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RAS-mediated suppression of PAR3 and its effects on
SCC initiation and tissue architecture occur independently
of hyperplasia
Ji Ling, Maria Sckaff, Manisha Tiwari, Yifang Chen, Jingting Li, Jackson Jones and George L. Sen*

ABSTRACT
Proper epithelial development and homeostasis depends on strict
control of oriented cell division. Current evidence shows that this
process is regulated by intrinsic polarity factors and external spatial
cues. Owing to the lack of an appropriate model system that can
recapitulate the architecture of the skin, deregulation of spindle
orientation in human epithelial carcinoma has never been
investigated. Here, using an inducible model of human squamous cell
carcinoma (SCC), we demonstrate that RAS-dependent suppression of
PAR3 (encoded by PARD3) accelerates epithelial disorganization
during early tumorigenesis. Diminished PAR3 led to loss of
E-cadherin-mediated cell adhesion, which in turn contributed to
misoriented cell division. Pharmacological inhibition of the MAPK
pathway downstream of RAS activation reversed the defects in PAR3
expression, E-cadherin-mediated cell adhesion and mitotic spindle
orientation. Thus, temporal analysis of human neoplasia provides a
powerful approach to study cellular and molecular transformations
during early oncogenesis, which allowed identification of PAR3 as a
critical regulator of tissue architecture during initial human SCC
development.

KEY WORDS: Epidermis, Skin, Tumorigenesis, Polarity, Cell
junction, Cell adhesion, Mitotic spindle orientation, Epithelial
organization

INTRODUCTION
Non-melanoma skin cancer, which includes basal cell carcinoma
(BCC) and squamous cell carcinoma (SCC), is the most prevalent
cancer in the United States and was estimated to afflict 3.3 million
individuals in 2012 (Rogers et al., 2015). Even thoughmortality rates
associated with BCC and SCC are low, morbidity and hospitalization
costs can significantly burden the patient and the healthcare system
(Guy et al., 2015). Skin cancer occurs when molecular pathways that
modulate tissue homeostasis are deregulated by mutagenic activation
of oncogenes or inhibition of tumor suppressors, such as HRAS or
P53, respectively (Hussein, 2005).
The skin undergoes constant self-renewal (Tadeu and Horsley,

2014). To maintain homeostasis, precise control over proliferation
and growth arrest-associated terminal differentiation is essential.

Oriented cell division plays a crucial role in the development and
maintenance of complex tissues such as the skin (Bergstralh et al.,
2017; Gillies and Cabernard, 2011). By controlling the angle of the
mitotic spindle, the cell defines the position of daughter cells within
the tissue, and thereby regulates tissue architecture and cell fate
(Williams and Fuchs, 2013). The formation of the stratified layers of
the skin is dependent on both symmetric and asymmetric cell
division (Lechler and Fuchs, 2005; Poulson and Lechler, 2010).
Epidermal basal cells can divide parallel to the basement membrane
to generate two identical progenitor cells and facilitate tissue
expansion. Alternatively, they can divide along the apico-basal axis,
to produce one basal and one suprabasal cell, which then
differentiate and contributes to the stratification of the skin. Two
important factors can influence the orientation of cell division in the
skin: (1) intrinsic cell polarity signals that localize the mitotic
spindles along the apical-basal axis for asymmetric cell division, or
laterally for symmetric cell division; and (2) extrinsic factors, such
as cell adhesion factors, that guide spindle alignment relative to
tissue geometry and/or mechanical tension (Box et al., 2019;
di Pietro et al., 2016). Thus, disruptions in directional division, cell
polarity and cell–cell junctions, and the resultant effects
on proliferation and/or architecture can significantly contribute to
tumor initiation and progression.

Accordingly, transcriptomic analysis of human tumor samples
obtained frommultiple cancer types (including SCC) in The Cancer
Genome Atlas datasets has revealed differentially regulated gene
expression of multiple proteins involved in these processes (e.g. cell
cycle regulators, centromere, kinetochore and mitotic spindle
assembly proteins, and cadherin and claudin family members)
(Li et al., 2017). These types of studies provide understanding of
dysregulated cellular processes in established tumors, and can help
to uncover potential targetable pathways in disease mitigation.
However, functional analysis to determine whether these observed
genetic changes are correlative or causative for disease has been
hampered by the lack of rapid model systems that mimic human
tissue (Khavari, 2006).

We believe that temporal analysis of tumor initiation and
progression is key to understanding the initial molecular
and cellular changes during tumorigenesis that dictate the
aggressiveness of cancer growth. As nearly 90% of human cancers
originate from the epithelium (McCaffrey and Macara, 2011), our
study aims to understand the regulation of key molecular targets
involved in cellular and tissue organization in human skin carcinoma.
To closely model human SCC, we engineered three-dimensional
(3D) organotypic skin that combines normal human dermis and
primary human keratinocytes, which we then transplanted onto an
immunodeficient mouse (Lazarov et al., 2002; Reuter et al., 2009).
The resulting xenograft phenotypically resembles human skin, with
proper epithelial stratification, an intact basement membrane and
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extracellular matrix. Tumorigenesis in this setting is achieved by
co-expression of CDK4 and conditionally active oncogenic HRAS.
RAS mutations have been found in 30–40% of all cancers (Pickering
et al., 2014), with HRAS being the most often mutated in SCCs
(13–23%) (Dotto and Rustgi, 2016).
In this study, we found that, without HRAS activation, the human

skin xenograft resembles human skin with normal distribution of cell
division angles, polarity, and cell junction formation. Upon initiation
of tumorigenesis, we observe a distinct temporal induction of hyper-
proliferation, disordered cell division and disruption of claudin 1
(CLDN1)- and E-cadherin (ECAD, also known as CDH1)-mediated
tight and adherens junction formation, respectively. Disruption in
oriented cell division and cell–cell junctions were tightly correlated
with decreased levels of cell polarity regulator partitioning defective 3
(PAR3; encoded by PARD3). Importantly, ectopic expression of
PAR3 during tumor progression restored normal spindle orientation,
as well as claudin 1- and E-cadherin-mediated junctions, but not
tissue hyperplasia. Furthermore, we demonstrate that inhibition of a
RAS downstream signaling pathway using U0126, a specific
inhibitor of MEK1 and MEK2 (MEK1/2; also known as MAP2K1
and MAP2K2, respectively) (Favata et al., 1998), during
tumorigenesis reversed PAR3 depletion and prevented loss of cell
junctions and misorientation of mitotic spindles. Overall, we have
identified PAR3 as a critical mediator of cell division orientation via
regulation of intercellular adhesion in RAS-activated SCCs.
Moreover, we demonstrate that RAS-dependent suppression of
PAR3 protein accelerates epithelial disorganization in the early
stages of SCC, which can be reversed by targeting MAPK signaling
during tumor initiation.

RESULTS
Early human epidermal tumorigenesis is characterized by
hyperplasia, and PAR3-dependent regulation of CLDN1- and
ECAD-mediated tight and adherens junction formation
Studies in skin cancer patients over the past several decades have
vastly increased our knowledge of established tumors in humans.
However, much less is known about the changes that occur during
initial tumor growth. To investigate the dysregulation of early cellular
processes during tumorigenesis, we used an inducible model of
human epidermal neoplasia. We co-expressed a tamoxifen (TMX)-
inducible form of HRASG12V (hereafter RAS) with CDK4 (denoted
CDK4/RAS) in primary human keratinocytes grown on devitalized
human dermis (Lazarov et al., 2002; Reuter et al., 2009). The
resulting 3D human skin was then grafted onto immunodeficient
mice (Fig. 1A). This regenerated skin results in a well-differentiated
and stratified human epidermis, which remains phenotypically
normal until TMX is introduced to drive oncogenic transformation.
As expected, uninduced CDK4/RAS epidermis [vehicle (VEH); corn
oil injections without TMX] displayed normal skin morphology
(Fig. 1B). By contrast, TMX-dependent RAS activation resulted in
altered tissue architecture and tumor progression (Fig. 1B).
TMX administration to CDK4/RAS xenografts resulted in

progressive epidermal hyperplasia (Fig. 1B; Fig. S1A) and
hyperproliferation as measured by Ki67 (also known as MKI67)
staining (Fig. S1B,C). Gradual loss of differentiation marker keratin
10 (K10; also known as KRT10) (Fig. S1C) and degradation of the
basement membrane (Fig. S1D) was also observed. These changes,
which mimic the transformation of human epidermis to SCC, were
further corroborated by transcriptional changes that indicate blockade
of epidermal differentiation (KRT2), increased angiogenesis (ITGB1,
VEGFC), increased matrix metalloproteinase expression that can
disrupt basement membrane integrity (MMP1), and cancer signaling

(AREG, EREG) (Fig. S1E). Notably, mRNA expression of known
regulators of epithelial to mesenchymal transition (EMT) such as
SNAIL (also known as SNAI1), SLUG (also known as SNAI2)
and TWIST2 were not significantly altered between normal and
tumorigenic skin (Stemmler et al., 2019) (Fig. S1E). In addition,
SNAIL and SLUGprotein expressionwas not detectable in vehicle or
RAS activated tissue for up to 20 days (Fig. S1F). This confirms that
our observed period of RAS activation reflects the early stages of
tumorigenesis and progression to metastasis has not yet occurred.

The absence of tissue organization is a hallmark of high-grade
cancer (Hinck and Näthke, 2014). We assessed whether loss of
epithelial organization was occurring in these early stages of tumor
progression by quantifying the expression of CLDN1 (tight
junction) and ECAD (adherens junction) during RAS activation.
mRNA expression of ECAD and CLDN1 did not differ between
TMX- and VEH-treated grafts even at later time-points (Fig. S1E).
Surprisingly, protein expression of CLDN1 and ECAD was visibly
diminished at cell–cell junctions by days 15 and 20 of RAS
activation (Fig. 1C,D,F), demonstrating the disruption of cell–cell
adhesion mediated by these two proteins in the latter stages of tumor
initiation. Interestingly, we noticed that protein expression of PAR3
was also markedly reduced at an even earlier time point (day 10) of
TMX treatment (Fig. 1E,G). PAR3 mRNA was not altered
throughout the TMX treatment time course (Fig. S1E). To ensure
that our results were not due to tamoxifen administration, normal
human epidermis (without exogenous CDK4/RAS) grafted onto
micewas treatedwith TMX for 20 days. The histologyof the skinwas
normal and exhibited no signs of thickening or hyper-proliferation as
compared to CDK4/RAS VEH-treated grafts (Fig. S1G,H). In
addition, PAR3 and ECAD were expressed and properly localized to
cell–cell junctions, suggesting that RAS activation rather than TMX
administration caused the tumor-specific changes (Fig. S1I,J). Since
decreased PAR3 protein expression precedes the loss of ECAD or
CLDN1 from cell junctions in early tumorigenesis, we hypothesized
that PAR3 may regulate CLDN1- and ECAD-mediated tight and
adherens junction formation. To assess this, we constitutively
expressed PAR3 in addition to RAS and CDK4 (denoted PAR3/
CDK4/RAS) in regenerated human skin xenografts (Fig. 2A,B,D;
Fig. S2A). In the absence of RAS activation (VEH day 20), PAR3
overexpression had no impact on normal keratinocyte tissue
morphology, epithelial thickness, proliferation, expression of the
epidermal differentiation gene KRT2, or ECAD or CLDN1
expression or localization (Fig. 2; Fig. S2B). Upon TMX treatment,
ectopic PAR3 expression during tumorigenesis did not block hyper-
proliferation, hyperplasia or downregulation of KRT2 (Fig. 2B–F;
Fig. S2A,B). However, PAR3 overexpression in TMX-induced
tumorigenic CDK4/RAS xenografts did restore CLDN1 and ECAD
expression at cell junctions (Fig. 2G,H; Fig. S2A), demonstrating the
importance of PAR3 in regulating tight and adherens junctions during
tumor initiation.

PAR3-dependent planar cell division is progressively lost
during tumor initiation
PAR3 is a recognized regulator of apicobasal cell polarity (Lechler
and Fuchs, 2005; Suzuki and Ohno, 2006; Xue et al., 2013; Zen
et al., 2009). In embryonic mouse keratinocytes, mitotic spindle
orientation and its resultant effect on daughter cell positioning are
highly dependent on cell polarity (Williams et al., 2014). Given the
importance of controlled symmetric versus asymmetric cell division
in embryonic epidermal morphogenesis, we hypothesized that early
loss of PAR3 could also result in disordered proliferation of these
RAS-transformed cells.
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To investigate oriented cell division, we stained normal and
tumorigenic epidermis for phospho-histone H3 (pH3) to mark the
directionality of cell division during tumor initiation. pH3 stains
nuclei of actively dividing cells specifically in anaphase and
telophase (where the outcome of cell division orientation has
already been determined) (LaMonica et al., 2013; Miyashita et al.,
2017; Zeng et al., 2007). Division planes were quantified by
measuring the angle between the two daughter nuclei in relation to
the basement membrane. Mitotic division angles (which indicate
spindle orientation) between 0° and 20° were classified as planar,

20°–70° were defined as random, and 70°–90° were considered to
be perpendicular (Fig. 3A). We also confirmed the efficacy of our
method by labeling epidermal basal keratinocytes for survivin, a
marker for late stage mitotic cells (Williams et al., 2011). Spindle
orientations obtained from survivin staining were tightly correlated
(R2=0.936) with pH3 (Fig. S3A,B).

In normal human epidermis (VEH), we observed the majority of
cell divisions to be either planar or perpendicular, as expected
(Fig. 3B,C). Very few random orientations of the mitotic spindles
were observed. However, this bimodal distribution of spindle

Fig. 1. Early transformation during human tumorigenesis is marked by hyperplasia and progressive loss of ECAD, CLDN1 and PAR3 protein.
(A) Schematic of the inducible human epidermal neoplasia. CDK4 and tamoxifen (TMX)-inducible HRASG12V (RAS) is overexpressed in primary human
keratinocytes. The genetically modified cells are seeded onto human devitalized dermis and stratified epidermis is formed in culture. The regenerated skin is
transplanted onto an immunodeficient NSG mouse and the xenograft is allowed to heal for 2 weeks. Oncogenic HRAS is activated with daily injections of TMX,
which leads to tumor formation. (B) H&E staining of CDK4/RAS regenerated epidermis at indicated number of days of TMX or vehicle (VEH) treatment.
(C–E) Tissues from B were also immunostained with antibodies against CLDN1, ECAD and PAR3. All samples were co-stained with collagen VII (Col7) and
Hoechst 33342 (nuclei). Images are representative of three or more xenografted animals analyzed per time point. Scale bars: 20 µm. (F,G) Western blot and
densitometry analysis of (F) ECAD and (G) PAR3 protein expression in CDK4/RAS xenografts at indicated days of TMX or VEH treatment. n=3 animals. β-actin
was used as loading control. Data represented as mean±s.e.m. **P<0.01; ***P<0.001 (one-way ANOVA with Tukey test) relative to VEH.
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Fig. 2. PAR3 expression restores CLDN1 and ECAD-mediated formation of cell junctions. (A) LACZ or PAR3 ectopically expressed in CDK4/RAS
xenografts and treated with VEH/TMX for 20 days. Representative images of PAR3 (red) and collagen VII (Col7, green) immunostaining are shown. Scale bar:
20 µm. n=3 animals per group. (B) H&E staining of LACZ/CDK4/RAS and PAR3/CDK4/RAS epidermis. (C) Immunostaining with the proliferation marker, Ki67
(green) and differentiation marker, K10 (red). (D) mRNA expression of PAR3 for the samples shown in A. *P<0.05 (unpaired t-test). (E) Measurement of
epidermal thickness. Each circle represents the average thickness of xenografted human skin from each individual mouse. n=4–12 xenografted mice analyzed
per group. **P<0.01; ns, not significant (two-way ANOVAwith Tukey test). (F) Quantification of the percentage of Ki67-positive cells for images shown in C. Each
circle represents the average percentage of Ki6-positive cells from xenografted human skin from each individual mouse. n=3–5 mice analyzed per group.
**P<0.01; ns, not significant (two-way ANOVAwith Tukey test). (G) Representative images of ECAD (red) and collagen VII (Col7, green) immunostaining and (H)
CLDN1 (red) and Col7 (green) immunostaining are shown. n≥3 xenografted animals analyzed per group for G and H. Scale bars: 20 µm. All data
represented as mean±s.e.m.
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orientation was progressively altered in TMX-treated tissues. A
significant decrease in planar cell divisions was observed starting at
day 10 of TMX treatment in comparison to VEH-treated epidermis
(Fig. 3B,C). After 20 days of RAS activation, planar cell division

only accounted for 25% of total cell divisions (vs 60% in VEH
epidermis). Concurrently, there was a progressive increase in
oblique/random cell divisions with RAS activation. By days 15 and
20, random divisions comprised the majority of the cell divisions

Fig. 3. See next page for legend.
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(50–60%) engaged by tumorigenic cells (Fig. 3B,C). Intriguingly,
no changes to perpendicular cell division were observed with RAS
activation (Fig. 3B,C). This dysregulation of cell division coincides
with the loss of PAR3 expression and suggests that loss of PAR3-
dependent cell polarity and the resulting changes in planar cell
division are defining features of early tumorigenesis.
To support this hypothesis, we measured cell division orientation

in TMX-induced PAR3/CDK4/RAS xenografts. As seen
previously, RAS induction led to a progressive loss of planar
division and corresponding increase in random divisions in control
LACZ/CDK4/RAS tumors (Fig. 3D,E). In VEH PAR3/CDK4/RAS
tissue, expression of PAR3 did not impact cell division orientation
(Fig. 3D,E). In contrast, ectopic PAR3 expression in TMX-induced
PAR3/CDK4/RAS xenografts prevented misorientation of cell
division angles (Fig. 3D,E). After 20 days of TMX treatment, planar
division still represented the majority of total cell division (∼50%),
with random division comprising only of 25% of total cell division.
This distribution mirrors what was observed in normal epidermis
(i.e. VEH day 20; Fig. 3B,C) suggesting that ectopic expression of
PAR3 can rescue the alterations in cell division orientation during
tumor initiation (Fig. 3D,E). These results further strengthen our
observation that PAR3 regulates cell division orientation in SCC
tumor initiation and loss of PAR3 drives epidermal tissue
disorganization.

ECAD depletion accelerates disordered cell division during
tumorigenesis
Our temporal analysis of the RAS-induced SCC model demonstrated
the importance of PAR3 levels on oriented cell division and its
impacts on cell–cell junctions during early tumorigenesis. However,
it is unclear whether these two processes are linked or if they are
completely independent of one another. In simple epithelia, ECAD
can direct mitotic spindle localization, as demonstrated in MDCK
cells where selective loss of ECAD disrupted orientation of epithelial
cell division (Gloerich et al., 2017). To address whether this can occur
in stratified skin and in the context of tumor development, we decided
to knockdown ECAD in CDK4/RAS xenografts (denoted shECAD/
CDK4/RAS) to determine the effects of early disruption of ECAD-
mediated junction formation on cell division orientation. We induced
RAS activation in shECAD/CDK4/RAS and control (denoted shCtr/
CDK4/RAS) xenografts for 5 days (Fig. 4A,B). This time point was
chosen because no significant changes in tissue thickness,
morphology, or proliferation were observed between shECAD/
CDK4/RAS and shCtr/CDK4/RAS grafts (Fig. 4C–E). Furthermore,

no difference was observed in PAR3, CLDN1 or ECAD expression
or cell division orientation after 5 days of TMX treatment (vs VEH)
in CDK4/RAS grafts (Figs 1C–E and 3B,C). Thus, if loss of ECAD
cell–cell junctions is linked to regulation of cell division orientation,
ECAD depletion would result in misorientation of cell division
angles at an even earlier stage of tumor initiation. Indeed, shECAD/
CDK4/RAS xenografts had significantly reduced planar cell
divisions and increased random cell divisions within 5 days of
TMX treatment (Fig. 4F,G). The distribution of cell division
orientation observed in shECAD/CDK4/RAS tissues after 5 days of
RAS activation resembles CDK4/RAS tissue after 15–20 days of
TMX treatment. It is important to note that CLDN1 and PAR3 are still
present and localized at appropriate cell junctions in 5 day-treated
shECAD/CDK4/RAS xenografts (Fig. 4B). This suggests that
ECAD-mediated junction formation alone can influence cell
division orientation in stratified epithelium and PAR3 can work
through ECAD to control planar cell divisions.

Inhibition of MAPK signaling restores PAR3 expression and
function in RAS-activated tumors
Our results have demonstrated the crucial role of PAR3 in
suppressing ECAD and CLDN1 cell–cell junction disruption and
disordered cell division in early stages of RAS-dependent
tumorigenesis. RAS can activate numerous downstream pathways,
including MAPK, phosphoinositide-3 kinase (PI3K) and RalGEF
pathways, to promote cancer (Rangarajan et al., 2004; Repasky
et al., 2004). We hypothesized that RAS is directly reducing PAR3
levels through one of its numerous signaling pathways to disrupt
cellular organization. Prior studies have identified the mitogen
activated protein kinase (MAPK) cascade as a critical mediator of
RAS-induced human skin tumorigenesis (Reuter et al., 2009; Ridky
et al., 2010). Therefore, we hypothesized that RAS-dependent
MAPK activation attenuates PAR3 protein expression, resulting in
decreases in cell polarity, oriented cell division and CLDN1, ECAD
cell junction assembly.

To investigate this possibility, mice implantedwith TMX-activated
CDK4/RAS xenografts were concomitantly treated with the MEK1/2
inhibitor U0126. Skin grafts were harvested after 20 days. U0126
treatment inhibited phosphorylation of ERK1 and ERK2 (ERK1/2,
also known as MAPK3 and MAPK1, respectively), which are the
downstream target of MEK1/2 in the MAPK pathway (Fig. 5A).
Tissue thickness and proliferation (Ki67 positivity) was not
significantly impacted as the epidermis was still hyperproliferative
(Fig. 5B–E). However, blockade of the MAPK pathway restored
PAR3 protein expression, as well as ECAD and CLDN1-mediated
cell junction assembly (Fig. 5D,F). Additionally, random cell
division angles were decreased from ∼50% in VEH-treated grafts
to 25% in U0126-treated mice (Fig. 5G,H). This coincided with a
gain in planar (∼50%) cell division angles in U0126-treated groups
(Fig. 5G,H). This level of planar cell division is similar to that in
normal epidermis (Fig. 3B,C) as well as 20 day TMX-treated PAR3/
CDK4/RAS grafts (Fig. 3D,E). In summary, MAPK signaling
downstream of RAS activation suppresses PAR3 protein levels,
consequently disrupting PAR3-dependent downstream processes in
organizing cell–cell contacts and cell division during cancer initiation
(Fig. 6). Our results demonstrate that MAPK inhibitors can
beneficially prevent deleterious dysregulation of cell and tissue
organization in RAS-dependent SCC tumorigenesis.

DISCUSSION
Skin cancers are the most common type of cancer in the US with an
estimated lifetime risk of one in five Americans contracting this

Fig. 3. Loss of oriented cell division during initial tumor growth can be
restored with PAR3 expression. (A) Representative examples of cell division
orientation in basal cells undergoing anaphase/telophase. Cells were labeled
for phospho-histone 3 (pH3, green), pan-keratin (red), and Hoechst 33342
(nuclei; blue). Planar (0°–20°), random (20°–70°), and perpendicular (70°–90°)
axes of cell division (dotted yellow line) were defined relative to the basement
membrane (denoted by the dotted white line). (B) Radio histogram of cell
division angles at indicated time points of TMX/VEH treatment in CDK4/RAS
xenografts. n=number of spindles quantified for cell division orientation.
(C) Statistical analysis of division angles at indicated time points aggregated
from data in B. Cell division angles were combined from n=3–5 animals per
group. *P<0.05, **P<0.01, ***P<0.001 (two-way ANOVA with Tukey test,
relative to VEH-treated mice). (D) Frequency of basal cell division angels
quantified from PAR3/CDK4/RAS and LACZ/CDK4/RAS grafts at indicated
time points of TMX or VEH treatment. n=number of spindles quantified for cell
division orientation. (E) Statistical analysis of division angles at indicated
timepoints aggregated from data in D. Cell divisions were counted from 3–4
animals per group. **P<0.01 (two-way ANOVA with Tukey test, relative to
LACZ/CDK4/RAS mice). All data represented as mean±s.e.m.
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disease (Albert and Weinstock, 2003; Guy et al., 2015). The most
prevalent oncogene mutated in skin carcinomas is RAS with 20% of
SCCs associated with mutations in HRAS (Dotto and Rustgi, 2016;
Pickering et al., 2014). Here, we investigate the timing of spindle
misorientation in human oncogenic RAS dependent-SCC, and how
deregulation of PAR3 expression affects tissue architecture and cell
fate in relation to initial tumor formation. Prior in vivo analyses of
potential oncogenes have primarily depended on mouse models
(Gurumurthy and Lloyd, 2019; Khavari, 2006). However, genetically
engineeredmice are time-consuming to generate and are not amenable
to combinatorial genetic or pharmacologic screens (Ridky et al.,

2010). There are also vast differences in tissue morphology and gene
expression between mouse and human skin (Khavari, 2006). Current
techniques involving the ectopic injection of transformed primary
human cells into the subcutaneous space of immuno-deficient mice,
has offered a rapid high-throughput platform to assess the tumorigenic
impact of specific genes (Elenbaas et al., 2001; Hahn et al., 1999).
Nonetheless, tumor formation in this setting occurs in an environment
not typically observed in human cancers (Khavari, 2006). The injected
cells also develop in a space already lacking cell-to-basement
membrane contacts and proper tissue architecture, which greatly
hinders analysis of tissue disorganization during tumor formation.

Fig. 4. E-cadherin loss accelerates disordered cell division. (A) Knockdown of ECAD (shECAD) or control knockdown (shCtr) in CDK4/RAS epidermis treated
with TMX for 5 days. Quantification of ECAD mRNA expression was performed using RT-qPCR. n=3 grafts. ***P<0.001 (unpaired t-test). (B) Representative
images of ECAD (red), CLDN1 (red), PAR3 (red), and collagen VII (Col7, green) immunostaining. Scale bar: 20 µm. (C) Epidermal thickness after 5 days of TMX
treatment. Each circle represents the average epidermis thickness of an individual graft. n=3 mice analyzed per group. ns, not significant (unpaired t-test).
(D) Quantification of percentage of Ki67-positive cells for images shown in E. n=3 mice analyzed per group. ns, not significant (unpaired t-test). (E) Immunostaining
with the proliferation marker Ki67 (green) and differentiation marker K10 (red). Scale bar: 20 µm. (F) Radio histogram quantification of basal cell division angles after
5 days of TMX treatment. n=number of spindles quantified for cell division orientation. (G) Statistical analysis of cell division angles from data aggregated in F.
n=3 xenografted mice analyzed per group. **P<0.01 (two-way ANOVA with Tukey test, relative to shCtr/CDK4/RAS tissue). All data represented as mean±s.e.m.
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To examine neoplastic progression within an environment
resembling native human skin tissue, we adapted a model
previously published by Reuter et al. (2009). This model of
TMX-inducible human neoplasia offers several advantages over
established murine models. First, introduction of only two genes is
needed to induce oncogenesis. We used mutant HRAS and CDK4
to mediate RAS pathway induction and bypass Rb (also known as
RB1)-mediated G1 cell cycle restraints, which reflects alterations
commonly observed in spontaneous human epithelial cancers
(Ridky et al., 2010). Second, the transplanted skin xenograft
exhibits 3D architecture phenotypic of normal human skin. This

allows oncogenic transformation of normal epithelial cells to occur
in an environment with established cell–cell adhesion, epithelial
basement membrane and extracellular matrix (Lazarov et al., 2002;
Reuter et al., 2009). Finally, transformation of keratinocytes with a
TMX-inducible form of HRAS grants the investigator temporal
control of tumor initiation. This enabled an in-depth
characterization of cellular and molecular changes during initial
stages of tumor formation, which was not possiblewith spontaneous
tumor models. Using the original model, Reuter et al. analyzed gene
expression profiles of both epithelia and stroma at specific time
points during tumor progression. Our system differs from Reuter

Fig. 5. Treatment with theMEK1/2 inhibitor U0126 restores PAR3 expression, cell junction formation, and oriented cell division. (A)Western blot analysis
of tissue lysate isolated from CDK/RAS epidermis concomitantly treated with TMX and U0126 or VEH for 20 days (TMX20+U0126 and TMX20+VEH,
respectively). Lysate was immunoblotted for phospho-ERK1/2 and total-ERK/2. Densitometry analysis was performed on n=3 animals per treatment. ***P<0.001
(unpaired t-test relative to TMX20+VEH). (B) Measurement of epidermal thickness. n=6 mice per group. ns, not significant (unpaired t-test). (C) Cell proliferation
was measured as percentage of Ki67 positive cells in the basal epidermis. ns, not significant (unpaired t-test). (D) Representative image of H&E-stained tissue.
TMX20+VEH and TMX20+U0126 xenografts were also stained with ECAD, CLDN1 and PAR3 antibodies. All immunofluorescence samples were co-stained with
collagen VII (Col7) and Hoechst 33342 (nuclei). Scale bars: 20 μm. (E) Immunostaining for the proliferation marker, Ki67 (green), differentiation marker K10 (red)
and Hoechst 33342 (nuclei). Scale bar: 20 µm. (F) Protein lysate isolated from TMX20+U0126- and TMX20+VEH-treated xenografts were blotted for PAR3
and ECAD expression. β-actin was used as loading control. Densitometry analysis based on n=3 animals per group. *P<0.05, **P<0.01 (unpaired t-test vs
TMX20+VEH). (G) Radio histogram quantification of basal cell division angles of TMX20+VEH or TMX20+U0126 xenograft. n=number of spindles quantified for
cell division orientation. (H) Statistical analysis of division angles expressed in G. n=number of xenografted animals analyzed per group. **P<0.01 (two-way
ANOVA with Tukey test, relative to TMX20+VEH treated mice). All data represented as mean±s.e.m.
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et al. in that our CDK4/HRAS xenografts (vs IκBα/HRAS
xenografts used by Reuter et al.) were treated with TMX instead
of 4-hydroxytamoxifen. Because 4-hydroxytamoxifen is 100×more
bioactive than TMX (Katzenellenbogen et al., 1984; Robertson
et al., 1982), Reuter et al. observed hyperplasia and disordered tissue
architecture within 5 days of 4-hydroxytamoxifen treatment and
invasion of epidermis into underlying stroma by day 20. This
accelerated timeline prevented an examination of themechanisms that
lead to tissue disorganization. In contrast, our modifications resulted
in a slower and less aggressive progression of tumorigenesis.
Significant tissue hyerplasia was only observed after 15 days of
TMX treatment and no invasive phenotypes were observed after
20 days of TMX injection. Moreover, changes in tissue architecture
took place over a period of 20 days rather than 5 days, which allowed
dissection of the pathway important for this process. Overall, our
model allowed for gradual transformation of normal human
keratinocytes and the initial cellular changes observed during
tumorigenesis are likely to be more indicative of the early stages of
oncogenic activation than prior studies. To our knowledge, this is the
first temporal documentation of spindle orientation deregulation and
loss of ECAD- and CLDN1-mediated cell junction formation in
RAS-driven tumorigenesis in 3D intact human skin.
In our efforts to catalog the initial molecular events of RAS-driven

SCC, we discovered that attenuation of PAR3 expression was a
determining cause of tissue disorganization during RAS-dependent
tumor development. PAR3 has also been studied in mouse skin
tumors where PAR3 knockout mice inhibited DMBA/TPA mediated
formation of skin papillomas (Iden et al., 2012). In that context,
PAR3 was found to localize to cell–cell junctions and to be necessary
for assembling Ras and its effectors, Sos2 and ERK1/2 at intercellular
contacts to promote growth and survival signaling. The authors also
observed an increase in keratoacanthoma formation in the DMBA/
TPA-treated PAR3 knockout mice. In a follow-up study, these
authors found that PAR3 knockout DMBA/TPA-treated mice also
had increased invasion and tissue disorganization during the late

stages of carcinogenesis (Vorhagen et al., 2018). These studies
illustrate the complex roles that PAR3 may play in tumorigenesis
where in the early stages it can cooperate with Ras to promote tumor
initiation while in the later stages it inhibits invasion. Our studies are
consistent with the latter stages of tumor formation in the mouse
model since our human model directly progresses to SCCs. Our
findings also illustrate a pathway in which RAS-mediated
downregulation of PAR3 results in loss of ECAD from cell
junctions, leading to disordered cell division. We believe this is the
first demonstration of the essential role of PAR3 and ECAD have in
maintaining tissue architecture during SCC tumor initiation.
Downregulation of PAR3 and ECAD have been associated with the
later stages of tumor progression, notably in breast and lung cancer
(Bonastre et al., 2015; McCaffrey et al., 2016). However, in both
cases, increased cell migration was postulated to be the cause of the
observed metastasis. Taken in combination with our data, it is likely
that continued downregulation of PAR3 and ECAD are required for
tumor invasiveness during SCC development. Future experiments are
required to address this. In models of single-layered epithelium,
ECAD has also been shown to direct mitotic spindle by providing
anchoring and spatial cues for LGN (also known as GPSM2)
(Anastasiou et al., 2020; Gloerich et al., 2017; Hart et al., 2017;Wang
et al., 2018). In murine skin, adherens junction proteins such as
afadin, vinculin and αE-catenin correct random angle divisions
during telophase through an LGN-independent process to generate
proper tissue organization (Lough et al., 2019). While our data
supports a role for ECAD in regulating oriented cell divisions in
stratified human skin, further investigation is needed to determine
whether ECAD is acting through an LGN-independent or -dependent
process to promote spindle orientation and tissue organization.

In addition to tissue organization, oriented cell division can also
control cell fate specification (Žigman et al., 2005). Unbalanced
inheritance of cytosolic content, as well as exposure to different
environments, can greatly influence the identity and function of the
daughter cells (Neumüller and Knoblich, 2009). Interestingly, loss
of PAR3 directed cell division during RAS-induced tumorigenesis
does not affect cell fate determination. We showed that restoring
PAR3 expression during RAS activation had no effect on the
proliferative phenotype, despite normalizing distribution of cell
division angles. Given that random divisions may function similarly
to planar ones, our findings suggest that loss of PAR3 promotes
neoplasic progression of SCC through tissue disorganization rather
than cell fate choices.

Regulators of cell polarity have long been recognized as a
determinant of cell division orientation in C. elegans zygotes and
Drosophila neuroblasts (Goldstein and Macara, 2007). In mouse
embryonic epidermis, the apicobasal regulator PAR3 has been
shown to localize LGN to the apical cortex, which facilitates mitotic
spindle alignment perpendicular to the basal membrane (Lechler
and Fuchs, 2005; Williams et al., 2014). The resulting asymmetric
cell division is integral in the formation of stratified epidermis as it
generates a progenitor cell and a daughter cell committed to
differentiation. However, PAR3 knockout had no significant
impacts on cell division angles in adult mice interfollicular
epidermis (Ali et al., 2016). Our study demonstrates that
decreased PAR3 levels results in loss of planar cell division in
human epidermis during RAS-induced tumorigenesis while not
affecting perpendicular cell division. It is possible that in our tumor
model PAR3 does not directly regulate cell division orientation as
opposed to what has been demonstrated for the direct role of PAR3
in promoting perpendicular cell divisions in mouse embryonic
epidermis (Williams et al., 2014). This may be the case, as indicated

Fig. 6. Proposed model of how RAS-dependent suppression of PAR3
expression leads to loss of epithelial architecture during SCC formation.
In normal epithelium, the presence of PAR3 promotes assembly of CLDN1-
and ECAD-mediated cell junctions required for oriented cell divisions and
normal epithelial architecture. In tumorigenic epithelium mediated by
oncogenic RAS, activation of the MAPK/ERK pathway causes the depletion of
PAR3, leading to the disassembly of CLDN1- and ECAD-mediated cell
junctions, random cell divisions and a disorganized epithelium.
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by the following observations: (1) PAR3 overexpression results in
oblique angle divisions being converted into planar ones rather than
perpendicular ones; (2) PAR3 overexpression restores ECAD to cell
junctions; and (3) ECAD depletion by shRNAs at day 5 of RAS
activation leads to significant loss of planar divisions and a gain in
oblique/random divisions. This mimicked the division angles
of much more advanced tumors, such as those at days 15 and 20
of RAS activation. Knockdown of ECAD also did not perturb PAR3
or CLDN1 at cell junctions, suggesting a direct role for ECAD
in mediating cell division orientation. Thus, our studies, in
combination with others, suggest that PAR3-driven regulation of
oriented cell division may be context dependent.
PAR3 expression, which we have now shown to be essential for

directed cell division in human SCC, is lost or significantly reduced
in several human malignancies (Bonastre et al., 2015; Guo et al.,
2016; McCaffrey et al., 2016; Zhang et al., 2019). PAR3 mutations
were also detected in 30% of patients with aggressive SSC
(Pickering et al., 2014). Furthermore, loss of epidermal PAR3 in
mice also led to melanocyte hyperplasia and increased tumor
formation due to upregulation of P-cadherin (Mescher et al., 2017).
Although these studies have correlated PAR3 expression loss with
malignant progression, the precise mechanism by which PAR3
expression is altered during tumor development has never been
investigated. Our results indicate that a pathway downstream of
RAS signaling is responsible for downregulating PAR3 protein
levels. One such pathway, the MAPK cascade is mutated in 30% of
all cancers and is the most frequently activated pathway in SCC
(Cheng and Tian, 2017; Dajee et al., 2003). In recent years, it has
become a promising target for cancer therapy due to its ascribed
roles in proliferation, differentiation and survival (Cheng and Tian,
2017). Genetic ablation ofMAPKKs (MEK1/2) in mouse epidermis
resulted in defects in barrier function due to hypoproliferation and
increased apoptosis, and loss of MEK1 reduced tumor formation in
DMBA/TPA-induced mouse skin carcinoma (Scholl et al., 2007,
2009). To determine whether the MAPK pathway regulates PAR3
expression in our model of RAS-induced human SCC, we
pharmacologically treated mice with U0126, a specific inhibitor
of MEK1/2 (Favata et al., 1998). PAR3 expression, ECAD-
mediated cell junction assembly and oriented cell divisions were
all restored upon MEK1/2 inhibition. Importantly, tissue growth
was not affected by U0126 treatment, providing evidence that the
primary role of the MAPK/ERK pathway in our human xenograft
model is not the control of cell proliferation but rather the
regulation of PAR3 protein and its associated functions during
initiation of RAS-activated SCCs. Our results demonstrate that
activation of the MAPK pathway regulates PAR3 expression and
localization to cell junctions; however, the precise mechanism of
how this is done is not clear. A previous study has shown that
ERK2 directly interacts and phosphorylates PAR3 at Ser-1116 in
neurons (Funahashi et al., 2013). This results in the accumulation
of PAR3 at axonal tips. ERK1/2 has also been shown to be
necessary for the proteasome-dependent degradation of proteins
involved in promoting cell cycle and migration through
phosphorylation of its target proteins (Deschenes-Simard et al.,
2013). Thus, it is possible that ERK2 phosphorylates PAR3 in our
tumor model to cause its degradation.
In conclusion, our use of an inducible model of in vivo human

neoplasia to evaluate molecular changes driving tumorigenesis
complements other efforts using mice or in vitro cancer cell
models. However, our approach differs from those in previous
studies in that we were able to analyze the temporal progression of
tissue disorganization during the initial stages of human SCC

development in vivo. As a result, we were able to demonstrate how
loss of PAR3 protein can potentiate SCC tumorigenesis via increased
tissue disorganization, but not cell fate determination, in a setting that
phenotypically mimics human epithelial structure. It will be
important in the future to determine the extent to which PAR3 loss
leads to altered division angles and disrupted tissue architecture in
spontaneous human SCCs. It will also be interesting to assess
whether this also correlates with the progression of the tumor from
pre-cancerous to invasion. Finally, we elucidated a novel MAPK-
dependent regulation of PAR3 protein expression, which can be
reversed by in vivo administration of the MAPK inhibitor, U0126.
Therefore, our use of inducible SCC transformation of primary
human keratinocytes improves upon previous cancer models by
providing a more-relevant system to answer basic questions about
oncogenesis, and a platform that is amenable to assessing relevant
pharmacological interventions in vivo.

MATERIALS AND METHODS
Cell culture
Primary human epidermal keratinocytes purchased from Life
Technologies (Thermo Fisher Scientific; C0015C) and were derived
from neonatal foreskin and cultured in EpiLife medium (Thermo Fisher:
MEPI500CA) and human keratinocyte growth supplement (HKGS,
Thermo Fisher: S0015) as previously described (Mistry et al., 2012; Sen
et al., 2010; Wang et al., 2015). Phoenix cells (ATCC CRL-3214) were
cultured in DMEM with 10% fetal bovine serum. All cells were
maintained in a 37°C, 5% CO2 incubator.

Gene silencing
To achieve stable knockdown of ECAD in primary human keratinocytes,
shRNAs targeting ECAD were first cloned into the pSuper retroviral vector
(Sen et al., 2004). The resulting retroviral construct (3 μg) were then
transfected into amphotropic phoenix cells using Lipofectamine 2000 (Life
Technologies: 11668027). Supernatants containing the retrovirus were
collected at 48 h post transfection and used to infect primary human
keratinocytes. Infection of the keratinocytes occurred over 2 consecutive
days. Each day, the viral supernatant, plus 5 μg/ml polybrene (Sigma-
Aldrich; H9268), were placed on the cells and centrifuged at 1700 g for 1 h.
Selection of infected cells occurred in medium supplemented with 1 μg/ml
puromycin. The shRNA sequence targeting ECAD is 5′-GCACCACTAC-
GCATGACTA-3′. The control shRNA construct was generated as
previously described (Sen et al., 2010).

Gene overexpression
Retroviral constructs for tamoxifen-reponsive ER-HRASG12V, CDK4 and
PAR3 were generated and stable cell lines of amphotropic phoenix cells
expressing each of the above retroviral constructs were made. Viral
supernatants were collected from the stable cell lines and used to infect
primary human keratinocytes as described in the ‘Gene silencing’ section
above. The LZRS-PAR3 construct wasmade by cloning the full-length open
reading frame of PAR3 into the LZRS retroviral vector using the restriction
enzymes HindIII and NotI. The primers used to amplify PAR3 were: PAR3
forward, 5′-ACGCAAAGCTTGCCACCATGAAAGTGACCGTGTGCT-
TCGGACGGACCCGGGTGGTCG-3′ and PAR3 reverse, 5′-ACGCAGC-
GGCCGCTCAGGAATAGAAGGGCCTCCCTTTCTCAGGAGTCTGA-
AGT-3′. The LZRS-CDK4 and LZRS-ER-HRAS retroviral constructs were
generous gifts from the Khavari laboratory (Department of Dermatology,
Stanford University, CA, USA) (Lazarov et al., 2002; Reuter et al., 2009).

Gene expression analysis
Total RNA was purified from cells and tissue using Trizol and Direct-zol
RNA purification kit (Zymo Research: R2051) according to manufacturer’s
instructions. RNAwas quantified using a Nanodrop. A total of 1 μg of total
RNA was reversed transcribed using the Maxima cDNA synthesis kit
(Thermo Fisher: K1642) and quantitative PCR was performed using the
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Bio-Rad CFX96 machine. L32 was used as internal control for
normalization. Sequence of primers used are as follows: L32 forward,
5′-AGGCATTGACAACAGGGTTC-3′, L32 reverse, 5′-GTTGCACATCA-
GCAGCACTT-3′; KRT2 forward, 5′-GCTTTGGCAGTCGGAGTC-3′,
KRT2 reverse, 5′-CTCCACCGAAACCACCAC-3′; MMP1 forward,
5′-TGGACCATGCCATTGAGA-3′, MMP1 reverse, 5′-TACCTGGGC-
CTGGTTGAA-3′; ITGB1 forward, 5′-AATGCCAAATGGGACACG-
3′, ITGB1 reverse, 5′-TTGCACGGGCAGTACTCA-3′; VEGFC
forward, 5′-GAAAGGAGGCTGGCAACA-3′, VEGFC reverse, 5′-TG-
TTTGTCGCGACTCCAA-3′; PAR3 forward, 5′-CCATGCGTACACC-
CATCA-3′, PAR3 reverse, 5′-TTCAGTCGGGGTGCTCTC-3′; CLDN1
forward, 5′-GTCATTGGGGGTGCGATA-3′, CLDN1 reverse, 5′-CA-
CCTCCCAGAAGGCAGA-3′; ECAD forward, 5′-GGCCTCCGTTTC-
TGGAAT-3′, ECAD reverse, 5′-TCCTTGGCCAGTGATGCT-3′;
CDK4 forward, 5′-GCTGCCTCCAGAGGATGA-3′, CDK4 reverse,
5′-GCTGCAGAGCTCGAAAGG-3′; SNAIL forward, 5′-TTCCAGC-
AGCCCTACGAC-3′, SNAIL reverse, 5′-CAGGGAGGTCAGCTCTG-
C-3′; SLUG forward, 5′-CACCTCCTCCAAGGACCA-3′, SLUG
reverse, 5′-GGCCAGCCCAGAAAAAGT-3′; TWIST2 forward,
5′-TCCAGCAACTCCGAGAGC-3′, TWIST2 reverse, 5′-GCCTCTC-
GAGCTCCTCCT-3′; AREG forward, 5′-TACTCGGCTCAGGCCATT-
3′, AREG reverse, 5′-CCCGAGGACGGTTCACTA-3′; EREG forward,
5′-AACCGTCCACCAACCTTT-3′, EREG reverse, 5′-CTTGCGGCA-
ACTCTGGA-3′.

Animal studies
3D organotypic skin was generated by seeding 106 genetically modified
primary human keratinocytes onto devitalized human dermis as previously
described (Li et al., 2019; Li and Sen, 2015; Wang et al., 2015). The tissue
was grown in an air–liquid interface over 7 days, before being grafted onto
male and female immunodeficient NOD scid gamma (NSG) mice (Jackson
Labs) of 12–16 weeks of age. The xenografts were allowed to heal for
2 weeks before bandages and sutures were removed. Immediately after,
RAS activation was induced by daily intraperitoneal (IP) injections of
TMX (Sigma Aldrich; 1.12 mg) which was resuspended in 10% ethanol
and corn oil (Reuter et al., 2009). Vehicle-treated animals were injected
daily with 10% ethanol and corn oil without TMX. Animals were
harvested after vehicle or TMX treatment for 5, 7, 10, 15 and 20 days after
the start of IP injections. Harvested tissue was placed in OCT for
immunostaining or snap frozen in liquid nitrogen to be used later for
protein or RNA expression analysis. All animal work was done in
accordance with, and approved by, the University of California, San
Diego’s Institutional Animal Care and Use Program.

U0126 treatment
MEK inhibitor U0126 (Cell Signaling, #9903) was reconstituted in 2.5%
DMSO, 30% Kolliphor EL (Sigma C5135), 10% ethanol and PBS. U0126
solution was IP injected daily (0.2 mg per mouse) in conjunction with TMX.
2.5% DMSO, 30% Kolliphor EL, 10% ethanol and PBS were used as
vehicle control. Tissues were harvested after 20 days of treatment with
U0126 and TMX.

Western blotting
Frozen tissue was homogenized in RIPA buffer (Thermo Fisher, 89900)
containing phosphatase (Thermo Fisher, A32957) and protease inhibitor
(Sigma-Aldrich, 11836170001) using the Bullet Blender tissue homogenizer.
Protein concentration of the lysate was determined using BCA protein assay
kit (Thermo Fisher, 23225). 60 μg of protein per sample was resolved by
SDS-PAGE and transferred to nitrocellulose membranes. Membranes were
blocked in 3% BSA plus 0.5% Tween 20 in TBS and incubated in primary
antibody overnight at 4°C. The primary antibodies used were against the
following proteins: phospho-p44/42 MAPK (ERK1/2, Cell Signaling, 4370)
at 1:1000, p44/42 MAPK (ERK1/2; Cell Signaling, 4695) at 1:1000, β-actin
(Santa Cruz Biotechnology, SC-47778) at 1:5000, PAR3 (Novus Biological,
NBP188861) at 1:500, ECAD (Cell Signaling, 3195) at 1:1000, SLUG (Cell
Signaling, 9585) 1:500, and SNAIL (Cell Signaling, 3879) at 1:500. After
washing, membranes were incubated with secondary antibody, and visualized
with LICOR. The secondary antibodies used were IRDye 680RD Donkey

anti-rabbit IgG (LICOR: 926-68073) at 1:10,000 and IRDye 800CW donkey
anti-mouse IgG (LICOR: 926-32212) at 1:10,000.

Immunostaining
For immunofluorescence staining of cryosectioned tissue, cryostections
(5–7 μm) were fixed (10% buffered formalin, methanol plus 5% acetic acid
or acetone), blocked in 2.5% goat serum, 0.3% Triton X-100 and 3% bovine
serum in PBS, and incubated with primary antibody (diluted in blocking
buffer) overnight at 4°C. The primary antibodies used were against: K10
(Abcam, AB9025) at 1:500, Collagen VII (Santa Cruz Biotechnology,
SC33710) at 1:100, KI67 (Abcam, AB16667) at 1:300, PAR3 (Novus
Biological, NBP188861) at 1:100, CLDN1 (Thermo Fisher, 71-7800) at
1:100, ECAD (Cell Signaling, 3195) at 1:100, phospho-histone3 (pH3; Cell
Signaling, 9706) at 1:250, and survivin (Cell Signaling, 2808) at 1:400. Bound
primary antibody was detected by fluorescent-dye-conjugated secondary
antibodies. These secondary antibodies include: Alexa Fluor 555-conjugated
goat anti-mouse IgG (Thermo Fisher: A11029) at 1:500, Alexa Fluor 488-
conjugated donkey anti-rabbit IgG (Thermo Fisher, A21206) at 1:500, Alexa
Fluor 555-conjugated goat anti-rabbit IgG (Thermo Fisher: A21429) at 1:500,
Alexa Fluor 488-conjugated goat anti-mouse IgG (Thermo Fisher, A11001) at
1:500. The nuclei were counterstained with Hoechst 33342 in PBS (1:1000,
Thermo Fisher, H3570). After washing with PBS, slides were mounted in
Fluoromount (Thermo Fisher, 00-4958-02). Images were taken with an
Olympus Dx71 camera mounted to a fluorescence microscope.

Histological analysis
Cryosections cut at 20 μmwere stained with hematoxylin and eosin (H&E).
Images were taken with an Olympus DP71 camera attached to an Olympus
BX51 microscope. Epidermal thickness was measured at the thickest region
of each section, from the base to the top of the epidermis using ImageJ
software. Three independent measurements were performed for each group
at each time point.

Measurement of cell division angles
Cell division orientation was determined as described previously (Williams
et al., 2014). Cryosections (5 μm) were stained with pH3 to detect cells in
anaphase/telophase. Sections were co-stained with a pan-keratin antibody
(Biolegend, PRB-160P) at 1:500 to differentiate the epidermis and dermis
boundary, which allows identification of the basement membrane. The
angle of cell division was assessed by measuring the angle of the plane
transecting two dividing nuclei relative to the plane of the basement
membrane. Divisions were categorized as either symmetric (0°–20°),
oblique (20°–70°), or asymmetric (70°–90°) and plotted in radial histograms
using Origin 2016 (OriginLab). The number of dividing cells analyzed is
indicated in the radial histogram. The number of analyzed cells comes from
3 or more mice per group per time point.

Statistical analysis
All data are presented as mean±s.e.m. and analyzed using Graphpad Prism.
Statistical significance was assessed using two-way ANOVA when
comparing multiple treatments between two or more groups, one-way
ANOVA when comparing multiple treatments within a single group or an
unpaired t-test when comparing two treatments. P<0.05 was considered
statistically significant.
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Figure S1. Changes associated with early human tumorigenesis. Related to Figure 1. 

(A) Epidermal hyperplasia in CDK4/RAS xenografts after 20 days treatment with TMX or VEH. 
n= 3-6 xenografted mice measured per timepoint. *p<0.05, **p<0.01 relative to VEH treated 
mice. Statistical significance was calculated using two-way ANOVA. (B) Quantification of Ki67 
positive cells for images shown in (C). n=4-5 mice were measured per group. **p<0.01, 
***p<0.001 relative to VEH20. Statistical significance was calculated using one-way ANOVA. (C) 
CDK4/RAS regenerated epidermis, at indicated timepoints of TMX/VEH, is co-labeled with 
proliferation marker, Ki67 (green), differentiation marker, K10 (red), and nuclear stain Hoechst 
(blue). (D) CDK4/RAS grafts were immunostained with pan keratin (green) and collagen VII 
(Col7: red). Scale bar=20µm, n=3-6 xenografted animals analyzed per timepoint. (E) mRNA 
expression of oncogenic, differentiation, cell adhesion and polarity markers during tumor 
progression. n=4-16 xenografts were analyzed per timepoint, per group. Statistical significance 
was calculated using one-way ANOVA. (F) Western blot and densitometry of SNAIL and SLUG 
protein in CDK4/RAS xenografts treated with VEH or TMX at indicated timepoints. NIH/3T3 cell 
lysate was used as positive control. β was u was used as loading control. Blot representative of 
n=3 animals per timepoint (G) H&E staining and epidermis thickness of normal keratinocyte 
xenografts treated with TMX for 20 days. Scale bar=50µm, n=3 animals were analyzed. Right 
panel: quantitation of epidermal thickness. ns = not significant. Statistical significance was 
calculated using unpaired t-test. (H) Ki67 and K10 immunostaining of normal keratinocyte 
xenografts treated with TMX for 20 days. Scale bar=20µm. Right panel: quantification of Ki67 
positive cells. n=3 animals were analyzed. ns = not significant. Statistical significance was 
calculated using unpaired t-test. (I) Representative images of ECAD (red) and Collagen VII 
(Col7: green) immunostaining and (J) PAR3 (red) and Col7 (green) immunostaining. Scale 
bar=20µm. All data represented as mean±SEM. 
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Figure S2. 
(A) ECAD and PAR3 protein expression after 20 days of TMX treatment by Western blotting. 
Densitometry based on n=3 mice per group. Statistical significance was calculated by unpaired 
t-test. *p<0.05 relative to VEH.  (B) mRNA expression of epidermis differentiation marker 
Keratin 2 (KRT2) after VEH and TMX treatment. n=3-6 mice were analyzed per group. 
Statistical significance was calculated using two-way ANOVA. ns=not significant. All data 
represented as mean±SEM. 
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Figure S3. Correlation of cell division angles between pH3 and Survivin. Related to 
Figure 3. 

(A) Representative orientation of cell divison in cells immunostained with pH3 (green) and 
Survivin (red). Planar (0°-20°), random (20°-70°), and perpendicular (70°-90°) divisions are 
defined relative to the basement membrane (denoted by the dotted white line). (B) R2 linear 
regression analysis comparing Survivin determined division angles with pH3 determined cell 
division angles. Each dot represents a cell division angle determined by survivin and pH3 
staining. 
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