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Mutant P53 Mechanisms And Functions In Esophageal Cancer
Abstract
Esophageal squamous cell carcinoma (ESCC) is the major subtype of esophageal cancer and one of the
most lethal cancers worldwide. Invasion and lung metastasis frequently occur in ESCC, thereby leading to
poor prognosis. The most frequently mutated gene in ESCC is TP53. P53R175H (homologous to
Trp53R172H in mice) is a common “hot spot” mutation. How p53R175H regulates invasion and
metastasis in ESCC remains to be investigated. To address this fundamental question in ESCC and
possibly applicable to other cancers, we modeled ESCC with a carcinogen exposure toTrp53R172H/mice. In the primary Trp53R172H/- tumor cell lines, depletion of Trp53R172H reduced cell invasion in vitro
and lung metastasis burden in a tail-vein injection model. Furthermore, in order to compare gene
expression profiles of metastatic mutant or null p53 cells, we used bulk RNA-seq to identify the YAPBIRC5 axis as a potential mediator of Trp53R172H driven lung metastasis. Expression of survivin (an antiapoptotic protein encoded by BIRC5) increased in the presence of Trp53R172H. Depletion of Survivin
decreased lung metastasis specifically in the context of Trp53R172H. Mechanistically, we demonstrated
that the interaction of YAP and mutant p53 may induce Survivin expression. Furthermore, Survivin high
expression level is associated with increased metastasis in several GI cancers. Taken together, this study
unravels new insights into how mutant p53 mediates lung metastasis. In a related project, we sought to
elucidate additional mechanisms of ESCC mediated invasion, recognizing that invasion is a necessary
step prior to metastasis. To that end, we revealed the role of endocytic recycling in contributing to
epithelial-to-mesenchymal transition (EMT) and invasion. We identified an important endocytic recycling
component, Rab11-FIP1, to be downregulated in primary Trp53R172H/- tumor cell lines compared to wildtype. Depletion of Rab11-FIP1 in murine and human ESCC cells leads to enhanced invasion.
Mechanistically, we demonstrated that Zeb1 may be a downstream effector of Rab11-FIP1 to mediate
EMT and invasion of ESCC. Taken together, we established the role of Rab11-FIP1 in mediating ESCC EMT
and invasion. In summary, our studies demonstrate the role of mutant p53 in invasion and lung
metastasis of ESCC through the YAP-Survivin axis. Additionally, we show that ESCC invasion involves
dysregulation of endocytic recycling, which may be related to mutant p53 and also independent of mutant
p53. Our discoveries will shed light on developing novel therapeutic strategies for ESCC and perhaps be
extended to other cancers.
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ABSTRACT
MUTANT P53 MECHANISMS AND FUNCTIONS IN ESOPHAGEAL CANCER
Qiaosi Tang
Anil K. Rustgi
Esophageal squamous cell carcinoma (ESCC) is the major subtype of esophageal cancer and
one of the most lethal cancers worldwide. Invasion and lung metastasis frequently occur in
ESCC, thereby leading to poor prognosis. The most frequently mutated gene in ESCC is TP53.
P53R175H (homologous to Trp53R172H in mice) is a common “hot spot” mutation. How p53R175H
regulates invasion and metastasis in ESCC remains to be investigated. To address this
fundamental question in ESCC and possibly applicable to other cancers, we modeled ESCC with
a carcinogen exposure toTrp53R172H/- mice. In the primary Trp53R172H/- tumor cell lines, depletion of
Trp53R172H reduced cell invasion in vitro and lung metastasis burden in a tail-vein injection model.
Furthermore, in order to compare gene expression profiles of metastatic mutant or null p53 cells,
we used bulk RNA-seq to identify the YAP-BIRC5 axis as a potential mediator of Trp53R172H
driven lung metastasis. Expression of survivin (an anti-apoptotic protein encoded by BIRC5)
increased in the presence of Trp53R172H. Depletion of Survivin decreased lung metastasis
specifically in the context of Trp53R172H. Mechanistically, we demonstrated that the interaction of
YAP and mutant p53 may induce Survivin expression. Furthermore, Survivin high expression
level is associated with increased metastasis in several GI cancers. Taken together, this study
unravels new insights into how mutant p53 mediates lung metastasis.
In a related project, we sought to elucidate additional mechanisms of ESCC mediated
invasion, recognizing that invasion is a necessary step prior to metastasis. To that end, we
revealed the role of endocytic recycling in contributing to epithelial-to-mesenchymal transition
(EMT) and invasion. We identified an important endocytic recycling component, Rab11-FIP1, to
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be downregulated in primary Trp53R172H/- tumor cell lines compared to wild-type. Depletion of
Rab11-FIP1 in murine and human ESCC cells leads to enhanced invasion. Mechanistically, we
demonstrated that Zeb1 may be a downstream effector of Rab11-FIP1 to mediate EMT and
invasion of ESCC. Taken together, we established the role of Rab11-FIP1 in mediating ESCC
EMT and invasion.
In summary, our studies demonstrate the role of mutant p53 in invasion and lung
metastasis of ESCC through the YAP-Survivin axis. Additionally, we show that ESCC invasion
involves dysregulation of endocytic recycling, which may be related to mutant p53 and also
independent of mutant p53. Our discoveries will shed light on developing novel therapeutic
strategies for ESCC and perhaps be extended to other cancers.
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CHAPTER 1: Introduction

Sections “Tumor invasion and metastasis”, “TP53 and TP53 mutation”, “Mutant p53 in cancer
metastasis” and “Binding partners of mutant p53 in metastasis” have been published in Trends in
Cancer

Tang Q, Su Z, Gu W, Rustgi AK. 2020a. Mutant p53 on the Path to Metastasis. Trends in Cancer
6: 62–73.
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Esophageal Squamous Cell Carcinoma
Esophageal cancer is a highly aggressive, yet understudied cancer. There are
approximately 570,000 cases occurred worldwide in 2018. There are two main subtypes of the
esophageal cancer, namely esophageal squamous cell carcinoma (ESCC) and esophageal
adenocarcinoma (EAC) (Rustgi and El-Serag 2014)(Pennathur et al. 2013). The major subtype of
esophageal cancer worldwide is ESCC.
Besides differences in histology, ESCC is distinct from EAC in several aspects. ESCC
often occurs in the middle and lower esophagi, whereas EAC occurs mostly in the distal
esophagi (Napier et al. 2014). In addition, the risk factors of ESCC are different from those in
EAC. The major risk factors of ESCC are tobacco smoking and alcohol consumption, whereas
EAC is associated with obesity and gastroesophageal reflux disease (GERD)(Napier et al.
2014)(Rustgi and El-Serag 2014). Furthermore, ESCC has a distinct mutational spectrum
compared to EAC (Rustgi and El-Serag 2014). A whole-genome and whole-exome sequencing
study revealed the most frequent mutated genes in ESCC include TP53, RB1, CDKN2A, PIK3CA,
NOTCH1, NFE2L2, ADAM29 and FAM135B(Song et al. 2014). However, the top genetic
mutations in EAC are TP53, CDKN2A, SMAD4, ARID1A and PIK3CA (Dulak et al. 2013).
The aggressive nature of esophageal cancer is an important factor in contributing to a
poor clinical outcome. Esophageal cancer spreads through multiple routes, including direct
extension, lymphatic spread and hematogenous metastasis (Napier et al. 2014). ESCC typically
has a poor prognosis, because many cases of ESCC are asymptomatic and not detected until
late stages. At the time of diagnosis, local invasion and distant metastasis, especially lung
metastasis, are frequently detected (Rustgi and El-Serag 2014). Thus, understanding the
mechanisms of invasion and metastasis in ESCC are crucial to improve treatment strategy and
patient outcomes.
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Tumor invasion and metastasis
Despite significant progress in investigating the molecular mechanisms underlying cancer
pathogenesis and advances in cancer therapeutics, patients diagnosed with metastatic disease
are mostly detected at late stages. Indeed, metastatic disease contributes to over 90% of cancerassociated deaths (Gupta and Massagué 2006). Although a large body of studies has unveiled
the mechanisms underlying primary tumor formation, understanding the how metastatic cancers
emerge and to translate that knowledge into personalized therapeutics is critical, yet remains
challenging. Metastasis involves a sequence of events, from cancer cell invasion at the primary
tumor site to the outgrowth of metastatic colonies at distant organs (Lambert et al. 2016). To
survive this multistep metastasis cascade, tumor cells reprogram gene expression and rewire
metabolism, amongst other factors (Powell et al. 2014). Regulation of intercellular and
intracellular signaling is also required to mediate the interactions of tumor cells and extracellular
matrix (ECM), in order to adapt to the constantly changing tumor microenvironment (TME). To
achieve these, genetic mutations and epigenetic alterations contribute significantly to metastasis
(Alderton 2017).

TP53 and TP53 mutation in cancer
The TP53 gene (equivalent to Trp53 gene in mice) is the most frequently mutated gene in
human cancers (Kandoth et al. 2013) . TP53 encodes the p53 protein, which is among the most
intensively investigated tumor suppressor gene for the last several decades. The majority of TP53
mutations are missense mutations. Mutations of TP53 are harbored in all coding exons, but
predominantly cluster in exons 4-9 that represents the DNA binding domain. In almost all
cancers, six “hotspot” residues are frequently mutated in the TP53 DNA binding domain, namely
R175(4.8%), G245(3.12%), R248 (6.79%), R249 (2.59%), R273 (6.55%) and R282 (2.59%)
(IARC TP53 Database, R20) (Rivlin et al. 2011). Theses mutations may diminish the wild-type
activity of p53, known as loss of function (LOF), and may act have dominant negative (DN)
functions to antagonize the remaining wild-type p53 (Rivlin et al. 2011)(Muller and Vousden
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2014b). Furthermore, a growing body of evidence has revealed that many p53 mutants
demonstrate gain of function (GOF) properties, whereby mutant p53 acquires “oncogenic”
properties and results in a more aggressive tumor phenotype (Rivlin et al. 2011)(Muller and
Vousden 2014b). Li-Fraumeni(LFS) syndrome is a familial cancer syndrome caused by germline
TP53 mutations and manifest by early-onset (Malkin 2011). Furthermore, mice with germline
Trp53 mutations have a different tumor spectrum compared to Trp53 null mice. Trp53R172H/- mice
have increased incidence of carcinoma, whereas Trp53-/- mice frequently develop lymphomas
and sarcomas (Olive et al. 2004).

Mutant p53 in cancer metastasis
Mutant p53 is a potent regulator of metastasis. Trp53R172H/+ mice harbor metastatic
osteosarcomas and carcinomas, whereas tumors in Trp53+/- mice do not metastasize (Lang et al.
2004). Indeed, mutant p53 promotes the metastasis cascade through multiple avenues (Figure 1)
(Table 1).
Epithelial-mesenchymal transition (EMT)
In epithelial carcinomas, Epithelial-mesenchymal transition (EMT) plays a crucial role in
metastasis, and is involved in multiple steps of metastasis including malignant conversion, ECM
degradation, primary tumor invasion, intravasation and extravasation (Tsai and Yang 2013).
These changes in cellular behavior are orchestrated by key EMT related transcription factors
(TFs) such as basic helix-loop-helix (bHLH) TFs, zinc-finger E-box-binding (ZEB), and SNAIL
(Lamouille et al. 2014)(Dongre and Weinberg 2019).
Wild type p53 has been shown to negatively regulate the initiation and maintenance of
EMT and to suppress metastasis (Powell et al. 2014). By contrast, mutant p53 facilitates EMT
and metastasis (Dong et al. 2013)(Roger et al. 2010)(Ohashi et al. 2010)(Wang et al.
2009)(Tabach et al. 2010)(Adorno et al. 2009)(Neilsen et al. 2012)(Kalo et al. 2007)(Ali et al.
2013)(Ji et al. 2015). Several EMT TFs can be regulated by mutant p53 at transcriptional, post-
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transcriptional and translational levels. In endometrial cancer, Tp53R175H;R248Q;R273H GOF mutants
induce ZEB1 expression through transcriptionally repressing miR-130b, a negative regulator of
ZEB1. This leads to induction of EMT and increased endometrial cancer cell invasion (Dong et al.
2013). Upregulation of ZEB1 is also observed in HCT116 colon carcinoma cell lines expressing a
temperature-sensitive p53 (p53-A143) with mutant conformation (Roger et al. 2010). In
transformed human esophageal epithelial cells, Tp53R175H cooperates with epidermal growth
factor receptor (EGFR) overexpression to induce increased expression of ZEB1 and ZEB2, and
to promote EMT upon TGFß stimulation (Ohashi et al. 2010). Besides ZEB family of TFs, mutant
p53 also affects SNAIL. One member of the SNAIL family of TFs, Slug, can be stabilized by
Tp53R248W in non-small cell lung cancer (NSCLC). Whereas Slug is suppressed by wild type p53
through inducing MDM2-mediated degradation, Slug is maintained by mutant p53 through
repression of MDM2 expression, leading to increased cancer cell invasiveness in NSCLC (Wang
et al. 2009). In addition, expression of p53 with mutant conformation also induces Slug and
represses ECADHERIN expression in HCT116 colon carcinoma cell lines (Roger et al. 2010).
Furthermore, in immortalized human prostate epithelial cells, mutant p53 contributes to EMT and
enhanced cell invasion(Tabach et al. 2010). Mechanistically, Tp53R175H mutant p53 specifically
increases the expression of Twist1, a bHLH family TF, through attenuation of epigenetic
repression (Tabach et al. 2010).
In addition to regulating EMT TFs, the crosstalk between mutant p53 and TGFß signaling
is involved in regulating cell motility, invasion and metastasis (Adorno et al. 2009)(Neilsen et al.
2012)(Kalo et al. 2007)(Ali et al. 2013)(Ji et al. 2015). However, mutant p53 cooperates or
attenuates TGFß signaling in different contexts (Adorno et al. 2009)(Neilsen et al. 2012)(Kalo et
al. 2007)(Ali et al. 2013)(Ji et al. 2015). In some cancers, mutant p53 is required for TGFßinduced invasion and metastasis through diverse mechanisms (Adorno et al. 2009)(Neilsen et al.
2012). In breast cancer cell lines, Tp53R248Q;R282W upregulates miR-155 and downregulates
ZNF652, a zinc-finger transcriptional repressor of TGFB1, TGFB2, TGFBR2, SMAD2 and
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VIMENTIN. Activation of the mutant p53/miR-155 axis leads to increased invasion, migration and
amoeboid transformation in vitro (Neilsen et al. 2012).
Mutant p53 (Tp53R175H) also affects TGFß signaling through direct interactions with
SMADs. SMAD2 functions as an essential platform to assemble mutant p53 and p63. Therefore,
p63 is antagonized by the formation of this inhibitory complex through TGFß signaling (Adorno et
al. 2009). However, mutant p53 attenuates TGFß pathway in other contexts. In human NSCLC
H1299 cell line, repression of TGFBR2 expression by Tp53R175H is demonstrated. As a result,
Tp53R175H attenuates the activity of TGFß1 signaling pathway, including reduction in TGFß1induced phosphorylation of SMAD2/3 and inhibition of TGFß1-mediated nuclear translocation of
SMAD4 and its association with SMAD2. Functionally, Tp53R175H represses TGFß1-mediated cell
migration (Kalo et al. 2007). Tp53R175H also opposes TGFß/SMAD3 pathway and protects the
activity of REGy-proteasome pathway in H1299 cell line (Ali et al. 2013). One possible
explanation to partially reconcile these contradictory observations lies in the preferential binding
of mutant p53 with SMAD3 than SMAD2 in the presence of ERK activation. Upon ERK activation,
p53R175H preferentially binds to SMAD3, disrupts the SMAD3/SMAD4 complex, distorts the TGFß
pathway and unleashes SMAD2 specific signaling (Ji et al. 2015). Despite functional redundancy,
SMAD2 and SMAD3 play different roles in the TGFß pathway (Meng et al. 2010). For example,
Slug expression is enhanced by SMAD2 but repressed by SMAD3 (Ji et al. 2015). Therefore,
mutant p53 may exerts parts of its effects through disrupting the balance of SMAD2 and SMAD3
transcriptional activity (Ji et al. 2015).
Cell motility and interaction with the ECM
Once EMT occurs, tumor cells form protrusive and invasive structures to navigate
through the extracellular matrix (ECM), to break away from the invasive front and to migrate into
the vasculature (Machesky 2008). During extravasation, protrusive structures are also required
to passage through endothelium into the ECM of the metastatic site (Machesky 2008). The
dynamic formation of protrusive structures such as lamellipodia and filopodia depends upon
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changes in the actin cytoskeleton. Therefore, actin cytoskeleton regulators are major controllers
of cell motility, and play an important role in cancer cell invasion and metastasis (Machesky
2008). The myosins family are actin-based motor proteins, and the founding member of class X
myosins, Myo10, is well established for its induction of filopodia and contribution to cell migration
(Kerber and Cheney 2011). In breast cancer cells, Myo10 is required for cell invasion,
dissemination and metastasis through transporting integrins to filopodia tip. Furthermore, Myo10
expression is induced by mutant p53(Tp53R175H) in vitro and in vivo (Arjonen et al. 2014). In
patient samples, Myo10 expression also correlates with p53 mutation and poor prognosis,
thereby suggesting that Myo10 is an important regulator in mutant p53-driven invasion (Arjonen
et al. 2014). In addition to myosins, small GTP-binding proteins RhoGTPases are also important
regulators of cell motility. RhoA, a member of the Rho family, controls actomyosin based
contractility and retraction (Ridley et al. 1992)(Ridley and Hall 1992). In Trp53R172H driven invasive
mouse pancreatic ductal adenocarcinoma (PDAC), RhoA activity is observed in both the leading
edge and trailing edge of cells. However, this is not observed in p53 knockout PDAC cells
(Timpson et al. 2011). These observations demonstrate the important role of mutant p53 in the
spatial regulation of RhoA activity (Timpson et al. 2011).
In addition to cancer cell motility, the interaction of cancer cells with ECM is
indispensable for metastasis (Eble and Niland 2019)(Lu et al. 2012). Integrins are the most
predominant cell adhesion receptors for ECM components, and are involved in almost every step
of cancer progression and metastasis (Hamidi and Ivaska 2018)(Ganguly et al. 2013). In H1299
cells, fibronectin-binding a5ß1 integrin is required for mutant p53-driven cell motility and invasion.
The recycling rate of a5ß1 integrin is increased by Tp53R175H;R273H through enhancing the
interaction between a5ß1 integrin and the Rab11 effector Rab-coupling protein (RCP or Rab11FIP1), an important regulator of endocytic trafficking (Muller et al. 2009b)(Caswell and Norman
2008). Taken together, this study demonstrates mutant p53 harnesses the endocytic recycling
machinery to enhance integrin trafficking to the plasma membrane, and promotes tumor cell
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invasion and motility (Muller et al. 2009b)(Caswell and Norman 2008)(Selivanova and Ivaska
2009).
Glycosylation of cell surface proteins is another important contributor of cancer cell-ECM
interactions and metastasis (Kölbl et al. 2015). As the major cell adhesion glycoprotein, integrin’s
glycosylation patterns affect cell-matrix adhesion and regulate breast cancer progression (Singh
et al. 2018). For prometastatic cell surface proteins such as integrins, mutant p53 not only
enhances their expression level quantitatively, but also regulates their N-glycosylation state
qualitatively. Tp53R175H;C176S;R248W;R273H;R280K induces the expression of ectonucleoside
triphosphate dipsphohydrolase 5 (ENTPD5), an enzyme to promote folding of N-glycosylated
membrane proteins in the endoplasmic reticulum (ER). As a result, Tp53R280K and ENTPD5
promote N-glycoprotein folding and maturation in ER to enhance invasion and lung colonization in
breast cancer (Vogiatzi et al. 2016).
Receptor tyrosine kinase signaling
Receptor tyrosine kinases (RTKs) are a family of cell-surface receptors such as the
epidermal growth factor receptor (EGFR), the platelet-derived growth factor receptor (PDGFR),
and hepatocyte growth factor (HGF)/MET pathways. RTKs have been demonstrated as critical
regulators in cancer cell proliferation, differentiation, and migration, and play an important role in
metastasis (Diederichs et al. 2005)(Lemmon and Schlessinger 2010). Mutant p53 induces several
RTK pathways to promote tumor invasion and metastasis. In epithelial malignancies, EGFR is a
key regulator and therapeutic target in tumor growth, invasion and metastasis (Sasaki et al.
2013). Tp53R175H;R273H promotes EGFR phosphorylation and AKT activation through enhancing
EGFR trafficking to the plasma membrane. This contributes to increased invasive behavior in
H1299 cells (Muller et al. 2009b). In addition to EGFR, Trp53R172H also promotes PDGFRb
signaling to enhance invasion and lung metastasis in PDAC. Furthermore, inhibition of PDGFRb
by imatinib decreases mutant p53 driven metastases, indicating PDGFRb as a promising
therapeutic target (Weissmueller et al. 2013)(Dai 2010). Another RTK pathway regulated by
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mutant p53 is the HGF/MET pathway. HGF is an important environmental inducer of tumor’s
invasive growth, which binds to its receptor Met. HGF/MET signaling has been demonstrated to
play a major role in promoting cell motility, proliferation, tumor formation, invasion and
progression (Trusolino et al. 2010)(Benvenuti and Comoglio 2007). Suppression of HGF/MET
and VEGF signaling decreases tumor invasion and metastasis in pancreatic neuroendocrine
tumors (Sennino et al. 2012). In transformed primary esophageal epithelial cells, MET receptor is
activated upon p53R175H expression. Inhibition of MET phosphorylation leads to decreased cell
invasion, indicating that MET may be regulated by p53R175H to promote cell invasion (Grugan et
al. 2013). Mechanistically, MET is an RCP-binding protein, and MET recycling is enhanced by
p53R175H;R273H. Therefore, cells harboring mutant p53 are more sensitive to HGF, indicating a
potential therapeutic strategy for mutant p53 driven invasion and metastasis (Muller et al. 2013).
New perspectives on mutant p53 and metastasis
Recently, emerging new mechanisms have been demonstrated in mutant p53 driven
metastasis. While cell-to-cell interaction and cell-to-ECM interaction are important in invasion and
metastasis, novel components of the tumor secretome such as exosomes also contribute to
multiple steps of the metastasis cascade (Lobb et al. 2017). Exosomes are secreted
nanovesicles, 40 to 100nm in diameter and round to cup-shaped in morphology. As end-products
of the recycling pathway, they carry a variety of cargos including DNA, mRNA, miRNA, long noncoding RNA (lncRNA), proteins and lipids. Exosomes derived from cancer cells have been
demonstrated to promote metastasis through mediating invasion into surrounding tissues,
modulating immune responses, regulating angiogenesis and facilitating pre-metastatic niche
formation (Lobb et al. 2017)(Weidle et al. 2017)(Steinbichler et al. 2017). In addition to the
previous finding that that mutant p53 promotes cancer invasiveness through enhancing RCPdependent integrin recycling (Muller et al. 2009b), a recent study demonstrated that p53R175H;R273H
expressing tumor cells release exosomes to upregulate RCP-dependent integrin recycling and
cell migration in neighboring p53 null cells. Thus, this gain-of-function of mutant p53 may be
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potentially transferred inter-cellularly through exosomes (Novo et al. 2018). Furthermore, the
released exosomes also promote integrin trafficking in normal fibroblasts, leading to alterations in
ECM structure and generation of a proinvasive microenvironment. In both subcutaneous tumor
model and Pdx1-Cre, KrasG12D/+, Trp53R172H(or R270H)/+ (KPC) autochthonous PDAC model, even in
the absence of lung metastatic cells, ECM organization in lung is altered by mutant p53
expressing primary tumors. These observations indicate a novel mechanism that mutant p53
expressing tumor cells generate pro-invasive niches through releasing exosomes (Novo et al.
2018). In colon cancer, exosomes secreted by p53R248W expressing tumor cells are enriched with
miR-1246. These exosomes can be taken up by neighboring tumor-associated macrophages
(TAMs) and reprogram TAMs to a tumor supportive state (Cooks et al. 2018).
Non-coding RNA regulatory networks also play an important role in regulating metastasis.
These regulatory RNAs include small non-coding RNAs such as miRNA with transcript length
less than 200bp, and lncRNAs with transcript length longer than 200bp (Huang et al. 2018).
MiRNAs and lncRNAs regulate gene expression in multiple ways including transcriptional
regulation, post-transcriptional regulation and translational regulation (Huang et al. 2018)(Kim et
al. 2018). In cancer cells, miRNA and lncRNA functions are significantly deregulated, and a large
body of evidence has demonstrated their important role in metastasis (Huang et al. 2018)(Kim et
al. 2018). P53R273H regulates miRNAs such as let-7i to affect a broad spectrum of gene
expression (Subramanian et al. 2015). Let-7i represses a network of proliferation and RNA posttranscriptional modification genes, and the inhibition of let-7i by mutant p53 leads to increased
cell migration, invasion and metastasis (Subramanian et al. 2015). LncRNA metastasisassociated lung adenocarcinoma transcript 1 (MALAT1) is known as an important regulator of
lung cancer metastasis (Eißmann et al. 2013). In breast cancer cells, p53R175H;R273H promotes the
association of MALAT1 with chromatin and further modulates VEGFA isoforms expression. These
observations demonstrate the regulation of lncRNA by mutant p53, and may indicate a potential
mechanism of lncRNAs as mediator in mutant p53 driven metastasis (Pruszko et al, 2017).
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Metabolism reprogramming is a hallmark of cancer (Heiden and Deberardinis 2017). To
survive different stages of metastasis, tumor cells engage metabolic strategies to adapt to foreign
metastatic microenvironments (Dupuy et al. 2016). Mutant p53 rewires metabolism in tumor cells
to meet the biosynthetic demands for tumor growth and progression, such as inducing the
Warburg effect and regulating the mevalonate pathway (Mantovani and Collavin 2019)(Zhang et
al. 2013a)(Freed-pastor and Prives 2012). Recently, one study demonstrated that a common
TP53 polymorphism at codon 72 (R72) variant of p53R175H;R273H promotes migration and
metastasis through regulating PGC-1a, a crucial regulator in mitochondrial biogenesis and
oxidative phosphorylation. In multiple cancer cell lines, R72 variant of mutant p53 expressing
cells demonstrate increased PGC-1a function, oxidative phosphorylation and enhanced
metastatic capacity. Taken together, this study revealed a novel mechanism whereby mutant p53
reprograms metabolism pathway to enhance metastasis (Basu et al. 2018).

Binding partners of mutant p53 in metastasis
Mutant p53 exerts part of its functions through forming protein complexes with binding
partners and affecting their transcriptional activity (Freed-pastor and Prives 2012)(Kim and
Lozano 2017). These binding partners include other members of the p53 family, such as p63 and
p73, and TFs such as Sp1 and ETSs (Kim and Lozano 2017). Unlike p53, p63 somatic mutation
is rarely detected in human cancers. In aggressive and metastatic tumors, loss of p63 expression
occurs, indicating that p63 may function as a suppressor of tumor progression and metastasis
(Melino 2011). P63 can be inhibited by mutant p53 through direct physical interaction (Gaiddon et
al. 2001)(Strano et al. 2002). In mutant p53 expressing H1299 cells, interaction of p63 and
mutant p53 is observed (Muller et al. 2009b). Disruption of this interaction is associated with
decreased invasion. Furthermore, depleting p63 increases a5b1-integrin and EGFR recycling,
and promotes tumor cell invasion and random migration, suggesting that mutant p53 drives
invasion and migration through inhibition of p63 (Muller et al. 2009b). Similarly, in p63 expressing
cells, inhibition of p63 promotes mutant p53 driven HGF/MET dependent invasion (Muller et al.
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2013). In addition, mutant p53 binds to p63 using SMADs as a platform. The formation of this
complex downregulates the expression of two endogenous p63 target genes, Sharp-1 and Cyclin
G2. Low expression of these two genes in breast cancer patients is associated with decreased
recurrence-free survival (Adorno et al. 2009). By contrast, the repression of another p63 target,
miR-155, is alleviated by mutant p53, leading to upregulation of several key drivers in invasion
and metastasis and increased migration, invasion and ameboid transformation (Neilsen et al.
2012). Finally, the mutant p53-p63 complex represses the expression of let7i, which represses
cell migration, invasion and metastasis through inhibiting a network of oncogenes (Subramanian
et al. 2015). Similar to p63, p73 also physically interacts with mutant p53 and its transcriptional
activity is suppressed by this interaction (Como et al. 1999)(Strano et al. 2000). Furthermore,
inhibition of p73 by mutant p53 contributes to enhanced metastasis. In PDAC, mutant p53
sequesters p73 from forming the repressive p73/NF-Y complex, leading to increased transcription
of PDGFRB and enhanced migration, invasion and lung metastasis (Weissmueller et al. 2013).
Besides p63 and p73, mutant p53 interacts with other TFs to promote metastasis. Mutant
p53 can form a complex with Sp1 (Chicas et al. 2000). In human PDAC cell lines, mutant p53 is
recruited to ENTPD5 promoter by Sp1 and induces ENTPD5 expression to upregulate Nglycosylated membrane protein folding, eventually contributing to enhanced metastatic capacity
(Vogiatzi et al. 2016). In several breast cancer cell lines, inhibitor of DNA binding 4 (ID4), a
transcriptional target of mutant p53, interacts with SKBR3 and together forms a complex with
RNA splicing factor SRSF1. The formation of this complex promotes binding of SRSF1 to
MALAT1 lncRNA, recruits MALAT1 on VEGFA pre-mRNA and affects VEGFA isoforms
expression. Altogether, these events enhance tumor cell angiogenic potential, an important part
of the metastasis cascade (Heiden and Deberardinis 2017)(Fontemaggi et al. 2009). In H1299
and HaCaT cell lines, mutant p53 binds to and recruits p300, a coactivator, on REGy promoter to
induce its expression, further affecting TGFß signaling (Ali et al. 2013). Finally, in an
osteosarcoma model driven by mutant p53, depletion of Ets2, a TF previously shown to interact
with mutant p53, abrogates the prometastatic phenotype (Do et al. 2012)(Pourebrahim et al.
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2017). This result indicates that Ets2 may be another TF partner of mutant p53 to drive
metastasis (Pourebrahim et al. 2017).

Signaling pathways in tumor invasion and metastasis
YAP/Survivin signaling pathway
The Hippo/yes association protein(YAP) pathway is a conserved pathway in regulating
tissue development and regeneration (Zanconato et al. 2019). In tumorigenesis, the YAP pathway
is well-known to be activated and promotes cancer initiation, progression and metastasis
(Zanconato et al. 2016). The core components of the Hippo/YAP pathway include mammalian
Ste20-like kinases 1/2 (MST1/2), large tumor suppressor 1/2 (LATS1/2), YAP and its paralog TAZ
(also known as WW domain containing transcription regulator 1(WWTR1))(Han 2019). Activation
of the Hippo pathway phosphorylates MST1/2 and LATS1/2, and then phosphorylates YAP/TAZ.
Phosphorylated YAP/TAZ binds to 14-3-3 and is localized in the cytoplasm. Thus, its activity is
inhibited (Han 2019). Upon deactivation of Hippo, dephosphorylated YAP/TAZ translocates into
the nucleus and forms a heterodimer with the TEAD transcription factor. This turns on
transcriptional activity of genes that are pro-tumorigenic (Han 2019)(Gumbiner and Kim 2014).
Many studies have demonstrated the function of YAP in promoting metastasis(Janse van
Rensburg and Yang 2016)(Warren et al. 2018)(Zanconato et al. 2019). Indeed, almost every step
of the metastasis cascade can be regulated by YAP(Warren et al. 2018). To start, YAP activation
upregulates mesenchymal gene expression and fosters EMT. This promotes tumor cells to
invade through the surrounding tissue and then intravasate (Warren et al. 2018). Upon entering
the circulation, YAP activation maintains circulating tumor cells (CTCs) survival through inhibiting
anoikis (Zhao et al. 2012). After the disseminated tumor cells are seeded to the metastatic site,
YAP activation enhances tumor cell survival and proliferation(Lamar et al. 2012). Taken together,
these studies have established the role of YAP as a potent metastasis regulator.
Specifically, YAP is an important oncogene in squamous cell carcinoma (SCC). In skin
malignancies, YAP is expressed at a high level, and is localized in the tumor invasive front.
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Depletion of YAP inhibits SCC tumor formation (Debaugnies 2018). In ESCC, YAP is
overexpressed in both established cell lines and primary tumors. High expression of YAP in
tumors is associated with worse survival rates(Muramatsu et al. 2011). In addition, depletion of
YAP leads to inhibition of proliferation in ESCC (Muramatsu et al. 2011)(Cui and Li 2018). In
summary, these studies have suggested an oncogenic role of YAP in ESCC and other SCCs.
Mechanistically, Hippo/YAP pathway interacts with the p53 pathway physically and
functionally in physiological and oncogenic contexts (Furth et al. 2018)(Raj and Bam 2019). In
response to stress conditions, Hippo/YAP and wild-type p53 establish a positive feedback loop to
upregulate each other’s expression, thereby inducing senescence and apoptosis (Raj and Bam
2019). However, in the context of TP53 mutation, YAP is known to cooperate with mutant p53
and support tumorigenesis (Furth et al. 2018)(Raj and Bam 2019). For example, in breast cancer
cells, YAP physically binds with mutant p53 to enhance cyclin A, cyclin B and CDK1. Depletion of
YAP or relocating YAP to the cytoplasm reduces expression of cyclin A, cyclin B and CDK1, and
inhibits tumor cell growth rate (Di Agostino et al. 2016). In addition, a recent study also revealed
that in high-grade serous ovarian cancer (HG-SOC), nuclear YAP is tethered to mutant p53
through endothelin-1 (ET-1) and b-arrestin1 (b-arr1). This YAP/mutant p53 complex further
activates a transcriptional program that is related to poor prognosis (Tocci et al. 2019).
One of the targets that YAP can transcriptionally activate is BIRC5 (Dong et al. 2007).
BIRC5 encodes Survivin, the smallest member of the inhibitor of apoptosis proteins (IAP) family
(Mita et al. 2008). In normal tissue, expression of Survivin is regulated in a cell-cycle dependent
manner, whereby its transcription increases during G1 and peaks at G2-M (Mita et al. 2008). The
most well-established roles of Survivin include regulating cell division through association with
tubulin and cytokinesis regulators, and inhibiting apoptosis through interacting with and degrading
caspases (Mita et al. 2008).
Survivin is expressed highly in several types of cancers, such as lung, colon, pancreatic
and esophageal (Mita et al. 2008)(Li et al. 2018). As a negative regulator of apoptosis, Survivin
acts as a oncogenic driver through translocating into mitochondria and thereby mediating
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apoptosis resistance (Li et al. 2018). Besides promoting primary tumor growth, several studies
have revealed the potential role of Survivin in the metastasis cascade(Garg et al. 2016). In
colorectal cancer and prostate cancer patients, high Survivin expression is associated with
enhanced invasion and metastasis (Chu et al. 2012)(Zhang et al. 2010). Survivin promotes
invasion, migration and metastasis in human melanoma cells (Mckenzie and Grossman
2012)(McKenzie et al. 2013). Interestingly, Survivin may be also localized in the extracellular
compartment, which likely contributes to enhanced metastasis through regulating the tumor
microenvironment(Khan et al. 2009). Taken together, Survivin can serve as a potent metastasis
mediator in several cancers in addition to its role as an apoptosis inhibitor.
In ESCC, one study has shown that Survivin expression increases with tumor stage
(Shang et al. 2018). Inhibition of Survivin reduces invasion and migration ability in human ESCC
cell lines (Shang et al. 2018). These results suggest the important role of Survivin in ESCC and
indicate its potential function in regulating ESCC metastasis.
In summary, the YAP/Survivin axis serves as an important regulator in promoting
metastasis. In ESCC, studies have revealed the potential oncogenic role of YAP/Survivin
(Muramatsu et al. 2011)(Cui and Li 2018)(Shang et al. 2018). However, whether YAP/Survivin
promotes ESCC metastasis and whether this axis cooperates with TP53 mutation remain to be
elucidated.

Rab11-FIP1 and the endocytic recycling pathway
Endocytic recycling is a physiological cellular process to selectively package cell-surface
proteins into endosomes, to degrade in lysosomes, or to recycle to the plasma membrane.
However, this process can be harnessed by cancer cells and dysregulate important cell-surface
proteins such as cytokine receptors and adhesion molecules (Mellman and Yarden 2013). The
Ras-associated binding (Rab) family of small GTPases is the largest branch of Ras small
GTPases to mediate complex events in membrane trafficking (Grosshans et al. 2006). In
membrane receptor recycling, after a vesicle is internalized to early endosomes (EEs), receptors
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can either be destined to lysosomes for degradation via multivesicular bodies (MVBs), or recycled
to the plasma membrane through one of two recycling pathways: ‘short-loop’ recycling and ‘longloop’ recycling. ‘Short-loop’ recycling is regulated mainly by Rab4, where receptors are recycled
to the plasma membrane directly from early endosomes. In ‘long-loop’ recycling, receptors are
trafficked from EEs to the perinuclear recycling compartment (PNRC) and then recycled to
membrane. This recycling pathway is driven by Rab11(Jones et al. 2006).
Rab effectors are proteins that can interact with a specific GTP-bound Rab, and achieve
specificity in membrane traffic through this interaction. Effectors for Rab11 are termed as Rab11family interacting proteins (Rab11-FIPs). The five members(Rab11-FIP1, Rab11-FIP2, Rab11FIP3,Rab11-FIP4 and Rab11-FIP5) in this family share a conserved Rab11-binding domain at the
C-terminal (Zerial and McBride 2001). Rab11-FIP1 is the most intensively studied subfamily of
Rab11-FIP. At least 5 isoforms have been found. Rab11-FIP1C, also known as Rab Coupling
Protein(RCP), is the only protein in Rab11-FIP family that could bind both Rab11 and Rab4
(Baetz and Goldenring 2013)(Lindsay and McCaffrey 2004). It serves as a molecular link between
the Rab4 regulated ‘short-loop’ recycling and the Rab11 regulated ‘long-loop’ recycling. In
addition, Rab11 instead of Rab4 can recruit Rab11-FIP1C to the membrane of PNRC(Lindsay
and McCaffrey 2004). Rab11-FIP1C can also bind to the phagosomal membrane and mediate the
recycling from the phagosomal compartment to the plasma membrane (Damiani et al. 2004).
Several studies have demonstrated the mechanisms of Rab11-FIP1C to promote tumor
cell invasion and migration through mediating the recycling of the integrins and receptor tyrosine
kinases (RTKs). As a scaffold protein, Rab11-FIP1C associates with epidermal growth factor
receptor1 (EGFR1) and the α5β1 integrins, enhances their recycling to the plasma membrane,
and results in constitutively activated EGFR/integrin signaling. This process can promote random
cell motility, increased invasion, and can drive cell migration into 3D matrices, which is enhanced
by mutant p53 mediated inhibition of TAp63 (Caswell et al. 2008)(Muller et al. 2009). Additionally,
Rab11-FIP1C can bind with MET, the receptor for hepatocyte growth factor (HGF), promote MET
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recycling and signaling, and enhance cell scattering and invasion via both TAp63-dependent and
TAp63 independent pathways in mutant p53 cells. However, enhanced cell invasion was not
observed in mutant p53 cell lines in response to PDGF-β and IGF-1, suggesting the specificity in
Rab11-FIP1C driven receptor recycling(Muller et al. 2013).
The expression pattern and function of Rab11-FIP1 vary in different cancers. In breast
cancer, Rab11-FIP1 was expressed the highest in the luminal B subtype (ER+,PR+/-, HER2+)
and the lowest in the basal-like subtype (ER-,PR-,HER2-). Rab11-FIP1 was expressed at the
highest level in invasive cancers compared to normal specimens and DCIS samples. Altogether,
this suggested that the estrogen signaling pathway may play a role in regulating Rab11-FIP1
functions (Zhang et al. 2009). In the MCF7(ER+,PR+/-, HER2-) breast cancer cell line, Rab11FIP1 overexpression enhances cell proliferation, colony-formation and invasion. In the MDA-MB231 (ER-,PR-,HER2-) breast cancer cell line, increased colony-formation, but not proliferation and
invasion, is observed after overexpressing Rab11-FIP1 (Zhang et al. 2009). Although these
studies suggest Rab11-FIP1 is pro-tumorigenic, another study that was specifically focused on
HER2-mediated breast cancer implicated Rab11-FIP1 as a negative regulator of tumor
progression. Inducible expression of Rab11-FIP1 delays the onset of breast cancer in vivo, and
the expression level of Rab11-FIP1 is correlated inversely with HER2 expression because
Rab11-FIP1 can promote lysosomal degradation of HER2. Therefore, at least in the subtype of
HER2-driven breast cancer, Rab11-FIP1 is a negative regulator of breast carcinogenesis(Boulay
et al. 2016).
In summary, the functions of Rab11-FIP1 mediating integrins and RTKs recycling make it
an important regulator in tumor cell proliferation, invasion and migration. The interactions
between Rab11-FIP1 and oncogenic pathways remain to be elucidated to understand the
context-dependent functions.
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Figure 1-1. Mechanisms of mutant p53 mediating metastasis.
Mutant p53 promotes cell motility, invasion and metastasis through multiple mechanisms,
including regulating epithelial-to-mesenchymal transition (EMT) (labeled in yellow), regulating cellextracellular matrix (ECM) interactions (labeled in purple), promoting receptor tyrosine kinase
(RTK) signaling (labeled in green) and other recently revealed novel mechanisms (labeled in
turquoise). Furthermore, interactions of mutant p53 with binding partners serve as an important
mechanism to mediate these effects. For example, the binding of mutant p53 with p63, p73, Sp1,
or ID4 transcriptionally activates downstream pathways to promote metastasis.
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Table 1.
Mutant p53

Model

Functional

Metastatic site

Reference

consequence(s)
Trp53R172H

Li-Fraumeni

-

(Trp53R172H/+ vs

Liver, Lung

(Lang et al.

and Brain

2004)

Trp53+/-)
P53R280K
(ControlsiRNA

Breast cancer

Glycoprotein folding

Lung

cell line

(Entpd et al.
2016)

vs
p53siRNA)
Trp53R172H

KPC model

Trp53R270H

Pancreatic

(KPC+sh.p53,

PDGFRb signaling

Lung

(Weissmueller
et al. 2013)

cancer cell line

+sh.Control,
vs KPflC)
P53R248W
(p53R248W

Colon cancer
cell line

ectopically

Exosome

Lung

(Cooks et al.
2018)

Macrophage
reprogramming

expressed vs
p53-/-, p53+/+)
R-72 p53R175H
(R-72 p53R175H
ectopically

Lung cancer cell

Mitochondrial

line

function and

Lung and Bone

(Basu et al.
2018)

oxidative
phosphorylation

expressed vs
p53-/-)

Table 1-1: In vivo models of mutant p53 driven metastasis and related functional
consequences.
22

CHAPTER 2: Mutant p53 regulates survivin to foster lung metastasis
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Abstract
Esophageal squamous cell carcinoma (ESCC) is one of the most lethal cancers worldwide and
evolves often to lung metastasis. P53R175H (homologous to Trp53R172H in mice) is a common hot
spot mutation. How metastasis is regulated by p53R175H in ESCC remains to be investigated. To
investigate p53R175H mediated molecular mechanisms, we utilized a carcinogen induced approach
in Trp53R172H/- mice to model ESCC. In the primary Trp53R172H/- tumor cell lines, we depleted
Trp53R172H (shTrp53) and observed a marked reduction in cell invasion in vitro and lung
metastasis burden in a tail-vein injection model when compared to isogenic cells (shCtrl).
Furthermore, in order to compare gene expression profiles of metastatic mutant or null p53 cells,
we used bulk RNA-seq to identify the YAP-BIRC5 axis as a potential mediator of Trp53R172H
driven lung metastasis. Expression of Survivin (an anti-apoptotic protein encoded by BIRC5)
increased in the presence of Trp53R172H. Depletion of Survivin decreased lung metastasis
specifically in the context of Trp53R172H. Mechanistically, we demonstrated that the interaction of
YAP and mutant p53 may induce Survivin expression. Furthermore, Survivin high expression
level is associated with increased metastasis in several GI cancers. Taken together, this study
unravels new insights into how mutant p53 mediates lung metastasis.
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Introduction
Metastases contribute to the majority of cancer-associated deaths(Steeg 2016). The
complex invasion-metastasis cascade involves multiple steps including cancer cell invasion,
intravasation into circulation, extravasation from circulation, and metastatic colonization into a
distant organ (e.g. liver, lung). However, despite a large number of studies demonstrating key
mechanisms and treatment strategies in primary tumors, the mechanisms underlying tumor
metastasis are still in evolution (Lambert et al. 2016). Increasing evidence has shown that tumor
intrinsic factors such as genomic, genetic and epigenetic aberrations are important contributors to
metastasis. Specifically, tumor intrinsic oncogenic events induce genomic instability, facilitate
invasion to the stroma and are crucial driving forces of metastases (Steeg 2016).
Across all human cancers, TP53 is the most frequently mutated gene, and alterations in
p53 functions and its downstream signaling pathways have been validated in diverse cancers
(Muller and Vousden 2014b). Unlike other tumor suppressor proteins that harbor frameshift or
nonsense mutations that lead to loss of expression, the majority of cancer-associated TP53
alterations encompass missense mutations (Olivier et al. 2010)(Freed-pastor and Prives 2012).
Missense TP53 mutations occur frequently on six residues, namely R175, G245, R248, R249,
R273 and R282 and are designated as “hotspot” mutations (Rivlin et al. 2011). Functionally,
hotspot p53 mutations have been demonstrated to promote tumorigenesis (Freed-pastor and
Prives 2012). For example, mice with germline Trp53 (equivalent to TP53 in human) mutations
have a different tumor spectrum compared to Trp53 null mice. Trp53R172H/- (equivalent to human
p53R175H/-) mice have increased incidence of carcinomas, whereas Trp53-/- mice frequently
develop lymphomas and sarcomas (Olive et al. 2004). Compared to Trp53+/- mice, Trp53R172H/+
mice harbor metastatic osteosarcoma and epithelial carcinomas, whereas tumors in Trp53+/- mice
typically do not metastasize (Lang et al. 2004). Furthermore, in several types of cancers, mutant
p53, especially p53R175H, promotes cell invasion, motility and metastasis through the regulation of
different pathways (Weissmueller et al. 2013)(Muller et al. 2012)(Dong et al. 2009)(Muller et al.
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2009a)(Bossi et al. 2006)(Tabach et al. 2010). Furthermore, analysis of clinical data has validated
these findings. For example, in head and neck squamous cell carcinoma (HNSCC), patients
harboring p53R175H have poor clinical outcomes, including increased metastasis and decreased
overall survival (Neskey et al. 2015). Taken together, mutant p53 contributes to an aggressive
tumor phenotype characterized by enhanced cell motility, invasion and metastatic capacity in
several cancer types.
Esophageal cancer is a highly aggressive cancer. Globally, it was estimated that
approximately 570,000 people were diagnosed with esophageal cancer in 2018 (Uhlenhopp et al.
2020). The major subtype of esophageal cancer worldwide is esophageal squamous cell
carcinoma (ESCC), which typically has a poor prognosis, since many cases are not detected until
late stages (Pennathur et al. 2013)(Rustgi and El-Serag 2014). At the time of diagnosis, local
invasion and distant metastasis, especially lung metastasis, are frequently detected (Rustgi and
El-Serag 2014). Thus, understanding the mechanisms underlying metastasis in ESCC is crucial
to improvements in treatment strategies and patient outcomes, with potential therapeutic
applications to other genomically related squamous cell cancers (SCC) arising from head and
neck, lung and anogenital tract (Campbell et al. 2018)(Dotto and Rustgi 2016). The most frequent
genetic alteration in ESCC is TP53 mutation, occurring in 83% of ESCC patients (Song et al.
2014), and as such, ESCC represents one of the top cancers that harbor TP53 mutations (Olivier
et al. 2010). In ESCC, R175H mutation is one of the top three hotspot TP53 mutations, which
leads to distortion of the global protein structure and is referred to as confirmation mutation (IARC
database)(Olivier et al. 2010). How mutant p53, especially the R175H mutation, contributes to
ESCC invasion and metastasis remains to be understood and discoveries therein can be applied
to other cancers, especially SCC.
In this study, we focused on the oncogenic role of mutant p53 in driving lung metastasis.
Through in vitro and in vivo studies, we demonstrated that p53R175H promotes ESCC cell motility,
invasion and lung metastasis. To investigate the underlying mechanisms, we profiled gene
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expression signatures in metastatic and primary ESCC cells. We identified BIRC5 (encoding an
anti-apoptosis protein Survivin) to be highly enriched in metastatic mutant p53 ESCC cells.
Furthermore, we determined that Survivin expression is dependent upon p53R175H and is
necessary and specific to mediate p53R175H driven lung metastasis. Mechanistically, we revealed
that Trp53R172H but not wild-type Trp53, interacts physically with YAP in ESCC cells. We also
discovered that Trp53R172H enhances the binding of YAP on the BIRC5 promoter, suggesting their
cooperation to induce Survivin expression. Additionally, we found that there is upregulation of
Survivin expression in ESCC based upon a human ESCC tissue microarray and TCGA analysis.
There is correlation of high Survivin expression with p53 nuclear accumulation in ESCC.
Furthermore, there is Survivin upregulation with increased metastasis in other GI cancers
(pancreatic and colon). Taken together, this study underscores the novel finding that BIRC5 is a
novel mediator of p53R175H in promoting lung metastasis, thereby offering new insights into how
mutant p53 promotes metastasis and opening up new avenues for translational therapeutics.
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Results
Mutant p53 is required for invasion and metastasis in ESCC
To understand the function of mutant p53 in ESCC, a mutant p53 driven ESCC mouse
model was generated combining genetic and carcinogenic approaches. With this model, ESCC
recapitulated human ESCC grossly and histologically. Additionally, we generated Trp53R172H/- and
Trp53-/- cell lines from these primary tumors, and only utilized early passage cells. To elucidate
the role of mutant p53 in tumor cell invasion and metastasis, we generated an isogenic control
system through stably expressing shRNA targeting Trp53 in Trp53R172H/- cells (shTrp53), and
compared their biological behavior with control shRNA expressing Trp53R172H/- cells (shCtrl) (Fig.
1A, Sup Fig.1A). We also generated a rescue cell line by introducing shTrp53 resistant Trp53R172H
(Fig.1A). CRISPR/Cas9 system was also used to deplete Trp53 in Trp53R172H/- cells (sgTrp53),
comparing with empty vector expressing Trp53R172H/- cells (Vector) (Sup Fig.1B). In addition, we
ectopically expressed Trp53R172H in Trp53-/- cells (R172H) to compare with Trp53-/- cells
expressing an empty vector (Ctrl) (Fig.1A).
Through transwell assays, we showed that cell invasion is dependent upon Trp53R172H.
Depletion of Trp53R172H abrogated cell invasion, whereas re-introduction of shTrp53 resistant
Trp53R172H or ectopic expression of Trp53R172H enhanced invasion capacity (Fig.1B, Sup Fig.1C).
To evaluate if alterations in proliferation or apoptosis might influence invasion, we performed the
carboxyfluorescein succinimidyl ester (CFSE) proliferation assay and observed no significant
difference in proliferation upon Trp53R172H depletion (Sup Fig.1D). Additionally, no significant
change was observed in apoptosis (Sup Fig.1E). The impact of Trp53R172H in cell invasion was
determined further using 3D organotypic culture (OTC), an air-liquid interface model system
(Kalabis et al. 2012). In OTC with epithelial Trp53R172H depletion, there is reduced cell invasion in
the stroma (Sup Fig.1F). Taken together, Trp53R172H promotes tumor cell invasion.
Next, we examined whether Trp53R172H is required for ESCC metastatic potential through
the injection of shCtrl and shTrp53 cells into the lateral tail veins of athymic nude mice (NCr nude,
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Taconic). Lung metastases were detected at 2 weeks, 5 weeks and 8 weeks post injection, and
the number and size of metastases were scored. At each time point, the metastatic burden was
decreased significantly upon Trp53R172H depletion (Figs.1C, 1D, Sup Figs. 2A, 2B). In addition, we
performed a rescue experiment and observed a partial rescue of the metastatic phenotype
following introduction of shTrp53 resistant Trp53R172H (Figs. 1E, 1F, Sup Figs.2C, 2D). As
independent corroboration, we repeated the tail vein injection assay with R172H and Ctrl cell
lines and observed a trend of increased metastatic nodule number in the presence of ectopic
Trp53R172H expression (Sup Figs.2E, 2F). Taken together, these results underscore that
Trp53R172H enhances ESCC metastatic capability to the lungs.

Mutant p53 mediated reprogramming of pathways in lung metastasis
Following the generation and characterization of our lung metastatic model, we
generated further a panel of metastatic cell lines (shTrp53-M and shCtrl-M: M=metastatic) from
lung metastases at week 8 through YFP+ FACS sorting and confirmed that Trp53R172H depletion
was maintained in shTrp53-M cells (Fig.2A). To understand the molecular basis of Trp53R172H
driven ESCC lung metastasis, we performed RNA-seq analysis on shCtrl-M (n=5), shTrp53-M
(n=3), shCtrl (n=1) and shTrp53 (n=1) cell lines. Principal component analysis (PCA) revealed
that primary tumor cells shCtrl and shTrp53 clustered away from metastatic cells shCtrl-M and
shTrp53-M (Fig. 2B). Compared to two primary tumor cell lines shCtrl and shTrp53, metastatic
cell lines shCtrl-M and shTrp53-M exhibited a distinct gene expression pattern, suggesting that
gene expression signatures are changed during metastasis (Fig. 2C). In metastatic cells, we
identified 112 genes significantly upregulated and 170 genes downregulated in shCtrl-M cells
compared to shTrp53-M cells (padj<0.01 and |Log2 Fold Change|>2). Amongst these, Trp53 is the
most significantly upregulated gene, which served to validate our system (Figs. 2D, 2E). Gene
Set Enrichment Analysis (GSEA) Hallmark revealed 13 downregulated pathways, and 20
upregulated pathways in shCtrl-M cells. Epithelial-mesenchymal transition (EMT), an upregulated
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pathway, has been shown previously to play an important role in metastasis (Dongre and
Weinberg 2019)(Tsai and Yang 2013)(Fig. 2F). In addition, other signaling pathways such as
MYC, mTORC1 and glycolysis are also known to be involved in regulating metastasis(Wolfer and
Ramaswamy 2011)(Huang and Zhou 2012)(Payen et al. 2016)(Fig. 2F).

Trp53R172H promotes BIRC5 function
To identify and characterize candidate genes that mediate mutant p53’s functional effects
in the promotion of lung metastasis, we focused on pathways and genes that are enriched in
shCtrl-M cells. We found that YAP (Yes-associated protein) signaling was upregulated in shCtrl-M
cells compared to shTrp53-M cells (Fig. 3A). YAP signaling has been demonstrated as a crucial
oncogenic pathway (Cui and Li 2018)(Muramatsu et al. 2011). Oncogenic functions of YAP have
also been investigated in several other cancers, including its effects in fostering metastasis
(Wang et al. 2018)(Lee et al. 2019). Furthermore, YAP has been suggested to interact with
mutant p53 and other p53 family members in cell lines (Di Agostino et al. 2016)(Mello et al.
2017)(Furth et al. 2018). However, whether the interaction of mutant p53 and YAP promotes
metastasis remains to be elucidated. Taken together, we hypothesized that YAP signaling may
function as a mediator of mutant p53 driven metastasis.
To investigate further the activation of YAP signaling in shCtrl-M cells, we found that a
YAP downstream target, BIRC5, was enriched significantly in shCtrl-M cells (Fig. 3B)(Muramatsu
et al. 2011). To validate the RNA-seq results, we confirmed by qRT-PCR that BIRC5 mRNA was
upregulated significantly in shCtrl-M cells compared to shTrp53-M cells (Fig. 3C). Next, we
examined the expression of survivin, the protein encoded by BIRC5, in 3D organoids generated
from shCtrl and shTrp53 cells. Indeed, survivin expression is upregulated in shCtrl compared to
shTrp53 3D organoids (Fig. 3D). In addition, we examined survivin expression in the esophagi of
Trp53R172H/- and Trp53-/- 4NQO mouse model (described in previous section). Survivin expression
trended to be higher in the Trp53R172H/- esophagi (Fig. 3E). Finally, we assessed survivin
expression in metastatic lung lesions formed by shCtrl and shTrp53 cells. In metastatic lung
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lesions formed by shCtrl cells, survivin expression is increased compared to metastatic lesions
formed by shTrp53 cells (Fig. 3F). In summary, our complementary in vitro and in vivo results
reveal for the first time that Trp53R172H enhances BIRC5 gene expression in lung metastasis.

Depletion of BIRC5 expression reduces Trp53R172H but not Trp53-/- driven lung
metastases
Given our finding that Trp53R172H induces BIRC5 gene expression, we next investigated
the latter’s direct role in mediating the phenotypic effects of Trp53R172H. As a result, we depleted
BIRC5 with two different shRNAs in mouse primary Trp53R172H/- or Trp53-/- ESCC cells (Figs. 4A4D). Depletion of BIRC5 significantly reduced cell invasion in Trp53R172H/- but not Trp53-/- ESCC
cells (Figs. 4E, 4F). Furthermore, depletion of BIRC5 significantly decreased early subcutaneous
tumor growth (Figs. 4G, 4H). To assess the effect of BIRC5 in lung metastasis, we performed tailvein injection assays with Trp53R172H/- BIRC5 Ctrl, Trp53R172H/- shBIRC5.1 or Trp53R172H/shBIRC5.2 cell lines. At both 5 weeks and 8 weeks post injection, the number and size of lung
metastases were reduced drastically in Trp53R172H/- shBIRC5.1 or Trp53R172H/- shBIRC5.2 cell lines
injected mice (Fig. 4I, Sup Fig. 3A). However, this effect is not observed in week 5 and week 8
lung metastases formed by Trp53-/- BIRC5 Ctrl, Trp53-/- shBIRC5.1 or Trp53-/- shBIRC5.2 cell lines
(Fig. 4J, Sup Fig. 3B). Taken together, these results suggest that BIRC5 is a critical direct
mediator of Trp53R172H driven ESCC invasion and lung metastasis.

Trp53R172H, but not wild-type Trp53, binds with YAP and fosters survivin
expression in ESCC cells
We examined next the possible direct protein-protein interaction of Trp53R172H and YAP in
murine ESCC cells. To start, we evaluated the endogenous expression of YAP and p53 in wildtype p53, Trp53R172H/- shCtrl /shTrp53 and Trp53-/- Ctrl/R172H cell lines (Fig. 5A). Then, we
performed the proximity ligation assay (PLA) that is used to demonstrate direct protein-protein
interactions in a quantitative fashion, representing a substantial enhancement for what has been
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reported (D’Agostino et al. 2016). This is based upon the premise that YAP has been
demonstrated to be an inducer of survivin (Muramatsu et al. 2011). Both endogenously and
ectopically expressed Trp53R172H associate with YAP in murine ESCC cells (Figs. 5B,5C).
However, in two murine ESCC cell lines expressing wild-type Trp53, binding of endogenous wildtype Trp53 with YAP is not detected (Fig. 5B). The binding of YAP and Trp53R172H is confirmed
further by a co-immunoprecipitation (co-IP) assay (Fig. 5D). These results indicate the interaction
with YAP is specific to Trp53R172H and generated our hypothesis that this specific YAP- Trp53R172H
protein-protein interaction fosters survivin expression. To test this hypothesis, we performed
chromatin immunoprecipitation (ChIP) analysis in wild-type p53, Trp53R172H/- shCtrl and shTrp53
cell lines. We verified binding of YAP to the BIRC5 promoter in Trp53R172H/- shCtrl, but not in wildtype p53 and shTrp53 cell lines (Fig. 5E). In addition, we utilized the human colorectal
adenocarcinoma cell line LS123, which expresses p53R175H, and used CRISPR/Cas9 system to
deplete endogenous p53R175H. As an additional approach, we used a p53-/- non-small cell lung
carcinoma cell line, H1299, with ectopic expression of p53R175H (Basu et al. 2018)(Fig. 5A). We
confirmed by PLA that YAP and p53R175H binding is also detected in these two human cancer cell
lines (Figs. 5F, 5G). Taken together, these results suggest that mutant p53 might enable YAP to
bind the BIRC5 promoter, thereby inducing survivin expression.

High survivin expression is detected in human ESCC and metastases in other GI
cancers
To examine the translational relevance of our findings, we investigated the expression of
survivin in human ESCC and adjacent normal esophageal epithelia. Analysis of TCGA revealed
that survivin expression is significantly elevated in human ESCC compared to adjacent normal
tissues (P<0.0001) (Fig. 6A). In addition, we examined survivin expression in human ESCC
tissue microarrays (TMAs). We observed that survivin expression is elevated significantly
elevated in ESCC compared to adjacent normal tissues (P=0.0014) (Figs. 6B, 6C). Next, we
examined the correlation of survivin expression level with p53 nuclear accumulation in ESCC. We
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found that high survivin expression is associated significantly with p53 nuclear accumulation in
ESCC (P=0.027)(Fig. 6D). Finally, we investigated the association of survivin with metastases in
other GI cancers. In pancreatic ductal adenocarcinoma (PDAC), survivin expression is
upregulated significantly in primary PDAC tumors with metastases compared to primary PDAC
tumors without metastases (P=0.01) (Fig. 6E). Furthermore, in colorectal cancer (CRC) lung
metastases, survivin RNA expression is increased significantly compared to adjacent normal
tissue (P=0.0002) (Fig. 6F). Together, these results underscore the role of survivin in ESCC
tumorigenesis and indicate its potential contribution to metastasis of other GI cancers, such as
PDAC and colorectal cancer.
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Discussion
TP53 mutation is the predominant genetic alteration in ESCC (Song et al. 2014). In this
study, we demonstrate the oncogenic role of a hotspot TP53 mutation, p53R175H, in invasion and
lung metastasis. Through gene expression profiling of ESCC lung metastatic cells and primary
tumor cells, we nominate BIRC5, an anti-apoptotic gene, as a novel effector of p53R175H driven
lung metastasis. We demonstrate for the first time in both human and mouse cell lines, BIRC5
expression is dependent directly upon p53R175H, indicating that BIRC5 may be a novel mutant p53
target. We demonstrate that p53R175H, not wild type TRP53, interacts directly with YAP, and this
interaction induces BIRC5 gene expression. Survivin is also upregulated in human ESCC, as
well as metastatic PDAC and metastatic CRC when compared to their matched primary tumors,
suggesting a possible basis for metastasis across common GI cancers.
Mutant p53 has been demonstrated to promote tumor cell motility, invasion and
metastasis through gain-of-function mechanisms (Tang et al. 2020a). For example, in vivo
evidence has revealed that Trp53R172H/+ mice develop metastatic osteosarcomas and carcinomas.
However, Trp53+/- mice do not harbor metastatic tumors (Lang et al. 2004). In different types of
cancers, mutant p53 modulates certain pathways, for example, upregulation of PDGFRb and
enhancement of mitochondrial function (Weissmueller et al. 2013)(Basu et al. 2018). In addition,
mutant p53 has been reported to promote lung metastasis through regulating glycoprotein folding
(Vogiatzi et al. 2016). Furthermore, one recent study demonstrated that tumor cells harboring
mutant p53 can establish pro-invasive niches by secreting exosomes, indicating the oncogenic
role of mutant p53 in altering the tumor microenvironment (Cooks et al. 2018). Here, we provided
the first evidence that p53R175H regulates the YAP-BIRC5 axis to affect lung metastasis. Further
investigation is required to determine whether the regulation of YAP-BIRC5 axis by mutant p53
affects lung metastasis in other GI cancers.
In this study, we identified survivin, encoded by BIRC5, as a novel downstream effector
of mutant p53 to promote lung metastasis. We propose a model whereby p53R175H interacts with
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YAP and regulates survivin expression through binding of YAP to the BIRC5 promoter, which
ultimately promotes lung metastasis. Survivin, encoded by BIRC5, is a key regulator of mitosis
and programmed cell death. Survivin is expressed highly in transformed cells and cancers, such
as ESCC, lung, breast and pancreatic cancers (Mita et al. 2008). Several studies have revealed
mechanisms underlying survivin upregulation, including gene amplification, exon demethylation,
promoter activation, and Phosphatidylinositol-3-kinase (PI3K) and MAPK signaling activation
(Mita et al. 2008). Survivin has been suggested as a transcriptional target of YAP (Muramatsu et
al. 2011). YAP overexpression is detected frequently in cells and primary tumors (Muramatsu et
al. 2011). In breast cancer cell lines, YAP and mutant p53 cooperate to upregulate proproliferative genes such as cyclin A, cyclin B and CDK1 (Di Agostino et al. 2016). Survivin
enhances tumor angiogenesis and chemoresistance (Mita et al. 2008). Previous studies
demonstrated the role of survivin in tumor cell invasion (Rivadeneira et al. 2015)(Mehrotra et al.
2010). Given the important roles of survivin in cancers, therapeutic strategies have been
designed to target survivin. These strategies include RNAi, anti-sense oligonucleotides, small
molecule inhibitors and developing a cancer vaccine using survivin as a tumor antigen (Mita et al.
2008)(Santarelli et al. 2018). Notably, several survivin peptide vaccine therapies are currently in
clinical trials (NCT03349450, NCT03762291, NCT01416038). Given the role of survivin in ESCC
lung metastasis, targeting survivin in advanced ESCC may be a novel therapeutic approach.
In summary, we have demonstrated an oncogenic role of p53R175H in promoting invasion
and lung metastasis through upregulation of survivin in ESCC. This study also provides a prism
through which to view the molecular basis of p53R175H driven lung metastasis and offers a
platform to identify novel therapeutic targets for metastases harboring mutant p53.
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Materials and Methods
Cell culture
Murine ESCC cells were cultured in Keratinocyte-serum free medium (KSFM, Gibco)
without CaCl2, supplemented with 0.018mM CaCl2, 50ug/ml bovine pituitary extract (Gibco),
5ng/ml human recombinant EGF (Gibco), and 1% penicillin/streptomycin (Gibco). Cells were
cultured at 37oC in a 5% CO2 humidified incubator. To achieve Trp53 knockdown, cells were
infected with mouse lentiviral shRNA against Trp53 (pMSCV puro, Clontech) or non-targeting
control shRNA. Cells were selected in 2ug/ml puromycin 48 hrs. post infection. Quantitative PCR,
immunofluorescence staining and western blotting were performed to confirm knockdown
efficiency. Alternatively, CRISPR/cas9 against Trp53 (pLentiCRISPR v2, GenScript) or empty
vector control were used for infection, and puromycin selection and Trp53 expression validation
were performed as described. For BIRC5 knockdown, mouse lentiviral shRNA against BIRC5
(pLKO.1-CMV-neo, Sigma) or non-targeting control shRNA was used to infect cells. Neomycin
selection was performed at a concentration of 250ug/ml 48 hrs. post infection. Knockdown
validation was performed as described. To ectopically express Trp53R175H in Trp53-/- murine
ESCC cells, we cloned Trp53R175H cDNA into the pUltra-Chili lentiviral construct (Addgene
plasmid #48687). pUltra-chili-Trp53R175H was then used to infect cells, followed by RFP flow
cytometry sorting for cell selection and western blotting to confirm expression level.
The human cell line LS123 was purchased from ATCC (ATCCÒCCL-255Ô) and was
cultured in Eagle’s Minimum Essential Medium (EMEM) (ATCCÒ30-2003Ô). LS123 cells were
infected with the human TP53 CRISPR/Cas9 construct (pLentiCRISPR v2) or non-targeting
control. Puromycin selection and p53 expression validation were performed as described. Human
cell lines H1299 Control and R175H overexpression were a gift from Dr. Maureen Murphy (Basu
et al. 2018), and were cultured in RPMI-1640 medium (Thermo).
shRNA sequences:
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Species

Gene

TRCN Number

Sequence

Mouse

Trp53

NA

CCACTACAAGTACATGTGTAATAG

Mouse

Birc5

TRCN0000054613

GAAGAACTAACCGTCAGTGAA

Mouse

Birc5

TRCN0000054616

CAAAGACTACCCGTCAGTCAA

gRNA sequences:
Species

Gene

Sequence

Mouse

Trp53

AGTGAAGCCCTCCGAGTGTC

Mouse

Trp53

AACAGATCGTCCATGCAGTG

Human

TP53

CCATTGTTCAATATCGTCCG

Western blot
Primary antibodies p53 (Leica, NCL-L-p53-CM5p, 1:2000), YAP (Cell Signaling
Technology, 14074S, 1:1000), beta-actin (Sigma A5316, 1:10,000), were incubated overnight at
4o C, and horseradish peroxidase (HRP) conjugated secondary antibodies (anti-mouse: GE
Healthcare LNA931V/AH 1:10,000; anti-rabbit: GE Healthcare LNA934V/AH 1:10,000) were
incubated for 1 hr. at room temperature. Western blots were imaged using ECL prime (Sigma,
GERPN 2232).
Invasion assay
Corning FluoroBlok cell culture inserts (Corning, 351152) were used for invasion assays.
Chambers were coated with 30ul Matrigel (Corning, 354234) 1:4 mixed with serum free KSFM for
30min. 1x105 cells resuspended in 300ul serum-free KSFM were seeded in the upper chamber,
and regular KSFM was added to the bottom of the well. Cells were incubated at 37oC for 22
hours. After incubation, invading cells were stained with Calcein (Life Technologies, C1430) for 1
hr. at 37oC. The Invading cell number was counted using inverted a Leica DM IRB microscope at
4x. For 3D organotypic culture (OTC) assays, invasion was determined by quantitating the area
of invasive regions divided by the total epithelial length.
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3D organotypic culture and 3D organoid culture assays
The protocol to culture esophageal cells in 3D organotypic culture was described
previously (Kalabis et al. 2012). 3T3 cells were used to establish the fibroblast layer for mouse
organotypic cultures. For 3D organoid culture, 3,000 cells were resuspended in 50ul Matrigel in a
24 well dish followed by 1-hour solidification to generate the organoids. After organoids solidified,
the media (DMEM/F12, 1X Glutamax, 1X HEPES, 1X N2 Supplement, 1X B27 Supplement,
0.1mM N-Acetylcysteine, 50 ng/ml recombinant EGF, Noggin/R-Spondin conditioned media,
10μM Y27632) was suppled at 500ul per well and replaced every 2 days. Organoids were
allowed to grow for 10-14 days. To harvest organoids, Matrigel was dissolved by pipetting several
times. Recovered organoids were fixed in 4% PFA (Sigma, 158127) overnight at 4oC and were
embedded in 2% Bacto-Agar:2.5% gelatin.
Proliferation assay
Carboxyfluorescein diacetate succinimidyl ester (CFSE) is a fluorescent dye to measure
cell division. Cells were labeled with 5uM CFSE (Life Technologies, C34554) at 37oC for 30 min.
Then cells were centrifuged at 1,000 rpm for 5 min., the supernatant was removed and cells were
seeded in 6-well plates in KSFM overnight at 37oC or 4oC. On the following day, cells were
trypsinized and fluorescence was measured with BD Accuri C6. FlowJo was used to analyze
results.
Apoptosis assay
To examine apoptosis, cells were plated in 12-well plates. Apoptosis was detected with
the APC-AnnexinV and 7-AAD kit (BioLegend, 640930), following the manufacturer’s instructions.
BD Accuri C6 was used to acquire data and results were analyzed with FlowJo.
Animal models
All animal studies were approved by our Institutional Animal Care and Use Committee.
To establish the lung metastasis model, five-week-old female athymic nude mice were purchased
(Taconic). At the age of 7 weeks, 1X106 cells were resuspended in 100uL of cold Dulbecco’s
Phosphate-Buffered Saline (DPBS) and injected into the distal end of the lateral tail vein with a
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30G x1/2-inch needle. After injection, mice were monitored daily for signs of pain or discomfort
and weight loss. To detect the formation of lung metastatic lesions, mice were euthanized at 2, 5
and 8 weeks by CO2 and cervical dislocation. To identify lung metastases, the mouse lungs were
flushed with 20ml Heparin-PBS to deplete red blood cells, and were imaged with an Olympus
IX71 fluorescent microscope at 4X.
Lung metastatic cell isolation
Prior to cell isolation, all tools and solutions were autoclaved or filter sterilized. Mouse
lungs were harvested and placed in cold DPBS, and were physically dissociated with scissors. To
digest, dissociated tissues were mixed with 50ml of 1 mg/ml solution of collagenase type V
(Sigma Aldrich, 9263), dissolved in prewarmed KSFM, and the mixture was stirred with a magnet
for 20 min. at 37 oC. After digestion, the mixture was centrifuged twice at 1000 rpm for 5 min.,
resuspended in KSFM and plated on 10 cm cell culture dish. Cultured cells were washed with
DPBS and replaced with new media every other day. After expansion, cells were trypsinized and
flow cytometry sorted for YFP, and followed by western blotting to confirm p53 expression.
RNA isolation and qRT-PCR
Total RNA was extracted with the GeneJET RNA purification kit (Thermo Fisher, K0731)
or RNAqueous kit (Invitrogen, AM1912). cDNA was synthesized with High-Capacity cDNA
reverse Transcription kit (Thermo Fisher, 4374966). qRT-PCR was performed with the
StepOnePlus Real-Time PCR System (Applied Biosystems) using Power SYBR Green PCR
Master Mix (Applied Biosystems, 4367659). Primer sequences are listed below.
Gene

Forward

Reverse

Trp53

CCCCGCAAAAGAAAAAACCAC

AGCTGGAGTGAGCCCTGC

Birc5

GAACCCGATGACAACCCGAT

TGGTCTCCTTTGCAATTTTGTTCT

Actin

ACCCAGATCATGTTTGAGACC

AGAGCATAGCCCTCGTAGAT

RNA-seq
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RNA was extracted from early passage cells as described above. Libraries were
prepared with Illumina TruSeq Stranded mRNA sample preparation kits from 500ng of purified
total RNA according to the manufacturer’s protocol. The finished dsDNA libraries were quantified
by Qubit fluorometer, Agilent TapeStation 2200, and qRT-PCR using the Kapa Biosystems library
quantification kit, according to the manufacturer’s instruction. Uniquely indexed libraries were
pooled in equimolar ratios and sequenced on an Illumina NextSeq500 with single-end 75bp reads
at the Dana-Farber Cancer Institute Molecular Biology Core Facility. Sequenced reads were
aligned to the UCSC mm10 reference genome assembly, and gene counts were quantified using
STAR (v2.5.1b). Differential gene expression testing was performed by DESeq2 (v1.10.1) and
normalized read counts (FPKM) were calculated using cufflinks (v2.2.1).
RNA-seq data were deposited at the NCBI Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/). All data sets are available upon request.
Immunohistochemistry and immunofluorescence
Formalin-fixed, paraffin embedded tissue was sectioned, and antigen retrieval was
performed through pressure cooking in pH6 citric acid buffer. Endogenous peroxidases were
quenched by 3% peroxide, followed by avidin (Sigma Aldrich, A9275), biotin (Sigma Aldrich,
B4501) blocking and protein blocking buffer (Thermo Fisher) at room temperature. Primary
antibodies were incubated at 4o C overnight, and biotinylated secondary antibodies (Vector labs,
1:600) for 30min at 37oC. Sections were then incubated with the ABC reagent (Vector Lab, PK6100) for 30 minutes at 37oC, and slides were treated with DAB substrate (Vector Lab, SK4100)
and counterstained with hematoxylin. The primary antibody was against survivin (Cell Signaling
Technology, 2808S, 1:400), p53 (Abcam, ab1101, 1:200).
For immunofluorescence, cells were cultured on cover slips, rinsed with PBS and fixed
with 4% PFA at room temperature for 15 minutes. Permeabilization was performed with 100%
methanol at -20oC for 10 minutes. Cells were blocked with blocking solution (PBS, 1% BSA, 0.3%
TritonX, 5% donkey serum) for 1 hr. at room temperature. Cells were then incubated with primary
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antibodies overnight at 4oC, washed, incubated with secondary antibody (Jackson immuno
research, 1:600) for 1hr at room temperature in dark, stained with DAPI (Invitrogen, D1306) for 3
minutes and mounted (KPL, 71-00-16). Fluorescent imaging was performed with Nikon E600
fluorescent microscope. The primary antibody was against p53 (Leica, NCL-L-p53-CM5p, 1:200).
Proximity ligation assay (PLA)
Duolink In Situ Red Starter Kit (Sigma, DUO92101) was used to perform PLA assays,
according to the manufacturer’s instructions. ImageJ was used to quantify PLA signals. Primary
antibodies included the following: p53(1C12) (Cell Signaling Technology, 2524, 1:2000), YAP
(Cell Signaling Technology, 14074, 1:100).
Chromatin immunoprecipitation (ChIP)
ChIP was performed as previously described (Chiarella et al. 2018) with ESCC cells
using 10 million cells per replicate and experimental condition. YAP (Novus Biologicals, NB11058358) and IgG (Cell Signaling, 5415S) antibodies were used. Following ChIP, qPCR was
performed with SYBR Green (Thermo Scientific, 4367659). Enrichment levels were normalized to
the background levels detected with IgG. For each experimental type, 3 biological replicates were
analyzed. The following Survivin primers (5’-3) were used: (+) TGGACTGGTGAGGTTTAGGA
and (-) ACATAGGCAGCTGGAACAAG.
Human tissues and databases
Well-annotated tissue microarrays (TMAs) representing paired primary ESCC tumors and
adjacent normal mucosa from IRB-approved and de-identified therapy-naive patients (n=39)
have been previously described(Natsuizaka et al. 2017)(Liu et al. 2013). TCGA-ESCA, TCGAPAAD and GEO68468 were accessed and analyzed through Human Cancer Metastasis
Database (https://hcmdb.i-sanger.com/).
Statistical analysis
Sample size and replicate number have been described in the main text and figure
legends. All data were presented as mean ± Standard Error of the Mean (SEM). Statistical
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analysis including paired student t-test, unpaired student t-test and ANOVA was performed by
GraphPad Prism 7 (GraphPad Software, CA). P<0.05 was reported as statistically significant.
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Main Figures and Figure Legends
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Figure 2-1: Mutant p53 promotes ESCC invasion and lung metastasis.
(A) Trp53R172H is depleted by shRNA in Trp53R172H/- cells (left). shRNA resistant Trp53R172H is reintroduced to Trp53R172H/- shTrp53 (middle), and Trp53R172H is ectopically expressed in
Trp53-/- cells (right). Relative intensity densitometry of TRP53 results is shown at bottom.
(B) Depletion of Trp53R172H suppresses cell invasion, whereas re-introduction of shRNA
resistant Trp53R172H or ectopic expression of Trp53R172H promotes cell invasion in a Boyden
chamber assay. Trp53R172H/- shCtrl vs shTrp53, n=3 per group, P=0.015, Unpaired t-test;
Trp53R172H/- shRNA +Ctl vs + Trp53R172H, n=3 per group, P=0.0398, Unpaired t-test; Trp53-/Ctrl vs R172H, n=3 per group, P=0.0251, Unpaired t-test. Error bars represent SEM. (C)(D)
YFP+ ESCC cells were injected into the tail vein to induce lung metastatic nodules. Mice
were sacrifice 8 weeks after injection. Lung metastasis colony number in Trp53R172H/- shCtrl
injected mice was increased greatly compared to shTrp53 injected mice. Trp53R172H/- shCtrl
vs. shTrp53, n=3 per group, P<0.0001, Unpaired t-test. Scale bar=1mm. (E)(F) YFP+
Trp53R172H/- shTrp53 cells re-introduced with shRNA resistant Trp53R172H were used to
repeat the tail-vein injection assay. Mice were sacrifice 8 weeks after injection. Trp53R172H/shTrp53 rescued cell line injected mice had a trend of increased lung metastatic colony
number. Trp53R172H/- shTrp53+Ctrl (n=4 per group) vs. shTrp53+ Trp53R172H (n=3 per
group), P=0.0709, Unpaired t-test. Scale bar=1mm.
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Figure 2-2: Depletion of Trp53R172H in ESCC cells alters the transcriptome during
lung metastasis.
(A) Depletion of Trp53R172H is maintained in isolated metastatic cell lines. Relative intensity
densitometry of TRP53 results is shown at bottom. (B) Principal component analysis (PCA)
demonstrated distinct gene expression profiles depending upon p53 status and primary tumor
vs. metastatic tumor status. (C) Heat map of differentially regulated genes upon Trp53R172H
depletion in primary and metastatic cells, profiled by RNA-seq. (D) Volcano plot of
differentially regulated genes in metastatic cells. (E) Numbers of significantly (padj<0.01,
|Log2FC|>2) changed genes in metastatic Trp53R172H/- cells(n=5) compared to Trp53-/cells(n=3). (F) GSEA reveals hallmark pathways significantly enriched in shCtrl-M and
shTrp53-M cells. M: Metastatic.
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Figure 2-3: The expressions of SURVIVIN depends upon Trp53R172H status.
(A) GSEA reveals enrichment of the YAP signature in Trp53R172H/- shCtrl-M cells. (B) RNA-seq
shows that BIRC5, a YAP target gene, is increased significantly in Trp53R172H/- shCtrl-M cells. (C)
QRT-PCR of BIRC5 confirms its upregulation in Trp53R172H/- shCtrl-M compared to shTrp53-M
cells. Trp53R172H/- shCtrl-M (n=5) vs shTrp53-M (n=3), P=0.0287, Unpaired t-test. Error bars
represent SEM. (D) Immunohistochemical staining of SURVIVIN in 3D organoids form by
Trp53R172H/- shCtrl and shTrp53 cells. Trp53R172H/- shCtrl (n=10 organoids) vs shTrp53 (n=14
organoids), P=0.016, Unpaired t-test. Error bars represent SEM. Scale bar=100µm. (E)
Immunohistochemical staining of p53 (up) and SURVIVIN (bottom) in the esophagus epithelium
of Trp53R172H/- andTrp53-/- mice treated with 4NQO. P53 staining: Trp53R172H/- vs Trp53-/-, n=8 each
group, *P=0.0168, Unpaired t-test. SURVIVIN staining: Trp53R172H/- vs Trp53-/-, n=8 each group.
Error bars represent SEM. Scale bar=100µm. (F) Immunohistochemical staining of SURVIVIN in
Trp53R172H/- shCtrl and shTrp53 in metastatic lung lesions. Trp53R172H/- shCtrl (n=15 tumors) vs
shTrp53 (n=10 tumors), P=0.0178, Unpaired t-test. Error bars represent SEM. Scale bar=100µm.
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Figure 2-4: Depletion of BIRC5 attenuates Trp53R172H driven lung metastasis.
(A) (B) SURVIVIN expression is depleted or decreased significantly in Trp53R172H/- or Trp53-/cells with two independent shRNAs (shBIRC5.1, shBIRC5.2). Relative intensity
densitometry of SURVIVIN results is shown at bottom. (C)(D) BIRC5 depletion in
Trp53R172H/- or Trp53-/- cells is confirmed by qPCR. Trp53R172H/- BIRC5 Ctrl vs shBIRC5.1
vs shBIRC5.2, n=3 per group, ** P=0.0021 Trp53R172H/- BIRC5 Ctrl vs shBIRC5.1, **
P=0.0015 Trp53R172H/- BIRC5 Ctrl vs shBIRC5.2, one-way ANOVA. Trp53-/- BIRC5 Ctrl vs
shBIRC5.1 vs shBIRC5.2, n=3 per group. Error bars represent SEM. (E)(F) Depletion of
BIRC5 significantly decreased cell invasion in Trp53R172H/- but not Trp53-/- cells.
Trp53R172H/- BIRC5 Ctrl vs shBIRC5.1 vs shBIRC5.2, n=9 per group, **** P<0.0001
Trp53R172H/- BIRC5 Ctrl vs shBIRC5.1, **** P<0.0001 Trp53R172H/- BIRC5 Ctrl vs
shBIRC5.2, one-way ANOVA. Error bars represent SEM. (G)(H) BIRC5 depletion
significantly reduces subcutaneous tumor growth at early stage. Trp53R172H/- BIRC5 Ctrl
(n=6 flanks) vs shBIRC5.1(n=8 flanks) vs shBIRC5.2(n=6 flanks). Day 8 **P=0.0042, Day
11 *P=0.00214, Day 13 ***P=0.0004, Day 17 *P=0.0261. One-way ANOVA. Error bars
represent SEM. Trp53-/- BIRC5 Ctrl (n=6 flanks) vs shBIRC5.1(n=6 flanks) vs
shBIRC5.2(n=6 flanks). Day 10 *P=0.0322, Day 12 **P=0.0016, One-way ANOVA. Error
bars represent SEM. (I) Depletion of BIRC5 in Trp53R172H/- ESCC cells significantly
reduces lung metastasis burden number detected at week 8 post tail-vein injection.
BIRC5 Ctrl (n=6) vs shBIRC5.1 (n=5), P=0.0057; BIRC5 Ctrl (n=6) vs shBIRC5.2 (n=4),
P=0.0009. One-way ANOVA. Error bars represent SEM. Scale bar=1mm. (J) Depletion of
BIRC5 in Trp53-/- ESCC cells does not significantly reduces lung metastasis burden
number detected at week 8 post tail-vein injection. BIRC5 Ctrl (n=4) vs shBIRC5.1 (n=3)
vs shBIRC5.2 (n=4), Error bars represent SEM. Scale bar=1mm.
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Figure 2-5: Trp53R172H, not wild-type p53, binds to YAP and fosters survivin
expression in murine ESCC cells.
(A) Endogenous expression level of YAP and p53 in wild-type, Trp53R172H/- shCtrl, shTrp53,
Trp53-/- Ctrl and Trp53-/- R172H cells(left). Expression levels of YAP and p53 in LS123
non-target control (NT), Crispr knockout (Crispr) cell lines, and H1299 empty vector
control (Control) and p53R175H (R175H) ectopic expressed cell lines (right). (B) Proximity
ligation assay (PLA) for YAP and Trp53R172H. Scale bar=50µm. (C) Quantification of the
average number of PLA signals shows significantly high levels of signals in Trp53R172H/shCtrl cells (vs shTrp53 cells, n>100 cells per group, P<0.0001, unpaired t-test, Error
bars represent SEM) and Trp53-/- R172H cells (vs Ctrl cells, n>100 cells per group,
P<0.0001, unpaired t-test, Error bars represent SEM). (D) Immunoprecipitation-Western
blot analysis of Trp53R172H-HA with YAP-DDK in 293 FT cells. (E) Chromatin
immunoprecipitation (ChIP) with YAP antibody in WT1, Trp53R172H/- shCtrl and shTrp53
cells demonstrates increased level of YAP on the BIRC5 promoter in the presence of
Trp53R172H. shCtrl vs WT1 cells, n=3 replicates per group, P=0.0052, unpaired t-test;
shCtrl vs shTrp53 cells, n=3 replicates per group, P=0.0107, unpaired t-test. Error bars
represent SEM. (F) Proximity ligation assay (PLA) for YAP and p53R175H. Scale
bar=20µm. (G) Quantification of the average number of PLA signals shows significantly
high levels of signals in LS123 NT cells (vs Crispr cells, n>100 cells per group, P<0.0001,
unpaired t-test, Error bars represent SEM) and H1299 R175H cells (vs Control cells,
n>100 cells per group, P<0.0001, unpaired t-test, Error bars represent SEM).
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Figure 2-6: High survivin expression is detected in human ESCC and metastases
and in other GI cancers.
(A) Analysis of TCGA-ESCA database (n=143) revealed significant increase of survivin
expression in primary esophageal carcinoma tissue compared to normal tissue. P<0.0001.
(B) IHC staining of survivin and p53 in tissue microarrays (TMAs) of paired ESCC primary
tumor and normal tissue. Scale bar=100µm. (C) Increased level of survivin is detected in
ESCC primary tumor compared to paired normal tissue. n=17 pairs, P=0.0014, Wilcoxon
matched-pairs signed rank test. Scoring standards: 0.5: <10% positive cells positive nuclei;
1=10- 25% positive cells positive nuclei; 2: 25-50% positive cells positive nuclei; 3:>
50% positive cells positive nuclei, Error bars represent SEM. (D) Increased expression of
survivin is correlated with p53 nuclear accumulation in ESCC. n=59, P=0.027, Spearman’s
rank correlation test. (E) Analysis of TCGA pancreatic ductal adenocarcinoma (PDAC)
dataset (TCGA-PAAD, n=185) showed that survivin expression is significantly elevated in
PDAC tumors with metastasis. P=0.01. (F) Analysis of RNA-seq (GSE68468, n=27) in
colorectal cancers reveals increased survivin levels in lung metastases compared to
adjacent normal tissues. P=0.0002.
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Supplemental Figures and Figure Legends
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Supplemental Figure 2-1: Mutant p53 promotes ESCC cell invasion but does not
affect 24h proliferation or apoptosis in vitro.
(A) qPCR result to confirm the depletion of Trp53R172H by shRNA. n=2 passages, P= 0.0327,
unpaired student t-test, Error bars represent SEM. (B)Trp53R172H was depleted by
CRISPR/Cas9 in Trp53R172H/- cells. Relative intensity densitometry of TRP53 results is
shown at bottom. (C) Depletion of Trp53R172H reduces invasion by Boyden chamber
assay. Trp53R172H/- Vector vs sgTrp53, n=6 per group, P=0.041 unpaired student t-test,
Error bars represent SEM. (D) Trp53R172H depletion does not affect cell proliferation
determined by CSFE cell proliferation assay at 24h. (E) Trp53R172H/- shCtrl and shTrp53
cells have equivalent levels of apoptotic cells. (F) Organotypic culture (OTC) formed by
Trp53R172H/- Vector and sgTrp53 cells demonstrated decreased invasion following p53
depletion. Trp53R172H/- Vector vs sgTrp53, n=3 per group, P=0.048 unpaired student t-test,
Error bars represent SEM. Scale bar=50µm.
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Supplemental Figure 2-2: Mutant p53 promotes ESCC lung metastasis formation.
(A) (B)In the metastasis model injected by YFP+ shCtrl and shTrp53 cells, at two- and fiveweeks post injection, lung metastasis nodule number was significantly increased in shCtrl
cells injected mice. Week 5: Trp53R172H/- shCtrl vs shTrp53, n=3 per group, P=0.0185
Unpaired t-test. Week 2: Trp53R172H/- shCtrl(n=2) vs shTrp53(n=3). Error bars represent
SEM. (C)(D) In the metastasis model injected by YFP+ rescue cells, at week two after
injection, lung metastasis nodule number trended to increase in Trp53R172H/- shTrp53 +
Trp53R172H cells injected mice. Trp53R172H/- shTrp53 + Ctrl vs Trp53R172H, n=3 per group.
Error bars represent SEM. Scale bar=1mm. (E)(F) In the metastasis model injected by
tdTomato+ Trp53-/- Ctrl and Trp53R172H cells, starting from week2, lung metastasis nodule
number trended to increase in Trp53-/- Trp53R172H cells injected mice. Week 5: Trp53-/- Ctrl
vs Trp53R172H n=3 per group, Scale bar=1mm. Week 2: n=2 of Trp53-/- Ctrl, n=3 of Trp53-/Trp53R172H Scale bar=100µm (10x picture). Error bars represent SEM.
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Supplemental Figure 2-3: Depletion of Birc5 reduced mutant p53 driven lung
metastasis.
(A) At week 5, YFP+ lung metastatic nodule number was drastically decreased upon BIRC5
depletion in Trp53R172H/- cells. BIRC5 Ctrl (n=3) vs shBIRC5.2 (n=2). However, this
effect was not observed in (B) dTomato+ lung metastatic nodule number upon BIRC5
depletion in Trp53-/- cells at week 5. n=3 each group. Error bars represent SEM. Scale
bar=100µm.
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CHAPTER 3: Rab11-FIP1 mediates Epithelial-Mesenchymal Transition and
invasion in esophageal cancer
The data in Chapter 3 have been published in EMBO Reports
Tang Q., Lento A. et al., 2021. Rab11-FIP1 mediates Epithelial-Mesenchymal Transition and
invasion in esophageal cancer. EMBO Reports e48351
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Abstract
Esophageal squamous cell carcinoma (ESCC) is the most common subtype of
esophageal cancer worldwide. The most commonly mutated gene in ESCC is TP53. Using a
combinatorial genetic and carcinogenic approach, we generate a novel mouse model of ESCC
expressing either mutant or null p53 and show that mutant p53 exhibits enhanced tumorigenic
properties and displays a distinct genomic profile. Through RNA-seq analysis we identify several
endocytic recycling genes, including Rab Coupling Protein (Rab11-FIP1), which are significantly
downregulated in mutant p53 tumor cells. In 3-dimensional (3D) organoid models, genetic
knockdown of Rab11-FIP1 results in increased organoid size. Loss of Rab11-FIP1 increases
tumor cell invasion in part through mutant p53 but also in an independent manner. Furthermore,
loss of Rab11-FIP1 in human ESCC cell lines decreases E-cadherin expression and increases
mesenchymal lineage specific markers, suggesting induction of epithelial-mesenchymal transition
(EMT). Rab11-FIP1 regulates EMT through direct inhibition of Zeb1, a key EMT transcriptional
factor. Our novel findings reveal that Rab11-FIP1 regulates organoid formation, tumor cell
invasion and EMT.
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Introduction
Esophageal cancer is a highly aggressive cancer and is the 6th leading cause of cancer
death worldwide. Esophageal squamous cell carcinoma (ESCC) is the most prevalent subtype
worldwide (Pennathur et al. 2013)(Rustgi & El-Serag, 2014). Patients with ESCC are often
diagnosed with advanced stages of disease, associated with frequent metastases and a poor 5year survival rate of about 15% (Zhang et al. 2015). ESCC development is a multistep process,
and several common genetic alterations have been identified, including mutations in TP53,
overexpression of epidermal growth factor receptor (EGFR) and CCND1, and inactivation of
CTNND1 and CDKN2A. A recent comprehensive genomic analysis of 158 ESCC patients
identified TP53 as the most commonly mutated gene, with over 80% of cases containing a TP53
mutation, the majority of which were found in the DNA binding domain (Song et al. 2014).
TP53 is a canonical tumor suppressor gene that encodes for the protein p53, which is
critical in the regulation of cell cycle, cell division, DNA damage repair and apoptosis (Bieging et
al. 2014). Point mutations of p53 has been shown to enable invasive and metastatic properties
(Muller and Vousden 2014). One molecular mechanism through which mutant p53 regulates
tumor cell invasion is through the endocytic recycling pathway (Muller et al. 2009)(Muller et al.
2013). Endocytic trafficking is critical to proper cell function, and a wide variety of cargo is
trafficked by the endocytic pathway, including growth factor receptors, adhesion proteins and Gprotein-coupled receptors. Alterations in endocytosis, trafficking and recycling are key drivers of
cancer and affect all stages of tumor progression through the regulation of several cancer
hallmarks, such as epithelial polarity, epithelial to mesenchymal transition (EMT), cell adhesion
and growth factor signaling (Goldenring 2013). Endocytic trafficking is coordinated by the Rab
family of proteins, which are known to be deregulated in various cancers. Specifically, the
recycling pathway is regulated by Rab11 and Rab25 that work in concert with their effector
proteins to mediate protein trafficking back to the plasma membrane. Rab Coupling Protein
(Rab11-FIP1) is an effector and binding partner of Rab11 and Rab25 and has been shown to
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have tumor promoting and tumor suppressive functions by mediating EGFR and integrin
trafficking to the membrane (Caswell et al. 2008)(Zhang et al. 2009). Interestingly, mutant p53
has been implicated in the indirect regulation of EGFR and integrin recycling through Rab11-FIP1
(Muller et al. 2009).
Previous work from our lab has demonstrated that overexpression of mutant p53 together
with EGFR induces cell invasion when cells are grown in 3D organotypic culture (OTC)
(Michaylira et al. 2010). To identify genes that may regulate invasion in this system, we dissected
(laser capture microdissection) invasive and non-invasive regions from 3D OTC and performed
RNA microarray analysis. Our results identified POSTN and WNT10A as mediators of invasion
(Michaylira et al. 2010). In addition, the RNA microarray analysis revealed that several endocytic
recycling genes were downregulated significantly in the invasive cells in the OTCs
overexpressing EGFR and mutant p53, when compared to non-invasive cells. In our current
study, we utilize mouse models of mutant p53 overexpression or p53 loss together with a
chemical carcinogen administration to phenocopy key features of human ESCC and to identify
genetic pathways that are differentially regulated by mutant p53. We show that several genes in
the recycling pathway, including Rab11-FIP1, are downregulated in mutant p53 esophageal
tumor cells compared to WT p53 cells. Knockdown of Rab11-FIP1 results in increased organoid
size in ESCC 3D organoid culture. Depletion of Rab11-FIP1 also promotes tumor cell invasion.
Furthermore, our data show that loss of Rab11-FIP1 in ESCC cell lines induces EMT.
Mechanistically, we have identified Zeb1 as a downstream effector of Rab11-FIP1 to mediate
EMT in ESCC. Taken together, our results support a model wherein Rab11-FIP1 induces EMT to
promote tumor cell invasion.
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Results
A novel mouse model of mutant p53 driven ESCC is generated
We generated a mouse model of mutant p53- driven ESCC using a combined genetic
and carcinogenic approach. We combined the esophagus specific L2-Cre promoter (Stairs et al.
2011) with a Rosa26 lox-Stop-lox-YFP allele and crossed it with Trp53+/+, Trp53-/-, or Trp53R172H mice.
We generated three experimental genotypes: L2-Cre;Trp53+/+;Rosa26lox-Stop-lox-YFP, L2-Cre;Trp53-/;Rosa26lox-Stop-lox-YFP and L2-Cre;Trp53R172H/- ;Rosa26lox-Stop-lox-YFP which will be referred to as p53
WT, null, and mutant, respectively (Fig 1A). In addition, p53 mutant and p53 null mice were
treated with the carcinogen 4-nitroquinoline 1-oxide (4-NQO) in drinking water for 16 weeks. 4NQO is a quinolone derivative that causes DNA injury similar to the carcinogens in tobacco
smoke, leading to malignant esophageal lesions similar to that observed in esophageal
squamous cell carcinomas (Tang et al. 2004). After 16 weeks of 4NQO treatment, the mice were
switched to normal drinking water for 2-4 weeks. Esophageal tissues were then harvested and
YFP+ esophageal epithelial cells were isolated from WT, null, and mutant p53 mice by FACS and
early passage cell lines were generated. Our analysis of p53 protein levels in the established cell
lines confirmed low, high, and absent expression of p53 in WT, mutant, and null p53 cells,
respectively (Fig 1B).
To investigate the tumorigenic potential of WT, null, and mutant p53-expressing cells, we
generated esophageal 3D organoids and compared organoid structure and epithelial organization
based upon p53 status. Organoids generated from WT p53 cells were primarily large, spherical in
shape and well-stratified. 3D organoids derived from p53 null cells were morphologically similar to
WT organoids with slightly less stratification (Figs 1C and 1D). Conversely, 3D organoids
generated from mutant p53 cells were smaller, irregularly shaped and exhibited little stratification
(Figs 1C and 1D). To study the tumorigenic properties of WT, null, and mutant p53 cells, we
established a subcutaneous xenograft model in immunodeficient nude mice. WT p53 cells formed
small tumors in 2 out of 8 injected flanks with an average tumor weight of 11 mg. P53 null cells
produced slightly larger tumors in 3 of 12 flanks with an average weight of 77.3 mg. Strikingly,
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mutant p53 cells produced tumors in all 12 of 12 injected flanks. These tumors developed faster,
grew larger in size and had an average weight of 180 mg (Figs 1E, 1F and 1G). Histological
analysis validated that all tumors were squamous cell carcinomas (Supplemental Fig 1A), and
immunohistochemical staining for p53 confirmed that p53 expression was highest in mutant p53
tumors and absent in p53 null tumors (Supplemental Fig 1B). Taken together, these studies
suggest that mutant p53 enhances tumorigenicity in ESCC.

Endocytic recycling genes are downregulated in mutant p53 cells
To assess how mutant p53 promotes tumorigenicity in ESCC, we next performed RNAseq of WT, null, and mutant p53 cells to identify genes with significantly different expression
levels based upon p53 status. A principal component analysis (PCA) revealed that WT and
mutant p53 samples cluster away from each other (Fig 2A), indicating distinct transcriptome
signatures, and thus, serving as the basis for our further experiments, since mutant p53 is more
prevalent in ESCC than loss of p53. Consistent with our previous finding that expression of
several endocytic recycling genes is reduced in invasive ESCC cells (Michaylira et al. 2010), we
found that endocytic recycling genes are downregulated in mutant p53 cells compared to WT p53
cells (Fig 2B). These data suggest that intracellular recycling may be impaired in invasive ESCC
as a possible functional consequence of mutant p53. To confirm our RNA-seq results, we verified
RNA levels of RAB25, Rab11-FIP1, Myo5b, and CLIC3 were significantly downregulated in
mutant p53 cells, compared to WT p53 cells (Fig 2C). To determine if mutant p53 regulation of
the endocytic recycling pathway was specific, we also examined the expression level of a nonrecycling gene, Rab5, which is involved in the early endocytic pathway. Unlike the recycling
genes, Rab5 expression was not reduced by mutant p53 expression (Fig 2C). These findings
suggest that the effect of mutant p53 is specific to the endocytic recycling pathway.
Since expression of recycling genes is reduced both in invasive cells and in mutant p53
cells, we next sought to elucidate the contribution of endocytic recycling in mutant p53 driven
ESCC tumor invasion. Previous work has suggested that Rab11-FIP1 may be regulated by
mutant p53 in an indirect manner (Muller et al. 2009). Therefore, we investigated the role of
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Rab11-FIP1-mediated recycling in ESCC invasion and tumorigenesis. Rab11-FIP1 expression
and localization were examined by Western blotting and immunofluorescence staining in WT and
mutant p53 cells (Supplemental Fig 2). In WT p53 cells, Rab11-FIP1 is expressed throughout the
cytoplasm (Supplemental Fig 2B). However, in mutant p53 cells, Rab11-FIP1 expression is
reduced (Supplemental Figs 2A and 2B) and localized to small perinuclear puncta (Supplemental
Fig 2B), suggesting that the endocytic recycling compartment may be dysregulated in mutant p53
cells.

Knockdown of Rab11-FIP1 increases epithelial disorganization and organoid size
To study the functional role of Rab11-FIP1 in ESCC, we knocked down Rab11-FIP1
expression in WT and mutant p53 cells with two different shRNAs (Fig 3A). We then used a 3D
organoid model to examine epithelial organization and tumorigenic properties in Rab11-FIP1depleted cells. Loss of Rab11-FIP1 in both WT and mutant p53 cells resulted in a significant
increase in 3D organoid size (Fig 3B). We next classified 3D organoids by a stratified,
intermediate or solid morphology (Fig 3C). We observed a decrease in solid organoid percentage
following depletion of Rab11-FIP1 in both WT and mutant p53 organoids (Fig 3C). Furthermore,
we categorized 3D organoid differentiation by the features of being basaloid and keratinized. In
the context of WT p53 and mutant p53, Rab11-FIP1 loss leads to a decrease in basaloid
organoid percentage (Fig 3D). This is consistent with the results of immunohistochemical staining
for the basal cell transcriptional factor p63 (Figs 3E and 3F). In the context of WT p53, Rab11FIP1 loss results in a decreased level of p63 (Fig 3E). 3D organoids harboring mutant p53 show
high p63 expression. Depletion of Rab11-FIP1 leads to a slight decrease in p63 expression, likely
due to the low expression of Rab11-FIP1 in mutant p53 organoids (Fig 3D). Taken together,
these factors may contribute to the larger overall 3D organoid size, a property of tumorigenesis
following Rab11-FIP1 depletion.

Loss of Rab11-FIP1 promotes ESCC invasion
Rab11-FIP1 expression was reduced in invasive regions compared to the non-invasive
normal region in 3D OTC (Fig 4A). In addition, immunohistochemical staining of Rab11-FIP1 in
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xenograft tumors with mutant p53 shows a reduction of Rab11-FIP1 in the invasive front of such
tumors (Supplemental Figs 1C and 1D). Therefore, loss of Rab11-FIP1 in invasive cells led us to
investigate whether Rab11-FIP1 could regulate tumor invasion directly. To assess the effect of
Rab11-FIP1 in invasion, we performed the Boyden chamber assay and demonstrated that
Rab11-FIP1 depletion significantly increased tumor cell invasion (Fig 4B). To address further the
role of Rab11-FIP1 in tumor cell invasion, we cultured WT and mutant p53 cells with Rab11-FIP1
knockdown in 3D OTC models. In WT p53 OTC, reduction of Rab11-FIP1 led to a significant
invasive phenotype (Figs 4C and 4D). In mutant p53 OTC with intact Rab11-FIP1 expression, a
disorganized epithelium formed with a small degree of tumor cell invasion. However, reduction of
Rab11-FIP1 resulted only in a trend of increased invasion (Fig 4C and Supplemental Fig 3A).
This may be due to the poorly differentiated epithelium in 3D OTC harboring mutant p53
(Supplemental Fig 3B), which is intrinsically invasive and thus, changes in invasion may be more
challenging to evaluate in this assay.

Loss of Rab11-FIP1 induces epithelial-mesenchymal transition in ESCC
Next, we examined the effects of Rab11-FIP1 downregulation in the well-established
human ESCC cell lines TE1 and TE2 (Nishihira et al. 1979). We used shRNAs to knock down
Rab11-FIP1 expression in TE1 and TE2 ESCC cell lines and used immunofluorescent staining to
confirm a reduction of Rab11-FIP1 levels (Fig 5A). Functionally, depletion of Rab11-FIP1 in TE1
and TE2 cells promotes an invasive phenotype in OTC (Supplemental Figs 3C-3F). Interestingly,
knockdown of Rab11-FIP1 also resulted in a disorganized actin cytoskeleton and changes in cell
morphology consistent with a possible mesenchymal phenotype (Fig. 5B). To further investigate
this apparent loss of epithelial identity, we evaluated E-cadherin expression and found a complete
E-cadherin loss in Rab11-FIP1-deficient cells, suggesting the possible emergence of EMT (Fig
5C). Therefore, we examined the expression levels of several EMT markers by qPCR. Compared
to control cells, cells with Rab11-FIP1 knockdown showed a drastic increase in several
mesenchymal genes, including VIM and ZEB1 (Fig 5D). Conversely, depletion of ZEB1 in Rab11FIP1 knockdown TE1 and TE2 cells led to increased CDH1 expression and a decrease in

70

mesenchymal genes, indicating the regulation of EMT by Rab11-FIP1 is mediated possibly
through ZEB1 (Fig 5E). Taken together, these results indicate that loss of Rab11-FIP1 induces
E-cadherin downregulation and EMT through upregulation of ZEB1 in ESCC cells. Since EMT is
involved in tumor cell invasion (Lamouille et al. 2014), our results suggest that Rab11-FIP1 may
regulate EMT through epithelial disorganization and invasion in ESCC.
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Discussion
Endocytic trafficking mediates a wide range of cellular processes that drive cancer, and
an imbalance in this trafficking dynamic can play a significant role in tumor cell invasion. TP53 is
the gene most frequently mutated in ESCC, and in this study, we have shown that the p53R172H
mutation results in downregulation of several endocytic recycling genes. In addition, we utilized
3D organoid and 3D organotypic culture models of ESCC to show that loss of the recycling gene
Rab11-FIP1 increases 3D organoid size, tumor cell invasion, and promotes EMT. Taken together,
these results suggest that regulation of the endocytic recycling pathway may be one potential
mechanism of tumor cell invasion in ESCC, and perhaps, other cancers as well.
Rab25 has been implicated as an oncogene in luminal breast cancer, ovarian, lung, and
bladder cancers (Cheng et al. 2004)(Zhang et al. 2013)(Mitra et al. 2016). Interestingly, Rab25
acts as a tumor suppressor gene in head and neck, colon and esophageal cancers (Goldenring
and Nam 2011)(Tong et al. 2012)(Amornphimoltham et al. 2013). However, the function of
Rab11-FIP1 in cancer has not been studied as thoroughly. In breast cancer Rab11-FIP1 has
been shown to play both tumor enhancing and suppressive roles, and in head and neck cancer
Rab11-FIP1 expression correlates with malignant progression (Zhang et al. 2009)(Dai et al.
2012)(Boulay et al. 2016). In addition, Rab11-FIP1 promotes metastasis in pancreatic
adenocarcinoma (Gundry et al. 2017). However, our findings suggest that Rab11-FIP1 may have
tumor suppressive functions in ESCC.
The mechanism(s) underlying the role of Rab25 and Rab11-FIP1 in cancer is currently
unclear. The function of Rab25 and Rab11-FIP1 likely depends upon the type of cargo being
trafficked or the subcellular location in which the cargo is being trafficked. Alternatively, the role of
these recycling proteins may depend on their interaction with various binding partners, including
CLIC3, Myo5b, and Rab11. In addition, our work suggests that Rab11-FIP1 may increase tumor
cell invasion in part through mutant p53 but also in an independent manner. Interestingly, mutant
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p53 enhances Rab11-FIP1-dependent integrin and EGFR recycling, but the underlying
mechanism is not clear (Muller et al. 2009).
EMT is a key driver of tumor cell invasion and metastasis during cancer progression, and
it is marked by downregulation of epithelial lineage genes, such as ECAD, and the upregulation of
mesenchymal lineage genes, such as VIM. These phenotypic changes correspond to a shift in
physiology of a cell undergoing EMT, as it gradually loses the ability to form tight junctions with
neighboring cells and acquires greater mobility. We have shown that knockdown of Rab11-FIP1
in human ESCC cell lines results in EMT, as evidenced by changes in morphology and a shift in
lineage-specific gene expression. We demonstrate that E-cadherin is completely lost in cells with
reduced Rab11-FIP1, which is accompanied by disruption of the actin cytoskeleton (Fig 5). In
addition, VIM and other mesenchymal specific genes are upregulated upon loss of Rab11-FIP1
(Fig 5D).
Previous studies have shown that the role of Rab11-FIP1 in EMT may vary. In breast
cancer, loss of Rab11-FIP1 leads to decreased E-cadherin expression, while in lung
adenocarcinoma E-cadherin is increased upon loss of Rab11-FIP1 (Boulay et al. 2016)(Lindsay
and McCaffrey 2017). In addition, overexpression of Rab11-FIP1 results in upregulated Slug
expression and downregulated E-cadherin expression to promote EMT and tumor invasion
(Hwang et al. 2017). Interestingly, our results suggest that in ESCC, Slug is not critical for the
downregulation of E-cadherin and EMT. In TE1 ESCC cells, Slug (Snai2) is upregulated
approximately 60-fold while in TE2 ESCC cells lines Slug is downregulated significantly despite
reduced E-cadherin levels in both ESCC cell lines (Fig 5D).
Our data suggest that Zeb1 may be vital in Rab11-FIP1-mediated effects. Zeb1 is
appreciated as a key transcription factor in EMT, and it is significantly upregulated in response to
Rab11-FIP1 reduction (Fig 5D). This finding prompted us to investigate whether Zeb1 may be
crucial in Rab11-FIP1 loss-driven EMT. Indeed, siRNA-mediated knockdown of Zeb1 in ESCC
cell lines TE1 and TE2 reversed the EMT gene expression signature induced in these cells
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through loss of Rab11-FIP1 (Fig 5E). Taken together, we propose that Rab11-FIP1 regulates
EMT through the modulation of Zeb1.
Previous studies investigating the role of Rab11-FIP1 in tumorigenesis have exclusively
utilized 2D cell culture systems. In our study we employ two 3D culture models, namely 3D
organoids and 3D organotypic culture, which are more physiologically relevant. We have
demonstrated that loss of Rab11-FIP1 increases organoid size and enhances invasion in
organotypic culture models, which has not been reported previously.
TP53 is the gene most commonly mutated in ESCC. In this study we demonstrate that in
ESCC, mutant p53 interferes with the endocytic recycling pathway, which normally assists in
maintaining epithelial identity. ESCC cells that acquire p53 mutations have reduced expression of
Rab11-FIP1, a component of the endocytic recycling pathway. It is conceivable that
downregulation of Rab11-FIP1 may be
involved in certain contexts as a partial contributor to the function of mutant p53 in tumorigenesis,
but that Rab11-FIP1 mediated tumor cell invasion involves EMT and induction of Zeb1.
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Materials and Methods
Animal models
The Institutional Animal Care and Use Committee of the University of Pennsylvania
approved all animal studies. Mice were housed in a pathogen-free facility at the University of
Pennsylvania (Philadelphia, PA, USA). Trp53LoxP (Marino et al. 2000), Trp53R172H (Olive et al.
2004), and Rosa26loxP-STOP-loxP-EYPF (Srinivas et al. 2001) mice were obtained from Jackson
Laboratory. L2-Cre transgenic mice were generated by cloning Cre recombinase under control of
the EBV ED-L2 promoter (Nakagawa et al. 1997). 4-nitroquinoline 1-oxide (4-NQO) treatment
was performed as previously described (Long et al. 2015). Briefly, 8-week-old mice were given
0.1mg/ml of 4-NQO diluted in 10% propylene glycol in the drinking water ad libitum for 16 weeks.
Mice were euthanized 2-4 weeks following treatment, and esophageal epithelial cells were
isolated as described below. For the xenograft tumor model, NCR nude mice were purchased
(Taconic), and a total of 3X106 cells were suspended in 100ul Matrigel (Corning) and injected
subcutaneously into the right and left flanks. Tumor size was measured every 3-5 days, and mice
were sacrificed when tumors reach a size greater than 300 mm3 or after 85 days.
Esophageal epithelial cell isolation
Primary esophageal cells were isolated and cultured as previously described (Giroux et
al. 2017). Briefly, the epithelium was peeled from the esophagus of p53 WT, null, and mutant
mice and dissociated in 0.25% trypsin-EDTA. Trypsin activity was stopped with soybean trypsin
inhibitor, and cells were filtered through a 40µm strainer. Cells were grown in Keratinocyte serumfree medium without CaCl2, supplemented with 0.018mM CaCl2, 50ug/ml bovine pituitary extract,
and 5ng/ml human recombinant EGF. To establish p53+/+, p53-/-, and p53R172H/- cell lines, cells
were expanded, and epithelial cells were isolated by fluorescence activated cell sorting for YFP.
Expression of p53 was confirmed by Western blot.
Cell culture
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Mouse epithelial cells were cultured in in Keratinocyte-serum free medium (KSFM)
without CaCl2, supplemented with 0.018mM CaCl2, 50ug/ml bovine pituitary extract, 5ng/ml
human recombinant EGF, and 1% penicillin/streptomycin. Cells were grown at 37oC in a 5% CO2
humidified chamber. For Rab11-FIP1 knockdown studies, cells were infected with mouse
lentiviral shRNAs against Rab11-FIP1 (Sigma, sequences listed below) or non-targeting control
shRNA (Sigma, SHC016). 48hrs after infection cells were selected in 2µg/ml puromycin, and
knockdown was confirmed by
western blot. For ZEB1 knockdown assay, TE1 and TE2 cells were transfected with human ZEB1
siRNA (Santa Cruz, sc-38643) or non-targeting control siRNA (Santa Cruz, sc-37007). Cells were
collected 72hrs post transfection for RNA isolation and qPCR.
shRNA sequences:
Species

Gene

TRCN Number

Rab11Mouse

FIP1

CCGGCCGCAGGAAGAAGCAATGGTACTCG
TRCN0000028301

Rab11Mouse

FIP1

FIP1

TRCN0000028230

FIP1

AGAGGTAGAGCATCTTTCTCAGGTTTTT
CCGGGCAACTGAACCAGGTCAACTTCTCG

TRCN0000141878

Rab11Human

AGTACCATTGCTTCTTCCTGCGGTTTTT
CCGGCCTGAGAAAGATGCTCTACCTCTCG

Rab11Human

Sequence

AGAAGTTGACCTGGTTCAGTTGCTTTTTTG
CCGGGAAATCCAAACCAGGAAAGAACTCG

TRCN0000145281

AGTTCTTTCCTGGTTTGGATTTCTTTTTTG

3D organotypic and 3D organoid culture
Esophageal cells were grown in organotypic culture as previously described (Kalabis et
al. 2012). For mouse organotypic cultures, 3T3 cells were used to establish the fibroblast layer.
Organoids were generated by suspending 3,000 cells in 50ul Matrigel in a 24 well dish and were
allowed to solidify for 1 hour. Following solidification, media (DMEM/F12, 1X Glutamax, 1X
HEPES, 1X N2 Supplement, 1X B27 Supplement, 0.1mM N-Acetylcysteine, 50 ng/ml
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recombinant EGF, Noggin/R-Spondin conditioned media, 10μM Y27632) was added and
replaced every 2 days, and organoids were allowed to grow for 10 days. To harvest, organoids
were recovered from Matrigel by pipetting several times until the matrigel was dissolved.
Organoids were fixed in 4% PFA for 3hrs at 4oC and embedded in 2% Bacto-Agar:2.5% gelatin.
RNA isolation and qPCR
Total RNA was isolated using RNeasy Mini Kit (Qiagen), and cDNA was synthesized
using TaqMan Reverse Transcription Reagents kit (Applied Biosystems) according to the
manufacturer’s instructions. qPCR was performed using Power SYBR Green PCR Master Mix
(Applied Biosystems) or TaqMan Fast Universal PCR Master mix (Thermo Fisher) using the
StepOnePlus Real-Time PCR System (Applied Biosystems). Primer sequences and reference
numbers (TaqMan) are listed below.
Gene

Forward

Reverse

Rab11-FIP1

ATGAACACAACAGCCACCAA

CCTTCTTGCTGATGGTCTCC

Rab25

CCACGATTGTTGTCATGCTC

AACAGCAGGCCATTGTTTTC

Myo5b

AACGGGTCACAGTGTCCTTC

ATCGAGTCCATGGTCAGAGC

CLIC3

AGTCTACTACCCAAGCTGCA

CTGTCCAAGTAGCGACGAAC

Rab5a

TCCTATGCAGATGACAACAGC

TGGTTCATTCTTTGGCAGCT

TaqMan Primers
Gene
TBP

Hs00427620

CDH1

Hs00170423

Vim

Hs00958116

Zeb1

Hs00232783

Snai1

Hs00195591

Snai2

Hs00161904

Twist1

Hs00361186
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Bulk RNA sequencing
For RNA-seq studies RNA was isolated from low passage number cells as described
above. Libraries were prepared using Illumina TruSeq Stranded mRNA sample preparation kits
from 500ng of purified total RNA according to the manufacturer’s protocol. Generated dsDNA
libraries were quantified by Qubit fluorometer, Agilent TapeStation 2200, and RT-qPCR using the
Kapa Biosystems library quantification kit according to manufacturer’s protocols. Uniquely
indexed libraries were pooled in equimolar ratios and sequenced on an Illumina NextSeq500 with
single-end 75bp reads at the Dana-Farber Cancer Institute Molecular Biology Core Facilities.
Sequenced reads were aligned to the UCSC hg19 reference genome assembly, and gene counts
were quantified using STAR (v2.5.1b). Differential gene expression testing was performed by
DESeq2 (v1.10.1) and normalized read counts (FPKM) were calculated using cufflinks (v2.2.1).
Invasion assay
Corning BioCoat Matrigel Invasion Chambers were used according to manufacturer’s
guidelines. Briefly, chambers were rehydrated in DMEM with 10%FBS for 2 hours at 37oC. 1x105
cells were seeded in the upper chamber in 500ul serum-free DMEM, while DMEM with 10% FBS
was added to the bottom of the well. Cells were incubated for 28-48 hours at 37oC. After
incubation non-invading cells were removed from the upper surface with a cotton swab, and the
remaining cells were fixed in 100% methanol at -20oC for 15 minutes. Non-Matrigel coated
chambers were used as a control. Membranes were removed from the chambers using a scalpel
and mounted in Vectashield mounting media with Dapi (Vector Labs) for imaging. Cell nuclei
were counted from 5 fields of view per cell line and averaged. Invasion was calculated by number
of invaded cells per field. For OTC invasion assays, invasion was measured by quantitating the
area of invasive regions divided by the total epithelial length.
Immunohistochemistry and immunofluorescence
IHC staining was performed as described previously. Briefly, formalin-fixed, paraffin
embedded tissue was sectioned, and antigen retrieval was performed by pressure cooking in
citric acid buffer at pH6. 3% peroxide was used to quench endogenous peroxidases, and sections
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were blocked with avidin, biotin and protein blocking buffer (Thermo Fisher) at room temperature.
Primary antibodies were incubated at 4o C overnight, and biotinylated antibodies for 30 min at
37oC. Sections were then incubated with ABC reagent (Vector Labs) for 30 minutes at 37oC, and
slides were treated with DAB substrate (Vector Labs) and counterstained with hematoxylin.
For immunofluorescence (IF), cells were grown on cover slips and fixed with 4% PFA for
15 minutes at room temperature, and blocked with blocking solution (PBS, 1% BSA, 0.3%
TritonX, 5% serum) for 1 hour at room temperature. Cells were then incubated with primary
antibodies overnight at 4oC, washed, incubated with secondary antibody for 1hr, and mounted
with Vectashield mounting media (Vector Labs). Cells were imaged using a Leica SP8 confocal
microscope. Primary antibodies include: Rab11-FIP1 (Cell Signaling, 12849, 1:50 for IHC, 1:200
for IF), p53 (Leica, NCL-L-p53-CM5p, 1:200), p63 (Santa Cruz, sc-8431, 1:500).
Western blot
Western blot was performed as previously described (Giroux et al. 2017). Primary
antibodies (Rab11-FIP1 (Cell Signaling, 12849, 1:1000), p53 (Leica, NCL-L-p53-CM5p, 1:1000),
beta-actin (Sigma A5316 1:10,000), were incubated overnight at 4o C, and secondary antibodies
for 2hrs at room temperature. Western blots were imaged using the Odyssey Infrared Imager
(LICOR) and analyzed with ImageStudioLite software.
Data availability
The dataset produced in this study is available in the following database:
•

RNA-Seq data: Gene Expression Omnibus
GSE120353(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE120353)
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Main Figures and Figure Legends
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Figure 3-1. Mutant p53 increases tumorigenic potential of ESCC cells.
A. Schematic of the p53 mouse model which generates L2-Cre;Trp53+/+;R26lox-Stop-lox-YFP, L2Cre;Trp53-/-;R26lox-Stop-lox-YFP and L2-Cre;Trp53R172H/- ;R26lox-Stop-lox-YFP mice. Mice were treated with
4NQO in the drinking water for 16 weeks followed by normal water. Esophageal epithelial cells
were isolated and cell lines were generated.
B. Cell lines generated from WT, null, and mutant p53 esophagi were assessed by Western blot
analysis for p53 protein expression. Relative intensity densitometry of Rab11-FIP1 results is
shown at the bottom.
C. Organoids generated from WT, mutant, and null p53 cell lines. Scale bar: 100µm.
D. Quantification of the portion of organoids exhibiting a solid, intermediate or stratified
morphology (> 37 organoids from 2-3 cell lines per group).
E-G. Cells were subcutaneously injected in the lower flanks of nude mice (n= 4 flanks/cell line.
WT p53 2 cell lines, Mutant p53-3 cell lines, p53 null-3 cell lines). E. The number of tumors
formed in each group was quantified. F. Tumor growth was measured at the indicated time points
post-implantation. Graph represents total tumor size per group. G. Average tumor weight
following dissection (n=2 biological replicates for WT p53 cell lines, n=3 biological replicates for
mutant p53 cell lines, n=3 biological replicates for p53 null cell lines, n=4 technical replicates
injected per cell line, calculated as average tumor weight per cell line). Error bars represent
±S.E.M. *p=0.02 Mutant p53 vs WT p53, *p=0.02 Mutant p53 vs Null p53 (One-way Anova).
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Figure 3-2. Endocytic recycling genes are downregulated in mutant p53 cells
A. RNA-seq was performed on WT, mutant, and null p53 low passage cell lines. Principle
component analysis (PCA) highlights distinct genetic profiles based on p53 status.
B. Relative fold change in expression level of endocytic recycling genes in invasive vs. noninvasive cells, and in mutant vs. WT p53 cells based on microarray and RNA-seq analysis,
respectively.
C. qPCR analysis of recycling-related gene expression in mutant p53 relative to WT p53 cells
(red and black bars, respectively). Graphs represent mean ± SEM (n=3 biological replicates for
Rab11-FIP1, Rab25, Myo5b and Clic3; n=2 biological replicates for Rab5). Rab11-FIP1
*p=0.0109, Rab25 **p=0.0021, Myo5b ***p=0.0001, Clic3 **p=0.0051, Rab5 no significant
differences (n.s.). (Unpaired t-test).
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Figure 3-3. Knockdown of Rab11-FIP1 promotes epithelial disorganization and
increases 3D organoid size
A. Western blot confirming knockdown of Rab11-FIP1 by shRNAs. Relative intensity by
densitometry of Rab11-FIP1 results are shown at the bottom.
B-F 3D organoids were generated from WT and mutant p53 cells expressing non-targeting
control (NT) or Rab11-FIP1 shRNAs (sh1 and sh2). B. Diameter of organoids (n= 80-130
organoids). Bar graph represents mean diameter ± SEM. ****p<0.0001 WT or mutant p53 nontargeting control vs Rab11-FIP1 shRNA1, ***p=0.0006 WT non-targeting control vs Rab11-FIP1
shRNA2, ****p<0.0001 mutant p53 non-targeting control vs Rab11-FIP1 shRNA2 (One-way
Anova). ****p<0.0001 WT vs mutant p53 non-targeting control (Unpaired t-test). C. Percent of WT
p53 (top panel) and mutant (bottom panel) organoids exhibiting a solid, intermediate, or stratified
morphology (n>50 organoids generated from three different cell passages quantified). D. Percent
of WT p53 and mutant organoids exhibiting a basaloid-like morphology (n>50 organoids
generated from three different cell passages quantified). Bar graph represents mean diameter ±
SEM. n.s. WT p53 non-targeting control vs Rab11-FIP1 shRNAs, *p=0.046 mutant p53 nontargeting control vs Rab11-FIP1 shRNA1, ***p=0.0002 mutant p53 non-targeting control vs
Rab11-FIP1 shRNA2 (One-way Anova). E. WT p53 organoids stained for H&E (left), Rab11-FIP1
(middle), and the basal cell marker p63 (right) by IHC. 40X. Scale bar = 100 µm. F. Mutant p53
organoids stained for H&E (left), Rab11-FIP1 (middle), and the basal cell marker p63 (right) by
IHC. 40X. Scale bar = 100 µm.
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Figure 3-4. Loss of Rab11-FIP1 promotes mutant p53 driven invasion
A. EPC2-hTERT-EGFR-p53R175H cells grown in OTC stained for RCP. Arrow indicates invasive
region. (scale bar = 100 µm).
B. Transwell Boyden Chamber invasion assay of WT and mutant p53 cells expressing nontargeting control (NT) and Rab11-FIP1 shRNAs (sh1 and sh2) (n=6 technical replicates for WT
NT, n=9 technical replicates for the other groups from 3 different passages). Error bars represent
±S.E.M. n.s. WT p53 NT vs sh1, ***p=0.0005 WT p53 NT vs sh2, n.s. Mutant p53 NT vs sh1, **
p=0.0026 Mutant p53 NT vs sh2, (One-way Anova) *p=0.0173 WT p53 NT vs Mutant p53 NT,
(unpaired t-test).
C-D. WT and mutant p53 cells expressing non-target control and Rab11-FIP1 shRNAs were
grown in OTC. C. H&E staining of OTC with WT p53 (top) and mutant p53 (bottom) with invasive
regions. Scale bar = 50 µm. D. Graph shows relative invasive area from OTC of WT p53 nontarget control and Rab11-FIP1 shRNAs. n=5 technical replicates in WT p53 NT, n=6 technical
replicates in WT p53 sh1, n=6 technical replicates in WT p53 sh2. Error bars represent ±S.E.M.
**** p<0.0001 WT p53 NT vs sh1, n.s. WT p53 NT vs sh2(One-way Anova).
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Figure 3-5. Loss of Rab11-FIP1 induces epithelial-mesenchymal transition in
ESCC
A. Immunofluorescent staining for Rab11-FIP1 in TE1 and TE2 ESCC cell lines expressing a
non-targeting control shRNA or shRNA against Rab11-FIP1. Scale bar= 50 µm
B. Immunofluorescent staining for f-actin in TE1 and TE2 ESCC cell lines expressing a nontargeting control shRNA or shRNA against Rab11-FIP1. Scale bar= 50 µm
C. Immunofluorescent staining for E-cadherin, in TE1 and TE2 ESCC cell lines expressing a nontargeting control shRNA or shRNA against Rab11-FIP1. Scale bar= 50 µm
D. qPCR analysis of epithelial and mesenchymal gene expression in TE1 (left) and TE2 (right)
cells expressing Rab11-FIP1 shRNA relative to control cells (dotted line). Graph error bars
represent mean SEM (n=3 technical replicates from three different cell passages). n.s. TE2
SNAI2, *p<0.05, (Unpaired t-test).
E. qPCR analysis of epithelial and mesenchymal gene expression following ZEB1 depletion in
TE1 (left) and TE2 (right) cells expressing Rab11-FIP1 shRNA relative to control cells (dotted
line). Graph error bars represent mean SEM (n=3 technical replicates from three different cell
passages). **p<0.01, * p<0.05, n.s. TE1 CDH1, VIM. SNAI1, SNAI2, TE2 VIM, SNAI1 (Unpaired
t-test).
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Supplemental Figures and Figure Legends
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Supplemental Figure 3-1: Hematoxylin-eosin staining and Immunostaining for p53
and Rab11-FIP1 in subcutaneous tumors.
A. Hematoxylin-eosin staining of subcutaneous xenograft tumors formed by mutant p53expressing, p53-null or WT p53 ESCC cells. 20X. Scale bar=100µm.
B. Immunostaining for p53 in subcutaneous xenograft tumors formed by mutant p53expressing, p53-null or WT p53 ESCC cells. 20X. Scale bar=100µm.
C&D. Immunostaining for Rab11-FIP1 in mutant p53, null p53 or WT p53 subcutaneous
xenograft tumors. Scale bar=100µm. 20X and 10X, respectively.
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Supplemental Figure 3-2: Expression patterns of Rab11-FIP1 in WT or Mutant p53
parental or Rab11-FIP1 depleted cells.
A. Representative Western blot for Rab11-FIP1 in WT and mutant p53 cell lines relative to actin.
Relative intensity densitometry of Rab11-FIP1 results is shown at bottom.
B. Immunofluorescent staining for Rab11-FIP1 (red) in WT and mutant p53 cells expressing nontarget control or Rab11-FIP1 shRNAs. White arrows indicate Rab11-FIP1 staining. 40X. Scale
bar=100µm.
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Supplemental Figure 3-3: The effects of Rab11-FIP1 upon invasion
in 3D organotypic cultures of murine mutant p53 cells and human ESCC cells.
A. Relative invasive area from OTC of mutant p53 non-target control and Rab11-FIP1 shRNAs.
n=6 technical replicates in mutant p53 NT, sh1 and sh2 OTC. n.s. Mutant p53 NT vs sh1, Mutant
p53 NT vs sh2 (One-way Anova) B. Epithelial thickness quantification from OTC of mutant p53
non-target control and Rab11-FIP1 shRNAs. n=6 technical replicates in mutant p53 NT, sh1 and
sh2 OTC. Error bars represent ±S.E.M. **** Mutant p53 NT vs sh1, Mutant p53 NT vs sh2,
p<0.0001 (One-way Anova).C-F (C, E) TE1 and TE2 cells expressing control or Rab11-FIP1
shRNA were grown in OTC. Scale bar=100µm. (D, F) Graphs show relative invasive area from
OTC of TE1 and TE2 cells expressing control or Rab11-FIP1 shRNA. Error bars represent
±S.E.M. TE1 n=3 technical replicates in TE1 control and shRNA **p=0.030, TE2 n=3 technical
replicates in TE1 control and shRNA **p=0.0082 (Unpaired t-test).
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CHAPTER 4: Thesis summary and discussion
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This thesis was focused on the role of mutant p53 in invasion and lung metastasis in
esophageal cancer. This was achieved by previous research completed by members of the
Rustgi lab, as well as other publications.

Mutant p53-Survivn pathway in metastasis
The interest in investigating mutant p53 in ESCC was inspired by the results of
subcutaneous tumor established by our L2-Cre; Trp53R172H/- mouse model ESCC cells. As
described in Chapter 3 (Fig.1), we observed that subcutaneous tumors formed by Trp53R172H/cells grew significantly larger and faster than those formed by Trp53-/- or Trp53+/+ cells, indicating
that mutant p53 may promotes tumorigenesis in ESCC. With this result, isogenic control cell lines
of Trp53R172H/- or Trp53-/- were generated to better understand the role of mutant p53 in ESCC.
With these tools, we were able to show that Trp53R172H promotes ESCC invasion and metastasis,
acting as a potent oncogenic factor (Chapter 2, Fig.1). These results are consistent with other
studies on hotspot p53 mutations such as Trp53R172H to establish its oncogenic function (Olive et
al. 2004)(Lang et al. 2004)(Tang et al. 2020b).
As described in Chapter 2, we further investigated the mechanism of mutant p53 driven
ESCC lung metastasis. From the RNA-seq comparison of metastatic Trp53R172H/- and Trp53-/cells, we identified a novel target, Survivin, in mediating ESCC lung metastasis, specifically in the
context of Trp53R172H/- but not Trp53-/-. It is still possible other regulatory mechanisms exist. For
example, a recent study demonstrated that a majority of Yap binding to Yap-regulated genes
occurs at genomic locations away from the promoter (Pattschull et al. 2019). Therefore, it is
possible that Survivin expression may be regulated through mutant p53-YAP binding at an
intergenic enhancer region(s). In addition, while we discovered Survivin to be regulated by the
mutant p53-YAP interaction, its expression may also be regulated by mutant p53 mediated
interaction with other transcriptional factors. For example, Survivin is known to be upregulated by
NF-KB (Van Antwerp et al. 1998). The NF-KB pathway activation is known to be augmented by
mutant p53 to enhance inflammation and inflammation-associated cancer (Cooks et al. 2013).
Therefore, in addition to the mutant p53-YAP axis that we have, Survivin might also be
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upregulated through other mutant p53-dependent mechanisms, such as mutant p53 interacting
with NF-KB.

Endocytic recycling pathway in ESCC invasion
Tumor invasion is the first step of the metastasis cascade. Understanding the mechanism
of invasion is a key part in delineating the mechanism of metastasis in esophageal cancer. The
Rustgi lab has a long-standing interest in identifying candidate genes that promote ESCC
invasion. Previously, we have utilized the 3D organotypic culture model to identify Periostin
(POSTN), a matricellular molecule, to facilitate ESCC invasion (Michaylira et al. 2010).
Mechanistically, we demonstrated that POSTN can cooperate with mutant p53 to promote
invasion in ESCC (Wong et al. 2013). In addition to POSTN, we also discovered WNT10A to
promote an invasive phenotype in ESCC (Long et al. 2015).
In this thesis, we decided to focus on the role of endocytic recycling pathway in mediating
ESCC invasion and explore its association with TP53 mutation. This study was not only inspired
by the important role of endocytic recycling in invasion (addressed in Chapter 1), but also by a
study showing mutant p53 cooperates with the Rab-Coupling protein (RCP or Rab11-FIP1) to
promote tumor invasion(Muller et al. 2009a). As addressed in Chapter 3 (Fig.2), we found Rab11FIP1 expression to be significantly decreased in mutant p53 compared to WT p53 murine ESCC
cells, possibly suggesting that Rab11-FIP1 may be downregulated by mutant p53. Furthermore,
we demonstrated that depletion of Rab11-FIP1 reduced invasion in both mutant p53 and WT p53
ESCC cells. This result suggests that Rab11-FIP1 is essential to facilitate ESCC invasion
independent of p53 mutation status. However, we also observed that in 3D organotypic culture,
depletion of Rab11-FIP1 reduces invasive phenotype significantly in WT p53 but not mutant p53
setting (Chapter 3, Figs. 4C, 4D). These data prompted us to consider that under certain
conditions such as in 3D organotypic culture, Rab11-FIP1 may mediate ESCC invasion in a
mutant p53 dependent manner. In summary, this study identified a novel target in understanding
the mechanism of ESCC invasion. Although the role of Rab11-FIP1 in tumor invasion has been
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context-dependent (addressed in Chapter 1), we for the first time demonstrated that Rab11-FIP1
is a potent promoter in invasion of ESCC.

Future Perspectives
Our work demonstrates the role of mutant p53 in ESCC invasion and lung metastasis,
thereby shedding light on the potential of targeting mutant p53 and related pathways for therapy.
Furthermore, our studies provide a platform to discover candidate pathways and mutant p53
regulated targets to mediate invasion and metastasis in ESCC.
Mutant p53 can be targeted by multiple therapeutic approaches (Reviewed in Tang et al.
2020a). These strategies include restoring wild-type p53 function, degrading mutant p53,
interfering mutant p35 and binding partner interactions, and exploiting synthetic lethality in tumors
with TP53 mutations (Tang et al. 2020a). Many of these agents are in clinical trials. For example,
APR246 is a compound that converts the protein structure of mutant p53 to a wild-type
confirmation, and reactivating the wild-type p53 mediated transcriptional program. A preclinical
study has shown that APR246 is able to induce apoptosis and delay tumor growth in mutant p53
small cell lung cancer (Zandi et al. 2011). A phase I/IIa clinical trial in hematologic malignancies
and prostate cancer patients has demonstrated p53-dependent effects induced by APR246
(Bykov et al. 2019). Given the role of mutant p53 in promoting tumor metastasis demonstrated by
us and others, future preclinical and clinical studies may explore the effects of mutant p53
targeted therapy in patients with metastatic cancers.
We have demonstrated a novel target, Survivin, in mediating mutant p53 driven ESCC
lung metastasis (Chapter 2). Indeed, several therapeutic strategies have been developed to
decrease Survivin expression, promote apoptosis, reduce tumor growth, and enhance sensitivity
to chemotherapy and radiotherapy. These therapeutic approaches include gene therapy to
express dominant-negative Survivin mutants, pharmacologic therapy (RNA interference (RNAi),
anti-sense oligonucleotides (ASOs) and small molecular inhibitors) to inhibit Survivin, and antitumor immunotherapy such as a Survivin vaccine (Santarelli et al. 2018). In a phase I clinical
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study, a Survivin-derived peptide vaccine has demonstrated a tumor regression effect in some
patients with squamous cell carcinoma (Miyazaki et al. 2011). Future clinical trial may include
combination of Survivin vaccine with adjuvant drugs to improve therapeutic efficacy (Miyazaki et
al. 2011).
In addition to these therapeutic approaches, we are also looking forward to exploring
more mutant p53 regulated pathways to mediate ESCC invasion and lung metastasis. Based
upon our RNA-seq result scomparing metastatic mutant and null p53 ESCC cells (Chapter 2, Fig.
2), we also discovered other pathways that potentially mediate mutant p53 driven ESCC lung
metastasis. For example, macrophage colony stimulating factor 1 (CSF-1; also known as M-CSF)
is enriched in both interferon alpha and inflammatory responses, and it is significantly upregulated
in metastatic mutant p53 ESCC cells (Chapter 2 Fig2). These results indicate that CSF-1 could
be a key mediator of Trp53R172H-regulated lung metastasis. A previous study has shown that
tumor cells can secret CSF-1 to recruit macrophages and induce macrophage polarization into
M2-like tumor associated macrophages (TAMs), which potentially contributes to invasion and
metastasis (Dwyer et al. 2017). Therefore, we plan to investigate whether CSF-1 (and/or its
receptor, CSF-1R) mediates immune suppression through recruiting TAMs, which in turn
enhances ESCC invasion and metastasis.
We also presented the function of endocytic recycling pathway in mediating ESCC
invasion. Specifically, we focused on the role of Rab11-FIP1 (Chapter 3). In addition to Rab11FIP1, other components of the endocytic recycling pathway are also of interest in future studies.
For example, we observed Rab25 and Myo5b to be upregulated in mutant p53 ESCC cells
compared to wild-type p53 cells (Chapter 3, Fig. 2). Rab25 is a member of the Rab11 subfamily
protein, and Myo5b is an actin filament-based cytoskeletal motor to interact with Rabs and Rab
effectors such as Rab11a (Agarwal et al. 2009)(Li et al. 2016)(Lapierre et al. 2001). Both
candidate genes have been shown to regulate cell invasion and migration (Dong et al.
2012)(Caswell et al. 2007)(Kessler et al. 2012). Future studies may investigate whether Rab25
and MyoVb are mediators of ESCC invasion, and whether they are effectors of mutant p53.
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In conclusion, our work elucidates the role of mutant p53 in esophageal cancer invasion
and lung metastasis. Mechanistically, this work provides novel insights in demonstrating the
importance of two pathways, namely the mutant p53/YAP-Survivin axis and the endocytic
recycling pathway. This study will not only expand our knowledge on the molecular mechanisms
of invasion and metastasis in esophageal cancer, but also may be extended to insights and
applications in other SCCs.
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Figures and Figure Legends
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Figure 1
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Figure 4-1: Model.
Mutant p53 promotes ESCC invasion and metastasis through the following two pathways. First,
mutant p53 binds with YAP to upregulate the expression of Survivin, which enhances mutant p53
driven ESCC invasion and lung metastasis. In addition, mutant p53 potentially downregulates
Rab11-FIP1. Depletion of Rab11-FIP1 regulates EMT through direct inhibition of Zeb1. This
promotes epithelial cell disorganization and tumor cell invasion in ESCC. Potentially, this could
affect metastasis capacity.
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APPENDIX: List of abbreviations

4NQO

4-nitroquinoline 1-oxide

ASO

Anti-sense oligonucleotide

b-arr1

b-arrestin 1

BCC

Basal cell carcinoma

bHLH

Basic helix-loop-helix

CFSE

Carboxyfluorescein succinimidyl ester

ChIP

Chromatin immunoprecipitation

Co-IP

Co-immunoprecipitation

CRC

Colorectal cancer

CSF1

Macrophage colony stimulating factor 1

DN

Dominant negative

EAC

Esophageal adenocarcinoma

ECM

Extracellular matrix

EE

Early endosome

EGFR

Epidermal growth factor receptor

EMT

Epithelial-to-mesenchymal transition

ENTPD5

Ectonucleoside triphosphate dipsphohydrolase 5

ER

Endoplasmic reticulum

ESCC

Esophageal squamous cell carcinoma

ET-1

Endothelin-1

GERD

Gastroesophageal reflux disease

GOF

Gain of function

GSEA

Gene set enrichment analysis

HGF

Hepatocyte growth factor

HG-SOC

High-grade serous ovarian cancer
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HNSCC Head and neck squamous cell carcinoma
LATS1/2

Large tumor suppressor 1/2

LFS

Li-Fraumeni syndrome

lncRNA Long non-coding RNA
LOF

Loss of function

MALAT1

Metastasis-associated lung adenocarcinoma transcript 1

MST1/2 Mammalian Ste20-like kinases 1/2
MVB

Multivesicular body

NSCLC Non-small cell lung cancer
OTC

Organotypic culture

PCA

Principal component analysis

PDAC

Pancreatic ductal adenocarcinoma

PDGFR Platelet-derived growth factor
PI3K

Phosphatidylinositol-3-kinase

PLA

Proximity ligation assay

PNPC

Perinuclear recycling compartment

POSTN Periostin
Rab11-FIP1

Rab11-family interacting protein 1

RCP

Rab-coupling protein

RNAi

RNA interference

RTK

Receptor tyrosine kinase

SCC

Squamous cell carcinoma

TAM

Tumor-associated macrophage

TF

Transcription factor

TMA

Tissue microarray

TME

Tumor microenvironment

YAP

Yes association protein
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ZEB

Zinc-finger E-box-binding
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