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Abstract

ANPp63 is a transcription factor of the p53 family and has crucial functions in normal development
and disease. The expression pattern of ANp63 in human cancer suggests dynamic regulation of
this isoform during cancer progression and metastasis. Many primary and metastatic tumors
express high levels of ANp63, while ANp63 loss is crucial for tumor dissemination, indicating an
oscillatory expression of ANp63 during cancer progression. Here we use genetically engineered
orthotopic mouse models of breast cancer to show that while depletion of ANp63 inhibits primary
mammary adenocarcinoma development, oscillatory expression of ANp63 in established tumors is
crucial for metastatic dissemination in breast cancer. A TGFp-regulated microRNA network acted
as upstream regulators of this oscillatory expression of ANp63 during cancer progression. This
work sheds light on the pleiotropic roles of ANp63 in cancer and unveils critical functions of
TGFp in the metastatic process.
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INTRODUCTION

The TP63gene encodes multiple isoforms categorized into two groups, TAp63 and ANp63,
which are expressed in different cellular compartments and have distinct functions in many
biological processes including cancer (1). ANp63, which lacks the full-length transactivation
domain (TA domain), is the predominant isoform found in the basal layers of stratified
epidermis and is essential for terminal differentiation and maintenance of basal epidermal
cells. Both TAp63 and ANp63 transcripts can be transcribed into proteins with at least three
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different C-termini termed a, B and -y via alternative splicing (2). In cancer, ANp63a is
overexpressed in various primary tumors, such as lung squamous cell carcinomas, head and
neck squamous cell carcinomas, basal-like bladder cancer and ovarian cancer (3-6). ANp63
exhibits oncogenic functions through its antagonistic effects on the transcriptional activities
of p53, TAp63 and TAp73 (1,7-10). Importantly, tumor cells with high invasion capacity
express low levels of ANp63, which induces an epithelial to mesenchymal transition (EMT)
program in these cells (11-13). On the contrary, metastases at distant organs have high
expression of ANp63 (14,15), indicating a dynamic oscillatory expression of ANp63 during
cancer progression.

Rare cells within a primary tumor lose contact with surrounding cells due to the loss of cell-
cell adhesion, enter into the blood circulation, and successfully infiltrate and form
metastases at distant organs. The multistep metastatic process is orchestrated by a complex
network of signaling pathways, not only within primary tumor cells, but also between tumor
cells and the surrounding microenvironment (16). Even though there are numerous studies
that have focused on the characterization of metastatic progression, defined mechanistic
insights into metastatic progression are still unknown. Interestingly, while ANp63 is found to
be overexpressed in primary tumors and metastases of multiple cancers (14,15,17), there is
mounting evidence that ANp63 is a suppressor of the epithelial to mesenchymal transition
(EMT), cell migration and invasion, and potentially cancer metastasis (12,18,19). In
particular, the loss of ANp63 in epithelial-like bladder cancer cells promotes EMT and
enhance invasion, while the induction of ANp63 in mesenchymal-like bladder cancer cells
triggers the mesenchymal to epithelial transition (MET) and suppresses invasion (19). This
oscillatory expression of ANp63 expression from primary tumor to tumor dissemination to
distant metastasis resembles the spatiotemporal regulation of Twistl during metastasis (20),
suggesting a potential dynamic regulation of ANp63 in cancer metastasis. More importantly,
we have recently demonstrated pleiotropic functions of ANp63 during tumor development
and progression using a global pan-cancer approach to examine various types and stages of
cancers in TCGA (21). Together, these data indicate an intricate regulation of ANp63 in
tumor development and metastatic progression.

To understand the biological consequences of spatiotemporal expression of ANp63 on
cancer metastasis, we modulated ANp63 expression during breast cancer metastasis in a
genetically engineered orthotopic mouse model of breast cancer. By generating an inducible
shRNA knockdown of ANp63 to modulate its expression /n vivo, we demonstrated that an
oscillatory expression of ANp63 is required for efficient metastatic colonization of breast
cancer. We found that only breast cancer cells with an oscillatory expression of ANp63 (i.e.
these cells initially express ANp63 followed by a silencing of ANp63 and then a re-
expression of ANp63) efficiently metastasized and colonized the lungs of mice with
mammary tumors. Further, we identified a novel network of four TGFp-Smad3 regulated
microRNAs, including miR-22-3p, miR-30a-5p, miR-203a-3p and miR-222-3p, which
target ANp63 and efficiently silence it. These TGFp-Smad3-dependent microRNAs
cooperatively regulate the expression of ANp63, not only in breast cancer, but also in other
types of cancers where ANp63 is overexpressed. This novel TGFp/microRNA/ANp63
regulatory axis provides new insights into the pleiotropic functions of ANp63 and TGF in
tumorigenesis and cancer metastasis.
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MATERIALS AND METHODS

Cell lines and culture conditions

Human mammary epithelial MCF10A, human breast cancer MCF10DCIS.com and
MCF10CA1D.cl1 cell lines were obtained from Barbara Ann Karmanos Cancer Institute,
and cultured as previously described (22). All the cells lines were regularly authenticated via
STR profiling by the Molecular Genomics Core at the H. Lee Moffitt Cancer Center.

Animal studies

Mouse studies were approved by the IACUC at Moffitt Cancer Center. Female athymic
nu/nu mice were purchased from Envigo and used at 6-8 weeks of age. Age-matched mice
were used for all experiments.

Generation of inducible shRNA against ANp63

An shRNA specifically targeting ANp63 (shANp63: GAGGGACTTGAGTTCTGTTAT) was
designed and cloned into pLV-H1TetO-GFP-Puro lentiviral vector (SORT-CO1, Biosettia). 3
ug of the inducible shANp63 lentiviral (pLV-i-shANp63) vector were transfected into HEK
293T cells along with 3 ug of lentivirus packaging vectors, pCMV-VSVG and pRSV-REV,
using X-tremeGENE HP (Roche) in accordance with the manufacturer’s protocol. 48 hours
after the transfection, supernatants were collected, filtered and added to MCF10DCIS cells
for 48 hours in the presence of 8 ug/ml Polybrene (Santa Cruz). 2 ug/ml of puromycin was
added to the media 48 hours after infection for 2 days to select for stable clones.
Doxycycline (1 pg/ml) was added to the stable cells for 3 days, then cell pellets were
collected for western blot to determine knockdown efficiency of ANp63 protein.

In vivo mammary fat pad injection

2x106 cells mixed 1:1 ratio with growth factor reduced matrigel (BD Biosciences) were
injected into the left and right mammary fat pads of nude mice. Two weeks after the
injection, the tumors became palpable and the mice were fed with either control diet or
doxycycline (dox) diet (200 mg/ kg, Bio-Serv) to induce the expression of the ShANp63. At
the end of the experiments, all the mice were euthanized and necropsy performed to collect
tumors and internal organs for further analysis. Tumor sizes (length and width) were
measured using a caliper. Tumor volume was calculated using the following formula: 7umor
volume = 1/2(length x widtt?)

NanoString human microRNA panel to identify differential expressed microRNAs

2x10° MCF10DCIS cells were treated with TGFB1 (10 ng/mL) for 72 hours, then collected
for total RNA extraction using miRNaesy Kit (Qiagen) following manufacturer’s protocol.
Experiments were done in quadruplicate. Then, RNA samples were run in the NanoString
human microRNA panel (NanoString) following manufacturer’s protocol.
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Statistical analysis

For statistical comparison between two groups, an unpaired two-tailed t-test was used. A p-
value of less than 0.05 was considered significant. Statistical analyses were performed in
Graphpad Prism 7.

Data availability

The NanoString human microRNA data and the ChlIP-seq data were deposited to NCBI
Gene Expression Omnibus (GEO) repository: GSE134681 and GSE144995.

RESULTS

Oscillatory expression of ANp63 in breast cancer is associated with invasion and
progression

To determine the pattern of expression of ANp63 during the progression of breast cancer in
human patients, we examined ANp63 expression in a tissue microarray (TMA) including
samples from normal breast tissue, lobular hyperplasia, ductal carcinoma /n situ (DCIS), and
invasive breast cancer biopsies (BR480, US Biomax). We performed ANp63
immunostaining and revealed a significantly decreased expression of ANp63 in invasive
breast cancer samples compared to hyperplasia and carcinoma /n situ (Fig. 1A-E),
indicating that ANp63 must be lost for breast cancer invasion to occur. We then determined
the expression level of ANp63 in invasive primary tumors at different stages of disease
progression using a distinct breast cancer TMA (BR20837a, US Biomax). In this TMA, we
found a dramatic increase in the number of samples with low ANp63 expression in stage 11B
and 1A compared to stage I1A (Fig. 1F), indicating that loss of ANp63 is associated with
tumor progression. Paradoxically, we found that the decrease in ANp63 expression observed
in the primary tumors progressing from stage I1A to 111B was associated with an increase in
the levels of ANp63 in the matched lymph node metastases (Fig. 1G).

The association of ANp63 loss and the induction of cancer cell migration and invasion has
been reported in other cancers (12,18,19). To determine whether these features were also
induced in breast cancer upon loss of ANp63, we made use of the MCF-10A breast cancer
progression model (22—24). In this model, we depleted ANp63 in normal human mammary
epithelial cells (MCF10A), the DCIS cells (MCF10DCIS), and metastatic cells
(MCF10CALD), and found increased expression of EMT-associated factors, vimentin and
Twistl (Fig. 1H). E-cadherin expression did not significantly change upon the depletion of
ANPp63, suggesting the induction of a partial EMT (Fig. 1H). Importantly, we also observed
a significant increase in the cell migration and invasion of MCF10DCIS cells when ANp63
was knocked down (Fig. 11 and J), indicating that the downregulation of ANp63 is associated
with the migratory and invasive potential of breast cancer cells similarly to what has been
observed in other cancers.

Oscillatory expression of ANp63 enhances metastatic dissemination

To decipher the activities of ANp63 on different stages of the metastatic cascade in breast
cancer, we mimicked the oscillatory expression of ANp63 during breast cancer progression
by generating a doxycycline-inducible sShRNA against ANp63 (i-shANp63). In the presence
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of doxycycline (dox), protein expression of ANp63 in MCF10DCIS cells harboring the
inducible shANp63 (MCF10DCIS-i-shANp63) was dramatically decreased after 3 days
(Supplementary Fig. S1A). Withdrawing doxycycline from the culture media for 2 days
restored expression of ANp63 with a complete recovery of ANp63 expression after 4 days
without doxycycline in the culture media (Supplementary Fig. S1A). Loss of ANp63
expression in MCF10DCIS cells dramatically reduced primary tumor growth /n vivo by
more than two fold (Supplementary Fig. S1B and S1C). These data are in accordance with
previous studies demonstrating the essential oncogenic roles of ANp63 for the establishment
of primary tumors in thymic lymphoma and cutaneous squamous cell carcinoma (9,10).

Since p63 was previously reported to be overexpressed in both primary tumors and
metastases of cutaneous squamous cell carcinomas (14,15), we wanted to further investigate
how ANp63 modulates the complete process of metastatic dissemination, from primary
tumor formation to lung colonization using metastatic breast cancer as a model system. As
described in Figure 2A, MCF10DCIS-i-shANp63 cells were injected into mammary fat pads
of nude mice. After two weeks tumors became palpable, and one cohort of 10 mice was fed
with control diet to maintain a “high ANp63” expression (Group 1). The second cohort was
on doxycycline diet for 3 weeks, then switched to control diet for 3 more weeks to oscillate
the expression of ANp63 “low then high ANp63 expression” (Group 2). The last cohort was
continuously fed a doxycycline diet to keep a “low ANp63” expression (Group 3).
Consistent with our previous results shown in figure S1C, downregulation of ANp63 in
established tumors caused reduction in tumor growth (Fig. 2B). Additionally, primary
tumors from group 3 with “low ANp63” showed decreased expression of ANp63 and Ki67
compared to group 1 and group 2 (Supplementary Fig. S2A and S2B), indicating that the
downregulation of ANp63 resulted in a decrease in tumor cell proliferation which in turn led
to reduced tumor growth. All the mice were also assessed for spontaneous metastasis to the
lungs without removal of the primary tumors. Strikingly, tumor cells with “oscillatory
ANp63” (Group 2) exhibited the highest capacity to metastasize and colonize the lungs, with
70% of mice developing lung metastases compared to 30% from group 1 (Fig. 2C). Tumor
cells with “low ANp63” (Group 3) also showed an increase in metastatic frequency to the
lungs compared to “high ANp63” group (Group 1). Interestingly, lung metastases from all
three groups were positive for ANp63 staining (Supplementary Fig. S2C-E), suggesting that
subsets of cells with high expression of ANp63 may possess molecular features that
ultimately favor metastatic colonization.

In summary, these data revealed that the oscillatory expression of ANp63 facilitates
metastatic dissemination of tumor cells to distant organs. The depletion of ANp63 in primary
tumor cells, while inhibiting cell proliferation, also triggered a cell migration and invasion
program that could potentially increase intravasation into the blood circulation (Fig. 2D).
This mechanism of action sheds new lights on varying expression of ANp63 during
mammary adenocarcinoma disease progression.
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ANp63 is essential for breast cancer cell extravasation and lung colonization of circulating

tumor cells

The ability of tumor cells to disseminate and proliferate in distant organs is crucial for the
establishment of micro-metastatic lesions and subsequent colonization (16,25). Since our
data show that ANp63 promotes cancer cell proliferation and formation of primary tumors,
we further determined whether the expression of ANp63 is also required for the
establishment of distant metastases to the lungs, thus explaining why an oscillatory
expression of this isoform enhances metastasis as shown previously in this study. There are
two critical steps involved in the formation of overt metastatic colonies at distant sties:
extravasation and colonization. To investigate contribution of ANp63 in extravasation of
circulating tumor cells into the lungs, we performed an extravasation assay in which
fluorescence-labelled tumor cells are injected into nude mice via tail vein, and extravasated
cells into the lungs after 48 hours are quantified using flow cytometry (20). Specifically,
MCF10DCIS-i-shANp63 cells were labeled with red fluorescence protein RFP and cultured
in doxycycline for 3 days to silence ANp63 prior to tail vein injection into nude mice
receiving control diet or doxycycline diet as described in Figure 3A. The untreated
MCF10DCIS-i-shANp63 cells were injected into nude mice on control diet as “high ANp63”
(Group 1). After 48 hours, the number of RFP-positive cells successfully extravasating into
the lungs was quantified. The results showed that depletion of ANp63 in circulating tumor
cells (“low ANp63”, Group 3) resulted in a significant decrease in the number of RFP-
positive cells in the lungs compared to control tumor cells with “high ANp63” expression
(Group 1). Notably, tumor cells with “oscillatory ANp63” (Group 2) had similar percentage
of extravasated RFP-positive cells to “high ANp63” control cells (Group 1) (Fig. 3B and C),
indicating that ANp63 expression is essential for circulating cells to extravasate into the
lungs at the early stage of lung colonization.

We next determined the ability of these 3 groups with different ANp63 expression patterns to
colonize the lungs. To do this, we repeated the above assay by injecting MCF10DCIS-i-
shANp63 cells treated with doxycycline for 3 days to silence ANp63 into nude mice fed with
either control diet or doxycycline diet as described in Figure 3A. In this experiment, the
mice were aged for 8 additional weeks post-injection and the lungs were collected and
quantified for the number of metastatic lesions (Fig. 3A). In line with our previous results,
“oscillatory ANp63” (Group 2) had the greatest number of visible nodules in the lungs
similar to “high ANp63” (Group 1), whereas “low ANp63” (Group 3) exhibited a dramatic
reduction in overt metastasis formation (Supplementary Fig. S2F and G). The quantification
data from lung cross sections stained with hematoxylin and eosin (H&E) confirmed the
highest number of metastatic lesions in “oscillatory ANp63” (Group 2) and “high ANp63”
(Group 1) compared to “low ANp63” (Group 3) (Fig. 3D and E). These data indicate that
expression of ANp63 is critical for efficient lung colonization of breast cancer cells.
Surprisingly, metastases in all three groups showed high expression of ANp63 regardless of
our experimental manipulation of ANp63 during the course of the study (Supplementary Fig.
S2H), indicating that cancer cells expressing ANp63 exhibit favorable characteristics to
colonize distant lungs and that only cells that escape ANp63 depletion are capable of
colonization. Taken together, these /7 vivo data demonstrated that ANp63 is required for
both extravasation and colonization of breast tumor cells at distant lungs.
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To determine whether ANp63 regulates genes and pathways relevant to cancer progression
and dissemination in our /in7 vivo model, we injected MCF10DCIS-i-shANp63 cells into the
mammary fat pads of nude mice and fed them with either control or dox diet. After 5 weeks,
the primary tumors were collected to perform ChlP-seq analyses with ANp63 and RNA
Polymerase Il (Pol I1) antibodies as described in Figure S3A. Differential binding profiles of
ANp63 and Pol Il between the MCF10DCIS-control and MCF10DCIS-shANp63 tumors
were compared to identify ANp63-induced and -repressed gene signatures. Then, pathway
analyses were performed. We found enrichment of pathways involved in development, cell
metabolism, and cell motility, including some TGFR/EMT-related pathways in
(Supplementary Fig. S3B-C and Supplementary Table S1). This data is in accordance with
previously reported roles of ANp63 in developmental processes and cell motility regulation
(12,18,19,26-28), indicating that ANp63 regulates a large network of downstream target
genes during cancer progression.

TGFB inhibits expression of ANp63 via canonical Smad-dependent signaling in breast

cancer

Given that the regulation of ANp63 plays pivotal roles in metastatic dissemination, we aimed
to identify upstream regulators of ANp63 during this process. TGF signaling has been
shown to have duplicitous roles in breast cancer development and metastasis. In normal cells
and early stage tumors, TGFp exerts its tumor suppressive functions to inhibit tumorigenesis
via inducing apoptosis and cell growth arrest. On the contrary, in advanced cancer, TGFf
functions as a pro-metastatic factor by inducing EMT and promoting breast cancer cell
migration and invasion, which ultimately favors metastatic dissemination (29,30).
Interestingly, a previous study revealed that constitutive activation of TGFp signaling
promotes single cell invasion and intravasation in primary tumors, yet fails to facilitate
tumor growth of distant metastases, whereas a localized and reversible TGFp signaling is
required for sufficient metastatic dissemination of breast cancer (31). This mechanism of
action resembles our observations on how ANp63 exerts its function during the multistep
process of metastasis, suggesting a potential regulatory network connecting TGFp signaling
and ANp63.

Indeed, in the presence of TGFB, MCF10DCIS cells shared similar morphology to ANp63-
depleted cells (Supplementary Fig. S4A). Remarkably, ANp63 expression was dramatically
reduced when MCF10A, MCF10DCIS and MCF10CALD cells were treated with TGFB
(Fig. 4A and Supplementary Fig. S4B). We also observed increased phosphorylation of
Smad2/3 in all three cell lines upon TGFp treatment (Fig. S4B), demonstrating the
activation of TGFp downstream signaling. To determine whether TGFp signaling regulated
ANp63, we treated MCF10A, MCF10DCIS, and MCFCA1D cells with LY2157299, an
inhibitor of TGFp-receptor | (TGFBRI), to inactivate the TGFp signaling cascade. We found
that the inhibitory effect of TGFp on ANp63 was rescued by the addition of LY2157299
inhibitors (Fig. 4A). Additionally, the overexpression of the active form of TGFp, but not the
latent form, reduced the expression of ANp63 (Supplementary Fig. S4C). MCF10DCIS cells
cultured in conditioned media from these cells exhibited decreased level of ANp63,
suggesting that endogenous TGFp secreted by tumor cells can also reduce ANp63
expression (Supplementary Fig. S4D). TGFp signaling is transduced through either
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canonical Smad-dependent pathways or non-canonical Smad-independent pathways (32). To
understand ANp63 regulation by TGFp, we knocked down Smad3 in the presence of TGFp
to determine whether the regulation of TGFp on ANp63 is Smad-dependent. The ablation of
Smad3 in MCF10A and MCF10DCIS cells restored ANp63 expression (Fig. 4B),
demonstrating that TGFP reduces ANp63 expression via Smad2/3-dependent transcriptional
activities. Moreover, while TGFB enhanced migration and invasion in MCF10DCIS cells,
the overexpression of exogenous ANp63a in TGFp-treated cells largely counteracted these
effects (Fig. 4C-D and Supplementary Fig. S4E). Next, we assessed whether endogenous
TGF can modulate ANp63 expression similarly to exogenous TGF. To do this, we
inhibited the activation of the signaling cascade using LY2157299 in MCF10DCIS cells,
which had high level of p-Smad2/3 compared to MCF10A and MCF10CA1D (Fig. 4A), and
found that inibition of the endogenous TGF signaling increased ANp63 level in these cells
(Fig. 4E). In addition, downregulation of ANp63 in the presence of the inhibitor partially
restored the cell migration and invasion ability of MCF10DCIS cells (Fig. 4F-G). Together,
these findings indicate that ANp63 is regulated downstream of canonical Smad?2/3-
dependent TGF signaling and affects TGFp-dependent biological processes.

Novel TGFB-induced microRNAs, including miR-22-3p, miR-30a-5p, miR-203a-3p and
miR-222-3p, regulate expression of ANp63

To understand whether there is a direct transcriptional repression of Smad2/3 complex on
the expression of ANp63, we examined mRNA level of ANp63 upon TGFp signaling
activation. However, no significant reduction of ANp63 mRNA was observed in the presence
of TGFB (Supplementary Fig. S4F). This data suggested a post-transcriptional regulation of
Smad2/3 on ANp63 expression. MicroRNAs have been intensively studied for their roles in
post-transcriptional regulations of gene expression. Crosstalk between TGFB and microRNA
machinery have been reported in multiple cancers (33). Hence, we used the NanoString
nCounter human microRNA platform to profile differentially expressed-microRNAS in
MCF10DCIS cells upon TGFp treatment in order to identify TGFp-regulated microRNAs
that potentially target ANp63. Using this method, we identified differentially expressed-
microRNAs upon TGFp treatment including several known targets of TGFp signaling such
as miR-181, miR-145 and miR-21 (33), further confirming the activation of TGFp signaling
in these cells (Fig. 4H). Our screen identified 74 up-regulated microRNAs upon TGFp
treatment (Fig. 4H and Supplementary Table S2). We then merged these identified
microRNAs with a list of microRNAs predicted to have binding sites to the 3’UTR of 7P63
gene using the miRWalk prediction algorithm since both 7Ap63 and ANp63isoforms share
the same 3’UTR of 7P63. This approach resulted in 64 microRNASs that can potentially bind
to the 3’UTR of 7P63and regulate ANp63 expression upon activation of TGFp signaling
(Supplementary Table S3). Among the 64 microRNAs, 9 microRNAs, including
miR-10b-5p, miR-21-5p, miR-22-3p, miR-30a-5p, miR-141-3p, miR-181a-5p,
miR-200a-3p, miR-203a-3p and miR-222-3p, were selected for further validation based on
predicted binding affinity to the 3’UTR of 7P63and previously reported connections with
breast cancer and/or p63 (Fig. 41). We then overexpressed mimics of these 9 microRNAs and
found that miR-22-3p, miR-30a-5p, miR-203a-3p and miR-222-3p downregulated ANp63
protein level in MCF10DCIS cells (Fig. 4J). A similar reduction in ANp63 expression was
obtained in MCF10A and MCF10CA1D cells (Supplementary Fig. S5A). Additionally, these
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4 microRNAs caused reduced luciferase activity when transfected together with the 3’'UTR
of ANp63 mRNA cloned into a luciferase reporter vector (Fig. 5A-D). We also generated
mutated versions of the 3’UTR of ANjp63 at the binding sites of miR-22-3p (Supplementary
Fig. S5B), miR-30a-5p (Supplementary Fig. S5C), miR-203a-3p (Supplementary Fig. S5D)
and miR-222-3p (Supplementary Fig. S5E) by replacing these binding sites on the 3’UTR
with the seed sequences of the corresponding microRNAs. Mutations in the binding sites of
miR-22-3p (Fig. 5A), miR-30a-5p (Fig. 5B), miR-203a-3p (Fig. 5C) and miR-222-3p (Fig.
5D) on the 3’UTR abolished microRNA-mediated repressive activities. These results
indicate that these 4 TGFB-regulated microRNAs control ANp63 expression in breast cancer
cells and could provide a mechanism for the spatiotemporal regulation of ANp63.

We further determined whether these 4 microRNAs are regulated downstream of canonical
TGFp signaling. Our data showed that TGFp treatment upregulated the expression of these 4
microRNAs in MCF10DCIS cells, whereas the addition of TGFBRI inhibitor prevented
increased expression of the microRNAs triggered by TGFp activation (Supplementary Fig.
S5F-S5I). Likewise, we found that microRNA upregulation by TGFp was rescued by
knocking down Smad3 in MCF10DCIS cells (Fig. 5SE—H). We then performed chromatin
immunoprecipitation (ChIP) to assess Smad2/3 binding to the promoters of the 4 identified
miRNAs in MCF10DCIS cells. Our results revealed that Smad2/3 indeed binds to these 4
promoter regions, demonstrating that these 4 microRNAs are direct targets of canonical
Smad-dependent TGFp signaling (Fig. 51-L). Next, we asked whether inhibition of the
microRNAs can rescue inhibitory effects of TGFB on ANp63 expression. Interestingly,
inhibition of all 4 microRNAs, but not any single microRNA, restored the expression of
ANp63 in the presence of TGFB (Fig. 5M), indicating the importance of all 4 in ANp63
silencing. The inhibition of these 4 microRNAs also reduced migration and invasion
capacity of MCF10DCIS cells treated with TGFB (Fig. 5N and O), thus indicating their
relevance for TGFp-dependent biological activities. We also observed a decrease in Smad3
phosphorylation level in the presence of the four microRNA inhibitors and TGFp
(Supplementary Fig. S5J), suggesting a possible feedback regulation among the four
microRNAs and TGFp signaling to modulate ANp63. In addition, the inhibition of
endogenous TGF signaling by LY 2157299 in MCF10DCIS cells also reduced the
expression of all 4 microRNAs (Fig. 5P). The overexpression of all 4 microRNASs using
microRNA mimics in the presence of LY2157299 rescued the migration and invasion
capacity of MCF10DCIS cells (Fig. 5Q and R). Together, these data demonstrate that
canonical TGFp signaling modulates the expression of ANp63 via a network of 4 TGFp-
induced microRNAs, including miR-22-3p, miR-30a-5p, miR-203a-3p and miR-222-3p.

In vivo TGFP overexpression reduces primary tumor growth and metastatic colonization

To demonstrate the /n7 vivo effects of the TGFB/ANpP63 axis on primary tumor growth and
lung colonization, we injected MCF10DCIS cells expressing either a latent or an active form
of TGFB1 into mammary fat pads and tail veins of nude mice (Fig. 6A). Since TGFp is
produced in a biologically inactive (or latent) form, then gets activated by various
extracellular matrix components (34), and we did not observe the activation of the signaling
cascade when overexpressing the latent TGFp /n vitro (Figure S4C), we wanted to examine
whether the overexpression of this latent form /n7 vivo would activate the cascade. Indeed,
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the overexpression of both latent and active form of TGFp1 significantly reduced DCIS
primary tumor volume (Fig. 6B). Immunostaining results confirmed high expression of
TGFp1 together with the activation of the downstream signaling and downregulation of
ANp63 in these tumors (Fig. 6C and D). Similar to the depletion of ANp63 (Fig. 3D and E),
TGFp1 overexpression also hindered the formation of overt metastatic colonies in the lungs
(Fig. 6E and F). Taken together, these data further emphasize the contribution of TGFf in
reducing primary tumor growth and metastatic progression /7 vivo through the modulation
of ANp63.

TGFp/microRNAs axis is required for the downregulation of ANp63 in squamous cell
carcinomas and bladder cancer

Because ANp63 is overexpressed in many cancers (14,15,35,36), we investigated the
importance of the TGFp/microRNAS/ANp63 axis in other types of cancers with high
expression of ANp63. To do this, we treated a panel of human cancer cell lines from various
sites, including cutaneous squamous cell carcinoma (cuSCC), bladder cancer (BLCA), head
and neck squamous cell carcinomas (HNSCC), and lung squamous cell carcinoma (LUSC),
with TGFp and examined ANp63 protein expression. We found that TGFp signaling
activation decreased expression of ANp63 in three cuSCC lines, including COLO16, RDEB?2
and IC1, one BLCA line 5637 and one HNSCC line 22B. In accordance with our previous
findings, treatment with TGFBRI inhibitor, LY2157299, also restored ANp63 expression in
these cells (Fig. 7A-C). Surprisingly, TGF did not exhibit inhibitory effects on ANp63
expression of one cuSCC line, SRB12, and one LUSC line, HCC95, despite the fact that the
signaling cascade was activated indicated by the phosphorylation of Smad3 (Supplementary
Fig. S6A and S6B). Notably, although ANp63 is a known marker for LUSC, we found that
out of five LUSC cell lines ANp63 expression was high only in the HCC95 cell line
(Supplementary Fig. S6C). This prompted us to ask whether the four microRNAs identified
in breast cancer were up-regulated by TGFp signaling in these cancer cell lines. Indeed,
miR-22-3p, miR-30a-5p, miR-203a-3p and miR-222-3p expression was increased in
COLO16, RDEB2 and IC1 cells treated with TGFB (Fig. 7D-F). However, we did not
observe significant induction of these 4 microRNAs in both SRB12 and HCC95
(Supplementary Fig. S6D and S6E). We further asked whether the LUSC cell lines with
undetectable or low levels of ANp63 actually have high expression of the 4 microRNAs of
our interest. Indeed, H226, H1703 and H2286 lines showed significantly higher expression
of miR-22-3p, miR-30a-5p and miR-222-3p compared to HCC95 (Supplementary Fig.
S6F-S6H), indicating that high levels of these microRNAS decrease expression of ANp63,
leading to its low steady state level in these cell lines. Moreover, treatment of LY2157299 in
H226, H170 and H2286 lines not only induced expression of ANp63 (Supplementary Fig.
S6l), but decreased level of the 4 microRNAs (Supplementary Fig. S6J-L), indicating that
the high level of the 4 microRNAs and low expression of ANp63 in these cells are TGFp-
dependent. In summary, these data indicate that elevated expression of these microRNAs is
essential to modulate ANp63 levels downstream of TGFp signaling cascade in various types
of cancer and is critical to the spatiotemporal expression of ANp63.
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Bioinformatic analyses revealed an anti-correlation between TGFg-driven transcriptional
signhature and ANp63-driven transcriptional signature in different cancer molecular

subtypes

Our results showing that TGFp signaling affects ANp63 in cell lines of different origin,
including breast and lung cancer, prompted us to determine whether the crosstalk between
TGFp and ANp63 is also occurring in tumors of breast and lung cancer patients. Therefore,
we utilized a TGF signature (37) and a ANp63 signature (21) as readouts of the activity of
TGFB and ANp63, respectively, to analyze four clusters of TGCA datasets (36): C1
(enriched in LUAD - lung adenocarcinomas), C2 (enriched in LUSC - lung squamous cell
carcinomas), C3 (enriched in luminal-type breast cancers), and C4 (enriched in basal-type
breast cancers). Principal component analysis (PCA) was performed using the TGFp and
ANp63 signatures in each of these four clusters. Notably, in C2 (LUSC) but not in C1
(LUAD) there is a negative correlation between the two signatures (Fig. 7G and H and
Supplementary Table S4). This is in line with ANp63 being a crucial marker in LUSC (38)
and with our data showing that ANp63 levels increase in LUSC cell lines if TGFp signaling
is inhibited (Supplementary Fig. S61). In the case of the two breast cancer clusters, there is a
negative correlation between the TGFB and ANp63 signatures in C3 (luminal subtype) but
not in C4 (basal subtype) (Fig. 71 and J and Supplementary Table S4). This suggests that the
control of ANp63 by TGFp could be more relevant in breast cancers with low levels of
ANp63 (luminal subtype) than in those with high levels of ANp63 (basal subtype) (39-42).
In summary, these data demonstate a negative correlation between TGFB and ANp63
signatures in subtypes of breast and lung tumors, further providing evidence for the
regulatory axis of TGFB/ANpP63 in human cancers.

DISCUSSION

Given its pivotal roles in the maintenance and proliferation of epithelial cells, ANp63 is
highly expressed in primary tumors and metastases across multiple epithelial cancers
(35,36,43). Work from our laboratory and others have unveiled tumor-promoting activities of
ANPp63 in various cancer types (9,10,21). However, the suppressive function of ANp63 on
the cell adhesion and maotility through regulation of different transcription factors and
microRNAs has been demonstrated in multiple cell lines and cancers (11-13,18,19,44),
indicating tumor suppressive activities of ANp63 in cell migration and invasion. In this
study, we found that ANp63 expression is essential for breast primary tumor development,
consistent with its role as an oncogene in multiple cancers, and that this is achieved via the
ANp63-dependent regulation of numerous pathways, including in development, metabolism,
signal transduction, and TGFp-regulated epithelial to mesenchymal transition (EMT). More
interestingly, our /7 vivo data demonstrated an indispensable role of ANp63 for circulating
tumor cells to extravasate and establish new colonies at distant organs. This is in line with
the fact that ANp63 expression is crucial for the maintenance of epithelial characteristics and
that the reversion to epithelial state of circulating tumor cells arrested at distant organs is
important for cell proliferation and establishment of metastatic lesions (16,45). Importantly,
we showed that an oscillatory expression of ANp63 is essential for efficient metastatic
progression of breast cancer both in genetically engineered orthotopic mouse models and in
breast cancer patients. This dynamic expression of ANp63 is modulated by TGFp and a
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novel network of four TGFB-regulated microRNAs in various ANp63-expressing cancers.
Together, our findings support a model in which spatiotemporal regulation of ANp63 and its
oscillatory expression is crucial for metastasis.

The overexpression of p63/ANp63 has been implicated as a molecular feature of various
squamous cell carcinomas (SCCs) (35,36). The most common mechanistic explanation for
high p63 in these cancers is the amplification of chromosome 3q (35). Here, we provide a
detailed mechanism through canonical TGFp signaling and its microRNA targets for the
regulation of ANp63. Previously, multiple studies have focused on characterizing molecular
pathways downstream of ANp63 that contribute to cancer progression and metastasis
(9,13,18,19,44,46,47). In this study, we aimed to elucidate the regulatory network upstream
of ANp63 and emphasize its importance in cancers. Our work demonstrated that TGF
signaling represses ANp63 expression at the post-transcriptional level in both normal
mammary epithelial cells and breast cancer cells via canonical Smad3-dependent pathway
and downstream miRNAs. Activated TGFp signaling has been strongly associated with
increased metastatic dissemination via induction of an EMT program in tumor cells (30,32).
Yet, impaired TGFp signaling cascade also resulted in enhanced metastasis (48,49). TGFp
has also been shown to function as a molecular switch between collective and single cell
invasion programs in breast cancer (31), further emphasizing pleiotropic roles of TGF in
metastatic dissemination, which is similar to our proposed model on the contributions of
ANp63 in metastasis. Of note, TGFP has also been previously reported to have a positive
regulatory effect on ANp63 (50,51), even though these studies were performed in other
tumor types (51) or did not distinguish between the different p63 isoforms (50), which have
opposing effects on cell motility and cancer metastasis (19,46,52).

The four TGFB-induced microRNAs identified as upstream regulators of ANp63, including
miR-22-3p, miR-30a-5p, miR-203a-3p and miR-222-3p, exhibit inhibitory effects on the
protein expression of ANp63. Interestingly, the inhibition of 4 microRNAs, but not any
single microRNA, rescued the inhibitory effects of TGFp on ANp63 expression, suggesting
cooperative functions of those microRNAs in modulating ANp63 downstream of TGFp
signaling. This TGFp/microRNAs/ANp63 axis was further validated in several cancers that
highly express ANp63, such as bladder cancers, cutaneous and lung SCCs. Among the four
microRNAs, miR-203a-3p is a known modulator of ANp63 during terminal differentiation of
the epidermis (53). The identification of the negative regulatory effect of this microRNA on
ANp63 downstream of TGFp signaling indicates its consistent role as a regulator of ANp63
across different cell types. In breast cancer, the roles of miR-203 are not clear. Studies have
shown its function as either a suppressor or promoter of breast cancers (54,55), suggesting a
perplexing role of this microRNA in breast cancer. Similarly, tumor-promoting and tumor-
suppressive roles of miR-22-3p have also been documented (56,57). miR-30a-5p, on the
other hand, has been consistently demonstrated to be a suppressor of breast cancer cell
growth and metastasis (58,59). Conversely, miR-222-3p has been implicated as oncogenes
in breast cancer metastasis by promoting EMT in basal-like breast cancer (60,61). These
contradictory findings indicate a more intricate regulatory network involving these
microRNAs in breast cancer and can be due to context dependent effects likely regulated by
TGFp and further by ANp63.
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Taken together, our data have unveiled oscillatory expression of ANp63 during breast cancer
progression. Moreover, we identified a novel regulatory mechanism for ANp63 downstream
of TGFp signaling and miRNAs in modulating metastatic dissemination. Our data provide
key information of the upstream regulation of ANp63 oscillatory expression during breast
cancer metastasis that is key to designing ANp63-targeted therapies to treat cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

This study unveils TGFp signaling and a network of 4 microRNAs as upstream regulators
of ANp63, providing key information for the development of therapeutic strategies to
treat cancers that commonly overexpress ANp63.
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Oscillatory expression ANp63 in breast cancer progression. A-D, Representative
immunohistochemistry staining images for ANp63 in breast cancer tissue microarray. ANp63

positive nuclei are brown. Hematoxylin was used as a nuclear counterstain. 5X

magnification. E, Quantification of ANp63 expression (ANp63 expression score) in breast
cancer tissue microarray. Score of each sample was determined by multiplying the number
of positive nuclei by the average staining intensity. Asterisk indicates p < 0.005. F,
Percentage of primary tumors with either low or high expression of ANp63 at different
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stages of breast cancer. G, Immunohistochemistry staining images for ANp63 in invasive
primary human breast tumors at different stages and matched lymph node metastases.
Percentage of ANp63-positive tumor cells is indicated. H, Representative western blots of
MCF10A (10A), MCF10DCIS (DCIS) and MCF10CA1D (CALD) transfected with control
SiRNA (siC) or siRNA against ANp63 (siANp63). Immunoblots were probed with the
indicated antibodies. Actin was used as a loading control. I-J, Quantification of cell
migration (1) and invasion (J) assays of MCF10DCIS cells transfected with siC or SiANp63.
Data are mean £ SD. n = 3. Asterisk indicates p < 0.05.
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Figure2.

Oscillatory expression of ANp63 in a mouse model of mammary adenocarcinoma enhances
metastatic dissemination. A, Experimental design to investigate effects of oscillatory
expression of ANp63 in breast cancer metastasis using an inducible shRNA for ANp63 and
an orthotopic model of metastatic mammary adenocarcinoma. B, Primary mammary tumor
volume (mm3) of mice injected with DCIS-i-shANp63 cells and fed with different diet
schedules of doxycycline (dox) as described in (A). Asterisk indicates p <0.05. NS is non-
statistically significant using a two-tailed t test. C, Pie graphs indicating the percentage of
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mice with lung metastases among the experimental groups as described in (A). D, Working

model demonstrating the effects of oscillatory expression of ANp63 in breast cancer
metastasis.
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Figure 3.
ANPp63 re-expression is required for lung extravasation and colonization of breast cancer

MCF10DCIS cells. A, Experimental design to investigate roles of ANp63 in extravasation
(48 hours) and colonization (8 weeks) to the lungs of mice that have been treated with
MCF10DCIS cells expressing an inducible shRNA against ANp63. B-C, Flow cytometry
assay (B) and quantification (C) of the percentage of RFP-positive MCF10DCIS cells in the
lungs. Data are mean = SD. n = 6. Asterisk indicates p < 0.05. D-E, Representative
hematoxylin and eosin (H&E) cross-sections of lungs from the indicated groups (D) and
quantification of metastatic colonies per lung section per mouse (E). Data are mean + SD. n
=4 (group 1 and group 2) or n =5 (group 3). Asterisk indicates p < 0.0005.
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Figure 4.
TGFB inhibits expression of ANp63 via canonical Smad-dependent signaling in MCF10A

progression model. A-B, Representative western blots of MCF-10A, DCIS and CA1D cells
treated with TGFP (10 ng/mL) or with TGFB and the TGFBRI inhibitor, LY2157299 (1uM)
for 72 hours (A) or with TGFP and siSmad3 (B). Immunoblots were probed with the
indicated antibodies. Actin was used as a loading control. C-D, Quantification of cell
migration (C) and invasion (D) assay of MCF10DCIS cells overexpressing ANp63a in the
presence of TGFP (10 ng/mL). Asterisk indicates p < 0.05. E, Representative western blots
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of MCF10DCIS cells treated with or without LY2157299 (1uM) for 72 hours. Immunoblots
were probed with the indicated antibodies. Actin was used as a loading control. F-G,
Quantification of cell migration (F) and invasion (G) assay of MCF10DCIS cells treated
with siANp63 and/or LY2157299 (1uM). Asterisk indicates p < 0.05. H, Heatmap of
differentially expressed microRNAs between TGFp-treated (+TGFp —1,2,3,4) and untreated
(-TGFp -1,2,3,4) DCIS cells. I. Venn diagram showing 64 TGFp-induced microRNAs that
are predicted to bind to the 3’UTR of 7P63. J, Representative western blot of DCIS cells
transfected with the indicated microRNA mimics. Immunoblots were probed with the
indicated antibodies. Actin was used as a loading control.
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Figure5.

Novel TGFB-induced microRNAs (miR-22-3p, miR-30a-5p, miR-203a-3p and miR-222—
3p) regulate expression of ANp63. A-D, Relative luciferase expression in MCF10-DCIS
cells transfected with 3’UTR of either human 7P63wild type mRNA or mutated versions of
the 3’UTR at binding sites for miR-22-3p (A), miR-30a-5p (B), miR-203a-3 (C), miR-222—
3p (D) and indicated microRNA mimics. Data are mean + SD. n = 3. Asterisk indicates p
<0.05. E-H, gRT-PCR of miR-22-3p (E), miR-30a-5p (F), miR-203a-3p (G) and miR-222—
3p (H) in MCF10-DCIS cells treated with TGFp (10 ng/mL) alone or TGFp and siSmads3.
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Data are mean + SD. n = 3. Asterisk indicate p < 0.05. I-L, Chromatin immunoprecipitation
(ChlP) to detect binding of Smad2/3 to the promoter of miR-22-3p (I), miR-30a-5p (J),
miR-203a-3p (K) and miR-222-3p (L) upon TGFp treatment. Data are mean £ SD. n = 3.
Asterisk indicates p <0.05. M, Representative immunoblots of MCF10-DCIS cells treated
with TGFp alone or TGF and the indicated microRNA inhibitors. Immunoblots were
probed with the ANp63 antibody. Actin was used as a loading control. N-O, Quantification
of cell migration (N) and invasion (O) assay of MCF10DCIS cells treated with a
combination of 4 microRNA inhibitors for miR-22—-3p, miR-30a-5p, miR-203a-3p and
miR-222-3p in the presence of TGFR (10 ng/mL). Data are mean = SD. n = 3. Asterisk
indicates p < 0.05. P, gqRT-PCR of the indicated microRNAs in MCF10-DCIS cells treated
with or without LY2157299 (1uM). Data are mean + SD. n = 3. Asterisk indicates p <0.05.
Q-R, Quantification of cell migration (Q) and invasion assay showing migration (Q) and
invasion (R) capacity of MCF10DCIS cells treated with a combination of 4 microRNA
mimics for miR-22-3p, miR-30a-5p, miR-203a-3p and miR-222-3p in the presence of
LY2157299 (1yuM). Data are mean = SD. n = 3. Asterisk indicates p < 0.05.

Cancer Res. Author manuscript; available in PMC 2021 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bui et al.

Page 27

Orthotopic == Q& ;
—> (- §> N Primary tumor volume
DCIS + EV 7 4 weeks

7/
DCIS + latent TGFB1

N
DCIS + active TGFB1 \\ Tail vein )

PR °
—> \;‘3 e ﬁ';;' | Metastatic colonization frequency
8 weeks =89 4
B DCIS primary tumors C DCIS primary tumors
| ol | +EV +Latent TGFB1 +Active TGFB1
600 - * £ e
o I @ L
E ns T ¥ -
£ ° 1 — g
© 4001 E : 3
E O .:' N vl B - 50uM
3 s - o] I ) (S =
> -
5 2001 p - % X
£ - T o
P <L a= 3 ; :
0 T = 4- E ’ - x W
+EV +Latent  +Active 7] O T s | EONS) Y] IR Y
TGFB1 TGFB1 g
D * o o
5 T n 1 N : i
5 £ — = g Wil
© 2 100+ L] = 2 b L
2o % 1 @\ = S0uM <\ soum | |57, i S0uM
[ g 80— Qo 7 —
> 0 . E
% E @
g5 oo =
T Q. A ™
[30] L
8§ 40 " g
Z0 31 I A
< g 20 7 T t soim S(E_M SO_uM
2w
[9]
Q 0 T T T
+EV +Latent  +Active
TGFB1 TGFB1
E F
DCIS lung colonization *
1
[72] -
+EV +Latent TGFpB1 +Active TGFB1 % 40 —
? Q.0 .
% 3 30 @
4 7 ED . N
= 55 201 L] i
. =
“ 3 2 8. L
b4 € SapmE A
5mM 4 5mM 5mM é , o= Y
+EV  +Latent +Active
TGFB1 TGFp1
Figure 6.

TGFp overexpression reduces mammary adenocarcinoma primary tumor growth and
metastatic lung colonization. A, Experimental design to investigate effects of TGFp on
mammary tumor development and metastatic lung colonization using orthotopic mouse
models and tail vein injections. B, Primary mammary adenocarcinoma volume (mm3) of
mice injected with MCF10-DCIS cells expressing either empty vector (EV), latent TGFp1
or active TGFB1 as described in (A). Data are mean + SD. n = 6. Asterisk indicates p <0.05.
C, Immunohistochemistry to detect TGFB1, Smad2, p-Smad2 and ANp63 in cross sections
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of MCF10-DCIS primary tumors overexpressing TGFp1. D, Quantification of the
percentage of ANp63-positive cells in DCIS primary tumors in (C). E-F, Representative
hematoxylin and eosin (H&E) stained cross sections of lung tissues (E) and quantification of
metastases per lung lobe (F). Data are mean = SD. n = 15. Asterisk indicates p < 0.05.
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Figure7.
TGFp/microRNAs axis is required for the down-regulation of ANp63 in other cancers

including squamous cell carcinomas and bladder cancer. A-C, Representative immunoblots
of cutaneous squamous cell carcinoma (cuSCC) lines COLO16, RDEB2, IC1 (A), bladder
cancer cells (BLCA) 5637 (B), and head and neck squamous cell carcinoma (HNSCC) 22B
(C) treated with TGFp or with TGFB plus TGFBRI inhibitor, LY2157299. Immunoblots
were probed with the indicated antibodies. Actin was used as a loading control. D-F, qRT-
PCR of the indicated microRNAs in COLO16 (D), RDEB2 (E) and IC1 (F) cells treated
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with or without TGFp. Data are mean + SD. n = 3. Asterisk indicates p <0.05. G-J, PCA
analyses comparing a ANp63-transcriptional signature and a TGFp-transcriptional signature
in the indicated clusters, including C1-Lung Adenocarcinoma (G), C2-Lung Squamous Cell
Carcinoma (H), C3-Luminal Breast Cancer (I) and C4-Basal Breast Cancer (J) subtypes.
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