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SUMMARY

The transcriptional repressor ANp63a is a potent oncogene widely overexpressed in squamous cell
carcinomas (SCCs) of diverse tissue origins, where it promotes malignant cell proliferation and
survival. We report here the results of a genome-wide CRISPR screen to identify pathways
controlling ANp63a-de- pendent cell proliferation, which revealed that the small GTPase RHOA
blocks cell division upon ANp63a knockdown. After ANp63a. depletion, RHOA activity is
increased, and cells undergo RHOA-depen- dent proliferation arrest along with transcriptome
changes indicative of increased TGF- signaling. Mechanistically, ANp63a represses transcription
of TGFBZ, which induces a cell cycle arrest that is partially dependent on RHOA. Ectopic TGFB2
activates RHOA and impairs SCC proliferation, and TGFB2 neutralization restores cell
proliferation during ANp63a depletion. Genomic data from tumors demonstrate inactivation of
RHOA and the TGFBR2 receptor and DNp63a overexpression in more than 80% of lung SCCs.
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These results reveal a signaling pathway controlling SCC proliferation that is potentially amenable
to pharmacological intervention.

In Brief

Abraham et al. employ a genome-wide CRISPR screening strategy to characterize the mechanism
of action of the ANp63a oncogene in SCC. ANp63a. suppresses 7GFBZ2 expression and RHOA
activity to drive SCC proliferation. TGFB2 is sufficient to impair SCC proliferation and necessary
to enforce cell cycle arrest upon depletion of ANp63a.

Graphical Abstract

Np63-overexpressing Squamous Cell Carcinoma

TGFER1 TGFBR2
L e B e

ol Low RHOA| *
T ~ Activity . H

\ g O |
TGFB2 Proliferation
1

ANp63-depleted Squamous Cell Carcinoma
> -
’ TGFBR

. N(JTGFBR2
R | [
| Fl :
— s
~ ./ |High RHOA] /“\.
e M Activity \
\

ANpE3) , ~ L
I TGFB2 i_ i Cell Cycle Arrest

—

INTRODUCTION

The p63 isoform ANp63a is a member of the p53 family of transcription factors (Garcia-
Mariscal et al., 2018; Lawrence et al., 2014; Palomero et al., 2014; Rodrigues et al., 2014;
Sa- kata-Yanagimoto et al., 2014). During development, ANp63a expression is restricted to
epithelial stem cells and the undifferentiated basal layer of stratified epithelia, where it
functions as an essential proliferative factor critical for epithelial maintenance and epidermal
morphogenesis (Mills et al., 1999; Senoo et al., 2007; Yang et al., 1998). In fact, germline
mutations in the 7P63locus are associated with various ectodermal syndromes and
developmental disorders (Brunner et al., 2002). In cancer, ANp63a. functions as a potent
oncogene in squamous cell carcinomas (SCCs) of diverse origins, where its overexpression
is a marker of poor prognosis (Graziano and De Laurenzi, 2011). Although it is well
established that ANp63a. drives cell proliferation and blocks apoptosis in diverse cancer cell
types, the precise mechanisms underlying these oncogenic properties are poorly
characterized.

ANp63a harbors a DNA-binding domain similar to that found in the other p53 family
members, and it binds to DNA sequences nearly identical to those bound by p53 and p73
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(Perez et al., 2007). However, because ANp63a is transcribed from a downstream alternative
promoter within the 7P63locus, it lacks the N-terminal transcriptional activation domain
found in the full- length forms of p53, p63, and p73. Accordingly, ANp63a is thought to act
primarily as a transcriptional repressor (DeYoung et al., 2006; Mundt et al., 2010; Rocco et
al., 2006; Westfall etal.,2003). Initially, it was hypothesized that DNp63a drives cancer
progression by acting in a dominant-negative manner to repress p53 and/or p73 target genes
involved in cell cycle arrest (e.g., CDKN1A and SFN)and apoptosis (e.g., PMA/PI and
BBC3) (DeYoung et al., 2006; Rocco et al., 2006; Westfall et al., 2003; Yang et al., 1998).
According to this model, DNp63a overexpression would inactivate the tumor-suppressive
programs controlled by p53 and p73 by preventing access to their DNA binding sites.
However, this model has been challenged by several observations. First, epidemiological
studies demonstrated that most SCCs exhibit both overexpression of DNp63a and
inactivating mutations in 7P53, suggesting the existence of p53-independent oncogenic
functions of DNp63a (Neil- sen et al., 2011; Nekulova et al., 2011). Second, in cancer cell
types that co-express DNp63a and wild-type versions of p53 and p73, depletion of p53 or
p73 does not rescue the proliferation arrest caused by ANp63a knockdown (Gallant-Behm
and Espinosa, 2013; Gallant-Behm etal., 2012). In fact, the transcriptional programs
controlled by DNp63a and p53 in these cell types are largely non-overlapping (Gallant-
Behm et al., 2012). Third, ANp63a interacts with transcriptional repressor complexes,
including the SRCAP histone exchange complex (Gallant-Behm et al., 2012) and HDAC1-
HDAC?2 lysine deacetylase complexes (LeBoeuf et al., 2010; Ramsey et al., 2011), which
have been shown to be required for repression of specific subsets of ANp63a target genes in
different cell types. Altogether, these observations reveal the existence of chromatin-based
mechanisms of transcriptional repression by ANp63a acting independently of p53 and p73.
Despite these advances, a key question remains unanswered: what are the keytumor-
suppressive signaling pathways repressed by ANp63a. during tumor progression?

To address this question, we performed a genome-wide CRISPR-based knockout screen in
lung SCC cells that require expression of ANp63a to proliferate. We identified anti-
proliferative genes whose knockout rescues the ability of these cells to proliferate when
ANp63a is depleted as well as genes displaying synthetic lethality with ANp63a.
Additionally, using RNA sequencing (RNA-seq) transcriptome profiling, we identified genes
repressed by ANp63a. This combined approach revealed an anti-proliferative TGFB2/
RHOA-centered signaling pathway that is suppressed by ANp63a. to drive cell proliferation.
Key aspects of this signaling pathway are conserved across SCC cell types, and its clinical
relevance is supported by analyses of genomics data derived from hundreds of patient-
derived tumor samples, which demonstrate downregulation of RHOA and TGFB2 receptors
concurrent with DNp63a overexpression in ~80% of lung SCCs. Altogether, these results
reveal a molecular mechanism by which ANp63a drives cancer progression.
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RESULTS

A CRISPR Screen Identifies TGF-p and RHOA Signaling as Negative Regulators of ANp63a.-
Driven Cell Proliferation

Previous studies have demonstrated that ANp63a. drives proliferation of SCCs of diverse
origins (Graziano and De Laurenzi, 2011). To enable mechanistic investigations of ANp63a.,
we previously generated H226 lung SCC cells that stably express a doxycycline-inducible
short hairpin RNA (shRNA) targeting all a and B p63 isoforms (denoted here as shp63)
(Gallant-Behm et al., 2012). Importantly, ANp63a is the primary p63 isoform expressed in
this cell line, which also expresses wild-type p53 and p73 (Gallant-Behm et al., 2012).
Knockdown of ANp63a for 6 days in H226 cells blocks cell cycle progression, as seen by
decreased cell numbers (Figure S1A) and reduced phospho- RB levels (Figure S1B), and
this cell cycle arrest cannot be overcome by concomitant knockdown of p53 or p73 (Gallant-
Behm and Espinosa, 2013; Gallant-Behm et al., 2012). Moreover, depletion of ANp63a. does
not induce apoptosis in this cell line, and the proliferation arrest is reversible upon
restoration of ANp63a expression (i.e., removal of doxycycline) (Gallant- Behm et al.,
2012).

To identify genes required for proliferation arrest upon ANp63a. knockdown, we carried out
a genetic loss-of-function screen (Figure 1A). Briefly, we transduced shp63-expressing
H226 cells with two lentivirus-based CRISPR libraries (Shalem et al., 2014) consisting of
~119,000 single guide RNA (sgRNA) constructs targeting ~19,000 protein coding genes and
1,000 non-targeting control sgRNAs. After selection of cells carrying stably integrated
sgRNAs, we included a propagation step to remove sgRNAS targeting essential genes. In
duplicate, the resulting cell populations were treated for 14 days with vehicle (PBS) or
doxycycline (to induce ANp63a knockdown). During this period of selection, we expected
that cells containing SgRNASs targeting anti-proliferative genes acting during ANp63a
depletion (referred to as p63-anti-proliferative genes [APGs]) would escape cell cycle arrest
and continue to proliferate, whereas those with sgRNAS targeting synthetic lethal genes with
DNp63a knockdown (p63-synthetic lethal genes [SLGs]) would drop out of the population,
resulting in enrichment or depletion of those particular sgRNAs, respectively. At the end of
the selection period, we harvested genomic DNA from the resulting cell populations and
PCR-amplified sgRNA cassettes for quantification by next- generation sequencing and
statistical analysis (see Experimental Procedures for more details).

Across all samples and both libraries, we detected 99% of sgRNAs. At the individual
SgRNA level, differential expression from RNA-seq version 2 (DESeq?2) analysis identified
thousands of sgRNAs that were significantly enriched or depleted upon ANp63a knockdown
(adjusted p < 0.05; Figure S1C; Table S1). To define high-confidence p63-APG and p63-
SLG candidates at the gene level, we required at least two sgRNAs with significant changes
of 2-fold or greater, resulting in 91 p63-APG and 50 p63-SLG candidates (Figure 1B; Table
S1). Examples of observed fold changes for individual sgRNAs are shown in Figure 1C for
RHOA (a candidate p63-APG), for which 4 of 6 sgRNAs were significantly enriched, and
ARHGAP35 (a candidate p63- SLG), for which 3 of 6 sgRNAs were significantly depleted.
Importantly, of the 999 Non-targeting control sgRNAs we detected, only 51 displayed
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significant changes of 2-fold or greater (Figure 1B; Table S1). In parallel, we performed a
gene-level analysis using model-based analysis of genome-wide CRISPR- Cas9 knockout
(MAGeCK) (Li et al., 2014), which scored 1,659 genes as candidate p63-APGs and 881
genes as candidate p63-SLGs (p < 0.05; Figure S1D; Table S1), including ~90% of our high-
confidence candidates. Notably, fold change values for the top two sgRNAs for high-scoring
genes in the MAGeCK analysis tend to have strong agreement (Figure S1E), supporting our
minimum requirement of two sgRNAS per gene.

To gain insight into the potential functions of p63-APGs and p63-SLGs in SCCs, we
interrogated our list of 141 high-confi- dence candidate genes for the presence of known
signaling pathways using Ingenuity Pathway Analysis (Krdmer et al., 2014). Many of the
top-ranking enriched pathways (p < 0.005) share multiple p63-APG and p63-SLG candidate
genes, among which the small GTPase RHOA is common to the largest number of pathways
(9 of 16; Figure 1D). This analysis also revealed a clear involvement of transforming growth
factor B (TGF-B) signaling because a large number of the pathways include TGFBR1,
TGFBR2, and SMAD4 (Figure 1D). A number of additional hits in these top pathways
encode products involved in RHOA signaling (Figure 1E), including known upstream
activators of RHOA (CSK, GNA1Z, ILK, TGFBRI1, and TGFBRZ2) (Khyrul et al., 2004;
Nagao et al., 1999; Ottley and Gold, 2014), direct regulators of RHOA GTPase activity
(ARHGAP35 and ARH- GEF12) (Reuther et al., 2001; Zhang and Zheng, 1998), and known
downstream effectors of RHOA signaling (MYH9, PFN1, and VCL) (Deakin et al., 2012;
Moon et al., 2014; Watanabe et al., 1997). Of these p63-APG or SLG candidates, RHOA,
PFN1, SMAD4, TGFBRI, and TGFBRZ scored with three or four sgRNAS, further
increasing our confidence in these hits (Figure 1F). Thus, our CRISPR screen identified
RHOA and TGF- signaling as potential modulators of ANp63a.-dependent cell
proliferation in SCCs. In particular, the involvement of RHOA caught our interest because
RHOA is being increasingly recognized as a tumor suppressor frequently inactivated in
diverse malignancies (Garcia-Mariscal et al., 2018; Lawrence et al., 2014; Palomero et al.,
2014; Rodrigues et al., 2014; Sakata-Yanagimoto et al., 2014), but its relationship to
ANp63a-driven tumorigenesis has not been explored.

RHOA Signaling Blocks Cell Proliferation upon Depletion of ANp63a

To validate the effects of RHOA and TGF-p signaling on SCC proliferation, we performed
transient, small interfering RNA (siRNA)-mediated knockdown of RHOA, ARHGEF12,
GNAI12, ILK, and TGFBRZ2alone and in combination with ANp63a knockdown in H226
cells (Figures S2A and S2B). As expected, depletion of ANp63a alone impaired cell cycle
progression, as measured by the fraction of 5-ethynyl-2’-deoxyuridine (EdU)- positive
nuclei at 72 hr (Figure 2A). All five candidates tested led to significant, albeit partial, rescue
of the cell cycle arrest phenotype caused by depletion of ANp63a (Figure 2A). We also
confirmed that FHOA knockdown rescued the proliferation defect caused by p63
knockdown in another SCC cell line, Cal27 (Figures S2C and S2D). Interestingly, this
dependence on RHOA to sustain cell cycle arrest upon ANp63a depletion was not observed
in the immortalized keratinocyte cell line HaCaT (Figures S2E and S2F), suggesting that this
functional interaction may be unique to tumor cells.
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Because our original hypothesis was that ANp63a drives SCC proliferation, at least in part,
by suppressing anti-proliferative signaling pathways, we next examined the effect of
DNp63a knockdown on expression of RHOA. Although ANp63a mRNA levels remained
depleted over 6 days of knock-down, there was no significant effect on RHOA mRNA or
protein levels over this time period (Figures 2B and 2C). We next tested whether knockdown
of ANp63a affects the level of active RHOA. As a small GTPase, RHOA exists in both
active (guanosine triphosphate [GTP]-bound) and inactive (guanosine diphosphate [GDP]-
bound) forms. To quantify active RHOA, we employed a pull-down assay that relies on the
affinity of the Rho-binding domain of Rhotekin, a well-characterized effector of this protein
family, for the GTP-bound form of Rho proteins, followed by western blot detection using a
RHOA-specific antibody (Figure 2C). This demonstrated that knockdown of ANp63a over 6
days leads to a statistically significant increase in active RHOA (Figure 2D). Depletion of
ANp63a also led to an increase in active RHOA in Cal27 cells (Figure S2G). Furthermore,
knockdown of ANp63a in H226 cells was associated with changes in actin distribution, as
measured by phalloidin immunofluorescence (Figure 2E), consistent with the known role of
RHOA in regulation of the cytoskeleton (Burridge and Wennerberg, 2004).

Finally, to determine whether an increase in active RHOA is sufficient to induce cell cycle
arrest, we transfected H226 cells with expression constructs for wild-type (WT),
constitutively active (G14V), and dominant-negative (T19N) RHOA (Nagao et al., 1999).
Although both WT RHOA and the T19N mutant had a small positive effect on cell
proliferation, only the constitutively active G14V mutant caused a significant decrease in
cell proliferation 72 hr after transfection (Figure 2F). This effect was apparent despite lower
expression of G14V relative to the WT and T19N RHOA proteins (Figure S2H).

Altogether, these results confirm that FHOA can act as a p63- APG, restraining SCC
proliferation under conditions of low ANp63a. expression, and demonstrate that RHOA
activity is suppressed by ANp63a. in two different SCC cell lines.

Components of the TGF-p and RHOA Signaling Networks Are Commonly Repressed in
Lung SCC Tumors

We hypothesized that components of TGF-p and RHOA signaling identified by our CRISPR
screen as p63-APGs might be dysregulated during SCC progression /in vivo. To examine
this, we analyzed data available from The Cancer Genome Atlas (TCGA) for lung SCC
tumors (Cancer Genome Atlas Research Network, 2012). Consistent with its known role as
an oncogene in SCC, 7P63is amplified and/or overexpressed in more than 90% of these
tumors (Figure 3A). In contrast, multiple components of the TGF- and RHOA signaling
networks aredownregu- lated in large fractions of these same tumors, including 7GFBRZ,
FERMTZ, RHOA, ILK, and ARHGEF12 (Figure 3A). Compared with all 141 screen hits,
TP63ranks as one of the most overexpressed genes in SCC tumors relative to normal lung
tissue, whereas components of the TGF-p and RHOA signaling modules are among the most
downregulated (Figure 3B). Furthermore, when ranked by their correlations with 7P63
expression, it is evident that several components, including /LK, FERMTZ2, RHOA, and
TGFBRZ, show strong anti-correlation with 7P63 expression (Figure 3C). Finally, although
overexpression and/or gain of 7P63is not prevalent in lung adenocarcinoma (AD),
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downregulation and/or loss of RHOA is widespread in this context (Cancer Genome Atlas
Research Network, 2014; Figure 3D), raising the possibility that suppression of RHOA
might be important for tumor progression beyond SCC, a notion supported by the significant
rate of RHOA inactivating mutations found in a pan-cancer analysis of 4752 human cancers
representing 21 tumor types (Lawrence et al., 2014).

These observations indicate that several components of TGF-p and RHOA signaling,
including RHOA itself as well as upstream regulators and downstream effectors, are
commonly downregulated in SCC tumors that exhibit overexpression and/or gain of 7P63.
This suggests that these genes may indeed act in anti-proliferative pathways and, therefore,
be downregulated during development of lung SCCs, particularly those driven by ANp63a..

ANp63a Represses Expression of TGFB2, an Upstream Activator of RHOA

We next sought to gain insight into potential mechanisms by which ANp63a might suppress
the activity of RHOA and other p63-APGs to drive proliferation of SCC cells. Toward this
end, we examined the effect of ANp63a depletion on the transcrip- tome by comparison of
poly(A)-enriched RNA from shControl and shp63 H226 cells after 6 days of knockdown.
Differential expression analysis using DESeq2 (Love et al., 2014) revealed widespread
effects on the transcriptome, with thousands of transcripts significantly upregulated and
downregulated (adjusted p < 0.1; Figure S3A; Table S2). Ingenuity Pathway Analysis
identified a number of significantly enriched pathways among the differentially expressed
genes (p < 0.1; Figures 4A and 4B). As expected given the cell cycle arrest phenotype
elicited by ANp63a depletion, cell cycle regulation was highly enriched among the
downregulated genes, as was RhoGDI signaling, which could negatively regulate RHOA
activity (Kim et al., 2018). Conversely, Rho family signaling and ILK signaling were
enriched among the upregulated genes, consistent with altered activity of RHOA signaling
during knockdown of ANp63a. Notably, the TGF-B pathway was also positively enriched,
within which both TGBFR2, itself a p63-APG, and its ligand TGFB2, are upregulated upon
ANp63a knockdown. Gene set enrichment analysis (Subramanian et al., 2005) also detected
negative enrichment of hallmark cell cycle-related genes (G2M checkpoint) and positive
enrichment of TGF-B pathway genes (Figures 4C and 4D).

To identify genes consistently deregulated by ANp63a depletion regardless of cell type, we
used a stringent threshold (adjusted p value < 0.1, log, fold change > 0.4 or < -0.4) to
compare our RNA-seq data with published microarray datasets from the FaDu head and
neck SCC (HNSCC), JHU029 HNSCC, and HaCaT immortalized keratinocyte cell lines
(Saladi et al., 2017). This revealed a large degree of cell type specificity, with only 22 genes
common among the four datasets (Figure 4E). Remarkably, in addition to p63 itself, this
core group included 7GFBZ2and its receptor, 7TGFBRZ. Of these core genes, only TGFBR2
scored in our genetic screen as a high-confidence APG (Figures 1D, 1E, 4E, S1D, and S3B).
Therefore, we decided to investigate further the role of the TGFB2 signaling pathway in the
cell cycle arrest phenotype observed upon ANp63a knockdown.

Analysis of MRNA levels by gRT-PCR confirmed that both 7GFB2and TGFBRZ, but not
TGFB1and TGFBRYI, are significantly upregulated at the mRNA level after 6 days of
ANp63a knockdown (Figure 4F). Increased expression of TGFB2 was also evident at the
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level of secreted TGFB2 protein, as measured by ELISA (Figure 4G), concurrent with
activation of TGF-p signaling, as indicated by increased phosphorylation of TGFBR2 and
SMAD?2/3 (Figure 4H). Depletion of ANp63a also led to increased levels of 7TGFBZ2 mRNA
and secreted protein in Cal27 cells (Figures S3C and S3D). Consistent with a widespread
role for ANp63a. in repression of 7TGFBZ, Pearson correlation analysis of the TCGA lung
SCC expression data revealed a significant anti correlation between 7P63and 7GFB2
mRNA levels (Figure S3E).

To investigate whether TGFB2 might be directly repressed at the transcriptional level by
ANp63a, we first used Pattern Locator to identify p63 binding motifs at the 7GFBZ2locus
(Mrazek and Xie, 2006). We next examined chromatin immunoprecipitation sequencing
(ChlIP-seq) data for p63 from primary human keratinocytes (Kouwenhoven et al., 2010) and
human normal foreskin (HNFK) cells (McDade et al, 2014) and identified several peaks of
p63 enrichment at this locus (Figure 41). An intragenic peak ~52 kb from the transcription
start site coincides with a motif that is highly similar to the consensus p63 binding site when
compared using Tomtom (p = 1.16E-04) (Gupta et al., 2007). To determine whether
ANp63a binds at this location in H226 cells, we performed ChIP analysis of the 7TGFB2
locus with a pan-p63 antibody (4A4) (Figure 4J). Our ChIP analysis indicates that DNp63a
binding is highly enriched at this intragenic site and that knockdown of ANp63a largely
abrogates this signal, reducing it to levels equivalent to the control immunoglobulin G (IgG)
(Figure 41). Although this does not strictly exclude the possibility of indirect repression, this
newly defined p63 binding site at the 7GFBZ2locus displays a similar level of enrichment
above background as two known p63 target genes, SAMDIL and ZHX2 (Gallant-Behm et
al., 2012; Figure S3F). Transcriptionally active, elongating RNA polymerase 1 is associated
with phosphorylation of serine-2 within the heptad repeats of the C-terminal domain of the
RPB1 subunit (RNA polymerase Il [Pol 1I] S2P) (Zaborowska et al., 2016). Importantly,
depletion of ANp63a. correlates with /ncreased levels of Pol 11 S2P throughout the 7TGFB2
gene body, consistent with direct repression of transcription by ANp63a at this locus (Figure
4]).

Altogether, these results demonstrate that TGFB2 is a conserved target of ANp63a -
mediated transcriptional repression.

Elevated TGFB2 Contributes to Cell Cycle Arrest upon Depletion of ANp63a

Having demonstrated that 7GFBZ2 expression is downregu- lated by ANp63a., we next
examined the functional consequences of altered TGFB2 levels on SCC proliferation and
RHOA signaling. First, we tested the effect of TGFB2 administration on the proliferative
capacity of H226 cells, both the parental cell line and a derivative where RHOA was
knocked out via CRISPR-mediated gene editing (RHOA™; Figure 5A). We observed a dose-
dependent reduction in cell number 72 hr after TGFB2 addition to the cell culture medium
(Figure 5B).

Interestingly, although RHOA is required for maximal effect at higher concentrations of the
ligand, TGFB2 retains anti-proliferative capacity in RHOA™ cells (Figure 5B), consistent
with RHOA being one of several recognized downstream effectors of TGFB signaling
(Sanchez and Barnett, 2012). We also found that TGFB2 treatment increases the amount of
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active RHOA after 72 hr (Figure 5C). Notably, the anti-proliferative effects of TGFB2 are
also evident in Cal27 SCC cells and HaCaT immortalized keratinocytes after 72 hr of
treatment (Figures 5D and 5E).

Finally, we hypothesized that, if DNp63a-mediated repression of 7GFBZ2is critical for
proliferation of H226 cells, then blockade of extracellular TGFB2 would rescue the cell
cycle arrest caused by ANp63a knockdown. Indeed, neutralization with the TFGB1-,
TFGB2-, and TFGB3-blocking antibody (1D11) for 4 days did rescue the defect in
proliferation caused by ANp63a. depletion (Figure 5F).

Taken together, these results support a model whereby ANp63a dampens TGF- signaling
through direct repression of 7GFBZ, in turn leading to depletion of active RHOA, to
promote cell proliferation in SCC (Figure 5G).

DISCUSSION

Lung cancer is the leading cause of cancer-associated deaths in the United States and
worldwide because of high incidence and poor survival rates, with non-small-cell lung
cancer (NSCLC) comprising the majority of cases. Within NSCLC, in 2017 alone, SCCs
were estimated to account for ~68,000 (or ~30%) of new cases in the United States and,
because of a lack of effective targeted therapies, ~48,000 individuals succumbing to the
disease. Therefore, there is an urgent need for the identification and validation of new
therapeutic targets in lung SCC. Despite genetic heterogeneity among SCCs, clinical
observations indicate that high ANp63a. expression correlates with more aggressive,
treatment-refractory tumors. Here we report the results of a genome-wide CRISPR screen
aimed at identifying genes that mediate addiction to ANp63a., leading to the discovery that
an antiproliferative TGFB2 to RHOA signaling pathway is suppressed by ANp63a. through
transcriptional repression of TGFB2.

The Rho GTPases are a family of 20 small G proteins with roles in regulating the
cytoskeleton, cell polarity, cell migration, and the cell cycle (Karlsson et al., 2009).
Depending on the context, RHOA has been characterized as a tumor promoter (Karlsson et
al., 2009; Ridley, 2013) or tumor suppressor (Palomero et al., 2014; Rodrigues et al., 2014;
Sakata- Yanagimoto et al., 2014; Yoo et al., 2014). Inactivating mutations in the effector
binding domain have been identified in several cancer types, including HNSCC (Kakiuchi et
al., 2014; Lawrence et al., 2014). Most recently, loss of KHOA was found to enhance tumor
formation in a mouse model of skin cancer, where keratinocyte-specific deletion of RHOA
led to faster-growing, less differentiated tumors and increased invasiveness (Garcia-Mariscal
et al., 2018). Thus, the role of RHOA in cancer appears to be context-specific, and the exact
mechanisms by which RHOA exerts these effects remain to be deciphered. Analysis of
TCGA data indicates that downregulation of RHOA is a common feature of lung SCCs
(Figure 3A), and our experimental data demonstrate that ANp63a. constrains RHOA activity
(Figure 2D). Taken together, these observations suggest that RHOA has a tumor-suppressive
role in lung SCCs.

Cell Rep. Author manuscript; available in PMC 2018 November 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abraham et al.

Page 10

Canonically, the three TGF-B ligands signal through their cognate receptors, 7GFBR1 and
TGFBRZ, to activate the SMAD family of transcription factors that coordinate a vast gene
expression network (Massague, 2008, 2012). TGF- signaling, although cell type-specific, is
generally tumor- suppressive in healthy cells, promoting cytostasis and enforcing
differentiation (Massague, 2008). This is consistent with downre- gulation of 7TGFBRZ2
expression in nearly all lung SCCs (Figure 3A). Ourdata support a tumor-suppressive role
for TGF-p signaling in SCC in several ways: TGFBR1and TGFBRZ2 act as anti-proliferative
factors upon ANp63a. depletion (Figures 1D-1F), 7TGFBZ2is repressed by ANp63a. (Figure
4), and TGFB2 is both necessary (Figure 5F) and sufficient (Figure 5B) to promote cell
cycle arrest in H226 cells. In contrast to its tumor-suppressive role in healthy cells, TGF-p
signaling promotes metastasis later in tumor progression by stimulating motility, epithelial-
to-mesenchymal transition (EMT), and extravasation (Massague, 2012). This observation is
particularly interesting because EMT is associated with cell cycle arrest (Mejlvang et al.,
2007; Vega etal., 2004) and could thus contribute to the anti-proliferative functions of the
TGFB2 to RHOA signaling pathway identified here. Further studies will be required
todissectwhetherand howthefunctional interplay described here between ANp63a, TGFB2,
and RHOA signaling changes at different stages of cancer development as well as during
development of stratified epithelia.

Several recent studies have identified individual genes and pathways crucial for ANp63a -
dependent SCC proliferation both /n vitroand /n vivo (Gallant-Behm et al., 2012; Huang et
al., 2013; Ramsey et al., 2013; Saladi et al., 2017). The results described here identify
repression of 7GFBZ2and subsequent downregulation of RHOA activity as important
mechanisms by which DNp63a drives unrestrained SCC proliferation (Figure 5G), thus
significantly advancing our mechanistic understanding of this potent oncogene.

EXPERIMENTAL PROCEDURES Cell Culture and Proliferation Assays

H226 cells were cultured in RPMI 1640 medium (Thermo Fisher Scientific). Cal27, HaCaT,
and HEK293FT cells were cultured in DMEM (Thermo Fisher Scientific). All media were
supplemented with 10% fetal bovine serum (Peak Serum) and antibiotic and antimycotic
(Anti-Anti, Thermo Fisher Scientific). Cellswere maintained at 37°C in a humidified
atmospherewith 5% CO2. Generation of H226 cell lines expressing doxycycline-inducible
control and p63- targeting ShRNAs was described previously (Gallant-Behm et al., 2012).

For siRNA-based knockdown experiments, actively proliferating cells synthesizing DNA
were quantified using a Click-iT EdU Alexa Fluor 488 high content screening (HCS) assay
(Thermo Fisher Scientific) according to the manufacturer’s directions, with 2 hrl0 yM EdU
labeling and permeabilization with 0.25% Triton X-100. ImageJ (Schneider et al., 2012) was
used to count fluorescein isothiocyanate (FITC)-positive and DAPI-stained cells.

Western Blotting—Sample preparation, quantitation, and western blotting were carried
out as described previously (Gallant-Behm etal., 2012). Detectionwas bychemilumi-
nescence using SuperSignal West Pico PLUS (Thermo Fisher Scientific), and images were
captured with an ImageQuant LAS4000 digital camera system (GE Healthcare). The
antibodies used are described in the Supplemental Experimental Procedures.
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CRISPR Screen and Sequencing Library Preparation—Human GecKOv2 library
lentiviral pool production, transduction ofH226shp63 cells, screening conditions, and
preparation of lllumina sequencing libraries are described in the Supplemental Experimental
Procedures.

CRISPR Screen Data Analysis—Data quality assessment, filtering, and mapping are
described in the Supplemental Experimental Procedures. Statistical analysis of screen data at
the individual sgRNA level was carried out with DESeq2 (Love et al., 2014) and at the gene
level with MAGeCK (Li et al., 2014).

Validation of Candidate Genes by siRNA Knockdown—Cellswereseeded into 96-
well or6-well plates(4,000 or100,000 cells perwell) and cultured overnight. The next day, the
growth medium was replaced and allowed to equilibrate under standard culture conditions as
above. Stealth siRNA Lipofectamine RNAIMAX (Thermo Fisher Scientific) complexes
were prepared in OptiMEM (Thermo Fisher Scientific), with a final concentration of 10 nM
each siRNA, and added to each well. The growth medium was replaced again 24 hr later,
and cells were cultured for a further 72 hr, followed by the Click-iT EdU assay or harvesting
of RNA for gRT-PCR. The sequences and catalog numbers for the siRNAs (Stealth RNA,
Thermo Fisher Scientific) are listed in the Supplemental Experimental Procedures.

Active RHOA Pull-Down Assay—For measurement of active RHOA following ANp63a.
knockdown, H226 shControl and shp63 cells or Cal27 cells (1.5 x 106) were seeded into 15-
cm plates in complete medium supplemented with 1 pg/mL doxycycline and cultured for 4
days with daily replacement of medium containing 1 ug/mL doxycycline. Cells were then
split 1:6 into 15-cm plates and cultured for a further 2 days. After 6 days of treatment, cells
were harvested, and protein lysates were immediately subjected to a RHOA pull-down
activation assay (Cytoskeleton) according to the manufacturer’s directions.

For measurement of active RHOA following TGFB2 treatment, H226 or Cal27 cells (1.5 x
105) were seeded into two 15-cm plates of complete medium. After overnight incubation,
the medium was replaced with serum-free medium to reduce the level of growth factor-
stimulated active RHOA, followed by incubation for 72 hr. Cells were treated for 10 min
with serum-free medium containing human recombinant TGFB2 ligand at 5 ng/mL (R&D
Systems, 302- B2-002). Protein lysates were immediately assayed with the RHOA pull-
down assay Kit.

Immunofluorescence Imaging—H226 shControl and shp63 cells (1 x 10°
perwell)werestained with Phalloidin- iFluor 488 (Abcam) and DAPI solution, imaged using
an Olympus FVV1000 confocal laser-scanning microscope, assembled into z stacks, and
processed using ImageJ. Full details are provided in the Supplemental Experimental
Procedures.

Expression of WT, G14V, and T19N RHOA—A cDNA clone with the RHOA open
reading frame in the pLX304-Blast-V5 expression vector was obtained from the Center for
Cancer Systems Biology (CCSB)-Broad Human ORFeome collection (clone 1D 304_00100)
maintained by the University of Colorado Anschutz Medical Campus Functional Genomics
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Facility. Constitutively active and dominant-negative mutants were created using site-
directed mutagenesis with the QuikChange Lightning site-directed mutagenesis kit (Agilent
Technologies). Cells were transfected with each construct for 72 hr prior to counting. Full
details are provided in the Supplemental Experimental Procedures.

Analysis of TCGA Data—Copy number variation (CNV) analysis was performed by
using GISTIC 2.0.22 with the default setting (Mermel et al., 2011). Segmentation data were
downloaded from TCGA (2016_01 28) using firehose_get v 0.4.5 (https://
confluence.broadinstitute.org/display/GDAC/Download). Only data from samples published
by Lawrence et al. (2014) were used for CNV analysis. Expression analysis was performed
using RNA-seq by expectation maximization (RSEM) V2 values. Oncoprints were created
using the ComplexHeatmap package in R. Heatmaps were created using the ggplot2 package
inR.

RNA-Seq and gRT-PCR—Total RNA was extracted from cell pellets using TRI reagent
(Sigma-Aldrich) or a PureLink RNA mini kit (Thermo Fisher Scientific) according to the
manufacturer’s directions. RNA-seq library preparation and sequencing and cDNA synthesis
and gRT-PCR analysis are described in the Supplemental Experimental Procedures.

RNA-Seq Data Analysis—Data quality assessment, filtering, and mapping were carried
out as described previously (Sullivan et al., 2016). Differential expression analysis was
carried out using DESeq?2 (Love et al., 2014). Full details are provided in the Supplemental
Experimental Procedures.

TGFB2 ELISA—Secreted TGFB2 was quantified by sandwich ELISA (Raybiotech)
according to the manufacturer’s instructions after 6 days of p63 knockdown. Sample
concentration values were determined by comparison with a purified TGFB2 standard curve.
Full detailsare provided intheSupplemental Experimental Procedures.

ChlIP Analysis—ChlP analysis of the 7GFBZlocus was carried out as described
previously (Gallant-Behm et al., 2012). qPCR was carried out on ChiP-enriched DNA
against a standard curve of input DNA, with amplicons tiling across the locus, using SYBR
Select Master Mix for CFX (Thermo Fisher Scientific) on a Viia7 real-time PCR system
(Thermo Fisher Scientific). Enrichment values for each amplicon were calculated as a
percentage of the amplicon with maximum signal for each antibody. The antibodies and
primers used for ChlP-qPCR are described in the Supplemental Experimental Procedures.

TGFB2 Treatment—H226, Cal27, and HaCaT cells were plated at 50,000 per well in 6-
well plates and incubated overnight in complete medium. The next day, thiswas replaced
with complete medium containing human recombinant TGFB2 (R&D Systems), prepared by
a 2-fold dilution series from 8 ng/mL to 0.0625 ng/mL, and replaced every 24 hr with fresh
TGFB2. After 72 hr treatment, cells were trypsi- nized and counted.

TGFB Neutralization Assay—H226 cells were plated at 50,000 per well in 6-well plates
in triplicate in complete medium supplemented with 1 ug/mL doxycycline. TGFf
neutralizing antibody (1D11, Thermo Fisher Scientific, MA5-23795) was added to each at a
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final concentration of 2 ug/mL and replenished at 24 and 72 hr. After 4-day incubation, cells
were trypsinized and counted.

Statistical Analysis—Statistical analyses were performed using Microsoft Excel and
GraphPad Prism. Two-sided unpaired Student’s t tests were used to assess statistical
significance at a level of p < 0.05. All data presented are a minimum of three replicates, and
error bars represent SEM.

Supplementary Material

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

CRISPR screen identifies RHOA as mediator of proliferation arrest upon
ANp63a depletion

ANp63a suppresses RHOA activity and TGFB2 expression
TGFB2 is sufficient to activate RHOA and impair SCC cell proliferation

Neutralization of TGFB2 restores SCC cell proliferation during ANp63a
depletion
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Figure 1. A CRISPR Screen Identifies RHOA Signaling as a Negative Regulator of ANp63a.-
Driven Cell Proliferation

(A) Outline of the CRISPR screening strategy in H226 cells using the Human GeCKOv2
libraries. (B) MA plotfor individual SgRNAs detected at the conclusion ofthe screen. The
1,000 non-targeting control sgRNAs are highlighted in black, whereas significant SgRNAs
(adjusted p < 0.05, fold change = 2) for genes where at least two SgRNAs met these
thresholds are highlighted in blue and red forenriched and depleted sgRNAs, respectively.
(C) Fold change values for all six sgRNAs; for example, p63-APG (RHOA) and p63-SLG
(ARHGAPS35) candidates. (D) Plot showing membership of individual p63-APG and p63-
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SLG candidates across the top canonical pathways (p < 0.005) enriched among the 141 high-
confidence screen hits, as revealed by Ingenuity Pathway Analysis. Genes within each
pathway are color-coded by — logqg-transformed pathway enrichment p values. (E)
Schematic showing known relationshipsamong p63-APG (blue) and p63-SLG (red)
candidates related to RHOAsignaling (see main textfor references). Listed below each
candidate is the log,-transformed median fold change for significant SgRNAS targeting that
gene. (F) Number of significant sgRNAs (adjusted p < 0.05, fold change = 2) for p63-APG
and p63-SLG candidates included in (E). See also Figure S1 and Table S1.
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Figure 2. RHOA Signaling Blocks Cell Proliferation upon Depletion of ANp63a
(A) Relative EdU signal forH226 cells treated with the indicated siRNA

combinations.Values were normalized to the DAPI signal and are expressed relative to cells
treated with control siRNAonly. Data are represented as mean + SEM from three
independent replicates. Asterisks indicate significant differences in comparison to p63
SiRNA alone (unpaired t test, *p < 0.05). (B) Relative mMRNA expression for ANp63a and
RHOA in H226 cells expressing control or p63-targeting ShRNAs. Values were normalized
to 18S ribosomal RNA and are expressed relative to the mean of control sShRNA-expressing
cells. Data are represented as mean = SEM from three independent replicates. Asterisk
indicates significant difference (unpaired t test, *p < 0.05). (C) Western blot showing levels
of RHOA, p63, and GAPDH in cell lysates (input) and in a pull-down of active Rho
proteinsfrom H226 cells expressing control or p63-targeting sShRNAs. The blot labeled
RHOA (HC) has been adjusted for higher contrast in the pull-down lanes. (D) Quantification
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of active RHOA levels from the active RHOA pull-down assay. Values were normalized to
total RHOA levels in input lysates. Data are represented as mean + SEM from four
independent replicates. The asterisk indicates significant difference (unpaired t test, *p <
0.05). (E) Representative images of H226 control and shp63 cells stained with DAPI and
phalloidin. Scale bar, 25 um. (F) Relative cell numbersfor H226 cells 72 hraftertransfection
with expression constructsforwild-type (WT), constitutivelyactive(G14V), and dominant-
negative (T19N) RHOA. Values are expressed relative to cells transfected with vector alone.
Data are represented as mean = SEM from three independent replicates. Asterisk indicates
significant difference (unpaired t test, *p < 0.05). See also Figure S2.
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Figure 3. Components of the RHOA Signaling Network Are Commonly Repressed in Lung
SCCTumors

(A) Oncoprint of TP63 and 13 genes associated with the TGF-p and RHOA signaling
pathways identified in the CRISPR screen. (B) Heat map of expression levels (tumor versus
normal tissue) for the 141 genesthat scored as significant in the CRISPR screen. Genes are
ranked in descending order based upon Zscores calculated from RSEM (RNA-seq by
expectation maximization) values relative to healthy tissue. Genes in the TGF-p and RHOA
signaling pathways are indicated with arrows. (C) Heatmap of pairwise Pearson correlations
to TP63 expression (RSEM V2) for each of the 141 screen hits. (D) Donut plotswith
combined copy numbervariation and expression data showing the proportion of lung SCC
and lung adenocarcinoma (AD) samples with gain or loss of TP63 and RHOA.
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« putative p63 binding site

Figure 4. ANp63a Represses Transcription of TGFB2, an Upstream Activator of RHOA
(A) Volcano plot of activation Zscores against p values for Ingenuity Canonical Pathways

Analysis of genes differentially expressed between shControl and shp63 H226 cells after 6
days of doxycycline treatment to induce sShRNA expression. The circled areas are
proportional to the number of genes with significant expression changes (adjusted p < 0.1).
(B) Bubble plots showing relative expression of selected genes from enriched pathways in
shControl and shp63 H226 cells. Circle areas are proportional to RPKM (reads per kilobase
per million mapped reads) levels), normalized per gene. (C and D) Gene set enrichment
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analysis (GSEA) plots for the G2M (C) and TGF-f pathway (D) hallmark gene sets, with
black bars indicating where gene set members fall among all genes when ranked by log2-
transformed ratio (shp63/shControl). (E) Venn diagram of genes differentially expressed
upon p63 depletion in H226, FaDu, JHU029, and HaCaT cells. (F) Relative mMRNA
expression for TGFBI1, TGFBZ, TGFBRI1, and TGFBRZ2in shControl and shp63 H226 cells
as defined by gRT-PCR. Values were normalized to 18S ribosomal RNA and are expressed
relative to the mean of shControl cells. Data are represented as mean + SEM from three
independent replicates. Asterisks indicate significant differences (unpaired t test, *p < 0.05).
(G) Levels of TGFB2 in culture supernatants of shControl and shp63 H226 cells, as
measured by ELISA. Data are represented as mean + SEM from three independent
replicates. Asterisk indicates significant difference (unpaired t test, *p < 0.05). (H) Western
blot showing levels of p63, phospho-TGFBR2, phospho-SMAD?2, phospho-SMAD3, and
GAPDH in shControl and shp63 H226 cells. (1) p63 ChlP-seq tracks from primary
keratinocytes (Kouwenhoven, 2010) and human normal foreskin (HNFK) cells (McDade et
al., 2014). Shown at the bottom are the Jaspar database p63 position-weight matrix
(Mathelier et al., 2016), p63 consensus site (Perez et al., 2007), and genomic sequence of the
indicated loci. (J) ChIP analysis of p63 and serine-2-phosphorylated Pol Il (Pol Il S2P) at
the 7GFBZlocus in shControl and shp63 H226 cells. To represent profiles across the locus,
values are plotted as the percentage of maximum signal for each epitope. Data are
represented as mean £ SEM from three independent replicates. The gray area indicates the
transcribed region. Black tick marks indicate the position of each amplicon. See also Figure
S3 and Table S2.
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Figure 5. Elevated TGFB2 Contributes to Cell Cycle Arrest upon Depletion of ANp63a
(A) Western blot showing levels of RHOA and GAPDH in WT and RHOA ™/~ H226 cells.

(B) Relative number of WT and RHOA™~ H226 in response to increasing doses of
recombinant TGFB2. (C) Quantification of active RHOA levels in pull-down from lysates
from H226 cells with or without recombinant TGFB2. Values were normalized to total
RHOA levels in input lysates. Data are represented as mean = SEM from three independent
replicates. The asterisk indicates significant difference (unpaired t test, *p < 0.05). (D) Cell
counts for CAL27 cells after treatment with increasing doses of recombinant TGFB2 for 72
hr. (E) Cell counts for HaCaT cells after treatment with increasing doses of recombinant
TGFB2 for 72 hr. (F) Cell countsfor control and shp63 H226 cellsafter96 hrtreatment with
theTGF-B-neutralizing antibody 1D11. Dataare represented as mean + SEM from three
independent replicates. The asterisk indicates significant difference (unpaired t test, *p <
0.05). (G) Model summarizing the results reported here, whereby the TGFB2 to RHOA
signaling pathway is required to enforce proliferation arrest upon ANp63a depletion. For
data in (B)-(F), data are represented as mean + SEM from three independent replicas.
Asterisk indicates significant difference (unpaired t test, *p < 0.05).
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