti-Rac1 antibody followed with Protein G beads and then Western blotted with anti-
phosphorylated RhoA (serine 188) or anti-phosphorylated Rac1/Cdc42 (Serine 71).
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The proteins separated by SDS-PAGE were transferred to the nitrocellulose membrane
(Optitran, Germany) for Western blot analyses. The primary antibodies used were

against the following antigens: E-cadherin, p120ctn, &6-catenin, phosphorylated-RhoA,
phosphorylated Rac1/Cdc42 and GAPDH. After incubation in appropriate secondary
antibodies, the membranes were developed with ECL detection reagents. Protein amount
were semi-quantified in triplicates using Quantity One (BioRad). Statistical analyses were
performed and the p-values were assigned with the confidence levels set at 95%.

analysis

CWR22Rv-1 cells stably expressing wild type or mutant 6-catenin were lysed in

HEPES buffer containing octyl glucoside.*® 46 Wild type or mutant &-catenin were
immunoprecipitated and processed for protein sequence identification using MALDI-TOF/
TOF. Data was searched against a publicly available protein database using Mascot search
engine. Data was processed in Protein Pilot. Enrichment analysis was performed with
BINGO 2.44 in Cytoscape 2.81 software (www.cytoscape.org). For statistical analysis

of enrichment data created with BINGO/Cytoscape hypergeometric tests were performed
and corrected by Benjamini & Hochberg False Discovery Rate (FDR) correction at a
significance level of 0.05.49

Time-lapse imaging

Rv1-M6 and Rv1-C2 cells with different GFP-&-catenin expression patterns (JAD or CAD)
were recorded by time-lapse light microscopy as described with some modifications,>0:51
Cells were also treated with bFGF to examine the different responses of GFP-6-cateninJAD
and CAD. bFGF (10ng/ml) was used to treat the cell for 24 hours under the serum-free
media. Continuous video microscopy of Rv1-M6 and Rv1-C2 cells was performed using
the WaferGen Smart Slide System (WaferGen, Incorporated, Freemont, CA). The cells were
plated on a WaferGen Smart Slide 100 and maintained at 37°C, with the lid at 39°C to
prevent condensation. CO, was maintained at 5% over the course of the experiment. Images
were obtained at time-lapse mode using a Zeiss Axiovert microscope (Carl Zeiss), and the
camera was set up to record a picture of the cell every 30 minutes for 24 hours using
MetaMorph (4.6) software.

siRNA against p120¢tn

Rv1-M6 and Rv1-C2 cells were transfected using Lipofectamine Plus reagent (Invitrogen)
according to the manufacturer’s instructions. For p120°"" knockdown experiments, specific
siRNAs directed against human p220°!" nucleotide sequences were obtained from Darmacon
Technologies (USA). The ON-target plus SMARTpool siRNA oligonucleotide sequences
were as follows: GGAAUGUGAUGGUUUAGUU, UAGCUGACCUCCUGACUAA,
GGACCUUACUGAAGUU-AUU, GAGUGAAGCUCGCCGGAAA. A scramble siRNA
was used as control.

Cell growth assay

Cells were harvested after trypsinzation and resuspended in complete media at 1.0x10° cells
per well in 12-well plates. At the indicated times after plating, cells were trypsinized, mixed
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with trypan blue at a 1:1 dilution, and counted using an automated cell counter (Invitrogen,
Countess). All experiments were performed in triplicate. Data are expressed as mean+SEM,
and a growth curve was drawn.

Analysis of §-catenin gene variations in human PCa tissue

PCR analysis was used to amplify &-catenin exon sequence at Genomic DNA level in
prostate cancer cases. The PCR primers used for detection of &-catenin DNA

a. Genomic DNA extraction form tissue—Genomic DNA were extracted from fresh
tissue using DNeasy Tissue Kit (QIAGEN Science, Maryland) or from Paraffin embedded
primary prostatic adenocarcinoma samples and non-cancer prostate tissues after LCM using
Pico Pure DNA Extraction kit (Arcturus Bioscience, Mountain View, CA).

b. PCR amplification of &-catenin gene—PCR analysis was used to amplify &-
catenin exon sequence at Genomic DNA level in PCa cases. The PCR primers used for
detection of &-catenin DNA sequencing are listed in supplemental materials.

c. PCR products sequence analysis—Directly purified PCR products using
QIAquick PCR Purification Kit (QIAGEN Science, Maryland) and send to sequence. The
DNA sequences of amplified PCR fragments obtained from PCa tissues and the matched
adjacent normal prostate cells were compared to human &-catenin DNA sequence as
reference published in the NCBI database using BLAST Program.

5-Catenin mutant and Myc transgenic mice

The Myc/8-Catenin compound transgenic mice were generated as previously described.10
The animals were housed under pathogen-free conditions according to the guidelines of
East Carolina University Animal Use Protocol. Transgenic animals were analyzed with

at least 6 littermates, and both males and females were considered. Animals at 6 weeks

and 6 months were analyzed. If the animal age was beyond one week from the 6-week
experiments or two weeks from the 6-month experiments, they would be excluded from

the analysis. Randomization was not pre-adopted and the experiments were performed with
partial blinded analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Differential 6-catenin distribution patternsin the same prostate tumor mass and
prostate cancer (PCa) xenogr aft cell line.

A. 8-Catenin, E-cadherin, and p120°t" distribute to cell-cell junctions (arrows) in the

luminal side of prostatic tumors. When &-catenin shows perinuclear (arrowheads) or
cytoplasmic (circles) localization towards the tumor periphery, there is weakened E-cadherin
(arrowheads) and p120°™" (arrowheads) expression as well as disrupted cell-cell junctions.
Under such condition, cytoplasmic &-catenin (circles) does not colocalize with E-cadherin
and p120°" (circles).

B and C. In PCa xenograft cell line Rv1-M6 that overexpresses &-catenin (green), 6-catenin
also showed differential distribution patterns that mimicked the /n vivo distribution. B. In

the left panels, 6-catenin shows actin-associated AAD or cytoplasmic CAD distribution

like bark distribution at the edge of the cell cluster (arrowheads) where E-cadherin (red)
expression was diminished (arrowheads). Cells that do not overexpress &-catenin (green,
drawing line) showed clear E-cadherin JAD (red, drawing line). In the right panels, &-catenin
(green) also showed cell-cell junction (arrows) associated JAD distribution where E-cadherin
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(red) expression was strong (arrows). C. Similarly, In the left panels, cells that overexpress
8-catenin AAD or CAD (green, drawing line) showed diminished p120°" co-localization
(red, drawing line). In the right panels, &-catenin (green) showed junction associated JAD
distribution (arrows) where p120°t" (red) expression was strong (arrows). Bar: 20 pm.
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Figure 2: 6-Catenin genetic alterations and non-overlapping interactomesinvolving distinct
biological processes elicited by wildtype and mutant forms of &-catenin in human PCa.

A. Western blot showing full-length and truncated mutant 6-catenin from lymph node
metastasis and control lymph nodes. GAPDH was used as loading controls. P: PCa; N:
Normal control.

B. Comparison of mutation rates between PCa patient lymph nodes and normal control.

C. Comparison of rate of gene insertions and fusions between PCa patient lymph nodes and
normal control.

D. Frequency of gene alterations in neuroendocrine PCa samples.
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E. Overlapping and non-overlapping hits (Venn diagram) generated by &-catenin JAD and
CAD cells.

F. Signaling and biological processes elicited by 6-catenin JAD and CAD cells. Significantly
enriched biological processes of proteins present in JAD and/or CAD cells. Statistical
analysis was performed with a hypergeometrical test. All processes are statistically modified
(increased or decreased) (p<0.05).
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Figure 3: Differential 8-catenin subcellular distribution correspondsto the different fate of
E-cadherin/plZOCtn and influences the interactions of p120ctn with RhoA, Cdc42, and Racl.

A. Junction/cytoplasm ratio of E-cadherin and p120°" in JAD and CAD Rv1-M6 cells.
B. Pixel intensity of phospho-RhoA, Racl, and Cdc42 in JAD and CAD Rv1-M6 cells.
C. Co-immunoprecipitation of total Rho GTPase and western blot showing phospho-

Rho GTPase in CWR22Rv1 cells without (C2) or with (M6) &-catenin overexpression.
Overexpression of &-catenin increased phospho-Racl and decreased phospho-Cdc42 levels.
D. Co-immunoprecipitation of total Rho GTPase and western blot showing &-catenin (WT
and mutant/truncated) interactions in C2 or M6 cells. Mutant/truncated &-catenin shows

increased interactions with Cdc42.
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E. Co-immunoprecipitation of total Rho GTPase and western blot showing p120°t"
interactions in C2 or M6 cells. Overexpression of &-catenin decreased p120°" interactions
with RhoA and increased interactions with Cdc42.

F. Knockdown of p120°t" reduced &-catenin expression. Knockdown of p120¢t" further
increased phospho-RhoA in Rv1-M6 cells. Knockdown of p120°!" appears to reverse the
effects of 8-catenin overexpression on phospho-Cdc42 (M6 versus M6 p120°™" siRNA).
All data are presented as mean+SEM from triplicates from at least two independent
experiments. Student’s t-test or ANOVA compared treatments to their respective control
(* p<0.05, ** p<0.01, *** p<0.001, # p<0.0001).
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Figure 4: Differential 8-catenin distribution in PCa cells licits different responsesto bFGF
stimulation.

A. Time lapse of Rv1-M6 cells. 6-Catenin JAD promoted cell proliferation compared with
&-catenin CAD cells. JAD Rv1-M6 cells showing &-catenin distribution at cell-cell junction.
CAD Rv1-M6 cells showing cytoplasmic 6-catenin distribution. Arrowheads highlight cells
in division.

B. 6-Catenin CAD Rv1-M6 cells increased cell proliferation compared with &-catenin JAD
Rv1-M6 cells in response to bFGF treatment. Asterisks highlight cells moving away from
the cluster.

C. Quantification of cell proliferation in response to bFGF treatment. Data represent

the ratio of cell numbers at 24 hours over that of 0 hour of bFGF treatment. ANOVA
comparisons are as indicated (* p<0.05, ** p<0.01, # p<0.0001). Scale bar: 10 pm.

D. Quantification of cell displacement in response to bFGF treatment. Data represent the
percentage of cells displaced after time-lapse video recording for 24 hours with bFGF
treatment from three independent experimental time-series. For each recording, a minimum
of 25 cells were traced for their movement. ANOVA comparisons are as indicated (#
p<0.0001).

E. Effect of 6-catenin on bFGF induced p38 and p44/42 phosphorylation in transfected Rv1
cells.

F. Effect of &-catenin on bFGF induced p38 and p44/42 phosphorylation in transfected PC3
cells.
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**p <0.01, *** p <0.001, # p <0.0001 compared to Control. All data are presented as
mean+SEM from triplicates from at least two independent experiments. Student’s t-test or
ANOVA compared treatments to their respective control.

G. Effect of &-catenin on p38 and p44/42 phosphorylation in Myc/§-catenin mutant mice.
**p <0.01, *** p <0.001, # p <0.0001 compared to WT. A p <0.05, AA p <0.01
compared to Myc/8*/*. All data are presented as mean+SEM from triplicates from at least
two independent experiments. Student’s t-test or ANOVA compared treatments to their
respective control.
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Figure5: 6-Catenin promotes prostate tumor development in a mutation dependent manner.

A. Histopathology analysis (H&E) of wild type (WT), Myc/&*/*, Myc/6*/~, and Myc/6~/~
mice. Prior to tumor onset (6-week-old-mice). Arrows point to the glandular epithelia. mPIN
lesions, recognized by intraepithelial space formation (indicated by asterisks), are found in
transgenic animals (f-h and n-p) regardless of prostate regions.

B. Histopathology (H&E) of 6 month-old-mice from WT, Myc/6*/*, Myc/6*/~, and
Myc/8~/~. Note that only Myc/6~/~ mice showed diffuse, invasive prostate adenocarcinoma
with large, undifferentiated tumor cells growing into stromal areas (I and p) in VP, while
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DLP (b-c and f-g) and VP (j-k and n-0) of Myc/&*/* and Myc/8*/~prostates continued to
exhibit mPIN lesions at the same time point.
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Figure 6: §-Catenin mutations enhance p-catenin, Myc, and HIF-1a expression.
A. Representative Western blot analysis of six month-old mouse prostate lysate probed with

antibodies against B-catenin, phosphorylated p-catenin, Myc, and HIF-1a. GAPDH served
as a loading control.

B - D. Graphs represent quantitative measurement of Western blot band intensities with the
indicated proteins. It was shown that 6-catenin mutations resulted in significant increased p-
catenin and Myc expressions, but decreased phosphorylated-p-catenin, which was associated
with doses of &-catenin mutations. These results suggested the reduction of -catenin
degradation. Results shown are mean+SEM from two independent experiments. All data
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was normalized to loading control and represented in fold induction versus wild type (* p<
0.01) or Myc/8** (A p<0.01).

E. Anti-Myc (red) and Hoechst (nuclei marker, blue) immunofluorescent analysis of 5

um mouse ventral prostate cross sections at 6 months of age from Myc/8-cat mutant

mice. Results revealed that Myc overexpression in Myc/6*/* and Myc/8*/~ prostates
predominantly localized to luminal epithelia as indicated by white asterisks in luminal
compartments of prostate glands whereas Myc overexpression in Myc/&™/~ prostates showed
widespread distribution beyond the lumen (left and middle panels). Note that an age
matched wild-type (WT) prostate was completely negative staining for Myc. The 100x
enlargement showed increased nuclear size in cells with Myc expression in Myc/6~/~
prostates.

F. Number of cells overexpressing Myc increases dramatically, notably when prostate
basement membranes were no longer intact as shown in Myc/6™/~ (right panel). Values
represent mean+SEM for a total of 500 cells counted from two sets of independent
experiments.

G. The nuclear area was randomly measured and calculated in total of 100 cells. Results
were reported as a fold induction from WT. * p<0.01, relative to WT and A p<0.05, relative
to Myc/8*/*,
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Figure 7: Schematic showing the modéd of intratumor heterogeneity of 8-catenin in modulation

of PCa cell dissemination.

Prostatic tumors may harbor subpopulations of JAD/WT and CAD/mutant &-catenin cells.
Inside the tumor (purple), JAD/WT &-catenin is colocalized with E-cadherin and p120°t"
and regulates Rho GTPases to affect its cancer signaling. At the tumor border/edge
(orange), CAD/mutant &-catenin is found in the cytoplasm, which increases Myc-dependent
tumor progression rate, activates Rac1/Cdc42, and increases B-catenin levels resulting in
increased translocation to the nucleus to facilitate tumorigenesis. CAD/mutant &-catenin
may reprogram MAPK from p44/42 to p38 in response to bFGF stimulation leading to

increased cell motility and metastasis.
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