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Abstract

Non-small cell lung cancer (NSCLC) is highly correlated with smoking and has very low survival
rates. Multiple studies have shown that stem-like cells contribute to the genesis and progression of
NSCLC. Our results show that the transcriptional co-activator YAP1, which is the oncogenic
component of the Hippo signaling pathway, is elevated in the stem-like cells from NSCLC and
contributes to their self-renewal and ability to form angiogenic tubules. Inhibition of YAP1 by a
small molecule or depletion of YAP1 by siRNAs suppressed self-renewal and vascular mimicry of
stem-like cells. These effects of YAP1 were mediated through the embryonic stem cell
transcription factor, Sox2. YAPI could transcriptionally induce Sox2 through a physical
interaction with Oct4; Sox2 induction occurred independent of TEAD?2 transcription factor, which
is the predominant mediator of YAP1 functions. The binding of Oct4 to YAP1 could be detected
in cell lines as well as tumor tissues; the interaction was elevated in NSCLC samples compared to
normal tissue as seen by proximity ligation assays. YAP1 bound to Oct4 through the WW domain,
and a peptide corresponding to this region could disrupt the interaction. Delivery of the WW
domain peptide to stem-like cells disrupted the interaction and abrogated Sox2 expression, self-
renewal and vascular mimicry. Depleting YAP1 reduced the expression of multiple EMT genes
and prevented the growth and metastasis of tumor xenografts in mice; overexpression of Sox2 in
YAPI null cells rescued these functions. These results demonstrate a novel regulation of stem-like
functions by YAPI, through the modulation of Sox2 expression.
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INTRODUCTION

Lung cancer is the leading cause of cancer related mortality in the US !, with majority of
this (85%) resulting from non-small cell lung cancer (NSCLC). Patients with early stage
disease are treated by surgery, but they develop recurrent tumors 2+ NSCLC patients
acquire resistance to multiple therapeutic modalities, lead to a 5 year survival rate of about
15% 3. Thus, understanding the mechanisms that lead to the initiation and progression of
these cancers is highly warranted. In this context, it has been hypothesized that tumor
initiating cells or cancer stem-like cells might contribute to the initiation, progression,

metastasis and recurrence of multiple tumor types 7~10

traction in the lung cancer arena 1.

and this idea is gaining significant

Cancer stem-like cells (CSCs) are marked by their ability to initiate tumors as well as their
ability to remain dormant in a quiescent state 7->-12. They can give rise to multiple
components of the tumor including the vasculature upon receiving appropriate
microenvironmental cues 1316, CSCs can be isolated from various solid tumors and cancer
cell lines based on the expression of surface markers 1720, Our earlier work had shown that
Hoechst 33342 dye excluding side-population (SP) cells are enriched in cells having stem-
like properties 2. SP cells displayed high self-renewal capacity, were highly drug resistant,
and could form metastatic tumors in immunocompromised mice from as low as 1,000

cells 21,

At the molecular level, SP cells showed the expression of mesenchymal markers,
reminiscent of epithelial-mesenchymal transition (EMT) and altered expression of Bcl2
family members, contributing to the observed drug resistance 2122, Interestingly, the
expression of stem cell factors Oct4, Sox2 and Nanog were elevated in SP cells, and Sox2
was found to be indispensable for the self-renewal of SP cells 2!. Studies described in this
manuscript demonstrate that YAP1 (Yes Associated Protein 1) transcriptional co-activator,
which is the major downstream effector of the Hippo signaling cascade, plays a major role
in the upregulation of Sox2 in stem-like SP cells from NSCLC and facilitates multiple stem-
like functions of these cells.

Hippo signaling pathway is known to regulate organ size and is known to modulate the
pluripotency of embryonic stem cells in various organisms 23-2_ In addition, Hippo
pathway has been demonstrated to have significant tumor suppressive role in various
cancers, including those of the lung 24-26-28_ Activation of the Hippo pathway by upstream
regulators Merlin/NF2, Mst1/2, Lats1/2, Mob and Sav1 inactivates the oncogenic YAP1
protein (or its paralogue TAZ) by cytoplasmic sequestration or degradation 2932, While it
has been reported that YAP1 promotes the growth of lung cancers, the underlying molecular
mechanisms have not been elucidated. Here we report that YAP1 mRNA and protein is
expressed at a higher level in stem-like SP cells from NSCLC. Depletion of YAP1, or
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inhibition using the small molecule inhibitor Visudyne abolished the self-renewal property
as well as the ability of the SP cells to form angiogenic tubules. Interestingly, we find that
YAP1 induces S0x2 expression, and this required a physical interaction of YAP1 with Oct4.
YAPI could act as a transcriptional co-activator for Oct4 and the disruption of this
interaction using a specific peptide abrogated the induction of S0x2, self-renewal as well as
angiogenic tubule formation of SP cells. Further, YAP1-Oct4 interaction was elevated in
lung tumor tissue compared to adjacent normal tissues, suggesting that the interaction
between these two proteins might have contributed to the onset of NSCLC. Thus, the studies
presented here identify a novel mechanism of regulation of Sox2 by the Hippo pathway
effector YAP1, through its interaction with the Oct4 transcription factor.

MATERIALS AND METHODS

Cell lines

The human NSCLC cell lines A549, H1650 and H1975 were purchased from ATCC, A549
cells were maintained in Ham’s F12K medium (Cell Gro) supplemented with 10 % fetal
bovine serum (Atlas Biologicals) while H1650 and H1975 cells were grown in RPMI 1640
(Gibco, Life Technologies) containing 10 % FBS. hMSCs (human Mesenchymal Stem cells)
were purchased from Lonza and were grown in MSCBM medium (Lonza) supplemented
with MSCGM kit (Lonza). All the cultures were maintained at 5 % CO, at 37°C. Detailed
experimental procedures applied in the present study are provided in supplementary methods
section.

RESULTS

YAPL1 levels are elevated in lung cancers and stem-like SP cells of NSCLC

Immunohistochemistry conducted on a human lung cancer tissue microarray using a YAPI
antibody showed that YAP1 levels were significantly elevated in both primary and
metastatic lung adenocarcinoma samples compared to normal tissue (Figure 1A); in contrast,
YAP1 levels in squamous cell carcinomas were comparable to that in normal tissues (Figure
1B). Analysis of expression data from Director’s challenge set 33 showed a significant
correlation between higher levels of YAP1 and poor prognosis (Figure 1C; p=0.03). These
data suggested that YAP1 might be contributing to the genesis of lung adenocarcinomas,
and its elevated levels correlate with poor overall survival.

Since YAPI plays a role in maintaining stemness in embryonic stem cells (ESCs) 34, we
investigated whether it contributes to the functions of cancer stem-like cells from NSCLC.
Earlier studies from our laboratory had shown that SP cells from NSCLC cell lines or patient
tumor explants have stem-like properties, and have the ability to self-renew and to initiate
tumors in mice 222, Supplementary Figure SIA shows a schematic of SP and MP cell
isolation, based on Hoechst 33342 dye exclusion. SP cells could form spheres in serial
sphere formation assays in stem cell selective medium, whereas MP cells did not (Figure 1D
and 1E, Supplementary Figure S1B). Similar to the SP cells, aldehyde dehydrogenase high
(Aldhhigh) cells from A549 and H1650 cells also formed spheres efficiently (Figure 1F and
1G), confirming the existence of a sub-population of cells within these cell lines that could
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self-renew and display stem-like properties. Western blotting showed that YAP1 expression
was significantly higher in A549, H1650 and H1975 SP cells compared to MP cells (Figure
1H); these results were supported by qRT-PCR experiments (Figure 11). YAP1 mRNA levels
were higher in stem-like AldhPgh cells compared to Aldh'®Y cells from both A549 and
H1650 cell lines (Figure 1J), indicating that Y AP might be contributing to their self-renewal.

Loss of YAP1 decreases the self-renewal potential of NSCLC cancer stem cells

Attempts were made to determine whether YAP1 contributes to the stem-like functions of
SP cells. It was found that depletion of YAP1 in A549 and H1650 cells using siRNAs
resulted in lower frequency of SP cells (Supplementary Figure S1C and S1D). The effect of
depleting YAP1 on the self-renewal of SP cells was examined by sphere formation assays.
SP cells from both A549 and H1650 cells transfected with YAP1 siRNAs formed
significantly less number of spheres compared to control siRNA transfected cells as seen in
case of Sox2 siRNA treated SP cells (Figure 2A and 2B, Supplementary figure S1E); the
spheres were markedly smaller as well, suggesting that YAP1 is necessary for the self-
renewal of SP cells. Confirming these results, the YAP1 siRNA treated cells could not form
spheres upon serial passage to a second generation (Figure 2C).

Many tumors have been shown to demonstrate the capacity for vascular mimicry, where
certain cells acquire endothelial features and give rise to angiogenic tubules 35 36-38; this
property has been reported in glioma stem cells 133940, SP cells from NSCLC cell lines,
could form CD31* angiogenic tubules like structures in matrigel, but MP cells could not 22
interestingly, while SP cells from untransfected or control siRNA transfected H1650 cells
formed tubular structures in matrigel, depletion of YAP1 with siRNAs significantly impaired
the formation of tubules (Figure 2D). The vascular nature of the tubules was confirmed by
the expression of CD31, as seen by immunofluorescence (Figure 2E). Depletion of YAP1
also reduced the levels of CD31 mRNA, as seen by qRT-PCR; ABCG2 was used a control,

since it governs the side population phenotype (Figure 2F).

To understand the mechanisms by which YAP1 regulates self-renewal, we examined the
expression of ES cell transcription factors Sox2, Oct4 and Nanog by qRT-PCR in A549 and
H1650 cells that were transfected with two different siRNAs to YAP1 or a non-targeting
control siRNA. Sox2 mRNA was reduced in both the cell lines upon depletion of YAP1
(Figure 2G and 2H). Similarly, Oct4 and Nanog expression was also reduced upon YAP1
depletion, but to a lesser extent (Figure 2G and 2H). There was no reduction in the levels of
ABCG2 mRNA,; these results indicate that loss of YAP1 lowers the self-renewal ability of SP
cells by reducing the expression of ES cell transcription factors. Since we had found that
Sox2 is the major modulator of stemness of SP cells from NSCLC 2!, we hypothesized that
YAP1 regulates self-renewal by modulating Sox2.

YAPL1 inhibition by Visudyne abrogates self-renewal of CSCs from NSCLC

Visudyne (Verteporfin) is used as a photosensitizer in photodynamic therapy for neovascular
macular degeneration, where its activation by light generates reactive oxygen species

(ROS) 4142, However, Visudyne was found to inhibit YAP1 by altering its conformation
and disrupting its interaction with other proteins; this did not require light activation®3.
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Attempts were made to assess whether treatment with Visudyne affected the expression of
Sox2 and YAPI in the cells. A qRT-PCR analysis showed that treatment with Visudyne for
24 and 48 h led to a decrease in the mRNAs of Sox2, Oct4, Nanog, YAP1 and TEADZ2 in
both A549 and H1650 cells (Figure 3A and 3B) in a dose dependent fashion (Figure 3C and
3D). Similarly, Sox2 and YAP1 protein levels were reduced in Visudyne treated cells, as
seen by western blotting (Figure 3E). In addition, Visudyne treatment abrogated the ability
of the H1650 SP cells to form angiogenic tubules in matrigel (Figure 3F). Additional
experiments showed that Visudyne could reduce the number and size of spheres formed,
suggesting that Visudyne can inhibit the self-renewal of SP cells (Figure 3G and 3H),
probably by reducing the levels of Sox2. These results raise the possibility that Visudyne
might be effective in reducing the self-renewal of CSCs and could be a potential therapeutic
agent for lung cancer.

Sox2 gene expression is regulated by YAP1

Since Sox2 was critical for the self-renewal of SP cells and because depletion of YAP1
reduced Sox2 expression, we examined whether YAP1 could regulate the expression of
Sox2. An analysis of the upstream regulatory regions of S0X2 using Matinspector program
showed the presence of multiple TEAD?2 binding sites, especially in the Sox2 Regulatory
Region 1 (SRR1) (clear ellipses in Figure 4A). Since YAP1 is a transcriptional co-activator
of TEAD2, chromatin immunoprecipitation (ChIP) assays followed by qRT-PCR were
conducted on A549 and H1650 cells to assess whether YAP1 and TEAD? are associated
with SRR1 enhancer upstream of the TSS #4; the location of the primers is indicated by
arrows in the Figure 4A. YAP1 and TEAD?2 could be detected on the SRR1 enhancer region
(pair al/a2) (Figure 4B and Supplementary Figure S2A); acetylated histone H3 was used as
a positive control and a non-specific IgG was used a negative control for the assay.
Transient transfection experiments were conducted to assess whether the association of
YAP1 with the SRR1 region affected Sox2 expression. It was found that overexpression of
YAP1 could induce a SRR1-luc reporter construct in a dose-dependent fashion in both A549
and H1650 cells (Figure 4C).

In addition to TEAD2, multiple binding sites for Oct4 transcription factor were also
predicted on the SRR1 enhancer region (filled ellipses in Figure 4A). Further experiments
were conducted to assess whether these sites in SRR1 were functional. Transient
transfection experiments showed that Oct4 could induce the SRR1 enhancer region (Figure
4C); interestingly, co-transfection of YAPI further increased the Oct4-mediated induction of
SRR1 enhancer (Figure 4C). ChIP-qRT-PCR assays were conducted using a primer set that
spans Oct4 binding sites, but not TEAD2 binding sites (primer pair b1/b2); YAP1 and Oct4
could be detected on the SRR1 region at the Oct4 binding site (Figure 4D and
Supplementary Figure S2B). Since Oct4 is known to transcriptionally upregulate Sox2
expression in a reciprocal regulatory loop 43, these observations indicate that YAP1 can
possibly act as a co-activator for Oct4 as well.

An examination of the SOX2 core promoter showed the presence of a single Oct4 binding
site; given that YAP1 could induce SRR1 through the Oct4 binding sites, experiments were

conducted to assess whether YAP1 could also induce the SOx2 core promoter 4644,
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Interestingly, ChIP-qRT-PCR assays on A549 and H1650 cells detected the presence of
endogenous YAP1 and Oct4 on the Sox2 core promoter (primer pair c1/c2) (Figure 4D and
Supplementary Figure S2C). To rule out non-specific binding and amplification, we also
performed ChIP-qRT-PCR analysis on another region upstream of Sox2 transcription start
site (TSS) that is devoid of any TEAD or Oct4 predicted binding site (primer pair d1/d2 in
Figure 4A). The assay showed no binding of YAP1, Oct4 and TEAD?2 to this region
(Supplementary Figure S2D). Functionality of the Oct4 binding site in the core promoter
region was tested by transient transfection experiments. It was found that an Oct4 expression
vector could induce a Sox2 core promoter-luc reporter by 2-3 fold (Figure 4E).
Interestingly, co-transfection of a YAP1 expression vector with the Sox2 core promoter-luc
reporter led to a 5-fold induction of the promoter, while co-transfection of YAP1 and Oct4
led to an additive induction of the promoter (Figure 4E). This suggests that the Oct4 binding
site on the SOX2 core promoter is functional and YAPI1 can induce Sox2 through this region,
possibly through Oct4. This possibility was verified by additional transient transfection
experiments. A549 and H1650 cells were transfected with siRNAs against TEAD2, TEAD3
or TEAD4, which are the TEAD proteins known to bind to YAPI, or a siRNA against Oct4;
cells were then transfected with the Sox2 core promoter-luc reporter, along with a YAP1
expression vector. It was found that depletion of TEAD2, TEAD3 or TEAD4 had no effect
on the YAP1-mediated induction of the Sox2 promoter in either cell line, while depletion of
Oct4 significantly reduced the YAPI1-mediated expression of the reporter (Figure 4F). This
experiment suggests that YAP1 utilizes Oct4 to induce the SOX2 core promoter. In a
complementary experiment, it was found that depletion of YAP1 significantly reduced the
ability of Oct4 to induce the core promoter, suggesting that YAP1 is necessary for Oct4 to
induce this promoter (Figure 4G).

To further confirm the role of Oct4 in YAP1-mediated induction of the SOX2 core promoter,
the predicted binding site for Oct4 was mutated by site-specific mutagenesis. Asynchronous
A549 and H1650 cells were transiently transfected with mutated Sox2 core promoter-
luciferase construct (mutSox2-luc) along with YAP1 expression vector; it was found that
Oct4 could not induce the promoter when the site was mutated, as expected (Figure 4H);
interestingly, YAP1 could not induce this promoter either, clearly indicating that YAP1
induces the Sox2 promoter through the mediation of Oct4. These observations raise the
possibility that YAP1 could be facilitating stemness and self-renewal through upregulating
Oct4-mediated induction of Sox2.

YAP1 protein directly interacts with Oct4 transcription factor

Since it was found that YAP1 could enhance Oct4-mediated induction of the SOX2 promoter,
attempts were made to assess whether these proteins physically interact with each other.
Towards this purpose, a double immunofluorescence experiment was conducted on A549
and H1650 cells and the localization of the proteins examined by confocal microscopy. It
was found that a significant amount of Oct4 and YAPI proteins were localized in the
nucleus of these cells (Figure 5A); merging the images showed a significant co-localization
of the two proteins in both the cell lines (Figure 5A, top two panels). A similar experiment
was conducted to assess whether this interaction was present only in lung cancer cells, or
can be detected also in primary stem cells. A double immunofluorescence experiment on
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human mesenchymal stem cells showed a similar co-localization of Oct4 with YAPI in the
nucleus (Figure 5A, bottom panels). We tested the physical interaction between these
proteins using a proximity ligation assay (PLA) using the Duolink system 4749, The
physical interaction could be detected in A549 and H1650 cells as red foci (Figure 5B);
there was no interaction when only one antibody was used (Supplementary Figure S3A).
Taken together, these results clearly show that YAP1 can physically interact with Oct4 in
the cells.

We investigated the association of YAP1 with Oct4 in lung tumor tissues by performing a
PLA on a lung TMA,; there was a higher interaction of these two proteins in lung
adenocarcinomas compared to normal tissues (Figure 5C). The association between the two
proteins, represented by the number of foci, was very low in the normal lung tissue samples
(Supplementary Figure S3B). The interaction could also be detected in squamous cell
carcinomas as well as metastatic adenocarcinomas, but the association was lesser than in
those tissues as compared primary adenocarcinomas. (Figure 5C, Supplementary Figure
S3B). Interestingly, the numbers of foci were higher in poorly differentiated
adenocarcinoma versus well differentiated ones (Figure 5SD). Such an observation was not
made for squamous cell carcinoma. The interaction was also detected in tumor stroma and in
the inflammatory cells suggesting that this association might play a role in tumor
microenvironment as well (Figure 5C, Supplementary Figure S3B).

YAP1 interacts with Oct4 through its WW domain

A co-immunoprecipitation (co-IP) experiment was performed to assess whether the binding
of the YAP1 and Oct4 could be detected in cell lysates. A significant amount of YAP1 could
be detected in the Oct4 immunoprecipitate, but not in the control IgG immunoprecipitate,
confirming the specificity of the assay (Figure 6A). The same result was observed in a
reverse immunoprecipitation experiment (data not shown). A western blot was conducted
for E2F5, which does not bind to Oct4, as a negative control (Figure 6A).

Next we attempted to disrupt the YAP1-Oct4 interaction. Towards this, we synthesized a
peptide corresponding to the WW domain of YAP1 while a peptide with the sequence
scrambled was used as control; a cysteine residue was added to the C-terminus of both the
peptides to facilitate coupling to carrier molecules. It was found that the WW peptide, but
not the scrambled peptide, could significantly reduce the binding of YAP1 to Oct4, but not
TEAD2, in IP-WB experiments (Figure 6B). YAP1 interacts with multiple transcription
factors through its WW domain %52 and Oct4 has been shown to interact with WW domain
proteins 3. Experiments were conducted to confirm that the WW domain mediates the
Oct4-YAPI interaction. An invitro GST binding assay showed that lysates from cells
overexpressing wild type YAP1 (YAP1 WT OE) bound to GST-Oct4 whereas lysates from
cells overexpressing a WW domain mutant YAP1 (YAP1 WW mutant OE) did not (Figure
6C); Sox2 was used as a positive control. We next carried out a luciferase assay to assess
whether WW domain of YAPI is necessary for enhancing Oct4-mediated transcription.
A549 and H1650 cells were transiently transfected with Sox2 core promoter luc construct
with an Oct4 expression vector and either YAP1-WT or YAP1-WW-mutant expression
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vectors (Figure 6D). It was found that the YAP1-WW-mutant vector could not increase the
promoter activity alone or in conjunction with Oct4 (Figure 6D).

Experiments were then conducted to assess how the disruption of the YAP1-Oct4 interaction
using the WW peptide affects Sox2 transcription. To examine this, the WW peptide or the
scrambled peptide was conjugated to the carrier molecule penetratin for delivery into cells.
Disruption of the Oct4-YAP]1 interaction significantly reduced the YAP1-mediated
induction of Sox2 core promoter luc activity (Figure 6E). Further, delivery of the WW
peptide, but not the scrambled peptide, significantly reduced angiogenic tubule formation
(Figure 6F) as well as the self-renewal of SP cells (Figure 6G). These results suggest that
YAPI physically interacts with Oct4, and disrupting this interaction prevents self-renewal as
well as differentiation into vascular structures.

YAP1 knockdown reduces the mesenchymal features of cells

One of the features of CSCs is that they have EMT like properties 7%, and our previous work
had shown that SP cells from NSCLC express mesenchymal markers indicative of

EMT 2154, To assess whether YAP1-Oct4 interaction contributes to the mesenchymal
phenotype, we examined the expression of EMT associated genes by qRT-PCR in A549 and
H1650 cells treated with YAP1 WW peptide conjugate (Figure 7A-7B). A significant
decrease in Fibronectin and Vimentin mRNA was observed upon treatment with WW
peptide, but not scrambled peptide. Similarly, levels of Twist, Snail, ZEB1 and ZEB2 were
also reduced upon WW peptide treatment (Figure 7A—7B) with a corresponding increase in
E-cadherin mRNA. This suggests that the interaction of YAP1 with Oct4 might regulate
EMT associated gene expression.

To further understand the role of YAP1 protein in EMT, a YAP1 knock down H1650-luc
cell line was established by stably transfecting shRNA for YAP1; two different clones were
validated and used for these studies. There was a significant reduction in the levels of Sox2
and Oct4 mRNA, as seen by qRT-PCR; Nanog levels were affected to a lesser extent
(Figure 7C). In addition, there was a marked reduction in the expression of Fibronectin and
Vimentin genes (Figure 7C). Further, the levels of Shail and Twist, which suppress E-
cadherin, were reduced as well. The above changes were validated at the level of protein by
Western blotting (Figure 7D). Similar results were observed by qRT-PCR (Supplementary
Figure S4A) and western blot analysis (Supplementary Figure S4B) when YAP1 was
depleted in H1650 cells using two different siRNAs.

We next investigated if YAPI plays a role migration and invasion of cells. Migration was
measured by a wound-healing assay on plastic; YAP1 knockdown cells migrated at a much
lower rate compared to shControl cells (Supplementary Figure S4C). In addition, the YAPI
silenced cells showed significantly reduced capacity to invade in a Boyden chamber assay
(Figure 7E).

To further investigate the role of YAP1 in tumor growth and metastasis, we orthotopically
implanted the H1650-luc shControl and shYAP1 cells into the right lung of the SCID mice.
The growth of tumors in the mice was monitored weekly by imaging using an IVIS200
system. The mice implanted with shYAP1 cells showed significantly impaired tumor growth
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as compared to the mice implanted with shcontrol cells (Figure 7F; Supplementary Figure
S4D Lung). Also, metastatic foci were detected in the liver, brain and adrenals of mice in
shControl group but none of the mice in shYAP1 group showed distant metastases
(Supplementary Figure S4D). These experiments strongly suggest that YAP1 plays a
significant role in the growth and metastasis of NSCLC, through modulating genes involved
in stemness as well as EMT.

We next designed experiments to confirm that these effects of YAPI are mediated through
Sox2. Towards this purpose, Sox2 was depleted in the above H1650-Luc cell lines by stable
transfection of Sox2 shRNA. The downregulation of Sox2 in two clones (shSox2 A1l and
A2) was confirmed by western blotting (Supplementary Figure S4E). To verify that the
reduced tumor growth observed in YAP1 null cells was due to reduced levels of Sox2, we
also stably overexpressed Sox2 in shYAP1 cells (shYAP1 Sox2 OE #1 and #2; Figure 7G).

We next examined the ability of shSox2 A2 clone, shControl Sox2 OE #1 and shYAP1 Sox2
OE #1 H1650-luc cells to form tumors, by orthotopically implanting them into the right lung
of SCID mice. IVIS 200 imaging showed that Sox2 depleted H1650-luc (shSox2) cells had
significantly reduced ability to form tumors, similar to shYAP1 H1650-luc cells (Figure
7H). In contrast, Sox2 overexpressing shControl H1650-1uc cells formed tumors efficiently.
Interestingly, Sox2 overexpression in YAP1 depleted cells (shYAP1 Sox2 OE) resulted in
the formation of tumors that grew robustly, showing that Sox2 overexpression could rescue
the loss of tumor formation resulting from the depletion of YAP1 (Figure 7H).

Supporting the tumor growth data, self-renewal was greatly reduced in Sox2 null cells,
comparable to YAP1 depleted cells; Sox2 overexpressing cells formed spheres robustly, and
overexpressing Sox2 could rescue the sphere formation in YAP1 null cells (Figure 71 and
7]). These results indicate that the effects of depleting YAP1 was possibly due to the loss of
Sox2 expression and that Sox2 mediates the stem-like properties of SP cells downstream of
YAPI.

DISCUSSION

Recent efforts to understand the biology behind the genesis and progression of NSCLC have
led to the identification of stem-like cells with tumor initiating properties. Such cells have
been identified based on the expression of a variety of cell surface markers !418:55 While
these cells have tumor initiating properties and self-renew like embryonic stem cells, they
display a limited range of differentiation. More obvious is their ability to differentiate into
cells of tumor vasculature 1339, The studies presented here provide novel insight into the
role of the YAPI transcriptional co-activator in the process of self-renewal and
differentiation of stem-like side population cells.

The Hippo signaling cascade that controls organ size, has been shown to play a role in lung
cancer progression 275651 While it has been proposed that YAP1 and components of the

Hippo pathway might contribute to stemness 3%

, our results provide mechanistic insights into
the process. It is known that upstream signaling leads to activation of the core kinases of the

Hippo signaling cascade, Mst1/2 and LATS1/2, resulting in a series of sequential
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phosphorylation events 23, leading to the proteosomal degradation of YAPI (Figure 7K) 24.
When Hippo pathway is turned off, YAPI translocates into the nucleus where it functions as
transcriptional co-activator, mainly by interacting with TEAD family of transcription
factors 267, Here we show that YAP] interacts with Oct4 transcription factor through the
WW domain to play a significant role in NSCLC (Figure 7K), by promoting Sox2
expression, self-renewal and angiogenic tubule formation by stem-like cells.

It is established that the core embryonic stem cell transcriptional circuitry of Sox2, Oct4 and
Nanog proteins contribute significantly to the self-renewal functions of CSCs 8. The studies
presented here clearly show that YAP1 can transcriptionally induce S0x2, through a physical
interaction with Oct4. Supporting this contention, our results show that depletion of YAPI
or its inhibition in NSCLC cell lines lowered the expression of Sox2, Oct4 and Nanog
transcription factors in CSCs. Further, inhibition of YAP1 using Visudyne had similar
effects on the SP cells suggesting the possibility of using Visudyne or its chemical/
pharmacological analogs for therapeutic intervention, either alone or in combination with
other agents. This idea is supported by the fact that GPCR signaling events as well as
components of the mevalonate pathway are known to affect YAP1 localization and function,
in addition to the classic Hippo pathway 3960,

For tumors to survive there is a constant requirement of blood supply to sustain the
uncontrolled growth and metastasis. One of the novel mechanisms with respect to tumor
vasculature is vasculogenic mimicry. Vasculogenic mimicry is de novo formation of
vasculogenic networks in highly aggressive tumors by the acquisition of endothelial
phenotype by cancer cells 1. Multiple reports have now shown the ability of cancer stem
cells to contribute directly in formation of de novo tumor vasculature by endothelial
differentiation 13:14:39_In our earlier report 22 as well as in the present study, we have shown
that the SP cells have the ability to transdifferentiate into CD31" angiogenic tubules. Our
results also indicated that depletion of YAP1 by siRNA or inhibition of YAP1 using
Visudyne treatment abrogated the ability of the CSCs to form the angiogenic networks.
These results therefore indicate the possible involvement of YAP1 in neovascularization
through vascular mimicry by CSCs. Targeting YAP1 with Visudyne like agents therefore
might also help address the issue of vascular mimicry in multiple cancer types.

The upregulation of Sox2 by YAPI is particularly interesting in the context of lung cancer.
In contrast to our findings, YAP1 has also been shown as a direct transcriptional target of
Sox2 in osteoprogenitors and MSCs 92, suggesting that there could be a reciprocal regulation
of these factors depending on the cell type. Sox genes encode a family of high mobility
group transcription factors that have crucial roles in stemness, differentiation and
development 3. In addition, Sox genes are now associated with cancer progression 6364,
Studies have shown that Sox2 expression correlates with poor prognosis in NSCLC

patients 21:65. While Sox2 clearly contributes to the stemness of adenocarcinoma cells and is
expressed only in a subset of cells, it is overexpressed significantly in most cells of
squamous cell carcinomas %067 This discrepancy could probably be explained by the fact
that the functional specificity of Sox transcription factors are largely determined by
transcription regulators that associate with them 98:99, raising the possibility that YAP1
contributes to this 2. An earlier study indicated that YAP1 may associate with promoters of
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genes important for the pluripotency of embryonic stem cells, through the mediation of the
TEAD transcription factor 34, However, the results presented here clearly demonstrate that
YAP1 can physically associate with Oct4 to regulate the S0X2 promoter. A previous study
by Beyer et al has demonstrated that YAP1-TEAD together was part of a multi-protein
complex along with Oct4 transcription factor and this complex is associated with
pluripotency gene promoters in human embryonic stem cells (hESCs) like Nanog and Oct4
70. this complex was absent on Sox2 gene promoter /. This raises the possibility that YAPI
can form mono- or multimeric- protein complexes with Oct4 and regulate other targets
which are necessary for the functioning of normal stem cells.

Our results also suggest that the WW domain of the YAP1 protein mediates its interaction
with the Oct4 transcription factor. WW domains bind to short linear proline rich motifs
(PPXY) in proteins 7952, It has been suggested that the function of YAP1 WW domain can
vary depending in the context of the cells and tissue type ’!. Our findings show that the
interaction of YAP1 WW domain with Oct4 occurs in the nucleus, raising the prospect of
additional transcription factors carrying the PPxY motif as possible partners of YAP1 and
agents that can target the interaction of these two domains might have anti-cancer activity.
This is supported by the finding that the inhibition of the YAP1-Oct4 interaction with YAP1
WW domain peptide significantly reduced self-renewal of SP cells and the observation that
the interaction between YAP1 and Oct4 was higher in lung tumor tissues as compared to the
normal lung tissues. These results show that YAP1 affect transcription factor(s) other than
TEAD family 72 its direct interaction with Oct4 is novel and has far reaching implications
in stemness and tumorigenesis.

It is well established that cancers when progresses towards malignancy, there is acquisition
of mesenchymal properties with increased cell migration, invasion and resistance to
apoptosis /3. YAP1 has been implicated to have a role in lung cancer metastasis recently 74.
In agreement with another study, we also find that knock down of YAP1 in H1650-Iuc cells
decreased migration and invasion, with a concomitant reduction in the levels of
mesenchymal proteins, as well as reduced tumor growth and metastasis ’2. Additionally our
study also confirmed that loss of self-renewal and tumor growth in the absence of YAP1
could be rescued by stable expression of Sox2 stem cell factor in YAP1 depleted H1650-1uc
cells. The finding that inhibiting YAP1-Oct4 interaction with YAP1 WW peptide suppresses
multiple genes important for EMT raises the prospect that YAP1 modulates such genes by
affecting the transcriptional activity of Oct4, or its downstream targets like Sox2. Supporting
this contention, we find that the YAP1-Oct4 interaction is more pronounced in poorly
differentiated tumors than the well differentiated ones. The fact that this interaction was
elevated in lung cancer samples and the observation that disrupting this interaction prevents
self-renewal and vascular mimicry suggests that targeting this interaction might be a viable
strategy to combat NSCLC.

CONCLUSION

Our studies show a novel mechanism in which YAP1 protein acts as a transcriptional co-
activator of Oct4 and that the physical interaction between these two proteins is necessary
for self-renewal and vascular mimicry of stem-like cells from NSCLC. Interestingly, in
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association with Oct4, YAPI can transcriptionally induce Sox2 mRNA levels. The study
also presents that YAP1 - Oct4 interaction is elevated in human lung cancer tissues and
depletion of YAPI leads to loss of mesenchymal features of NSCLC cancer cells as well as
decrease in growth and metastases of tumor xenografts in immunodeficient mice. Our results
raise the possibility that YAP1-Oct4 mediated gene regulation may lead to the genesis and
progression of NSCLC.
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Figure 1. Higher expression of YAP1 in NSCLC CSCs
(A) Elevated YAPI staining is seen in human lung adenocarcinoma and its metastatic sites

as compared to the normal human lung tissue in TMA. SCC, Squamous cell carcinoma; AC,
Adenocarcinoma. (B) Quantitation of IHC performed on the TMA shows a 3-fold increase
in YAPI expression in human lung adenocarcinoma tissue. (C) Significant correlation
between higher levels of YAP1 and poor prognosis is observed by survival analysis of data
from Director’s challenge set. (D) SP cells from A549 and H1650 cells show the ability to
self-renew in serial sphere-formation assays in stem cell selective medium. (E) Quantitation
of the average number of spheres formed from 1000 cells plated for serial sphere formation
assay exhibit higher number of primary and secondary spheres in SP cells as compared to
MP cells from A549 and H1650 cells. (F) Aldefluor staining of A549 and H1650 cells
shows the presence of Aldh"gh population in both A549 and H1650 cells. Aldh activity
inhibitor DEAB, is used to gate and separate the AldhMgh cells. (G) Sphere formation assay
and its quantitation show the ability of Aldh"&h population to form spheres in stem cell
selective medium in both A549 and H1650 cells. The numbers of spheres are more in
Aldhhigh population than the Aldh'®¥ from both A549 and H1650 cells. (H) Western blot
analysis on isolated SP and MP cells from NSCLC cell lines for YAP1 protein exhibit
higher YAP1 protein levels in A549, H1650 and H1975 SP cells as compared to MP cells. -
Actin is used to show equal amounts of protein in the lanes. (I) gRT-PCR analysis of mRNA
from SP and MP cells of A549, H1650 and H1975 cell lines reveal higher levels of YAP1
mRNA in SP cells. ABCG2 mRNA expression is used as positive control for SP cells (J)
Elevated levels of YAP1 mRNA seen in sorted AldhMigh cells compared to Aldh!o¥ cells
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from A549 and H1650. The mRNA expression of Aldehyde dehydrogenase-1 (Aldhl) is
used as a positive control.
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Figure 2. YAP1 silencing abrogates the self-renewal ability of CSCs
(A) Sphere formation assay with SP cells from A549 and H1650 transfected with two

different siRNA against YAP1 show smaller spheres as compared to a non-target control
siRNA (B) Average number of spheres generated from 1000 SP cells reveal fewer number
of spheres in YAP1 siRNAs treated cells as compared to the control siRNA in both cell lines.
(C) Quantitation of serial sphere formation assay show fewer spheres in SP cells isolated
from A549 and H1650 cells transfected with YAP1 siRNAs as compare to control siRNA
treatment. Bright field images of the spheres are presented here. (D) SP cells isolated from
YAPL1 siRNAs treated H1650 cells show abrogation of angiogenic tubule-like structure
formation when grown on Matrigel in endothelial growth medium. (E) Loss of CD31
expression on angiogenic tubule-like structures in SP cells from YAP1 siRNA treated H1650
as visualized by immunofluorescence. (F) Real time PCR analysis of YAP1 siRNA treated
H1650 cells show a decrease in CD31 mRNA expression as compared to control siRNA
treated cells. (G—H) Real time PCR analysis of YAP1 siRNAs transfected A549 (G) and

Sem Cells. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Bora-Singhal et al.

Page 20

H1650 (H) cells respectively for YAP1, Sox2, Oct4, Nanog and ABCG2 genes show decrease
in Sox2, Oct4, Nanog expression. The above data is expressed as mean + SD of three
independent experiments. * represents p < 0.05, ** represents p < 0.01.
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Figure 3. Visudyne inhibits self-renewal of CSCs
(A-B) Real time PCR (qRT-PCR) analysis of 1 uM Visudyne treated A549 (A) and H1650

(B) for 24 and 48 h respectively show decrease in stem cell factors like Sox2, Oct4, Nanog
as well as YAP1 and TEAD2. (C-D) qRT-PCR analysis of expression of Sox2, Oct4, Nanog,
YAP1 and TEADZ upon treatment with various concentrations of Visudyne (0.5, 1, 2 and 5
uM) in A549 (C) and H1650 (D) cells for 48 hr. (E) Western blot analysis with 1 uM
Visudyne treated A549 and H1650 cells exhibit a decrease in YAP1, Sox2 and TEAD?2. -
Actin levels show equal amount of protein in all samples. (F) Visudyne treatment on SP
cells sorted from H1650 cell line show decrease in angiogenic tubule-like structures when
grown on Matrigel in endothelial cell growth medium. (G) Quantitation of spheres formed
in a sphere formation assay with 1000 cells per treatment show fewer number of spheres
with increasing concentration of Visudyne in SP cells from both A549 and H1650 cell lines.
(H) Bright field images of spheres formed by A549 and H1650 SP cells exhibit decrease in
self renewal ability of SP cells with Visudyne treatment. The above data is expressed as
mean + SD of three independent experiments. * represents p < 0.05, ** represents p < 0.01.
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Figure 4. YAP1 regulates Sox2 gene expression through Oct4 transcription factor
(A) A schematic representation of SOx2 proximal core promoter and enhancer region 1

showing potential TEAD?2 binding sites represented as clear ellipses and Oct4 binding sites
as filled ellipses. The arrows represent the position of primers spanning the TEAD2 and
Oct4 binding sites tested for ChIP assays. (B) ChIP assays conducted on asynchronously
growing A549 and H1650 cells with the indicated antibodies show presence of YAP1 on
SRRI region. Acetylated Histone H3 (Lys9) was used as positive control and non-specific
IgG was used as the negative control for immunoprecipitation. (C) Transient transfection
experiments in A549 and H1650 cells with co-transfection with YAP1 and Oct4 expression
vectors showed an additive effect on SRR1 enhancer-luc activity. Control lanes had the
reporter with empty vector. (D) Presence of YAP1 on Sox2 core promoter and SRR1
enhancer region through Oct4 binding site is confirmed by ChIP assays conducted on
asynchronously growing A549 and H1650 cells using the indicated antibodies. (E) Transient
transfection assays in A549 and H1650 cells transfected with YAP1 or Oct4 expression
vectors showed an increase in SOX2 core promoter-luc activity. An additive effect on Sox2
core promoter-luc activity is observed when YAP1 and Oct4 are co-expressed. (F) Sox2
core promoter-luc activity is reduced in both A549 and H1650 cells upon depletion of Oct4
using siRNA in the presence of exogenous YAP1; transfection of TEAD2, TEAD3 and
TEADA4 siRNA had no significant effect. (G) Transient transfections in YAP1 depleted cells
with siRNA treatment show reduction in Sox2 core promoter-luc activity with Oct4
overexpression as compared to non-target control siRNA treated A549 and H1650 cells. (H)
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Transient transfections of Sox2 core promoter-luc with mutated Oct4 binding (mutSox2-luc)
site exhibit significantly reduced promoter activity even with increased exogenous YAP1
and Oct4 expression. The above data is expressed as mean = SD of three independent
experiments. * represents p < 0.05, ** represents p < 0.01.
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Figure 5. YAP1 directly associates with Oct4 transcription factor
(A) Immunofluorescence staining reveal YAP1 co-localizing with Oct4 in asynchronous

A549 and H1650 NSCLC cell lines (top) and in human mesenchymal stem cells (hMSCs)
(bottom). Representative confocal images of are presented here. DAPI is used to stain the
nucleus. (B) Detection of YAP1-Oct4 protein-protein interaction using proximity ligation
assay (PLA) in asynchronous A549 and H1650 cells. Multiple PLA foci are observed in the
nucleus of the cells showing the association of YAP1 and Oct4 protein in both cell lines. (C)
Proximity ligation assay performed on a human lung tissue microarray show strong
association of YAP1 and Oct4 in lung tumor tissue as compared to the normal lung tissue.
The red foci represent the PLA detection for YAP1 and Oct4 association. The TMA is also
treated with anti-pan cytokeratin to detect the tumor areas in the tissue samples. DAPI is
used to stain the nucleus. Representative confocal images captured for normal lung,
adenocarcinoma, squamous cell carcinoma and metastatic adenocarcinoma to bone are
shown here. (D) Proximity ligation assay on human lung tissue display a higher interaction
of YAP1 and Oct4 proteins in poorly differentiated as compared to well differentiated lung
adenocarcinoma. The quantitation of fold change in number of foci per cell shows a 2-fold
increase in the signal from poorly differentiated lung adenocarcinomas. Adenocarcinoma
well differentiated (WD), Adenocarcinoma poorly differentiated (PD).
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Figure 6. YAP1 WW domain interacts with Oct4 transcription factor
(A) YAP1-Oct4 binding is detected by immunoprecipitation with an Oct4 antibody followed

by western blot analysis with YAP1 in asynchronous A549 and H1650 cells. Normal IgG
was used as a control for the IP reaction, and western blot for E2F was a negative control for
Oct4 binding. (B) YAP1-Oct4 interaction is disrupted by a WW domain peptide. The
presence of Oct4 in YAP1 immunoprecipitation was abolished by the WW domain peptide,
but not a scrambled peptide, as seen by western blotting; binding of TEAD2 to YAP1 was
not affected. Normal IgG is used as a control for the IP reaction. (C) An in vitro binding
assay using 293T cell lysate overexpressing wild type YAP1 (YAP1 WT OE) or WW
mutant YAP1 (YAP1 WW mutant OE) and GST-Oct4 showing that mutation in the WW
domain of YAP1 abrogates its binding to Oct4. (D) Expression of YAP1 WW domain
mutant lacks the ability to induce the Sox2 core promoter-luc activity alone or in the
presence of Oct4 exogenous expression as shown in a luciferase assay. The increased Sox2
core promoter-luc activity is seen when YAP1 WT construct was used alone or in
combination with Oct4. 1 pg of DNA is used for all the plasmid constructs in this assay (E)
WW domain peptide conjugated to penetratin (WW peptide conjugate) inhibited the YAP1
mediated induction of Sox2 core promoter-luc activity, but a scrambled peptide conjugated
to penetratin (Scrambled peptide conjugate) did not. (F) WW peptide conjugate, but not a
scrambled peptide conjugate, abrogates angiogenic tubule formation by H1650 SP cells (G)
SP cells from A549 and H1650 cell lines form less number of spheres when with WW
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peptide conjugate, but not scrambled peptide conjugate. The above data is represented as
mean + SD of three independent experiments. * represents p < 0.05, ** represents p < 0.01.
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Figure 7. Sox2 expression rescues loss of stem-like and tumor growing features of YAP1 null
cells

(A-B) qRT-PCR analysis of A549 (A) and H1650 (B) cells treated with YAP1 WW peptide
conjugated to penetratin for 48 h show a change in EMT related genes as compared to cells
treated with Scrambled peptide penetratin conjugate. (C) Real time PCR analysis of two
clones of YAP1 null H1650-1uc cells (clones C1 and C2) show a reduction in YAP1, Sox2
and Oct4 mRNA expression as compared to shControl H1650-Iuc cells. Also, a significant
change in mRNA of genes associated with epithelial and mesenchymal features is observed
in both YAP1 null clones (C1 and C2). (D) Western blot analysis reveal decrease in YAP1
and Sox?2 protein expression in YAP1 null H1650-Iuc cells as compared to shControl
H1650-1uc cells. A marked reduction in the levels of mesenchymal proteins that change
during EMT is also seen with YAP1 knock down in H1650-1uc cells. (E) YAP1 null H1650-
luc cells (clone C1 and C2) show reduced invasive properties as seen in Boyden chamber
assay in comparison with shControl H1650 cells. The representative bright field images of
the cells on the membrane are shown here. (F) Tumor growth monitored in mice injected
with shYAP1 H1650-luc cells showed significantly lower tumor growth as compared to
mice injected with shControl cells. (G) Western blot analysis shows the overexpression of
Sox2 protein in shControl and shYAP1 H1650-1uc cells stably transfected with a Sox2
expression vector. (H) Depletion of Sox2 or YAP1 reduced the growth of orthotopically
implanted tumors as compared to shControl H1650-1uc cells. Stable over expression of Sox2
rescued the tumor growing abilities of YAP1 knock down H1650-1uc cells. (I-J) SP cells
from H1650-Iuc cells showed significantly reduced self-renewal when Sox2 or YAP1 was
depleted, as seen in a sphere formation assay; sphere forming capacity of YAP1 knock
depleted was rescued by stable overexpression of Sox2. The above data represents the mean
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+ SD, *, p <0.05, **, p <0.01 (K) Schematic representation of proposed mechanism of
YAPI mediated regulation of stemness and in NSCLC SP cells. TBD, Tead binding domain;
WW, WW domain; PPxY, PPxY motif.
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