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ABSTRACT

Autophagy is a conserved catabolic process critical for the degradation of damaged
organelles and protein aggregates as well as the intracellular recycling of proteins and lipids.
Autophagy occurs at a basal rate in all cells and may be upregulated under conditions of stress;
in particular, some tumor cells utilize autophagy to survive nutrient stress, hypoxic conditions,
and cytotoxic therapies. Research into the role of autophagy in primary tumor growth suggests
that autophagy may be tumor suppressive through its promotion of genome stability, limitation
of necrosis and inflammation, and induction of growth arrest. However, other studies indicate a
tumor-promoting role for autophagy, highlighting the fact that the role of autophagy is highly
context-dependent, varying with oncogenic status, state of progression, and environment. With
respect to metastasis, autophagy can facilitate the survival of tumor cells during detachment from
the extracellular matrix, withdrawal of growth factors, and glucose deprivation. Additionally,
autophagy is upregulated under conditions that promote metastasis, including hypoxia and TGFB
exposure. Finally, clinical studies have correlated increased autophagic flux with tumor
metastases.

Previous work in our lab has demonstrated that autophagy is not required for primary
tumor growth in the 4T1 orthotopic murine model of breast cancer but is critical to the formation
of metastases. In vitro, autophagy-deficient tumor cells exhibit a rounded morphology and
impaired motility; this phenotype is due to the impaired disassembly of focal adhesions.
Therefore, | sought to determine the mechanism by which autophagy inhibition prevents focal

adhesion disassembly and inhibits metastasis. | demonstrate that the levels of the focal adhesion

XVii



protein paxillin are dependent on autophagy but that the p62/Sgstm1 and Nbrl cargo adaptors are
dispensable for paxillin. Furthermore, | demonstrate that paxillin can bind LC3B directly and
that the conserved LC3-interacting region motif in paxillin is required for binding and
subsequent cell motility. Finally, oncogenic Src can stimulate the binding of paxillin with LC3B,
and the ability of Src to promote cell motility requires intact autophagy. These results establish a

novel function for autophagy in tumor motility and metastasis by promoting paxillin degradation.
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CHAPTER 1

INTRODUCTION

Autophagy is a highly conserved catabolic pathway

Macroautophagy, hereafter referred to as autophagy, is a highly conserved catabolic
process of cellular recycling. Extracellular materials and plasma membrane proteins are
delivered to the lysosome, the key organelle for intracellular degradation®?, via the endocytic
pathway, and cytoplasmic materials rely on autophagy for lysosomal delivery and subsequent
bulk degradation. These cytoplasmic materials, which may include proteins, lipids, glycogen,
organelles, and intracellular pathogens, are subsequently broken down to produce sugars,
nucleosides/nucleotides, amino acids, and fatty acids, which may then be used for synthetic
pathways and energy production®*. Autophagy occurs at a constant basal level under normal
growing conditions, with an estimated 1%-1.5% of cellular proteins being turned over by
autophagy per hour, but can be induced by more than 10-fold in states of cellular stress*>. Thus,
autophagy is generally thought to act as an intracellular quality control system as well as an
adaptive response to stress®’. During the process of autophagy, a double-membrane structure
called an isolation membrane (or phagophore) engulfs and sequesters a small portion of
cytoplasm and cytoplasmic material, resulting in the formation of a double-membraned
autophagosome™°®. This autophagosome fuses with endosomes and, ultimately, a lysosome to
form an autophagolysosome that degrades the intracellular cargo via the catalytic activity of
lysosomal hydrolases™. The autophagosomal and lysosomal systems are tightly intertwined,

both with respect to their transcriptional regulation® and their discovery.



Characteristic double-membraned autophagosomal structures containing cytoplasm or
organelles were first observed by electron microscopy in the late 1950s and early 1960s'%*2,
Shortly thereafter, in 1963, the term “autophagy” was coined at the CIBA Foundation
Symposium on Lysosomes by Christian de Duve, a pioneer in the field of lysosomal biology and
winner of the 1974 Nobel Prize in Physiology or Medicine'***. Much of the work in the
following decades focused on the morphological description of autophagy, including the
identification of the phagophore™®. However, the understanding of the genetic and molecular
mechanisms underlying the autophagic process remained elusive until the 1990s and the
development of yeast as a model organism for the study of autophagy™. In yeast, the autophagic
machinery localizes to the phagophore assembly site (PAS), which greatly facilitated the
identification of autophagy-related (ATG) genes and their roles***®*’. Yeast genetic studies
identified 35 ATG genes, beginning with the ATG1 in 1997, and a subset of these genes (ATG1-
10, 12-14, 16-18, 29, and 31) are essential for canonical autophagy™*°. The first mammalian ATG
homologs were identified the following year®. Broadly speaking, the Atg proteins can be
subdivided into five subgroups: the Atgl/Unc-51-like kinase (ULK)-1 complex, which functions
at the most upstream steam step of autophagy; the autophagy-specific phosphatidylinositol 3-
kinase complex, which promotes autophagosome formation; the Atg12 conjugation system,
which is essential for the elongation of the phagophore; the Atg8 conjugation system, which
functions in the elongation and closure of the phagophore; and a subgroup of other Atg proteins
that do not fall into one of the above categories®*°. Together, the Atg proteins function to
promote a process of cellular “self-eating” whose dysregulation has been linked to numerous

pathologies (Figure 1.1)°.
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Figure 1.1 The autophagy machinery. Under nutrient-replete conditions, autophagy is
inhibited by mTORC. Autophagy induction can occur upon growth factor or amino acid
withdrawal or upon mTORC inhibition by AMPK downstream of hypoxia or low glucose.
Activation of the Ulk1l complex leads to activation of the Beclinl-containing Class 111 PI3K
complex, which produces PI3P and stimulates phagophore formation. Elongation is controlled by
two conjugation reactions. The first results in the formation of the Atgl2-Atg5~Atgl6 complex,
which participates in the second conjugation reaction to link LC3-1 to phosphatidylethanolamine
to form membrane-bound LC3-I1. LC3-I11 is required for the closure of the autophagosome,
which can engulf bulk cytoplasm or specific substrates. Autophagosomes fuse with lysosomes,
and the engulfed substrates are degraded by hydrolytic enzymes.



The role of the Atg proteins in autophagosome formation

The most upstream component of the autophagy pathway is the Atgl/ULK complex,
which includes ULK1, Atg13, FIP200, and Atg101 in mammals; each of these components are
required for canonical autophagy®%. Of the five human orthologs to yeast atgl, ULK1is the best
studied and functions as a serine/threonine kinase, the only protein kinase among the Atg-related
proteins®>*!. The ULK complex is present within the cytosol under nutrient-rich conditions in
association with the mammalian target of rapamycin (mTOR) complex-1 (mTORC1), which
phosphorylates ULK1 and Atg13 to inhibit autophagy®*?*. Release of inhibition by mTORC1
can occur either under nutrient withdrawal?*? or downstream of the AMP-activated protein
kinase (AMPK)?***? and leads to relocation of the ULK1 complex to autophagic membranes, the
origin of which is the endoplasmic reticulum (ER), trans-Golgi network, or outer mitochondrial
membrane®. Active ULK1 autophosphorylates and phosphorylates FIP200 and Atg13%®. The
activity of the ULK1 complex is thought to be responsible for the regulation of the autophagy

pathway at several different levels, including feedback inhibition of mMTORC13!*2

, Negative
regulation of AMPK?®, and membrane targeting of ULK1 and other Atg proteins®. In
Drosophila, dAtgl can phosphorylate the focal adhesion protein paxillin, which is believed to
play a positive role in autophagosome formation®*. Most immediately, however, the ULK1
complex is believed to direct the activation of the next Atg complex in the autophagy pathway,
the Beclin1-class 111 phosphatidylinositol 3-kinase complex (PI13KC3)*. Although the exact
mechanism of activation remains opaque, it may involve the phosphorylation and activation of

the Beclinl interactor Ambra®®. Alternatively, the mechanism may involve the short coiled-coil

protein (SCOC)-fasciculation and elongation protein zeta 1 (FEZ1), which promotes ULK1



activation by removing inhibitory FEZ1/ULK1 binding and also interacts with UV irradiation
resistance-associated gene (UVRAG), a binding partner of the Beclinl complex®'.

The core structure of the Beclinl complex is formed by Vps34, p150, and Beclin1®.
Vps34 is a class 11 lipid kinase responsible for the conversion of phosphatidylinositol (P1) to
phosphatidylinositol-3-phosphate (PI3P), which may act either to change the composition of the
forming autophagosomal membrane on the ER or in the recruitment of effector proteins®?!. PI3P
formation is critical for autophagosome formation, and the PI3K inhibitors wortmannin and 3-
methyladenine have been demonstrated to inhibit autophagy®*™*. In mammals, two mutually
exclusive Beclin1-PI3KC3 complexes exist, one of which includes Atg14-like protein (Atgl4L),
and the other of which includes UVRAG®. The former may function in autophagosomal
membrane nucleation and expansion through stabilization of PI3P-enriched, curved membrane
regions*®, whereas the latter may modulate the expansion and curvature of membranes®3%2,
The Beclinl complex functions as a central regulatory node controlling autophagy in response to
multiple growth/proliferation pathways**. One method of regulation is binding of the anti-
apoptotic proteins Bcl-2, Bcl-X, and Mcl-1 to the BH3 domain of Beclin-1, thereby preventing
association of Beclinl with \/ps34 and autophagy initiation*>*®. The pro-apoptotic protein Bim
also binds Beclin1 through its BH3 domain and sequesters it with the Dynein motor complex®’.

Downstream of the Beclinl complex lie two ubiquitin-like conjugation systems, the
Atg12 conjugation system and the Atg8/LC3 conjugation system. Together with the
transmembrane Atg9 protein, these conjugation systems drive the elongation and closure of the
phagophore®. Atg12 is activated by the E1-like Atg7 through its C-terminal glycine, transferred
to the E2-like Atg10, and ultimately conjugated to Atg5*®. Subsequently, the Atg12-Atg5

complex interacts non-covalently with Atg16L to form a multimeric complex via



homodimerization of Atg16L through its C-terminal coiled-coil motif***°. This complex is
formed constitutively under both nutrient-replete and nutrient-deficient conditions and localizes
to the outer surface of the phagophore, dissociating from the membrane immediately before or
after the completion of autophagosome formation®".

The second conjugation system, Atg8/LC3, culminates in the conjugation of Atg8 to
phosphatidylethanolamine (PE) on both the inner and outer surface of the autophagosomal
membrane®®*3, The Atg12-Atg5~Atgl6L complex is necessary for this formation, potentially
through facilitating the transfer of Atg8 to PE>* or by determining the site of Atg8 lipidation®.
There are 8 mammalian homologs of Atg8: microtubule-associated protein light chain 3 (LC3)-A
variant 1 (LC3Av1), LC3A variant 2 (LC3Av2), LC3B, LC3C, GABA(A) receptor-associated
protein (GABARAP), GABARAP-like 1 (GABARAPLL1), General protein transport factor p16
(GATE-16)/GABARAP-like 2 (GABARAPL?2), and GABARAP-like 3 (GABARAPL3),
although LC3B is the best-studied®®* 2. The first step in Atg8/LC3 conjugation is cleavage of its
carboxyl terminus through the action of Atg4 to form LC3-1°2*%®°, The C-terminal glycine-
exposed form is subsequently activated by Atg7, which also participates in the Atg12-
Atg5~Atgl6L conjugation system, transferred to Atg3, and covalently linked to PE to form LC3-
11, Atg8/LC3-11 may be deconjugated through the action of Atg4 to regulate the level of free
Atg8/LC3>*%, Experimentally, detection of the LC3-1/LC3-I ratio is a critical means of
measuring autophagic flux upon inhibition of downstream lysosomal proteases®. Formation of
Atg8/LC3-PE is critical to proper elongation and closure of the phagophore®®; in mammals, the
LC3 subfamily is suggested to be involved earlier in the process during elongation, whereas the

GABARAP/GATE-16 subfamily is suggested to promote maturation®.



Once autophagosome closure is complete, autophagosomes are transported along
microtubules to the endosome or lysosome, with which they subsequently fuse under the control
of the vesicle fusion machinery, including ESCRT complexes, SNARESs, Rab7, and the class C
Vps complex®. Members of the Atg family also participate in this process, including the
promotion of the maturation of early endosomes and autophagosomes by UVRAG through
recruitment of Rab7, which regulates late endosome transport and fusion with lysosomes®>*®®.
Atg5 has also been implicated in the biogenesis of late endosome and lysosomes through
recruitment of v-ATPase D to acidic organelles®’. Inhibition of lysosomal acidification by
bafilomycinAl (BafAl) and hydroxychloroquine (HCQ) can prevent fusion of autophagosomes
with late endosomes and lysosomes and is used experimentally to inhibit autophagy and promote

a relative increase in the LC3-1/LC3-II ratio that is used to measured autophagic flux®®"*%3,

Selective autophagy and substrate specificity

Autophagosomes can direct degradation non-selectively, as in the case of nutrient
deprivation-stimulated degradation of cytosolic contents, or selectively through the association
of adaptor proteins or targets directly with Atg8 family members through a conserved LC3-

interating region (LIR) motif’2

. One of the classic autophagy adaptor proteins is
p62/sequestosome 1 (SQSTML). First identified as an interacting partner of Lck-tyrosine kinase
and atypical protein kinases C, p62/Sgstm1 is a multidomain protein adaptor able to direct a
complex host of responses dependent on its binding partners’®’*. Through its C-terminal
ubiquitin-associated domain, p62/Sqgstm1 is able to interact with ubiquitinated cargo, including

ubiquitinated protein aggregates, and direct its cargo to the autophagosome for degradation by

binding to LC3">""8, Inhibition of autophagy results in p62/Sgstm1 accumulation and the



formation of p62/Sgstm1- and ubiquitin-positive aggregates’. P62/Sgstm11 can also stabilize
the Nrf2 transcription factor through binding to Keapl, promoting the transcription of genes
encoding antioxidant proteins and detoxification enzymes’®. Other downstream functions of
p62/Sgstml include NF-kB activation and cell survival as well as caspase-8 aggregation and
apoptosis’> 882 Another autophagy receptor, neighbor of BRCA1 gene 1 (Nbrl), also

functions like p62/Sgstm1 in directing ubiquitinated cargo to the autophagosome®*3*

, although it
may do so through predominantly through interaction with GABARAPL1%°.

Autophagosomal degradation of mitochondria, or mitophagy, is also thought to be
regulated by adaptor proteins. Interactions between LC3 and the LIR domain of BNIP3, an outer
mitochondrial membrane-anchored protein, promote mitophagy in response to various stresses,
including hypoxia and starvation®. Similarly, the mitochondrial outer membrane protein
FUNDC1 promotes hypoxia-induced mitophagy in a phosphorylation-dependent manner®’.
PINKZ1, a mitochondrial kinase, is activated at depolarized mitochondria and recruits the E3
ligase Parkin, which ubiquitinates mitochondrial proteins that are bound by cargo adaptors such
as p62/Sgstm1 to promote mitophagic turnover of damaged mitochondria®. Intracellular
pathogens may also be targets of autophagy (or xenophagy) through ubiquitination- or
diacylglycerol-mediated targeting or through interactions of adaptor proteins®. For example,
both optineurin®®! and NDP52%* have been show to bind in ubiquitin-dependent and ubiquitin-
independent manners to restrict the proliferation of intracellular bacteria. Still other adaptors
have been identified in the autophagic degradation of ferritin (NCOA4)* and glycogen
(Stbd1)®. Finally, individual proteins may be targeted for autophagy directly through LIR

motifs, including targeting of the cellular tyrosine kinase Src for degradation by the E3 ubiquitin

ligase C-CblI®. The number of recognized adaptor proteins, as well as their targets, is growing.



Thus, autophagy, by controlling the levels of adaptor proteins, can have numerous downstream

conseqguences.

Autophagy as a cellular response to stress

Autophagy can be induced as a response to various stress stimuli, including but not
limited to nutrient and energy stress, ER stress, hypoxia, redox stress, and mitochondrial
damage’®. Of these, nutrient deprivation is the most potent physiological inducer. Sirtuins, a
family of NAD-dependent deacetylases that sense environmental stress®’, are required for the

induction of starvation-induced autophagy*®®

, and the acetylation of numerous members of the
core autophagy machinery can regulation autophagic flux’. Sirt1 can promote AMPK
activation'®*, which can also sense energy status directly through the AMP:ATP ratio. As
mentioned earlier, AMPK promotes autophagy by inhibiting mTORC1. mTORC1 serves as a
key regulation hub in autophagy and can be regulated downstream of growth factors through Akt
and ERK1/2"°,

Given the potential importance of the ER as a source of the autophagic isolation
membrane as well as its role in the unfolded protein response (UPR), it is perhaps unsurprising
that ER stress is a potent stimulator of autophagy***®. During UPR, the ER membrane-
associated proteins PERK, ATF6, and IRE1 repress global translation and activate transcription
factors that target ER stress response genes. Two of these transcription factors, ATF4 and
CHOP, can promote the transcription of MAP1LC3B and ATG5 downstream of PERK*.
Through autophagic degradation of the ER (“ER-phagy”), autophagy may serve to ameliorate

cytotoxicity resulting from the accumulation of aberrant or misfolded proteins'®>*%,



Hypoxia (0,<1%), whether physiological or pathological, can also promote autophagy.
The primary transcription factor of hypoxia-related genes, Hypoxia-inducible factor-1 (HIF-1),
actives BNIP3 transcription to promote mitophagy'®’. Hypoxia, particularly severe hypoxia or
anoxia, can also stimulate autophagy independent of HIF-1 through AMPK activity'®,

At the transcriptional level, autophagy is regulated by the MiTF/TFE subfamily of
basic/helix-loop-helix/leucine zipper transcription factors, which includes MITF, TFEB, TFES3,
and TFEC'®. Although MITF and TFEC exhibit cell type-specific expression, TFE3 and TFEB
are expressed more ubiquitiously'®. Lysosomal biogenesis is controlled by recognition of
Coordinated Lysosomal Expression and Regulation (CLEAR) elements in the promoter region of

different lysosomal genes by members of this transcription family**

, and overexpression of
TFEB can promote the transcription of many lysosomal genes, including subunits of the v-
ATPase, lysosomal transmembrane proteins, and lysosomal hydrolases*'®*. TFEB is also the
key transcriptional regulator of autophagy and can direct the transcription of UVRAG,
MAP1LC3B, SQSTM1, and ATG9B, among others®. TFEB is itself regulated by mTORCZ1; under
nutrient-replete conditions, mTORC1 phosphorylates TFEB to promote the occlusion of the
TFEB nuclear import signal by binding to the cytosolic chaperone 14-3-3'*2*3, Conversely,
under conditions of mMTORCL inhibition, starvation, or lysosomal disruption, TFEB is free to
translocate to the nucleus and direct autophagy- and lysosome-specific transcriptional
responses’*,

Autophagy can also be modulated by the master regulator p53, which controls the cellular
response to such diverse stimuli as redox stress, hypoxia, nutrient deprivation, DNA damage, and
oncogene activation'*®. Nuclear p53 acts as a transcription factor to drive the expression of genes

116
1

that repress mMTORCL1 as well as the transcription of DRAM1, whereas cytoplasmic p53
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inhibits autophagy, possibly through FIP200 interaction''"**®. Interestingly, the core autophagy
protein Atg7 has been shown to bind p53 to regulate cell cycle and cell death pathways**®. The
interplay between p53 and autophagy has also been reported in human pathologies, as will be

discussed in the next two sections.

Tumor-suppressive functions of autophagy

The year 1999 marked the first report linking autophagy with tumorigenesis with the
finding that monoallelic deletions of BECN1 were observed in a large fraction of breast and
ovarian cancers™?. This report sparked a surge of research into the role of autophagy in
tumorigenesis and tumor malignancy, with significant excitement over the possibility of
targeting autophagy for therapeutic purposes. Altered levels of Beclinl have been observed in

121 AMBRA1 is mutated in select endometrial, colorectal,

brain, gastric, and colorectal neoplasias
and urinary tract neoplasms*?, and UVRAG is monoallelically mutated in gastric and colon
tumors'?**#. Furthermore, Atg5 is downregulated in melanomas'??, and Atg7 is silenced in a

subset of head and neck cancers'®

. Activation of autophagy inhibitors are also observed in
human cancers, including frequent activation of the PI3K/Akt pathway and subsequent
stimulation of MTORC1'%. Active epidermal growth factor receptor (EGFR), which is
upregulated or mutated in a variety of epithelial cancers, can bind to and inhibit Beclinl to
inhibit activation of downstream Vps34*?’. Furthermore, expression of a Beclinl tyrosine
phosphomimetic can enhance growth and chemoresistance in non-small cell lung carcinomas
(NSCLCs)*’,

Since the 1999 observation linking autophagy deficiency with tumor progression and the

subsequent increased research in the area, investigators have begun to appreciate the highly
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context-dependent role of autophagy, which can serve to either promote or suppress tumor
progression at different stages (Figure 1.2). Determining the precise conditions, both cell-
autonomous and cell-non-autonomous, that dictate the tumor-suppressive or tumor-promoting
effects of autophagy remains an ongoing challenge. However, at present, the generally held
opinion is that autophagy serves to inhibit malignant transformation and early tumorigenesis but
promotes subsequent survival and progression of transformed cells and established tumors
(Figure 1.2)12%1%0

Murine models of whole-body or tissue-specific autophagy deficiency have emerged as
key tools in our understanding of the interplay of autophagy and cancer. For example, mice
heterozygous for deletion of BECN1 develop spontaneous lymphomas as well as lung and liver
carcinomas™***132_ Similarly, heterozygous deletion of the gene encoding the Beclinl-

122

interacting protein AMBRAL promotes higher rates of spontaneous tumorigenesis . Mosaic

deletion of Atg5 or liver-specific deletion of Atg7 results in the acquisition of benign hepatic

neoplasms*®

. Other mouse studies have combined knockout of Atg genes with other genetic
alterations or stresses to accelerate tumor formation. The combination of Atg4c loss and
carcinogen exposure promotes accelerated fibrosarcoma formation'®, whereas BRAF*%%F
mutation and Atg7 deletion promote the development of lung carcinomas™>. KRAS®*?" has been
combined with Atg5 and Atg7 loss in both lung and pancreas to accelerate carcinoma
formation™**%¢,

Precisely how loss of autophagy promotes tumor progression is a matter of considerable

debate: in all likelihood, the answer lies in a combination of factors®*°

. Autophagy may serve to
limit levels of reactive oxygen species and reduce oxidative stress; dysfunctional mitochondria,

like those targeted for mitophagy, are known to produce genotoxic ROS*****. The potential
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tumorigenic consequences of dysregulated mitophagy are particularly attractive to some groups
whose have reported observations of aberrant activity of the glycolytic, pentose phosphate, and
fatty acid oxidation pathways™*>**"*!, The autophagy target p6/Sqstm12 has also been
associated with oxidative stress, NF-«kB activation, and increased DNA damage, and its position
as a hub of protein and signaling interactions suggests that p62/Sgstm1 accumulation may alter
the course of tumorigenesis’>’*#1*3 |ndeed, elimination of p62/Sgstm1 by autophagy has been
reported to suppress tumorigenesis in Atg5-null cells and FIP200-null tumors**2**, Elevated
ROS in the absence of intact autophagy may also promote tumorigenesis through the promotion
of an inflammatory microenvironment'*.

In addition to these more general effects on tumorigenesis, autophagy has been suggested
to contribute to oncogene-induced cell death or oncogene-induced senescence’®. This hypothesis
may explain why loss of autophagy potentiates the effects of KRAS®*?°- and BRAF*"_driven

135-

mouse models of tumorigenesis™*>%, In vitro, depletion of Atg5, Atg7, and Beclinl can inhibit

146-148 £urthermore,

the death or senescence of HRAS®*?- or BRAF***.expresing cells
overexpression of ULK3, an ULK1 homolog, promoted autophagy and limited the proliferative
potential of these cells'*. In the context of dominant negative TP53 mutation, pharmacologic or
genetic inhibition of autophagy genes prevented spontaneous senescence™*. Whether the effects
of autophagy on tumorigenesis in the context of oncogene activity are mediated directly through
autophagic degradation of these proteins, as has been suggested by some groups in the cases of
mutant p53, p62/Sqstm1, PML-RARA, and BCR-ABL1™, or whether these effects reflect

128

changes in the metabolic requirements or oxidative stress levels in these cells™" remains unclear.

13



Degrade oncogenic
g 9 Promote senescence

proteins Anti-bacterial or cell death
& anti-viral .
Damaged organelles effects Suppress necrosis
Oxidative stress and inflammation
Aggregate formation Maintain

bioenergetics

Normal cell Transformed cell Primary tumor f Metastatic cells
Maintenance Hypoxia
— . of CSCs tolerance Prevent anoikis
Limit overwhelming .
Resistance to

cellular damage nutrient deprivation Chemotherapy

Maintain growth resistance
intermediates

Figure 1.2 Autophagy can be tumor-suppressive or tumor-promoting. Early during tumor
progression, the tumor-suppressive functions of autophagy predominate. Autophagy allows
normal, healthy cells to cope with nutrient and genotoxic stress to prevent the accumulation of
potentially pro-tumorigenic damage. However, after malignant transformation, the tumor-
promoting functions of autophagy take over, and autophagy allows tumors to continue to grow
and survive under environmentally unfavorable conditions and allows malignant cells to
metastasize.
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Tumor-promoting functions of autophagy

Although autophagy is tumor suppressive in some cancers during malignant
transformation, autophagy may be upregulated as a tumor-promoting mechanism in other
contexts (Figure 1.2). Indeed, in human tumors, expression of punctate LC3B, a marker of
autophagosomes and ongoing autophagic flux, is commonly observed and is associated with
proliferation, invasion, metastasis, high nuclear grade, and poor patient outcomes™°. In vitro,

V12

autophagy has been shown to be required for KRas" ““-induced malignant cell transformation;

Atg5 and Atg7 are upregulated in KRas"*

-expressing cells, and shRNA-mediated knockdown of
these two autophagy genes inhibited in vitro growth and in vivo tumor formation in nude mice®".

Similarly, in immortal, non-tumorigenic baby mouse kidney epithelial (iBMK) cells transformed

V12 V12

by expression of HRas"* or KRas" ", autophagic flux was increased relative to non-transformed

cells**

. When autophagy was inhibited in these transformed cells by knockout of Atg5 or Atg7,
in vitro growth under nutrient-depleted conditions as well as tumor growth in nude mice were
suppressed, although the cells did not exhibit any growth defect under nutrient-replete
conditions*®2. In contrast, inhibition of autophagy in HRas"**-transformed MEFs and MDA-MB-
231 cells was sufficient to decrease cell proliferation under nutrient-replete conditions, possibly
through increased glycolysis*>:. Inhibition of autophagy in pancreatic ductal carcinoma (PDAC)
cell lines, which frequently harbor KRas mutations, reduced xenograft growth in association with
increased ROS, decreased oxidative phosphorylation, and decreased cellular ATP, although these
changes were independent of mitochondrial damage or defective mitophagy, suggesting a role
for the autophagic production of biosynthetic intermediates®*.

Autophagy has also been shown to inhibit tumor progression in systems not relying on

strong oncogene drivers. In a Tch"‘;p53"' MEF xenograft model of renal cancer, inhibition of
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autophagy through Atg5 down-regulation caused extensive necrosis in tumors™>. Furthermore,
monoallelic BECNL1 loss caused a significant reduction in spontaneously arising renal tumors in
Tsc2*" mice, which is contrary to most reports of Beclinl as a tumor suppressor*®®. Thus, there is
an abundance of evidence suggesting that inhibition of autophagy can promote the progression of
a wide variety of tumor types, albeit with the caveat that the majority of the studies have focused
on autophagy in the context of strong oncogene drivers.

More recently, focus has shifted to the development of genetically engineered mouse
models (GEMMs) to study the tumor-specific effects of autophagy. In genetic mouse models,
autophagy has been shown to inhibit the latency of early tumors, as was discussed in the
previous section. However, GEMMs also provide evidence that autophagy may be required for a
more malignant phenotype. For example, although systemic mosaic deletion of Atg5 and liver-
specific deletion of Atg7 does result in spontaneous hepatic neoplasms, these lesions are largely
benign and do not progress**. Work in two models of NSCLC in the laboratory of Dr. Eileen
White has suggested that autophagy loss promotes the development of oncocytomas, which are
rare, largely benign tumors**>**. In an NSCLC model driven by KRas"*?, autophagy was
induced during the transition of adenomas to invasive adenocarcinomas***. However, although
deletion of Atg7-flox in the lung through intranasal delivery of adenovirus Cre did not alter
tumor onset, the tumors did not progress to adenocarcinomas but to low-grade oncocytomas,
which were comparatively smaller in size. These oncocytomas were characterized by
dysfunctional mitochondria, leading the authors to suggest a causative link between

mitochondrial dysfunction and blockade to adenocarcinoma progression**

. When the group
extended this model to include p53 deletion, Atg7deficiency continued to reduce overall tumor

burden and inhibit progression to oncocytomas, in conjunction with significant lipid
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accumulation, suggesting that autophagy may be important in adaption to metabolic changes
downstream of p53 loss™*. In the group’s second NSCLC model, the authors focused on the

effect of Atg7ablation in a Braf'**

model*®. In this model, unlike the first, autophagy
deficiency caused accelerated tumor burden; however, these tumors exhibited blunted growth
and were histologically diagnosed as oncocytomas, and the mice ultimately survived longer than
their autophagy-competent counterparts. In this model, as before, the authors attributed the
effects of autophagy inhibition to impaired mitochondrial metabolism and a particular
requirement for glutamine™°. However, the link between dysfunctional mitochondria and tumor
progression remains correlative in these models, and the phenotype has not been reported by
others.

Interestingly, when an independent group generated a second autophagy-deficient
KRas®*?P-driven model of NSCLC, this time through tissue-specific inactivation of Atg5, they
did not observe oncocytomas, although they did report impaired mitochondrial energy
homeostasis™*®. In this model, autophagy deficiency resulted in enhanced early tumors but
ultimately prevented their progression relative to autophagy-competent tumors, and tissue-
specific deletion of p53 was sufficient to restore the ability of autophagy-deficient tumors to
progress™*. The critical role of p53 was again shown in a model of KRas-driven pancreatic
cancer™®’. In this model, deficiency of Atg7 or Atg5 accelerated PDAC onset but inhibited
progression to intraepithelial neoplasias, although the analysis was impaired by the significant
morbidity of Atg7”" mice due to pancreatic destruction. Intriguingly, a change in p53 status
reversed the effects of autophagy on tumor growth; KRas"*?°;p53" mice deficient for autophagy

exhibited accelerated tumor growth, possibly as a result of altered metabolism®*’. Thus, p53

status may represent a critical determinant of the role of autophagy in certain cancers.
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Three additional autophagy GEMMs have extended the exploration of autophagy into
melanoma, prostate cancer, and mammary cancer. Human melanomas are frequently

characterized by Braf'®°F

mutation and Pten loss; in mice harboring alterations in these genes,
Atg7 deficiency inhibited melanoma development as well as melanoma growth, with Pten
heterozygosity versus homozygosity determining the extent of these effects'*®. The effect of
autophagy deficiency in the context of Pten deletion was also explored in a prostate cancer
GEMM, in which Atg7 deletion delayed tumor progression and promoted ER stress™’. Finally,
FIP200 deletion was shown to suppress tumor progression in polyoma middle T antigen-driven
mammary carcinogenesis in associated with increased immune surveillance, similar to
suggestions that regulatory T cells play a role in the increased oncogenesis in autophagy-
deficient KRas®*?"-driven NSCLC™®®. Thus, there is ample evidence for a tumor-promoting role
for autophagy, particularly in the setting of established tumors. The ability of autophagy to
mitigate the effects of stress under physiologic conditions are likely to be co-opted by tumors to
allows them to overcome the challenges inherent in tumor growth and malignancy, including

hypoxia, nutrient deprivation, metabolic alterations, and ROS, among others*?*%°,

Autophagy in tumorigenesis: A tightrope act
Although BECN1 monoallelic loss was the first suggestion that autophagy might act as a

tumor suppressor*?

, the finding has been challenged by observations that BECNL1 is often co-

deleted with the oncosuppressor BRCA1L, leading some to suggest that the correlation between

BECN1 and cancer is merely a red herring™**%. However, this position has been countered by
analyses of breast cancer patient cohorts that have linked the mRNA levels of Beclinl with

decreased patient survival and adverse prognostic markers independent of BRCA1 mRNA
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levels'®. The confusion over the role of Beclinl is emblematic of the difficulty in interpreting
both human and mouse autophagy data.

Given the many stimuli to which autophagy can respond and the numerous downstream
outcomes, it is perhaps unsurprising that past research focusing on autophagy in cancer as a
single, unified phenomenon has produced results that are sometimes contradictory. It is critical to
understand that autophagy may have different effects at different points in tumor progression
(Figure 1.2) as well as different effects within a tumor depending on the cells’ metabolic
demands, oncogene status, immune surveillance, ROS levels, and microenvironment (Figure
1.3). These properties can vary widely from tumor to tumor as well as among cells within a
single tumor; thus, autophagy inhibition may be affecting different cell populations in unique
ways. This point is highlighted by the fact that deletion of the core autophagy genes in many of
the GEMM s studied thus far is known to be mosaic'®***"1%2: whether the effects observed in
these animals are inherent to the heterogeneity of autophagy deficiency as opposed to uniform
inhibition remains to be determined.

Furthermore, much of the in vivo research has focused on relatively few members of the
core autophagy machinery, notably Atg7, and generally limited to the context of Ras activation.
However, more recent studies have expanded both the cancer models and genetic contexts in
which autophagy is studied. This is particularly important in light of the growing appreciation
that some forms of macroautophagy do not require the frequently studied Atg5 and Atg7
proteins'®® as well as the growing list of non-autophagic roles of autophagy proteins*®*. Thus,
future research, particularly future GEMMs, will need to carefully consider both these
autophagic and non-autophagic roles when attempting to interpret studies relying on complete

knockout of individual components of the autophagy machinery. In support of this, a recent
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study made use of a murine knock-in of a FIP200 mutant unable to interact Atg13 that was
therefore unable to undergo autophagy in vivo'®. The authors found that the mutant was able to
support embryogenesis through inhibition of TNFa-induced apoptosis but that the inhibition of
the autophagy-specific functions of FIP200 lead to neonatal mortality and inhibited the growth of
tumor xenografts®.

In conclusion, investigations into the role of autophagy in cancer must carefully consider
(1) the point during tumor progression at which autophagy is inhibited or promoted (Figure 1.2),
(2) the unique properties of the tumor cells with respect to their intracellular state and
microenvironment (Figure 1.3), and (3) the potential non-autophagic effects of autophagy-related
proteins. These requirements highlight the importance of using well-defined and manipulable
systems and studying the role of autophagy in specific contexts. One area of increasing

importance, particularly given the historical focus on autophagy in primary tumor growth, is the

field of cancer metastasis.
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Figure 1.3 The tumor-specific role of autophagy depends on the cellular context. In addition
to the stage of tumor progression, individual differences among tumor cells can determine
whether autophagy may be tumor-promoting or tumor-suppressive. These cell-specific effects
can include the following (clockwise from top): levels of ROS and damaged organelles, tumor
motility, interactions with immune cells, cancer stem-like cell phenotypes, metabolic
requirements, cell secretion, interactions with the extracellular matrix, the expression of
oncogenes and tumor suppressors, and the levels of autophagy-associated signaling molecules
like p62.
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The metastatic cascade

Although cancer research and therapeutic developments have historically been most
focused on primary tumor growth, metastasis represents the greater clinical challenge. Metastatic
disease is responsible for more than 90% of cancer-related deaths, which is due both to its
systemic nature and to the resistance of disseminated tumor cells to currently available
therapeutic agents or delivery/targeting methods*®®®®, Even in patients who do not present with
disseminated disease, metastases will be detected at a later time'®®. However, it is clear that
oncogenic transformation alone is not sufficient for the acquisition of a metastatic phenotype, a
finding that is supported by observations that oncogene-based GEMMs are not all
metastatic’’®'"*, Rather, the acquisition of a metastatic phenotype requires molecular changes in
either a stochastic or coordination fashion that render cells capable of leaving the primary tumor,
surviving transit, and establishing new tumors at secondary sites'®®. The numerous challenges
that tumor cells must face during this process is perhaps underlined by the estimation that less
than 0.01% of tumor cells entering the systemic circulation will successfully develop
macroscopic metastases*®.

The metastatic cascade can be divided into a series of stages: local invasion,
intravasation, survival in the circulation, and extravasation, which all are involved in the physical
translocation of a cancer cell to its new environment, and colonization (Figure 1.4). During local
invasion, epithelial cancer cells must breach the basement membrane and acquire a motile
phenotype. This aspect of the metastatic cascade is dependent on epithelial-mesenchymal
transition (EMT) and reflects a co-opting of the epithelial-mesenchymal plasticity observed in
development and wound healing'”**"®. The acquisition of EMT involves the expression and

activation of transcription factors (e.g., Snail, Slug, ZEB1, and Twist, among others), the
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expression of specific surface proteins, altered cytoskeletal organization, and the production of
extracellular matrix (ECM)-degrading enzymes*’2. Next, the now-motile cancer cells must cross
pericyte and endothelial cell barriers to enter the circulation; this process may utilize some of the
same matrix-degrading enzymes as were acquired during EMT and may be facilitated by the

174

inherently leaky and disordered organization of the tumor vasculature™™. Once within the

circulation, tumor cells must overcome cell death signals typically triggered in the absence of

anchorage to the ECM (i.e., anoikis)*"

and survive the mechanical injury inherent in transit. At
the target organ, the tumor cells must either extravasate, the reverse process of intravasation, or
may grow intraluminally until the new lesion ruptures the walls of the containing vessel'®®. Upon
arrest at the target site, many cancer cells undergo a process of reverse EMT termed
mesenchymal-epithelial transition (MET) in order to revert to their original epithelial state to
proliferate and drive the formation of macrometastases. The factors determining the target organ
at which the tumor cell arrests and potentially grows has been the subject of historical debate
between the “seed and soil” theory, wherein certain tumors (the “seed”) exhibit tropism for select

secondary sites above others (the “soil”)*"®

, and the theory that circulatory patterns are sufficient
to dictate sites of tumor cell arrest'’’; however, it is likely that both factors play a role to
different degrees in different cancers'’®.

The last stage of metastasis, colonization, can itself be divided into dormancy,

micrometastasis, and macrometastasis phases'®®

. Colonization represents the greatest challenge
to metastasis formation, as was demonstrated in a series of experiments involving B16F1
melanoma cells. These cells were injected intraportally to target the mouse liver and were

monitored using in vivo videomicroscopy and cell counting assays. The series of experiments

demonstrated that greater than 80% of the injected cells successfully extravasated, but less than
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3% of the injected cells formed micrometastases; furthermore, less than 0.02% of the injected

cells generated macroscopic metastases'’

. Once in a new location, tumor cells must adapt to
new interactions with stromal components; whether and how quickly tumor cells form
micrometastases may be related to the similarities or differences between the origin and terminus
of metastasis'®,

The metastatic cascade represents a series of challenges that tumor cells must overcome
to survive at sites distant to the primary tumor. Given the relatively small proportion of tumor
cells ultimately successful in colonization, it is possible that the most effective therapeutic targets
involve the latter steps of metastasis. However, our understanding of the metastatic process is

most comprehensive for the earlier stages, particularly with respect to the acquisition of cell

motility.
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Figure 1.4 The metastatic cascade. For a primary tumor cell to successful metastasize and
form overt metastases at a distant site, it must overcome a series of challenges. (1) The tumor
cell must acquire a motile phenotype so that it may migrate and invade, which may be
accompanied by epithelial-mesenchymal transition. (2) The tumor cell must invade through the
basement membrane and surrounding extracellular matrix. (3) The cell must intravasate into a
blood or lymph vessel to obtain access to the circulation and systemic transport. (4) It must
survive transit within the circulation, which includes avoiding anoikis (detachment-induced cell
death) and surviving the mechanical stress of the circulation. (5) The tumor cell must leave the
blood vessel and invade new tissues. (6) Finally, the metastasized cell must survive and adapt

within a new microenvironment and eventually successfully proliferate into a macroscopic
tumor.
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Focal adhesion regulation underlies cell motility

The cellular motility program is highly complex and requires the complex coordination
of proteins involved in mechanical adherence, contraction, scaffolding, and signaling pathways.
In sum, the cyclic process of cell motility involves the polarization and protrusion of one edge of
a cell, the formation of adhesions linking the cytoskeleton to the extracellular matrix, movement
over these adhesions through contractility, and disassembly of the adhesions to release the rear of
the cell (Figure 1.5)*®. The direction of cellular migration can be signaled by a variety of cues,
including mechanical forces, ECM proteins, chemokines and growth factors'®'. The protrusions
at the leading edge of a cell take the form of broad, large lamellipodia useful for directional
migration or spike-like filopodia used as sensors and local exploration'®°. In the former, actin is
organized into a branching network, whereas in the later, actin is organized into long, parallel
bundles. The branching pattern of actin in the cell front is mediated by the Arp2/3 and
WASP/WAVE family members. Towards the center and rear of the cell, actin is organized into
thick bundles called stress fibers'®. These stress fibers undergo contraction through the act of
myosin |1 to generate the force to move the cell.

Cellular migration also relies critically on the Rho family of small GTP-binding
proteins, notably Rac, Cdc42, and RhoA. These proteins are active when bound to GTP and
inactive when bound to GDP, and their activity is regulated by a host of guanine exchange
factors (GEFs) and GTPase activating proteins (GAPS). In their active, GTP-bound state, these
proteins are able to interact with their numerous downstream targets, which include protein
kinases, lipid-modifying enzymes, and activators of the Arp2/3 complex'*°. Broadly speaking,
Rac and Cdc42 are present and control activities at the leading edge of the cell*®, whereas RhoA

is predominantly active at the cell rear, although it may also play a role in early protrusion®**%,
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While Rac and Cdc42 seem to be responsible for activating WASP and WAVE, thereby leading
to Arp2/3 activation and actin branching, the role of RhoA seems to be more related to the
regulation of adhesions and myosin I1-mediated contractility

The formation of adhesions connecting the cellular cytoskeleton with the extracellular
matrix is key to providing points of traction for cell motility; adhesions also serve as important
signaling hubs to convey environmental information to the cell interior. The collection of
proteins involve in the mechanical and signaling role of adhesions is referred to as the
“adhesome”; a 2010 study estimated that there are 180 protein-protein interactions in the
network, with the number likely to grow with new research'®. Integrins, a family of
transmembrane heterodimeric receptors, bind to extracellular substrates, like collagen and
fibronectin, thereby inducing a confirmational change that promotes their intracellular interaction
with the actin cytoskeleton®. Because the cytoplasmic domains of integrins possess no intrinsic
enzymatic activity, the recruitment of a host of additional proteins to these adhesions is
necessary for the transmission of force and signaling necessary for migration'®’. The integrin
adhesions can be classified according to their size, stability, and location within the cell. In
general, the term nascent adhesion is used to refer to the small, short-lived adhesions in the
lamellipodium; focal complex is used to refer to the slightly larger, more persistent adhesions
that reside immediately behind the lamellipodium; and focal adhesion is used to refer to larger
adhesions that connect with actin stress fibers and form the traction points for movement. These
focal adhesions move towards the rear of the cell as the cell moves forward and are eventually
disassembled to release the cell rear.

Signaling proteins recruited to focal adhesions help regulate the connection between

cell-matrix adhesions and the actin cytoskeleton. One of the earliest proteins to be recruited to
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focal adhesions is paxillin, a multi-domain scaffold protein'®®. Paxillin was among the earliest
identified members of adhesome’®: originally thought to act as a passive structural component,
its role as a signaling molecule was suggested upon the observation that paxillin became tyrosine
phosphorylated upon cellular adhesion to the ECM*®. Structurally, the 68-kDa paxillin protein is
organized into a C-terminal half that contains four LIM domains and an N-terminal half
responsible for the majority of its signaling activity. The LIM domains, which are double-zinc-
finger motifs, mediate protein-protein interactions and are critical to targeting of paxillin to the
focal adhesion, although the direct binding partner of paxillin responsible for this localization is
unknown®"**!, The N-terminal region of paxillin contains five leucine- and aspartate-rich LD
motifs and several tyrosine phosphorylation sites; through this region, paxillin can bring together
and facilitate the activation of multiple members of the adhesome.

Two such key players and paxillin-binders include focal adhesion kinase (FAK) and Src.
Adhesions induce the autophosphorylation of FAK, which recruits and binds Src; Src in turn
phosphorylates FAK on additional sites to create an active signaling complex*®?. The FAK-Src
complex and its phosphorylation of paxillin on tyrosine 31 and 118 can activate Racl and inhibit
RhoA, thereby promoting actin and adhesion dynamics and organization'®"%*'%. In addition to
this role in early focal adhesion assembly and signaling, FAK and Src play roles in focal
adhesion disassembly; fibroblasts lacking Src or FAK exhibit abnormally enlarged focal

195-

adhesions and impaired migration*®>™%". However, the precise mechanism by which either Src or
p

FAK regulates focal adhesion disassembly is unclear, although Src tyrosine kinase activity is
required*®*%°,

The normal cellular motility program can be co-opted by cancer cells during the process

of invasion and metastasis. Indeed, dysregulation of the motility program and components of the
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adhesome is observed in some cancers; for example, activation or overexpression of Src family
kinases is frequently observed in solid tumors'*#2°%#* Thus, they have emerged as attractive
targets for therapeutic intervention?*. However, it is likely that future therapies targeting the
cellular motility program will require combination with agents targeting other aspects of tumor
biology. The emerging role of autophagy in cancer metastasis suggests that autophagy therapies

may be an attractive target.
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Figure 1.5 The cell motility program requires careful coordination. Cellular motility
requires a cell to polarize and extend protrusions in the direction of movement. Polymerization
of actin subunits is used to drive membrane protrusion. Toward the leading edge of the cell, actin
is organized into a branching network; in the middle to rear of the cell, actin filaments are
bundled into thick stress fibers. Actin polymerization and organization is controlled in part by
the Rho family of small GTPases. Cdc42 and Rac activity predominates towards the leading
edge, whereas RhoA activity is required in the rear. The cell must also lay down adhesion
complexes that link the actin cytoskeleton to the membrane-spanning integrins, which make
contact with the extracellular matrix. Early adhesions formed in the filopodia of the leading edge
are called focal complexes (FX), which mature into the larger and more stable focal adhesions
(FA). Focal adhesions are made up of a large complex of proteins, including paxillin, which
serves both a signaling and scaffolding function. Continued forward movement requires the
disassembly of focal adhesions as the rear of the cell, which is controlled in part by Src activity.
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The role of autophagy in cell motility and tumor cell metastasis

Explorations of the role of autophagy in tumor cell metastasis have gained increasing
interest in recent years. Lazova and Han reported that autophagy, as measured through punctate
LC3B staining, was associated with node positivity, increased nuclear grade, and reduced
survival in breast cancer™°. Furthermore, metastatic melanoma, particularly metastatic
melanoma associated with abnormal vascularity, and distant melanoma metastases exhibited
increased LC3B staining™"?%%?%, LC3 expression is also correlated with metastasis in
hepatocellular carcinoma (HCC), with higher LC3 staining in metastases relative to primary

204 Given the

tumors and in early metastatic colonies relative to late metastatic colonies
numerous challenges that metastatic tumor cells must overcome to successfully establish distant
colonies (e.g., invasion, anoikis resistance, and colonization) and the critical role of autophagy as
a cellular stress response, numerous roles for autophagy in the metastatic cascade have been
postulated®®. As with the role of autophagy in primary tumor growth, it is highly likely that the
role of autophagy in metastasis is dependent on tissue type, oncogene status, and stage within the
metastatic cascade.

EMT is characteristically acquired early in the metastatic process to promote local tissue
invasion. Interestingly, potential inducers of EMT, including hypoxia and TGF, are also
inducers of autophagy™®"*%2%2% EMT has also been linked to the acquisition of stem cell
markers and a stem-cell phenotype®®. Populations of cancer stem cells (CSCs) have been
postulated to be responsible for metastasis due to both their more motile and plastic phenotype
and their ability to give rise to populations of new cells*®. Indeed, there have been several

reports of a clinical correlation between CSCs or CSC markers and increased invasiveness and

metastasis®** ', Intriguingly, autophagy has been linked to stem cell maintenance and control of
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differentiation?*3-21

, and hematopoietic stem cells appear to be dependent on autophagy for
survival®’. In human breast ductal carcinoma in situ (DCIS), subpopulations of cells exhibit
increased tumor-initiating capacity and migration/invasion capabilities, which was correlated
with increased upregulation of cellular autophagy. Furthermore, these cells were dependent on
autophagic flux for their continued survival®*®. Autophagy has also been shown to be required by
the CD44*CD24™" preast cancer stem cell population; knockdown of autophagy genes
decreased this subpopulation in vitro. Furthermore, autophagy was required for the acquisition of

219 An independent group confirmed this requirement

an EMT phenotype in response to TGFf3
for autophagy in CD44*/CD24™"°" breast cancer cells by identifying Atg4 as a regulator of this
cell population and the ability to form mammospheres in vitro and form tumors in vivo®®.

Irrespective of whether the connection between autophagy and a stem cell-like phenotype
reflects a context-specific relationship or a general property of CSCs, autophagy has been linked
to EMT and early invasion. In HCC cell lines, under nutrient-deficient conditions, autophagy
promotes invasion through EMT by downregulating the expression of E-cadherin and CK18
while upregulating fibronectin and MMP-9. Furthermore, autophagy induces the expression of
TGFp and activates TGFp signaling, and the treatment of autophagy-deficient cells with

221 _Conversely, in glioblastoma cells,

exogenous TGFf was sufficient to rescue cellular invasion
autophagy has been reported to impair invasion by decreasing the expression of the EMT
regulators Snail and Slug®??. However, another group reported that autophagy promoted invasion
in glioma®®. Ubiquitinated Twist1, another EMT transcription factor, can be stabilized by
p62/Sqgstm1l. In autophagy-deficient cells, up-regulation of p62/Sqstm1 prevented Twistl
degradation by both autophagosomes and the proteosome and promoted downstream loss of E-

224

cadherin, in vitro cell migration, and in vivo metastasis®". Autophagy may also promote local
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invasion through the secretion of pro-migratory factors; in Ras-transformed cells, treatment with
conditioned media from autophagy-competent cells can rescue the decreased migration and
invasion of autophagy-deficient cells*®.

When epithelial cells become detached from the extracellular matrix, as occurs during
intravasation of tumor cells into blood vessels, they commonly undergo a form of apoptotic cell
death or anoikis??®. Thus, tumor cells must overcome anoikis in order to survive transit in the
vasculature. Autophagy may be induced by cells undergoing ECM detachment downstream of
the ER stress response kinase PERK and subsequent mTORC1 inhibition??’. Furthermore,
induction of autophagy during ECM detachment can promote cell survival and facilitate
subsequent clonogenic recovery??. In vivo, inhibition of autophagy in HCC cells attenuates
anoikis-resistance and inhibits lung colonization’”. Thus, autophagy may promote tumor cell
survival in the circulation.

Once at a secondary site, autophagy may promote adaptation to the foreign
microenvironment by prolonging cell survival. For example, growth factor withdrawal can
prevent cells from properly taking up extracellular nutrients**, but autophagy can compensate
for growth factor withdrawal by maintaining ATP production and preventing energetic

catastrophe®*!

. Alternatively, autophagy proteins may facilitate tumor cell survival at secondary
sites by promoting quiescence; for example, Atg7 is required for p53-mediated growth arrest
through expression of p21°P*M4 in an autophagy-independent fashion''®. Thus, autophagy may
be a means of promoting the survival of metastatic tumor cells while they adapt to their new

microenvironment. Following adaptation, autophagy may facilitate the outgrowth of metastases

in a program analogous to the role of autophagy in primary tumor growth.
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The above discussion of the role of autophagy in tumor cell metastasis largely focuses on
cell-intrinsic effects. It is important to note that the immune system has been demonstrated to
play a critical role in metastasis and tumor surveillance, potentially acting to either facilitate or
inhibit tumor cell dissemination. Furthermore, stromal cells can secrete factors that promote or
inhibit local invasion or create a metastatic niche more or less conducive to outgrowth. As

autophagy is known to function in both secretion and immune cell function®*>#342%

, itis likely
that autophagic flux within the stroma may alter the metastatic phenotype of tumor cells
independent of their own levels of autophagy. Furthermore, communication between the stroma
and tumor may carefully orchestrate the appropriate levels of extracellular signals and
intracellular nutrients needed for tumor growth and metastasis.

A wealth of studies both in vitro and in vivo has demonstrated that autophagy proteins
and autophagic flux can alter the fate of cancer cells and tumors. However, the existence of
conflicting reports on the pro- versus anti-tumorigenic effects of autophagy clearly demonstrates
that autophagy is not a uniform phenomenon but is highly context-dependent. As the field has
become to expand its focus from the effects of autophagy on primary tumor growth to its effects
on metastasis, it is critical that we keep in mind this lesson. The work in this thesis explores the
role of autophagy in cellular motility and metastasis in highly metastatic tumor cells.
Specifically, this work focuses on the role of autophagy in the regulation of cell migration
through the degradation of the focal adhesion protein paxillin (Chapter 3). Furthermore, |
demonstrate that paxillin interacts directly with the focal adhesion protein LC3B (Chapter 4) and
that this interaction is regulated by oncogenic Src (Chapter 5). These findings shed light on a

new mechanism by which autophagy can promote tumor cell metastasis.
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CHAPTER 2

MATERIALS AND METHODS

Chemicals
BafilomcyinAl was purchased from Enzo and was used at a final concentration of 100
MM. Puromycin was purchased from Fisher and was used at a final concentration of 4 pg/mL.

Rat tail collagen 1 was obtained from BD and was used at 0.02 mg/mL in PBS.

Cell culture
4T1 cells®® were obtained from Fred Miller at Wayne State University, and B16.F10

cells®*®

were kindly provided by the Gajewski lab. 4T1 and B16.F10 cells were grown in
Dulbecco’s modified eagle medium (DMEM,; Invitrogen) supplemented with 10% characterized
fetal bovine serum (FBS; HyClone) and 1% penicillin/streptomycin (Pen/Strep; Invitrogen); 4T1
media was additionally supplemented with 1x minimal essential medium non-essential amino
acids (MEM-NEAA; Invitrogen). 4T1 shRNA clones were grown in complete media

supplemented with 4 pg/ml puromycin (Fisher) based on the minimum effective inhibitory

concentration. All cells were grown in a 37°C humidified incubator with 5% CO,.

Stable knockdowns
pLKO-puro plasmids expressing sShRNA targeting mouse Atg7 (TRCN0000375444), p62
(TRCNO0000098619), Nbrl1 (TRCN0000238310), MAP1LC3B/Atg8 (TRCN0000120800), and

paxillin (TRCNO0000305025) and a pLKO-puro plasmid expressing non-targeting control ShRNA
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(SHCO002) were purchased from Sigma. A custom-made pLKO-puro plasmid expressing ShRNA
to human/mouse ATG5/Atg5 (seed sequence: GCATTATCCAATTGGTTT) was purchased
from Sigma. Plasmids were transfected into 4T1 cells using Lipofectamine 2000 (Invitrogen) in
Opti-MEM | Reduced Serum Medium (Invitrogen), and selection was performed with 4 pg/mL
puromycin (Fisher) based on the minimum inhibitory concentration. At least twenty-four single
colonies per knockdown target were picked and expanded to for the validation of successful
knockdown by western blot; at least two independent and validated stable knockdown cell lines

were established for further analysis.

Paxillin sSiRNA

Non-targeting control (Santa Cruz sc-37007) or paxillin siRNA (Santa Cruz sc-36197)
was transfected into cells at a concentration of 50 nM using Lipofectamine 2000 (Invitrogen) in
Opti-MEM | Reduced Serum Medium (Invitrogen). All downstream assays were carried out

starting at 48 hours post-transfection.

Plasmid transfections

Transient plasmid transfections were performed using Lipofectamine 2000 (Invitrogen)
in Opti-MEM | Reduced Serum Medium (Invitrogen); the DNA/lipofectamine complexes were
removed after 6 hours, after which the cells were returned to normal growth media for recovery
and plasmid expression. DNA transfection amounts were normalized to ensure equal expression
among different plasmid constructs (e.g., EGFP vs. EGFP-LC3B). All downstream assays were

carried out starting at 24 hours post-transfection.
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Plasmids and cloning

The EGFP-paxillin plasmid was kindly provided by Rick Horwitz (University of
Virginia). The pSG5-Src*>%F plasmid was a kind gift from Sara Courtneidge (OHSU). The
Gardel lab (University of Chicago) provided the mApple-paxillin plasmid, and the Tang lab
(University of Chicago) provided the EGFP-LC3B plasmid.

For the generation of paxillin mutants, polymerase chain reaction (PCR) mutagenesis was
performed using the Expand High Fidelity”""> PCR system (Roche). The PCR products were
separated on a 1% agarose gel, and the bands containing the correctly sized product were cut out
and purified using the Wizard SV Gel and PCR Clean-Up System (Promega). A second-round
PCR reaction was performed using the first-round products as templates. The PCR products were
again separated on a 1% agarose gel, cut out, and purified. Products were then digested using
restriction enzymes and were ligated back into the original plasmid. Plasmids were transformed
into DHS5a cells, which were plated onto LB plates supplemented with the appropriate antibiotic
for overnight growth. Individual colonies were picked the following day and grown in overnight
cultures. DNA was purified using an in-house miniprep protocol. Insertion was confirmed by
restriction digest, and plasmids containing the correctly sized restriction product were submitted
for DNA sequencing analysis at the University of Chicago Comprehensive Cancer Center DNA
Sequencing & Genotyping Facility. Constructs containing the desired sequence were then

midiprepped with the Nucleobond Xtra Midi Plus Kit (Clontech).

Transwell assays
For invasion assays, 24-well 8-um pore cell culture inserts (BD) were pre-coated with

200 pl rat collagen | (BD) at 0.02 mg/ml in cold, sterile phosphate-buffered saline (PBS;
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Invitrogen) and allowed to dry overnight in a sterile tissue culture hood. The following day, the
inserts were rehydrated with 100 pl serum-free media at 37°C for at least 45 minutes. 4T1 cells
in 200 pl serum-free media were seeded per well as follows: 1x10° cells per collagen-coated
insert for invasion assays, and 5x10* cells per uncoated insert for migration assays, with 3-6
replicates per condition. Complete medium (10% FBS) was added outside of the insert, and
plates were incubated at 37°C for 16-22 h. Cells were fixed by incubating the inserts in 4%
paraformaldehyde/PBS for 30 minutes, followed by Giemsa-staining for 1.5 hours. Inserts were
washed 3x in distilled water, and non-migrating cells were scraped from the inner side of the
insert membrane with a cotton swab. After membranes dried overnight, the migrating/invading

cells were counted in five 20x fields per well.

Western blotting

Cells were washed in PBS supplemented with PMSF (0.5 mM), sodium orthovanadate (1
mM), leupeptin (1 pg/mL), and aprotinin (1 pg/mL), harvested by scraping, and subsequently
pelleted at 4000xg for 4 min at 4°C. Cell pellets were lysed on ice for 15 minutes by 1:1
suspension in RIPA buffer (1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, 10 mM Tris-
HCI pH 8.0, 0.14 M NaCl) or 1:2 suspension in NP40 buffer (for LC3 western blots; 150 mM
NaCl, 50 mM Tris-HCI pH 7.5, 1 mM EDTA, 1% NP40) supplemented with protease and
phosphatase inhibitors as above. Lysates were clarified by centrifugation at 16300xg for 20 min
at 4°C, supernatants were collected, and protein concentration was determined by DC protein
assay (BioRad). SDS-PAGE (8%-15%) was used to separate 20-40 g protein, depending on the
protein being detected. After proteins were transferred to nitrocellulose or PVDF membranes (for

LC3), membranes were blocked in 5% milk/PBS or 5% BSA/PBS and incubated at 4°C
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overnight with primary antibody (Table 2.1). For LC3B westerns, membranes were cut to
remove the >25 kDa portion prior to incubation with primary antibody. After washing, two-hour
incubation with HRP-conjugated secondary antibodies (Table 2.1), and additional washes,
detection was carried out by enhanced chemiluminescence.

All densitometry was performed on scanned images of films using the gel analysis tool in
ImageJ. After measurement, band intensities were normalized to actin loading control band
intensity, and normalized values are reported as fold change relative to the first lane of the blot

unless otherwise noted.
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Table 2.1: Primary antibodies used for western blot

Target Source/Catalogue Number Dilution
AtgS Novus NB110-53818 1:500
Atg7 Sigma A2856 1:1,000
B-actin Sigma A1978 (clone AC-15) 1:50,000
E-cadherin Cell Signaling #3195 1:1,000
GABARAP MBL M135-3 1:1,000
GABARAPL1 Proteintech 18721-1-AP 1:500
GATE16 MBL PMO038 1:1,000
GFP Santa Cruz sc-9996 1:1,000
LC3A Proteintech 18722-1-AP 1:1,000
LC3B Novus NB600-1384 1:3,000
Nbrl Cell Signaling #9891 1:1,000
P62 Progen CP62-C 1:5,000
Paxillin BD #610558 (clone 177) 1:2,000
Millipore #2492134 1:10,000
Twistl Abcam ab50887 1:50
Guinea pig IgG (HRP-conjugated) Santa Cruz sc-2903 1:5,000
Mouse IgG (HRP-conjugated) Dako P0260 1:5,000
(1:50,000 for B-actin)
Rabbit IgG (HRP-conjugated) Dako P0217 1:4,000
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Immunoprecipitation (IP) and in vitro binding assays

For Atg7 IP-westerns, RIPA lysates were incubated with 1.5 pg anti-Atg7 at 4°C
overnight and subsequently with protein A beads (Pierce) at 4°C for 1 hour. The beads were
washed four times with RIPA buffer and eluted in 2X SDS sample buffer (187.5 mM Tris pH
6.8, 6% w/v SDS, 30% glycerol, 150 mM DTT, 0.03% w/v bromophenol blue, 2% [-
mercaptoethanol) by boiling at 100°C for 5 min for western blot analysis as described
previously.

For co-immunoprecipitations, 4T1 cells were seeded at 4-8 x 10° cells per 10-cm plate.
The following day, cells were transfected as described previously. The morning after
transfection, the plates with cells at ~80% confluency were washed 1x with ice-cold PBS,
followed by the addition of cold IP lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 5 mM
EDTA, 5% glycerol, 1% triton x-100, 25 mM NaF) supplemented with phosphatase (PhosSTOP;
Roche) and protease inhibitors (cOmplete protease inhibitor cocktail without EDTA; Roche).
Cells were incubated with IP lysis buffer for 30 min at 4°C with constant rocking. Cells were
scraped from the dishes and subjected to sonication at 10% amplitude for four cycles of 5 sec
on/5 sec off at 4°C, followed by centrifugation at 21130xg for 20 min at 4°C. The supernatants
were recovered and assayed for total protein concentrations using a DC protein assay (BioRad),
and a sample of the lysate was saved as an input control. Approximately 2 mg lysate was diluted
to a 1 mL final volume in IP lysis buffer and was precleared for 1 h with binding control agarose
beads at 4°C (Chromotek). Samples were centrifuged at 2500xg for 2 min to recover supernatant,
and binding control agarose beads were discarded. The supernatant was then incubated with
GFP-trap agarose beads overnight at 4°C. Samples were subsequently centrifuged at 2500xg,

washed thrice in IP lysis buffer, and eluted in 2X SDS sample loading buffer (187.5 mM Tris pH
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6.8, 6% w/v SDS, 30% glycerol, 150 mM DTT, 0.03% w/v bromophenol blue, 2% [3-
mercaptoethanol) by boiling at 100°C for 10 min. The samples were cooled on ice and
centrifuged at 16300xg for 2 min, and the supernatants were recovered and store at -80°C until
use.

Approximately 20 ug of each input sample was subjected to western blot to assess the
level of expression of exogenous proteins (e.g., GFP-LC3, mApple-paxillin, etc.). The loading of
subsequent input and IP samples was adjusted to normalize to the levels of exogenous proteins in
the input samples. Western blot was performed as described previously, with the following

change: the anti-paxillin antibody (BD) was used at a dilution of 1:250.

Immunofluorescence

For LC3B staining, cells were fixed in 4% paraformaldehyde (PFA) for 15 minutes at
room temperature, permeabilized in 100% MeOH at -20°C for 20 minutes, and blocked in 2%
FBS/1% goat serum/PBS for 30 minutes at room temperatures. Otherwise, cells were fixed and
permeabilized (3.7% PFA/PBS in 100 mM PIPES pH 6.8, 10 mM EGTA, 1 mM MgCI2, and
0.2% Triton-X) for 10 minutes at room temperatures, washed in TBS/0.1% triton and blocked in
TBS/0.1% BSA for 30 minutes. Cells were incubated with primary antibody diluted in blocking
solution overnight at 4°C, followed by washing and incubation with fluorescence-labeled
secondary antibodies (Invitrogen) diluted in blocking solution for two hours at room temperature
in the dark (Table 2.2). Cells were mounted in Prolong gold with DAPI (Invitrogen) and
protected from light until imaging. Cells were imaged with an Axiovert200m widefield
fluorescence microscope (Zeiss). Image deconvolution was performed with Openlab software

(PerkinElmer); all other image analysis was performed with ImageJ.
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Table 2.2: Antibodies for immunofluorescence

Target Source/Catalogue Number Dilution
LC3B Cell Signaling #2775 1:200
Paxillin BD #610051 (clone 349) 1:500
Zyxin Mary Beckerle, University of | 1:6000
Utah, B71

Rabbit 1gG, Alexa-488-conjugated Invitrogen A11008 1:500
Rabbit 19G, Rhodamine Red-X-conjugated Invitrogen R6394 1:500
Mouse IgG, Alexa-488-conjugated Invitrogen A11029 1:500
Mouse IgG, Rhodamine Red-X-conjugated Invitrogen R6393 1:500

Live cell microscopy

Cells were seeded in 35-mm #1.5 glass-bottom dishes (MatTek) for 24 hours prior to

imaging. Timelapse DIC and fluorescence imaging were carried out with an Olympus LCV110U

VivaView microscope system maintained at 37°C and 5% CO,. Confocal imaging of mApple-

paxillin and EGFP-LC3B was performed on an Olympus DSU Spinning Disk confocal

microscope. Colocalization was analyzed on background-subtracted Z-stacks (0.5-pum slices) in

ImagelJ using the JACoP object-based method (Bolte and Cordelieres, 2006) with 10-15 images

(10-25 cells)/condition/experiment.
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GABARAP immunohistochemistry

Neutral buffered formalin (10%)-fixed and paraffin-embedded sections of 4T1 primary
tumors sections were provided to the University of Chicago Human Tissue Resource Center for
GABARAP immunohistochemistry. Briefly, slides were incubated in xylenes, followed by
rehydration in serial dilutions of ethanol to deionized water. After epitope retrieval, endogenous
peroxidase activity was quenched. Sections were blocked (Vector Laboratories) for 30 minutes at
room temperatures and were incubated in primary antibody diluted in blocking buffer for 1 hour
at room temperature, followed by biotinylated-secondary antibody with avidin-biotin signal
amplification (Vector Laboratories). The proteins were visualized by Elite kit (\Vector
Laboratories) and DAB (DAKO). The stained slides were digitized using an Allied Vision
Technologies Stingray F146C color slide scanner at the Integrated Microscopy Core Facility at

the University of Chicago and analyzed using Panoramic Viewer.

Statistics

Data were analyzed with GraphPad Prism. Data are presented as mean + SE. Significance
was determined by unpaired Student’s t-test for 2-group comparisons and 1-way ANOVA for
>2-group comparisons. A Tukey post-hoc test was used to identify significant pairwise
differences when 1-way ANOVA identified a significant difference between means. *p<0.05,

**n<0.01, ***p<0.001, ****p<0.0001
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CHAPTER 3
TURNOVER OF THE FOCAL ADHESION PROTEIN PAXILLIN IN4T1
METASTATIC MURINE MAMMARY CARCINOMA CELLS IS DEPENDENT ON

INTACT AUTOPHAGY

Introduction

In the context of primary tumor growth, autophagy can serve both pro-tumorigenic and
anti-tumorigenic roles (Figure 1.2). Early in tumor progression, autophagy can limit oxidative
stress, aggregate formation, and the accumulation of damaged organelles, as well as promoting
the degradation of oncogenic proteins or induction of senescence in response to oncogenic
proteins. During growth of the primary tumor, autophagy can allow cancer cells to cope with
metabolic stress, generate biosynthetic intermediates, maintain a CSC population, and survive

>128-130 These stage-dependent roles of autophagy have been

challenges of hypoxia and anoikis
extensively studied both in vitro and in vivo, and the generation of several mouse models seems
to confirm that early inhibition of autophagy promotes malignant transformation and the
development of early lesions, whereas autophagy is required in established tumors to progress to
a more advanced phenotype!*>137:141.156-158

The role of autophagy in metastasis is less well characterized, although it is likely that
autophagy may similarly exhibit pro- and anti-cancer effects dependent on the stage, oncogene
status, and tissue type?®®. In human tumors, increased expression of autophagic markers has been
correlated with metastasis and a more aggressive phenotype, potentially suggesting that

metastatic cells exhibit increased autophagic flux as a means to promote metastasis*>*2%%2%,
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Experimental evidence supports role for autophagy in the response to metastatic stimuli*®19%:2%6-

28 Fyrthermore, autophagy may play a role in EMT, CSC maintenance, and as a means of
coping with the stress of ECM detachment and growth factor deprivation (see Chapter 1).
However, relatively little work has been done to explore the role of autophagy during in vivo
metastasis, and whether the roles of autophagy in metastasis extend to other stages in the
metastatic cascade remained unclear.

Previous work in our lab sought to address the role of autophagy in metastasis by
examining the effect of autophagy inhibition on tumor cell metastasis using the 4T1 murine
model of metastatic mammary carcinoma. In this model, highly metastatic cells derived from a
spontaneous Balb/C mouse mammary tumor are injected into the mammary fat pad of syngeneic
Balb/C mice. The mice develop palpable tumors within two weeks, which subsequently

2% Autophagy was inhibited in 4T1

metastasize to the lung and liver by 4 weeks post-injection
cells through stable shRNA-mediated knockdown of either Atg5 or Atg7. Both Atg5 and Atg7
are core autophagy proteins required for PE conjugation of LC3B to localize LC3B to the
phagophore membrane and promote autophagosome formation (Figure 1.1). Interestingly, the
primary tumor growth of autophagy-deficient 4T1 cells expressing Atg5- or Atg7-specific
shRNA did not differ from that of parental 4T1 tumors or tumors expressing scrambled control
SshRNA despite the tumors continuing to exhibit inhibition of autophagy as measured by a lack of
LC3B-positive puncta. However, mice harboring autophagy-deficient tumors exhibited a
significant reduction in the number of lung and liver metastases. Thus, in the 4T1 tumor murine
mammary carcinoma model, autophagy is not required for primary tumor growth but is required

for metastasis. Interestingly, when autophagy-deficient and autophagy-competent 4T1 cells were

injected into the tail vein, thereby bypassing the early steps of the metastatic cascade (i.e., local
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invasion and intravasation), there was no difference among the cells with respect to the ability to
form metastases, suggesting that autophagy is required early in the metastatic processes in this
model.

When the autophagy-deficient and autophagy-competent 4T1 cells were examined in
vitro, they exhibited markedly different morphologies. Although cells expressing a scrambled
SshRNA spread out and formed the lamellipodia and pseudopodia characteristic of migratory cells
and could be observed to move about on the plate, autophagy-deficient cells formed tight,
rounded colonies without protrusions and failed to move around. Consistent with this
observation, autophagy deficient cells exhibited impaired migration and collagen invasion in
transwell assays. Given the critical role of the cytoskeleton and focal adhesions in cell motility,
our lab examined focal adhesion morphology in the 4T1 cells. Scrambled shRNA-expressing
control cells exhibited paxillin-positive focal adhesions that could be observed to assemble and
disassemble over time. However, autophagy-deficient cells exhibited an accumulation of
enlarged focal adhesions. Furthermore, when focal adhesion dynamics were examined, although
autophagy-deficient cells were able to successfully assemble focal adhesions, they exhibited
significantly impaired focal adhesion disassembly relative to control cells. These observations of
impaired cell motility and the accumulation of enlarged focal adhesions that could not be turned
over suggested that autophagy is required for proper focal adhesion dynamics in highly
metastatic cells. Thus, we were interested in determining the mechanism underlying the in vitro
motility and focal adhesion defects leading to in vivo metastasis inhibition of autophagy-deficient

cells.
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Altered focal adhesion morphology and motility in autophagy-deficient 4T1 cells do not
reflect a change in EMT programming.

The change in the morphology of the autophagy-deficient cells, including decreased cell
spreading, decreased protrusions, and decreased cell motility, suggested the possibility that the
autophagy-deficient 4T1 cells were adopting a more epithelial cellular program, consistent with
suggestions that 4T1 cells exist in a highly plastic state that primes them to interchange between
a mesenchymal and epithelial phenotype®**#*. Furthermore, recent work has suggested that the
autophagy adaptor protein p62/Sqstm1 regulates the degradation of the metastasis-associated
Twist1 transcription factor?®*. Therefore, we assessed the levels of Twist1 and E-cadherin in
autophagy-deficient 4T1 cells. Elevated expression of E-cadherin in autophagy-deficient cell
lines would reflect the adoption of a more epithelial and thus less motile phenotype. Similarly,
downregulation of Twistl could reflect suppression of an EMT transcriptional program.
However, neither the levels of the Twistl EMT transcription factor nor the levels of the epithelial
marker E-cadherin differed in autophagy-deficient cells relative to autophagy-competent cells
(Figure 3.1), suggesting that the morphological and focal adhesion changes in autophagy-

deficient cells were not caused by changes in the mesenchymal cellular state.
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Figure 3.1 E-cadherin and Twist levels are unchanged in autophagy-deficient cells. Western
blot for E-cadherin and Twist in parental 4T1 cells and clonal 4T1 cells stably expressing a
scrambled control sShRNA, Atg5 shRNA, or Atg7 shRNA in the presence or absence of BafAl to
inhibit lysosomal degradation, demonstrating no change in either E-cadherin or Twist levels
upon autophagy inhibition.

49



Paxillin accumulation underlies the focal adhesion and motility defects in autophagy-
deficient 4T1 cells.

Given that previous work our lab had established that autophagy-deficient cells exhibit
impaired metastasis in vivo as well as impaired motility and focal adhesion disassembly in vitro,

we sought to determine the mechanism underlying impaired focal adhesion disassembly.

199 237

Interestingly, cells lacking FAK®®, catalytically active Src'®, or paxillin?®’ exhibit decreased cell
spreading and motility in association with increased focal adhesion size and number and
impaired focal adhesion disassembly, phenocopying our observations in autophagy-deficient 4T1
cells. Although we did not observed any alterations in FAK or Src protein levels or
phosphorylation status (data not shown), we observed significantly increased paxillin levels in
4T1 cells stably knocked down for Atg5 or Atg7 expression relative to both parental cells and
cells stably expressing scrambled control ShRNA (Figure 3.2A, 3.2B). Furthermore, treatment of
parental and scrambled shRNA control 4T1 cells with BafA1, a potent and specific inhibitor of

%870 that prevents the maturation of autophagic vacuoles and can be used to

vacuolar H+ ATPase
inhibit autophagy in vitro™, similarly resulted in an accumulation of paxillin protein, suggesting
that the autophagic regulation of paxillin levels is physiologic in 4T1 tumor cells (Figure 3.2A,
3.2B). This observation was also confirmed in vivo; lysates from autophagy-deficient 4T1 tumors
exhibited accumulation of paxillin protein relative to control primary 4T1 tumors (data not
shown). Finally, this increase in paxillin levels was due to increased protein stability, not
increased mRNA levels, and was independent of proteasomal activity (data not shown).

To determine whether the accumulation of paxillin underlies the cell motility defects in

autophagy-deficient 4T1 cells, SIRNA was used to transiently knock down paxillin levels in 4T1

cells stably expressing Atg5 shRNA to levels similar to those in parental cells (Figure 3.3A).
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Normalization of paxillin levels restored the focal adhesion morphology to that of control 4T1
cells, resulting in fewer and smaller focal adhesions (Figure 3.3B). Furthermore, knockdown of
paxillin levels and normalization of focal adhesion morphology rescued the transwell migration
and invasion defect observed in autophagy-deficient cells (Figure 3.3C, D). Taken together, these
results provide strong evidence that paxillin levels in the highly metastatic 4T1 cells are
regulated by autophagy and that the increase in paxillin protein levels in autophagy-deficient

cells leads to the accumulation of abnormal focal adhesions and resultant motility defects.
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Figure 3.2 Paxillin accumulates in autophagy-deficient cells. (A, B) Western blot for paxillin
in control 4T1 cells (parental and scrambled shRNA) and two different 4T1 clones stably
expressing Atgb shRNA (A) or Atg7 shRNA (B) in the presence or absence of BafAl. Data in
panel (A) was generated by M. Sharifi.
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Figure 3.3 Restoration of paxillin levels rescues defects in focal adhesion morphology and
cell motility. (A) Western blot confirming paxillin knockdown in autophagy-deficient 4T1 cells
with no effect on impaired LC3B processing. (B) Immunofluorescent staining of paxillin and
zyxin in 4T1 cells stably expressing Atg5 shRNA (top) or Atg7 shRNA (bottom) transiently
transfected with control (left) or paxillin sSiRNA (right). (C, D) Quantification of the effects of
siRNA-mediated paxillin knockdown on transwell migration (right) and invasion through
collagen (left) in 4T1 cells stably expressing Atg5 shRNA (D) and Atg7 shRNA (D). **p<0.01.
Data in panels B-D were collected by M. Sharifi.
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Autophagic degradation of paxillin is not dependent on the p62/Sqstm1 or Nbrl autophagy
adaptor proteins.

We next focused our investigation on the mechanism underlying the autophagic
degradation of paxillin. Selective targeting of proteins to the autophagosome can occur either
through direct binding of the target protein to LC3 family members on the surface of the forming
autophagosome or through binding to selective autophagy receptors that link the target protein to
the autophagic machinery®®. In the latter case, autophagic receptors recognize the target protein
by binding molecular determinants; one common example is conjugated ubiquitin. Paxillin is
known to be ubiquitinated in vivo by RNF5, and this ubiquitination serves to regulate cellular
paxillin localization®®. Two of the best-characterized autophagic adaptor proteins for
ubiquitinated proteins include p62/Sgstm1 and Nbr1">#2%240 Both of these proteins have been
implicated in the regulation of cell migration, with p62/Sgstm1 suggested to function in concert

with Twist12%*

and Nbr1 suggested to regulate focal adhesion dynamics in Ras-transformed
epithelial cells**. Therefore, we asked whether either of these two well-characterized autophagy
adaptor proteins were involved in targeting paxillin to the autophagosome and subsequent cell
motility changes.

We generated 4T1 cell lines in which the expression of p62/Sqstm1 or Nbrl was stably
knocked down by shRNA (Figure 3.4A, B). However, we failed to observe stabilization of
paxillin under basal conditions in cells expressing p62/Sgstm1 or Nbrl shRNA, and these cells
failed to exhibit accumulation of paxillin upon BafAl treatment to the same degree as parental or
control sShRNA cells (Figure 3.4A, B). On the contrary, paxillin levels seemed to be suppressed

in both p62/Sgstm1 shRNA and Nbrl shRNA cells. Furthermore, knockdown of p62/Sgstm1 or

Nbrl had no statistically significant effect on the ability of these cells to migrate or invade
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through collagen in transwell assays, as would be expected if either autophagy adapter were
involved in paxillin and focal adhesion regulation in this cell system (Figure 3.4C, D). Finally,
our attempts to co-immunoprecipitate paxillin with either p62/Sgstm1 or Nbrl were
unsuccessful. Together, these data confirm that the autophagic degradation of paxillin and the
motility defects observed in autophagy-deficient 4T1 cells are independent of the p62/Sgstm1

and Nbrl autophagy adaptor proteins.
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Figure 3.4 Neither p62/Sqgstm1 nor Nbrl are responsible for the accumulation of paxillin
and consequent motility defects in autophagy-deficient cells. (A, B) Western blot for paxillin
in control 4T1 cells (parental and scrambled shRNA) and two different 4T1 clones stably
expressing p62 shRNA (A) or Nbrl shRNA (B) in the presence or absence of BafAl. (C, D)
Quantification of the transwell migration (C) and invasion through collagen (D) of parental 4T1
cells and 4T1 cells stably expressing scramble control ShRNA, p62 shRNA, or Nbrl shRNA. NS,

not significant.
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Knockdown of the Atg8 family member GABARAP phenocopies knockdown of Atg5 and
Atg7

Given that neither p62/Sgstm1 nor Nbrl were responsible for autophagic targeting of
paxillin, we investigated whether paxillin could bind directly to the autophagic machinery by
binding to Atg8 family proteins anchored in the phagophore membrane. Interestingly, paxillin
possesses a putative LC3-interacting region (LIR) motif at amino acids 40-43 (Figure 3.5A). LIR
motifs are defined by the core consensus sequence [W/F/Y]xx[L/I1/V], where X represents any
amino acid’?. Most LIR motifs include a W or an F in the +1 aromatic position, although Y-
containing LIRs, including Nbr1, are known and have been shown to bind in a manner similar to
W-containing LIRs">®. The presence of an acidic charge (e.g., E, D, S, or T) in the -1 or +2
position is also important to binding and can act as a site of regulation’®. The putative LIR motif
of paxillin is highly conserved from Xenopus through humans, suggesting that this region may
have functional significance (Figure 3.5B).

As a clue into which Atg8 family member may bind paxillin, we examined the levels of
several Atg8 family members in parental 4T1 cells (Figure 3.6). Atg8 family members are
divided into two subgroups, LC3A-C and GABARAP, GABARAPL1, GATE16, and
GABARAPL3, which may be expressed simultaneously and are believed to act at different
stages in autophagosome biogenesis>®*"?*, Although the levels of LC3A, GABARAPL1, and
GATE16 were absent or barely detectable in 4T1 cells, both LC3B and GABARAP were
expressed at high levels and increased upon BafAl treatment (Figure 3.6). In vivo, GABARAP
and LC3B were expressed in 4T1 control primary tumors (Figure 3.7 and data not shown,

respectively). Interestingly, IHC for GABARAP revealed a striking accumulation of GABARAP
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at the tumor periphery, where tumor cells would be most likely to adopt a more motile phenotype
in the early stages of metastasis from the primary tumor.

To probe the potential role of GABARAP in the paxillin accumulation in autophagy-
deficient cells, we stably transfected 4T1 cells with GABARAP shRNA and examined the levels
of paxillin in cell lysates. As observed in Atg5 and Atg7 knockdown 4T1 cells, knockdown of
GABARAP resulted in significant paxillin accumulation (Figure 3.8A). Furthermore,
GABARAP knockdown cells exhibited reduced migration and invasion in transwell assays
(Figure 3.8B). Thus, the phenotype of the GABARAP knockdown cells mimicked that of the
Atg5 and Atg7 knockdown cells. This could suggest that GABARAP is the binding partner of
paxillin responsible for its autophagic targeting and subsequent turnover. However, to date, we
have been unable to generate co-immunoprecipitation or co-immunofluorescence data supporting
such an interaction, potentially due in part to limitations on the available reagents for detecting
GABARAP. Alternatively, the ability of GABARAP knockdown to phenocopy knockdown of
Atg5 and Atg7 is consistent with reports that GABARAP is indispensable for autophagy®®, like
Atg5 and Atg7, and could suggest that inhibition of the autophagic process either during
phagophore elongation (i.e., Atg5 or Atg7 knockdown) or autophagosome maturation (i.e.,
GABARAP knockdown) is sufficient to block autophagic degradation of paxillin and cause

abnormalities in focal adhesion morphology and cell motility.
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Figure 3.5 Paxillin possesses a putative LC3-interating region (LIR) motif. (A) Alignment
of human paxillin residues 37-43 (last line) with the -3 to +4 residues of known tryptophan- (top)
and tyrosine-containing LIR motifs (bottom). LIR motifs contain the sequence
[W/F/Yxx[L/1/V]. (B) Alignment of residues 1-60 of paxillin in human, mouse, chicken, and
Xenopus containing the conserved putative LIR motif. (C) The putative paxillin LIR is located in
the N-terminal regulatory region between LD1 and LD2. Src phosphorylation sitesY31, Y40, and
Y118 are indicated.
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Figure 3.6 Expression of Atg8 family members in 4T1 cells. (A) Western blot for LC3B in
parental 4T1 cells in the presence or absence of BafAl. (B) Western blot for GABARAP,
GATEL6, LC3A, and GABARAPLL1 in parental 4T1 cells in the presence or absence of BafAl.

Figure 3.7 GABARAP accumulates at the periphery of 4T1 tumors. (A-C)
Immunohistochemical staining for GABARAP in three examples of 3-week-old 4T1 control
tumors expressing scrambled sShRNA demonstrates increased staining at the tumor periphery.

Scale bars are indicated.
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Figure 3.8 GABARAP knockdown results in paxillin accumulation and motility defects.
(A) Western blot for paxillin in control 4T1 cells (parental and scrambled shRNA) and two
different 4T1 clones stably expressing GABARAP in the presence or absence of BafAl. (B, C)
Quantification of the transwell migration (B) and invasion through collagen (C) of parental 4T1
cells and 4T1 cells stably expressing scramble control ShRNA, Atg5 shRNA, Atg7 shRNA, or

GABARAP shRNA. NS, not significant; **p<0.01; ***p<0.001.
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Conclusions
In this chapter, we have investigated the cause of the motility and focal adhesion defects
in autophagy-deficient 4T1 mammary cancer cells. Despite previous reports of a role for

p62/Sgstm1 in regulating EMT?%

, these changes do not appear to be the result of a global change
in an EMT phenotype. Instead, the elevated levels of paxillin observed in autophagy-deficient
cells and upon pharmacologic inhibition of autophagy in control cells suggest that failure to
autophagically degrade paxillin may underlie the phenotypes of Atg5 and Atg7 shRNA-
expressing cells. In support of this hypothesis, knockdown of paxillin levels in autophagy
deficient cells restores the focal adhesion and motility phenotype.

To determine the mechanism underlying autophagic degradation of paxillin, we first
tested the hypothesis that the ubiquitinated protein adaptors p62/Sgstm1 or Nbrl might promote
delivery of paxillin to the autophagosome. Knockdown of either protein in autophagy-deficient
cells, however, did not rescue paxillin levels or motility. Indeed, p62/Sqstm1 or Nbrl
knockdown had the opposite effect on paxillin levels — paxillin levels were actually slightly
decreased in the absence of these adaptors. The reason for this is unclear. One possibility is that
4T1 cells are undergoing high levels of autophagic flux such that the recognition of LC3B by
either cargo adaptors or direct interactions is rate-limiting in autophagic degradation. If this were
the case, it is possible that the knockdown of a commonly used cargo adaptor (like p62/Sgstm1
or Nbrl) would liberate more potential LC3B molecules for binding to other adaptors or directly
to proteins, thereby allowing increased autophagic degradation of paxillin and decreased paxillin
levels in these cells. However, this explanation remains speculative. It is equally possible that the

mechanism connecting knockdown of cargo adaptor levels with slight decreases in paxillin levels

is more indirect; p62/Sgstm1 or Nbrl may control the autophagic degradation of other proteins
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that somehow affect paxillin levels in an autophagy-independent manner. Nonetheless, it appears
that neither p62/Sqgstm1 nor Nbrl are directly involved in paxillin degradation, and as such, we
did not pursue the more tentative, indirect connection between these adaptors and paxillin. It is
important to note that we only tested the role of these two cargo adaptors; many other adaptors
are known to exist, and it is possible that another adaptor mediates the autophagic degradation of
paxillin either through direct binding or by facilitating the interaction.

The identification of a putative LIR in paxillin suggests that a direct interaction between
paxillin and an Atg8 family member, not an autophagy adaptor, is responsible for autophagic
degradation of paxillin. We determined that both GABARAP and LC3B are highly expressed in
4T1 cells, although it remains possible that the lack of detection of the other Atg8 family
members was due to issues with antibody detection. The ability of GABARAP knockdown to
phenocopy knockdown of Atg5 and Atg7 and, in particularly, the unique immunohistochemistry
staining pattern of GABARAP at the tumor periphery, suggested that GABARAP might be
directly responsible for paxillin binding. However, we have been unable to detect co-localization
of GABARAP and paxillin by immunofluoresence, and our co-immunoprecipitates have failed to
demonstrate an interaction. Whether this reflects the true biology or the limitations of
GABARAP -specific reagents, which are less developed than those for LC3B, remains unclear.
Future experiments should continue to test for a possible GABARAP /paxillin interaction using
the co-immunoprecipitation system described and successfully employed in Chapter 4. Although
the ability of paxillin to bind GABARAP cannot be established at this time, we can conclude that
inhibition of autophagy either upstream of PE conjugation of Atg8 by Atg5 or Atg7 or

downstream of phagophore elongation but upstream of phagophore closure by GABARAP is
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sufficient to induce paxillin accumulation and leads to impaired 4T1 tumor cell motility. In the

following chapter, we explored the possibility that LC3B is a direct binding partner of paxillin.
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CHAPTER 4
PAXILLIN INTERACTS WITH LC3B THROUGH AN LC3-INTERACTING REGION

MOTIF

Introduction

Autophagic can promote the bulk degradation of cytosol or the selective degradation of
organelles and proteins. During selective autophagy of proteins, proteins are targeted to the
autophagosome through cargo adaptors that recognize a molecular pattern on the protein (e.g.,
ubiquitin) or may directly bind to LC3/Atg8. Structurally, LC3/Atg8 proteins are referred to as
ubiquitin-like proteins and contain two domains; the C-terminal tail is covalently linked to the
membrane, whereas the N-terminal domain forms a -grasp fold responsible for protein-protein
ineractions®*®. Binding to LC3/Atg8 is mediated through a LIR motif in the target protein. LIR
motifs are defined by the core consensus sequence [W/F/Y]xx[L/1/V], where X represents any
amino acid’?. The +1 and +4 position are most critical for binding, and these residues in the
target protein become buried within two pockets within LC3/Atg8%**. Nearby acidic residues can
aid in the interaction by binding basic side chains adjacent to the LIR binding pockets’**.

There are several variations on the canonical WxxL LIR motif. For example, the aromatic
+1 position may be occupied by a tyrosine residue’®. Alternatively, LC3C is able to
accommodate non-aromatic residues in the +1 position in an alternative binding location®.
Noncontiguous three-dimensional LIR motifs have also been suggested®*. A structural study of

GABARAP with a 12-amino acid high-affinity peptide even revealed binding in an inverse

orientation to canonical LIR sequences, with a C-terminal tryptophan in the +6 position binding
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in the pocket usually occupied by the +1 aromatic residue; in this case, the +1 aromatic residue
docked in another pocket conserved among Atg8/LC3 family members®**. Finally,
phosphodependent LIRs have been reported to regulate interactions with Atg8/LC3%:243:90:246,

In Chapter 3, we described the identification of an evolutionarily conserved putative LIR
motif in paxillin. Given the high levels of LC3B expression in 4T1 cells, we hypothesized that
paxillin might bind LC3B directly to promote the autophagic targeting of paxillin. In this
chapter, we test this hypothesis through the generation of LC3B-knockdown cells as well as

through co-localization and co-immunoprecipitation experiments.

The Atg8 family member LC3B co-localizes with paxillin and is required for normal focal
adhesion morphology and cell motility in 4T1 cells

Given our failure in detecting an interaction between GABARAP and paxillin, we next
focused on LC3B, the best-studied of the Atg8 family member proteins. Live cell confocal
imaging was used to examine the localization of mApple-paxillin and EGFP-LC3B in 4T1 cells.
Within the cytosol, EGFP-LC3B exhibited punctate staining consistent with autophagosomes.
mApple-paxillin co-localized to these punctate cytosolic structures, indicating that paxillin
associates with autophagosomes in parental 4T1 cells (Figure 4.1A). Furthermore, when we
examined mApple-paxillin-positive focal adhesions in the cell periphery, we noted EGFP-LC3B
co-localization, demonstrating that autophagosomes co-localize to focal adhesions in autophagy-
competent cells, as has been reported previously (Figure 4.1B)**". This intimate interaction can
also be appreciated using three-dimensional reconstruction of live cell imaging, where EGFP-
LC3B autophagosomes can be observed surrounding and engulfing cytoplasmic and focal

adhesion-associated mApple-paxillin (Figure 4.1C, D).
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mApple-paxillin/GFP-LC3 mApple-paxillin/GFP-LC3

Figure 4.1 Paxillin co-localizes with LC3B at autophagosomes and focal adhesions. (A, B)
4T1 cells expressing mApple-paxillin and EGFP-LC3B were treated with BafA1, and live cells
were imaged by confocal microscopy. mApple-paxillin colocalizes with EGFP-LC3B (arrows) in
punctate cytosolic structures representing autophagosomes (A) and at focal adhesions (B). (C,D)
Three-dimensional reconstruction of 4T1 cells treated and imaged as in (A, B) demonstrating
colocalization (arrowheads) of mApple-paxillin (red) and EGFP-LC3B (green) at
autophagosomes (C) and focal adhesions (D). Data in panels A-D were generated in cooperation
with M. Sharifi.
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To further test the possibility that LC3B was responsible for the autophagic regulation of
paxillin levels, we generated 4T1 cells stably expressing LC3B shRNA (Figure 4.2A). Consistent
with a critical role for LC3B in determining paxillin levels, we observed increased total paxillin
levels in LC3B-knockdown 4T1 cells (Figure 4.2A). The levels of paxillin in these cells were
elevated relative to basal levels in control cells and were even higher than the paxillin levels
observed upon BafAl treatment of control cells. Furthermore, 4T1 cells stably expressing LC3B
shRNA exhibited altered focal adhesion morphology. Relative to scrambled control ShRNA-
expressing 4T1 cells, LC3B shRNA-expressing cells exhibited enlarged mature focal adhesions,
as evidenced by staining for both paxillin and the late focal adhesion marker zyxin; these focal
adhesions were also increased in number relative to control cells (Figure 4.2B). LC3B
knockdown cells also exhibited decreased migration and invasion through collagen in transwell
assays relative to parental and scrambled control ShRNA cells (Figure 4.2C, D). These findings,
which are similar to those observed for the Atg5, Atg7, and GABARAP knockdown lines, are
consistent with a role for LC3B in regulating paxillin levels and subsequent cell motility as a
necessary component of the autophagic machinery and, potentially, as a direct binding paxillin

binding partner.
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Figure 4.2 Knockdown of LC3B results in paxillin accumulation, abnormal focal adhesion

morphology, and motility defects. (A) Western blot for paxillin in control 4T1 cells (parental
and scrambled shRNA) and two different 4T1 clones stably expressing LC3B shRNA in the
presence or absence of BafAl.(B) Immunofluorescence for paxillin (red) and zyxin (green) to
visualize focal adhesions in 4T1 cells expressing scrambled or LC3B shRNA. (C, D)

Quantification of the transwell migration (C) and invasion through collagen (D) of parental 4T1

cells and 4T1 cells stably expressing scramble control ShRNA, Atg5 shRNA, Atg7 shRNA, or
LC3B shRNA. NS, not significant; **p<0.01; ***p<0.001. Data in panel B were collected in
cooperation with M. Sharifi.
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Paxillin directly binds LC3B

Having observed EGFP-LC3B/mApple-paxillin co-localization by live-cell imaging, we
tested for the ability of EGFP-LC3B to bind mApple-paxillin in co-immunoprecipitation
experiments. Pulldown of EGFP using agarose beads coupled to GFP-specific nanobodies in 4T1
cells transiently expressing EGFP and mApple-paxillin failed to co-immunoprecipitate mApple-
paxillin. However, GFP pulldown of EGFP-LC3B in 4T1 cells did successfully co-
immunoprecipitate mApple-paxillin, demonstrating that these two proteins interact within cells.
Furthermore, we detected endogenous paxillin in the co-immunoprecipitation as well, suggesting
that the binding is not merely the result of exogenous protein expression (Figure 4.3A). We
observed similar findings in B16.F10 cells, a murine melanoma cell line that exhibits a highly
malignant and metastatic phenotype similar to 4T1 cells (Figure 4.3B)*>?*®, Together, these
results indicate that paxillin binds LC3B in metastatic tumor cells, although the data cannot
distinguish between a direct and an indirect interaction.

We attempted to enrich the co-immunoprecipitation of EGFP-LC3B and mApple-paxillin
by transiently inhibiting autophagic flux by four-hour BafAl treatment, hypothesizing that a
temporary inhibition of autophagy would increase the amount of mApple-paxillin bound to
available EGFP-LC3B. However, we failed to observe enrichment of mApple-paxillin levels in
the co-immunoprecipitation (Figure 4.4). It is possible that in response to the exogenous
expression of high levels of EGFP-LC3B and mApple-paxillin, the cells were already
experiencing peak LC3B/paxillin binding, although our ability to further augment co-
immunoprecipitation in other experiments (see Chapter 5) suggests otherwise. Alternatively, it
may be that although transient autophagy inhibition is sufficient to cause paxillin accumulation

and, presumably, increased binding of endogenous LC3B/paxillin, inhibition of autophagy for
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longer than is possible with BafAl treatment may be required in the case of high levels of
exogenous EGPF-LC3B and mApple-paxillin.

To test for a direct interaction between paxillin and LC3B, we performed in vitro binding
assays. GST-trap agarose beads were incubated with either GST or GST-LC3B purified from E.
coli, following by incubation with myc/DDK-tagged paxillin purified from HEK293 cells; no
other proteins were present to participate in binding. Paxillin was successfully pulled down with
GST-LC3B but not GST, thereby demonstrating that LC3B is able to directly bind paxillin in the
absence of any adaptor protein (Figure 4.5). Together with our observation of co-localization and
co-immunoprecipitation of EGFP-LC3B and mApple-paxillin, these data demonstrate that LC3B
and paxillin are able to directly bind one another and that this binding has physiological

relevance.
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Figure 4.3 mApple-paxillin co-immunoprecipitates with EGFP-LC3B. (A, B) mApple-
paxillin and EGFP (lanes 1-2) or EGFP-LC3B (lanes 3-4) were co-expressed in parental 4T1 (A)
or B16.F10 cells (B). GFP pulldown was able to successfully co-immunoprecipitate mApple-
paxillin and endogenous paxillin (lane 4).
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Figure 4.4 Transient lysosomal inhibition does not enrich the association of mApple-
paxillin with EGFP-LC3B. 4T1 cells were transfected with mApple-paxillin and either EGFP
or EGFP-LC3B and were treated or not with BafA1l to inhibit lysosomal degradation. Cell
lysates were subjected to GFP pulldown, and western blots for GFP and paxillin were performed.

a-Pxn «o-GFP

72



Paxillin
GST-LC3B
GS

—

Pulldown

aPxn Ponceau

Figure 4.5 Paxillin binds directly to LC3B
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. In vitro binding assay of recombinant purified
paxillin with recombinant purified GST (lane 1) or GST-LC3B (lane 2). GST pulldown
demonstrates that pulldown of GST-LC3B but not GST is able to co-immunoprecipitate paxillin.
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The paxillin LIR is required for interaction with LC3B and subsequent motility

To determine whether the interaction of paxillin with LC3B requires the putative N-
terminal paxillin LIR motif, we generated a mutant version of mApple-paxillin in which the
critical tyrosine at the +1 position of the putative LIR was mutated to alanine (Y40A) as well as a
mutant in which positions +2 through +4 were mutated to alanine (QEI***). In order to minimize
the potential confounding effects of wildtype paxillin expression, we generated 4T1 cell lines
stably expressing paxillin shRNA, in which wildtype paxillin protein levels were nearly
undetectable (Figure 4.6A), and transiently expressed the mApple-paxillin mutants in these cells.
Both the Y40A and QEI*** mutants localized appropriated to focal adhesions, indicating than an
intact LIR is not required for trafficking of paxillin to focal adhesions (Figure 4.6B). However,
both mutants exhibited decreased co-localization with EGFP-LC3B by live-cell confocal
imaging in cytosolic autophagosomes (Figure 4.7A). This decreased colocalization was observed
with respect both to the percentage of cells exhibiting mApple-paxillin/EGFP-LC3B co-
localization as well as to the number of co-localization events observed per cell (Figure 4.7B, C).

Consistent with our microscopy observations, co-immunoprecipitation of mutant
mApple-paxillin with EGFP-LC3B was significantly blunted in 4T1 cells stably expressing
paxillin shRNA (Figure 4.8A). This effect was particularly evident for the Y40A mutant,
highlighting the critical importance of the aromatic +1 position. To test whether the putative
paxillin LIR motif is sufficient for binding to LC3B, we also generated a paxillin mutant in
which the C-terminal end of paxillin was deleted (Apaxillin), leaving only N-terminal LD1 and
LD2 domains with the intervening LIR motif. However, although we could detect this truncation
mutant in input samples, indicating that the truncation mutant is expressed at levels similar to

wildtype mApple-paxillin in paxillin knockdown cells, the mutant failed to co-
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immunoprecipitate with EGFP-LC3B (Figure 4.8B). It is possible that the interaction between
paxillin and LC3 is not restricted to the putative LIR motif and requires additional binding
interactions in the C-terminal region of paxillin. Alternatively, given that the four C-terminal
LIM domains of paxillin, particularly LIM3, are required for targeting paxillin to focal

adhesions!®1%

, it is possible that the failure of the Apaxillin mutant to localize to the focal
adhesions abrogated any potential interaction with the autophagic machinery.

Having confirmed the important of the putative LIR motif in the interaction of LC3B and
paxillin, we sought to determine its functional relevance. Paxillin knockdown 4T1 cells
transiently expressing either the Y40A or QEI*** mutants exhibited decreased transwell
migration and invasion (Figure 4.9). As in the co-immunoprecipitation assay, the Y40A mutant

exhibited a stronger phenotype than the QEI***

mutant. Combined with our microscopy and
immunoprecipitation investigations of the mutants, our data definitively confirm that the putative
paxillin LIR motif is required for the binding of paxillin to LC3B and that abrogation of this
motif impairs the functional motility of 4T1 tumor cells. Furthermore, our data is suggestive that

the Y40 residue at the +1 LIR position in particular is critical to the paxillin/LC3B interaction.
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Figure 4.6 mApple-paxillin mutants localize to focal adhesions in paxillin-knockdown cells.
(A) Western blot for paxillin in control 4T1 cells (parental and scrambled shRNA) and two
different 4T1 clones stably expressing paxillin ShRNA in the presence or absence of BafAl. (B)
4T1 cells stably expressing paxillin sShRNA were transiently transfected with wildtype mApple-
paxillin or the indicated mutants. Live cell confocal imaging was performed to demonstrate focal
adhesion localization of all paxillin mutants.
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Figure 4.7 mApple-paxillin LIR mutants exhibit decreased localization with EGFP-LC3B.
(A) Live cell confocal imaging of 4T1 paxillin knockdown cells expressing EGFP-LC3B (green)
with mApple-paxillin wildtype, Y40A or QEI*** (red). Colocalization events are indicated by
arrowheads; scale bar is indicated. (B, C) Quantification of colocalization of cells depicted in
(A). (B) %Cells with colocalization (**p<0.01): Mean £ SEM, n=2, 15-20
cells/condition/experiment. (C) Colocalization events per cell (***p<0.001): Mean = SEM,
n=30. Data in panels A-C were generated in cooperation with M. Sharifi.
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Figure 4.8 The paxillin LIR is necessary but not sufficient for co-immunoprecipitation of
mApple-paxillin with GFP-LC3B. (A) 4T1 paxillin knockdown cells were transfected with
EGFP or EGFP-LC3B and mApple-paxillin wildtype (WT), Y40A, or QEI*** and were subject
to GFP-pulldown to assess co-immunoprecipitation of mApple-paxillin. (B) 4T1 paxillin
knockdown cells were transfected with EGFP or EGFP-LC3B and either mApple-paxillin
wildtype (WT) or a truncation mutant (A) containing only the LD1-LD2 region. Pulldown was
performed as in (A).
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Figure 4.9 The paxillin LIR is required for cell motility. (A, B) Quantification of the
transwell migration (A) and invasion through collagen (B) of paxillin knockdown 4T1 cells
transfected with mApple-paxillin wildtype (WT), Y40A, or QEI***. NS, not significant;
*p<0.05; ***p<0.001.
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Conclusion

In this chapter, we have explored the possibility that LC3B binds paxillin to target it for
autophagic degradation. GFP-LC3B and mApple-paxillin co-localization was observed at both
autophagosomes and at focal adhesions in 4T1 cells. Furthermore, stable knockdown of LC3B
using shRNA reproduced the phenotype of autophagy-deficient cells with respect to increased
paxillin levels in cell lysates, the accumulation of enlarged focal adhesions, and impaired
migration and invasion in transwell assays. Furthermore, co-immunoprecipitation demonstrated
that GFP-LC3B could co-immunoprecipitate both mApple-paxillin as well as endogenous
paxillin in the two metastatic cell lines tested, 4T1 mammary carcinoma cells and B16.F10
melanoma cells. Our in vitro binding assay demonstrated that GST-LC3B and paxillin were able
to bind one another in the absence of any intermediary protein. Finally, we probed the
requirement of the putative paxillin LIR through the generation of paxillin LIR mutants and
demonstrated that mutation of the +1 tyrosine residue and, to a lesser extent, the +2 through +4
residues significantly decreased co-immunoprecipitation, decreased co-localization of paxillin at
autophagosomes, and impaired transwell migration and invasion.

Although we attempted to demonstrate an interaction between endogenous LC3B and
paxillin, we have been unable to do so either by co-localization or by co-immunoprecipitation. It
should be noted, however, that we did observe that GFP-LC3B was able to pull down some
endogenous paxillin in addition to mApple-paxillin. The failure to demonstrate an endogenous
interaction may reflect binding of the commercially available antibodies suitable for
immunoprecipitation to regions of either LC3B or paxillin that are involved in the interaction,
thereby occluding the binding site. Furthermore, within the literature, there is very little evidence

of direct protein-protein interactions of paxillin with its accepted binding partners; most require
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expression of exogenous tagged paxillin. It is important to remember that paxillin functions as a
scaffolding protein with many interaction partners, which could hamper the ability to detect any
one interaction using endogenous protein®®"%. The highly globular and hydrophobic nature of
paxillin may also explain the difficulty of an endogenous co-immunoprecipitation. Although the
ability to detect an endogenous interaction might suggest the possibility of an indirect
interaction, we have shown through GST pulldown of GST-LC3B and paxillin that paxillin can
bind LC3B directly in the absence of any other intermediaries. However, this finding does not
preclude the possibility that in vivo, an adaptor protein or other scaffold or chaperone might
facilitate the paxillin/LC3B interaction to promote strong binding.

We have demonstrated that an intact LIR motif is required for paxillin/LC3B co-
immunoprecipitation, co-localization, and functional outcomes. However, the finding that a
truncation mutant of paxillin lacking LD3-4 and the C-terminal LIM domains was not co-
immunoprecipitated with GFP-LC3B suggests that the proper localization of paxillin to focal
adhesions is required for its association with the autophagic machinery. The possibility that
regions other than the LIR (e.g., those located C-terminally and missing from the truncation
mutant) participate in paxillin/LC3B binding cannot be excluded.

Although the effect of the paxillin LIR point mutants was strong, some residual
association could still be detected in the Y40A and QEI** mutants by co-immunoprecipitation.
One possibility is that the trace levels of endogenous wildtype paxillin present in the paxillin
knockdown cells helped facilitate the co-immunoprecipitation of the mutants with GFP-LC3B. In
vitro binding assays of GST-LC3B with the paxillin LIR mutants would lend stronger support to

the implied necessity of the LIR in paxillin/LC3B binding. However, such mutants are not
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commercially available, unlike wildtype paxillin, and would require the development of protein
purification protocols for these paxillin mutants in mammalian cells.

Given that both the +1 and +4 positions are known to be critical anchors of LIR motif
binding, it is also possible that replacing both the +1 tyrosine and the +4 isoleucine, or indeed
mutating the entire YQEI motif, might be required to completely eliminate binding.
Alternatively, nearby residues up- or downstream of the LIR might also promote LIR binding, as
is the case in binding of p62/Sgstm1 to LC3B">?*°. However, while further mutational analyses
could shed light on additional residues important to the binding interaction, only a crystal or

NMR structure would be able to truly answer these questions.
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CHAPTER 5
ONCOGENIC SRC REGULATES THE INTERACTION OF PAXILLIN AND LC3B TO

PROMOTE AUTOPHAGY-DEPENDENT CELL MOTILITY

Introduction

Cellular motility requires polarization and cellular protrusion in the direction of
movement, actin polymerization, the formation of focal adhesions to serve as tractions sites,
cytoskeletal contractility, and focal adhesion disassembly*®°. Focal adhesion dynamics can be
regulated by a number of proteins, and some of these proteins have been implicated in human
cancers. Indeed, the cellular form of v-src, which was the first confirmed oncogene and was
identified as the transforming gene of the Rous Sarcoma virus®®, is a proto-oncogene that is
required for proper focal adhesion dynamics. Cells lacking c-Src, hereafter referred to as Src,
exhibit enlarged focal adhesions, impaired motility, and decreased spreading’®. Src is a non-
receptor tyrosine kinase, and its kinase activity is required for focal adhesion disassembly#¢%°,
In addition to its ability to modulate cell motility, Src kinase activity can alter cell cycle
progression, differentiation, survival, angiogenesis, and metastasis; these effects can vary
depending on the cell type and signaling upstream of Src?®-%*,

The ability of Src to have wide-ranging effects makes it unsurprising that Src has been
reported to be activated or overexpressed in more than 50% of colon, liver, lung, breast, and
pancreatic tumors®*. Src hyperactivation can be correlated with cancer cell proliferation and

ability to migrate and invade®?**. Although Src is not a primary driver of tumorigenesis,
y g

inhibition of Src may represent an important aspect of combinatorial cancer therapeutics®>.
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Several inhibitors of Src, most of which also target Abl kinase, are available; many are currently
in clinical trials. In solid tumors, these inhibitors, notably dasatinib, can suppress migration in

vitro and metastasis in vivo?*

. Although the majority of trials involving Src inhibitors are in the
early phases, many indicate that Src inhibition is insufficient as monotherapy®>®*°; however,
there is hope that the use of new biomarkers to identify appropriate patient populations or the use
of Src inhibitors in combination chemotherapies will produce clinical benefit?*?°*#%° T what
degree these effects reflect the ability of Src to regulate focal adhesion turnover or other
signaling effects is unknown.

In Chapter 4, we demonstrated that the focal adhesion protein paxillin can bind directly to
the autophagy protein LC3B. When cells are deficient for autophagy, they exhibit elevated
paxillin levels and impaired focal adhesion disassembly. In this chapter, we sought to explore
how autophagic targeting of paxillin might be regulated. Intriguingly, the focal adhesion
accumulation and disassembly defects observed in autophagy-deficient cells are similar to those
observed in Src-null or Src kinase-inactive cells™®*%° Furthermore, paxillin is a tyrosine

phosphorylation target of Src'®’. In this chapter, we explore the possibility that Src tyrosine

kinase activity regulates the interaction of paxillin with LC3B.

Src promotes the interaction of paxillin with LC3B

A tyrosine in the +1 position is less commonly found in LIR motifs than the canonical +1
tryptophan residue’®. In Chapter 4, we observed that the Y40A paxillin mutant exhibited a
stronger phenotype than the QEI** triple mutant. Intriguingly, the Y40 reside of paxillin is a
known phosphorylation target of Src tyrosine kinase, although its functional significance is not

well established (Figure 3.5)?*?%2, Furthermore, phosphorylation of residues within and around
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LIR motifs is a known method of regulating interactions with Atg8 proteins®”*?%®, Therefore,
we sought to determine whether Src activity could modulate the interaction of paxillin with
LC3B.

The expression of a constitutively active Src mutant, Src">*""

, in paxillin knockdown
4T1 cells strongly stimulated the co-immunoprecipitation of mApple-paxillin and EGFP-LC3B
(Figure 5.1A). The augmentation of co-immunoprecipitation was independent of mApple-
paxillin levels, as the expression of mApple-paxillin was consistent among the input samples,
and the presence of active Src had no effect on EGFP-LC3 levels. Similar results were observed
in B16.F10 cells (Figure 5.1B). Interestingly, both unphosphorylated and phosphorylated
paxillin, detected as an up-shifted band on the western blot, were observed in the co-
immunoprecipitation. It is possible that the phosphorylation of paxillin by Src increases binding
of LC3B to paxillin and thus increases recruitment of LC3B-decorated autophagosomes to focal
adhesions, further stimulating an interaction of available LC3B with non-phosphorylated paxillin
as well.

To test whether the ability of Src to stimulate the interaction of EGFP-LC3B and
mApple-paxillin is a result of Src kinase activity or whether Src acts to facilitate the interaction
by serving as an adaptor or through some non-kinase function, we treated transfected 4T1 cells
with PP2, a potent inhibitor of Src family tyrosine kinases®®, and performed pulldown

Y527TF rasulted

experiments as described previously (Figure 5.1C). As before, transfection with Src
in the appearance of an up-shifted phosphorylated paxillin band in input samples. Active Src had
no effect on GFP or GFP-LC3 levels, and no co-immunoprecipitation of mApple-paxillin with

GFP was observed in either the presence or absence of active Src. The inhibition of Src activity

by PP2 was confirmed by absence of the up-shifted phospho-paxillin band in input lanes from
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PP2-treated samples. In cells expressing only endogenous Src, PP2 treatment inhibited co-
immunoprecipitation of mApple-paxillin with EGFP-LC3B. Similarly, PP2 treatment inhibited
co-immunoprecipitation of mApple-paxillin in cells expressing active Src"?'. In these cells, the
level of mApple-paxillin co-immunoprecipitating with EGFP-LC3B approached the levels
observed in cells not expressing active Src, suggesting that the ability of Src to phosphorylate

paxillin was directly responsible for the augmentation in the paxillin/LC3B interaction.
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Figure 5.1 Oncogenic Src promotes the co-immunoprecipitation of mApple-paxillin with
EGFP-LC3B. (A, B) mApple-paxillin and EGFP or EGFP-LC3B were co-expressed in parental
4T1 (A) or B16.F10 cells (B) in the presence of absence of oncogenic Src¥>?’" transfection. Co-
immunoprecipitation of mApple-paxillin with GFP-LC3B was strongly stimulated in the
presence of oncogenic Src. (C) 4T1 cells were transfected with mApple-paxillin; EGFP or
EGFP-LC3B; and Src">?' or vector in the presence or absence of the Src kinase inhibitor PP2.
Lysates were subjected to GFP-pulldown to co-immunoprecipitate mApple-paxillin.
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The effects of Src on the paxillin/LC3B interaction require an intact LIR motif

Given that the expression of paxillin LIR mutants inhibits the interaction of mApple-
paxillin and EGFP-LC3 in immunoprecipitation experiments and our hypothesis that
phosphorylation of the Y40 residue in the +1 LIR position by Src promotes the association of
mApple-paxillin and EGFP-LC3B, we co-expressed the mApple-paxillin mutants with EGFP or
EGFP-LC3B and Src"?"F and performed co-immunoprecipitation experiments. As observed
previously, under basal conditions, the QEI*** mutant blunted the interaction with EGFP-LC3B,
whereas the Y40A mutant nearly completely abrogated the interaction (Figure 5.2). A similar
pattern was observed in the presence of active Src¥>?’"; the QEI** mutant exhibited moderately
reduced pulldown with LC3B relative to wildtype mApple-paxillin, and the Y40A mutant
exhibited a strong reduction in co-immunoprecipitation samples (Figure 5.2). Although the level
of co-immunoprecipitated mApple-paxillin QEI*** in the presence of active Src was higher than
the level of co-immunoprecipitated mApple-paxillin wildtype in the absence of active Src, the
level of co-immunoprecipitated mApple-paxillin Y40A was much more similar to the level of
wildtype mApple-paxillin pulled down with EGFP-LC3B in the absence of Src. These
immunoprecipitation experiments demonstrate that the LIR motif is critical for the Src-
stimulated interaction of LC3B and paxillin, both with respect to binding through the +2 through

+4 QEI residues and to the Src phosphorylation target Y40 in the +1 position.
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Figure 5.2 The effects of oncogenic Src on co-immunoprecipitation of EGFP-LC3B and
mApple-paxillin require an intact LIR motif. 4T1 paxillin knockdown cells were transfected
with GFP (lanes 1, 6) or EGFP-LC3B (lanes 2-5, 7-10); mApple-paxillin wildtype (lane 1, 2, 4,
6,7, 9), Y40A (lanes 3,6), or QEI*** (lanes 8, 10); and either oncogenic Src (lanes 4, 5, 9, 10) or
vector control (lanes 1-3, 6-8). mApple-paxillin was co-immunoprecipitated from cells by GFP
pulldown.
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The Src-stimulated interaction of mApple-paxillin and EGFP-LC3B is independent of the
canonical Src phosphorylation sites

As mentioned previously, the function of the Y40 Src phosphorylation site is not well
established; research has focused on the role of the two classical Src phosphorylation sites, Y31
and Y118'®". Therefore, we wondered whether the ability of Src to regulate the paxillin/LC3B
interaction involved either of these two residues in addition to Y40, as previously established.
We thus generated two additional mApple-paxillin mutants, including a mutant in which both
canonical tyrosine phosphorylation sites were mutated to alanine (Y31/Y118A) and a mutant in
which all three tyrosine sites were mutated to alanine (Y31/Y40/Y118A). As observed with our
earlier mApple-paxillin mutants, these mutants localized appropriately to focal adhesions (Figure
4.6). Although pulldown of both mApple-paxillin Y40A and the triple mutant by EGFP-LC3B
were strongly inhibited, we observed no change in the ability of the Y31/Y118A double mutant
to interact with EGFP-LC3B (Figure 5.3). Therefore, the effects of active Src on the
paxillin/LC3B interaction are not dependent on the canonical Y31 and Y118 Src phosphorylation

sites but do require the Y40 residue in the LIR motif.
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Figure 5.3 The Src-stimulated interaction between EGFP-LC3B and mApple-paxillin is
independent of the canonical Src phosphorylation sites. 4T1 paxillin knockdown cells were
transfected with EGFP and mApple-paxillin or EGFP-LC3B; mApple-paxillin wildtype, Y40A,
Y31/Y118A, or Y31/Y40/Y118A,; and oncogenic Src. mApple-paxillin was co-
immunoprecipitated by GFP-pulldown.
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Autophagic degradation of paxillin is required for Src-stimulated motility
To determine whether the Src-regulated interaction of paxillin and LC3B underlies to
motility defects of autophagy-deficient cells, we performed transwell migration and invasion

199

assays. Consistent with the known role of Src kinase in promoting cell motility™™, expression of

Y527F

Src strongly stimulated the transwell migration and invasion of 4T1 cells stably expressing

control scrambled shRNA (Figure 5.5A). However, strikingly, Src">*'

expression had absolutely
no effect on the migration or invasion of autophagy-deficient 4T1 cells (Figure 5.5A). These data
demonstrate that intact autophagy is required for Src-stimulated motility and are consistent with
our model that Src phosphorylation of the Y40 residue of paxillin promotes the paxillin/LC3B
interaction and subsequent paxillin degradation, focal adhesion turnover, and cell motility.

Finally, to confirm the functional relevance of the LIR motif to Src-stimulated motility,
we expressed the mApple-paxillin LIR mutants in 4T1 paxillin knockdown cells and subjected
the cells to transwell motility assays. In cells expressing wildtype mApple-paxillin, the

expression of Src">#"

caused a two-fold increase in cellular migration and invasion (Figure
5.5B). However, the effect of active Src on cells expressing mApple-paxillin Y40A or QEI***
was significantly blunted, and the difference in the migration and invasion of Src-stimulated
mApple-paxillin wildtype and LIR mutants was statistically significant (Figure 5.5B). These data
thus demonstrate that stimulation of the interaction between paxillin and LC3B by oncogenic Src

and the subsequent autophagic degradation of paxillin promote cellular motility in the metastatic

4T1 cell line.
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Figure 5.4 Src-stimulated cell motility requires intact autophagy and the paxillin LIR
motif. (A) Quantification of the transwell migration (right) and invasion through collagen (left)
of 4T1 scramble shRNA and Atg5 shRNA cells transfected with Src">?’F or empty vector. (B)
Quantification of Src">*"-stimulated fold change in the transwell migration (right) and invasion
through collagen (left) of 4T1 paxillin knockdown cells expressing with mApple-paxillin
wildtype (WT), Y40A, or QEI**. NS, not significant; *p<0.05; **p<0.01; ****p<0.0001.
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Conclusions

In this study, we have examined the mechanism underlying why autophagy-deficient
cells exhibit impaired metastasis in vivo and impaired motility and focal adhesion disassembly in
vitro. We have demonstrated that the aberrant elevation of paxillin in autophagy-deficient cells
underlies the focal adhesion accumulation and that paxillin is turned over by autophagy.
Autophagic targeting of autophagy is accomplished by direct binding of paxillin to LC3B
through a conserved N-terminal LIR motif (YQEI, residues 40-43) located in a region of paxillin
known to be important in signaling and regulation. Abrogation of the paxillin/LC3B interaction
through LIR mutations, particularly the Y40A mutant, produces the functional consequences of
decreased localization of autophagosome to focal adhesions and decreased cell migration and
invasion.

In this chapter, we have explored the oncogenic Src-mediated regulation of the
interaction of paxillin with LC3B. Our interest in Src was motivated by the observation that the
focal adhesion and motility phenotypes of the autophagy-deficient cells were similar to those
reported for Src-null or catalytically inactive Src'*>'*%°_ Furthermore, the Y40 residue of the
paxillin LIR motif has been demonstrated to be a Src phosphorylation site?®*?%?, Expression of
the constitutively active Src"*F in 4T1 or B16.F10 cells strongly promoted the ability of EGFP-
LC3B to co-immunoprecipitate mApple-paxillin. Furthermore, both the basal and Src¥>?""-
stimulated co-immunoprecipitation of mApple-paxillin could be inhibited by treatment with PP2,
a Src kinase inhibitor. The effects of Src, both with respect to co-immunoprecipitation and
cellular migration/invasion, were eliminated by mutation of the Y40 site within the paxillin LIR

motif, but mutation of the canonical Src tyrosine phosphorylation sites Y31/Y118 had no effect.
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These data led us to conclude that Src phosphorylation of the Y40 residue within the
paxillin LIR motif promotes the interaction of paxillin with LC3B and the subsequent autophagic
degradation of paxillin, focal adhesion turnover, and cell motility. However, although our data
are strongly suggestive, we have not directly demonstrated either the ability of Src to
phosphorylate Y40 or the direct effect of Src phosphorylation on paxillin/LC3B binding. This
would best be accomplished by in vitro binding assays complementing our demonstration of a
direct interaction of paxillin and GST-LC3B in Chapter 4. Incubation of recombinant paxillin
with (1) either catalytically active or catalytically inactive Src and (2) the appropriate ATP
levels, followed by additional incubation with GST-LC3B, would be required to directly
demonstrate that phosphorylated paxillin exhibits increased binding to LC3B.

Although our assays comparing the ability of GFP-LC3B to co-immunoprecipitate
mApple-tagged single (Y40A), double (YY31/118A), or triple (Y31/40/118A) demonstrate that
only the Y40 residue is required for the Src-stimulated pull-down of paxillin, we have not
eliminated the possibility that other potential tyrosine phosphorylation sites are involved. Indeed,
in addition to Y31, Y40, and Y118, paxillin Y76, Y88, Y182, Y377, and Y436 have been
identified as phosphorylation sites using mass spectrometry of immunoprecipitated FLAG- or
FLAG-GFP-tagged paxillin expressed in HEK cells®®2. Of these sites, only Y31, Y40, Y88, and
Y118 are predicted targets of Src by NetPhos 2.0 and Scansite?®?; these residues have all been
experimentally validated?®®>?%® Y182 is a predicted but not experimentally validated target of
EGFR and PDGFR?®, Therefore, it is possible that phosphorylation of any of these additional
residues may contribute either directly or indirectly to paxillin/LC3B binding.

Y527F

A novel finding of our study is the observation that Src -stimulated cell motility

required intact autophagy; Atg5-deficient 4T1 cells, in contrast to control cells, failed to migrate
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or invade in transwell assays irrespective of Src status. To the best of our knowledge, this is the
first report of a requirement for autophagy in response to oncogenic Src-mediated motility.
Whether this reflects a unique co-option of autophagy by highly metastatic 4T1 cells in response
to oncogenic Src signaling or a general cellular requirement is unclear. Src has been reported to
be degraded by autophagy through binding to c-Cbl, although only in the context of FAK
deficiency?”’. It is at this time not possible to distinguish between a requirement for autophagy in
Src-stimulated motility that is dependent on autophagic degradation of paxillin or one that is
dependent on autophagic degradation of Src. Future experiments should examine the effect of
genetic or pharmacologic autophagy inhibition on Src-stimulated motility in other cell systems,
including other highly metastatic lines like B16.F10, malignant but non-metastatic cells, and
non-tumorigenic cells.

The results of this study, in combination with previous work in the 4T1 model of
mammary metastasis, demonstrate that failure of paxillin degradation in autophagy-deficient
cells leads to impaired focal adhesion disassembly and cell migration in vitro that is consistent
with the observation of impaired metastasis in vivo. We have identified a previously unreported
LIR motif in the N-terminal region of paxillin. Targeting of paxillin to the autophagosome is
mediated through direct binding of paxillin to LC3B through this LIR motif. This interaction can
be regulated by oncogenic Src on the Y40 residue of the LIR motif with function consequences.
Finally, in this system, the motility-promoting effects of oncogenic Src require intact autophagy,
highlighting the potentially critical role of autophagy in Src-stimulated focal adhesion turnover

and resultant cell migration.
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CHAPTER 6

DISCUSSION

Summary and significance

Although the role of autophagy in primary tumor growth is generally held to be tumor
suppressive prior to malignant transformation and tumor-promoting after the establishment of the
primary tumor, autophagy’s role in metastasis is less well characterized. However, clinical data
suggest that metastases may exhibit increased autophagic flux relative to primary tumors***2%%-
204 Furthermore, in vitro and in vivo experiments have implicated a role for autophagy in
overcoming several challenges that metastasizing cells face, including EMT, anoikis, and CSC
maintenance (Chapter 1). As autophagy may ultimately been viewed as an adaptive (or, in the
case of certain pathologies, maladaptive) response to stress, there has been increasing interest in
the role of autophagy during all stages of the metastatic cascade.

One of the challenges in answering this question lies in untangling the role of autophagy
in the primary tumor from its role in metastatic cells and metastatic outgrowth. As has become
abundantly clear over the past decade, the role of autophagy in cancer is highly context-
dependent, and eliminating confounding variables can greatly aid in the interpretation of results.
In our study of autophagy, we made use of the 4T1 murine model of metastatic breast cancer.
Unlike many other reports, the inhibition of autophagy in these cells has no effect on primary
tumor growth; furthermore, autophagy-deficient 4T1 cells are able to effectively colonize the
lung when injected directly into the circulation. The inability of autophagy inhibition to alter

these phenotypes may be related to the highly aggressive nature of 4T1 cells, which exhibit rapid
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proliferation both in vitro and in vivo. However, 4T1 cells do exhibit impaired metastasis from
the primary tumor and exhibit impaired motility and defects in focal adhesion disassembly. Thus,
this model is ideally suited to studying the role of autophagy in metastasis in an isolated fashion
independent of the canonical effects of autophagy as a cellular response to stress.

We determined that the accumulation of focal adhesions in autophagy-deficient cells was
accompanied by an accumulation of paxillin, and that restoration of paxillin levels reversed the
motility phenotype of autophagy-deficient cells. Inhibition of autophagy either upstream of
Atg8/LC3 conjugation (i.e., knockdown of Atg5 or Atg7) or downstream of conjugation during
phagophore closure (i.e., knockdown of GABARAP) produced similar phenotypes. The
autophagic degradation of paxillin was not due to the p62/Sgstm1 or Nbrl adaptors (Chapter 3).
The presence of a putative LIR motif in paxillin led us to explore a role for LC3B in binding
paxillin directly. Indeed, paxillin binds GST-LC3B directly in vitro, and GFP-LC3B and
mApple-paxillin were co-immunoprecipitated from cells. Mutation of the LIR motif inhibited co-
immunoprecipitation, co-localization, and cell motility, validating the sequence as a bona fide
LIR motif (Chapter 4). Paxillin’s role in focal adhesions is not merely structural but also reflects
its presence as a signaling hub. We noted that the paxillin LIR contained an experimentally
validated but uncharacterized tyrosine phosphorylation site that is a target of Src, one of the
modulators of paxillin and focal adhesion turnover. Expression of oncogenic Src strongly
promoted the paxillin/LC3B co-immunoprecipitation in a manner dependent on an intact LIR
motif and intact autophagy (Chapter 5).

The work presented in this thesis has led to the generation of a model explaining the role
of autophagy in highly metastatic cells (Figure 6.1). In this proposed model, oncogenic Src

promotes the direct binding of the paxillin LIR motif with LC3B-I1. Paxillin is thus targeted to
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the autophagosome and degraded, promoting the disassembly of focal adhesions and cellular
motility. Under this model, inhibition of autophagy results in the accumulation of paxillin,
abrogates the motility-promoting effects of Src, and causes impaired focal adhesion disassembly,
thereby leading to the inhibition of cellular migration and invasion in vitro and the inhibition of
metastasis in vivo.

This work is the first demonstrating direct binding between LC3B and paxillin as a means
of targeted autophagic degradation of paxillin. Furthermore, the necessity of intact autophagy in
oncogene Src-stimulated migration and invasion has never before been reported. Finally, this
work adds to the growing recognition that post-translational modifications in or around LIR

motifs can regulate binding to Atg8/LC3.

98



Autophagy

Focal adhesion
disassembly

Figure 6.1 Proposed model of the requirement for autophagy in focal adhesion
disassembly. Autophagy is required in the early stages of the metastatic cascade in highly
metastatic cells. SRC promotes the interaction of the focal adhesion protein paxillin with LC3B
through paxillin’s LC3 interacting region (LIR) motif. Paxillin is subsequently degraded by
autophagy, thereby promoting focal adhesion disassembly and subsequent cell motility and
cancer cell metastasis.
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Does autophagy directly participate in focal adhesion disassembly?

Focal adhesions represent the link between the intracellular cytoskeleton and the ECM.
As cells migrate, focal adhesions are formed towards the leading edge and as used as sites of
traction for the cytoskeleton to pull the cell along the ECM. Disassembly of focal adhesions at
the rear of the cell and release from the ECM is necessary for the next forward wave of cell
migration. Although the assembly of focal adhesions has been well-studied, the signaling
involved in focal adhesion disassembly is less well characterized; focal adhesion disassembly is
not merely the reversal of focal adhesion formation, which is largely dependent on Rho family
GTPases and integrin engagement. FAK, Src, p130CAS, paxillin, ERK, and myosin light-chain
kinase (MLCK) are known to be important for focal adhesion turnover in cell protrusions.
Microtubules also play a role in stimulating disassembly through clathrin-mediated endocytosis
of focal adhesion integrins, which requires the catalytic activity of FAK and Src and the
guanosine 5’-triphosphatase dynamin?®"2%°.

In this thesis, we have demonstrated that paxillin is degraded by the autophagosome, to
which it is targeted by interaction with LC3B (Chapter 4). Another group has also reported the
presence of LC3B and Atg7, which is involved in the two conjugation reactions required for
phagophore elongation, at focal adhesions®. The observation of Atg7 at focal adhesions may
suggest that elongating phagophores are directed to and form around focal adhesions; thus,
autophagy may be responsible for the degradation of multiple focal adhesion proteins. Indeed,
Src is targeted for autophagic degradation by c-Cbl in FAK-null or detached cells in a manner
requiring Src kinase activity®. Past work in our lab has identified co-localization of dsRed-zyxin
with GFP-LC3B as well as increases in the levels of zyxin and vinculin, two focal adhesion

proteins, in autophagy-deficient cells, although the phenotype is not as striking as the paxillin
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accumulation. Recently, Kenific et al reported that in HRas"**-transformed MCF10a cells,
inhibition of autophagy impaired focal adhesion assembly and disassembly. The authors
attributed this phenotype to Nbrl and suggested that Nbrl acts as a cargo adaptor for delivery of
several focal adhesion proteins to the autophagosome?*. Thus, there are reports of autophagic
degradation of several focal adhesion proteins, and the ability of autophagosomes to engulf and
degrade large protein complexes makes autophagic degradation of focal adhesions an attractive
hypothesis. However, it will be necessary to further assess the levels of other focal adhesion
proteins in our 4T1 model to further substantiate this claim. Confirmation would beg the
question whether other focal adhesion proteins are degraded because they also bind LC3B or an
adaptor or whether they are degraded by autophagy indirectly by virtue of their association with
paxillin and paxillin’s association with the autophagosome. Measuring the levels of these focal
adhesion-associated proteins in cells expressing paxillin LIR mutants could clarify this point.

An alternative hypothesis to the engulfment of paxillin by autophagosomes at focal
adhesions is the autophagic degradation of non-focal adhesion-associated paxillin. Given the
scaffolding function of paxillin and its numerous binding partners, dissociation of paxillin from
the focal adhesion might be required for its LC3B binding site to be accessible. Under this
model, autophagy would directly degrade only paxillin, thereby siphoning it away from focal
adhesions and promoting focal adhesion disassembly. Indeed, our observation that sSiRNA-
mediated knockdown of paxillin in autophagy-deficient cells rescues the focal adhesion
phenotype is consistent with this hypothesis (Chapter 3). However, we have also shown that a
paxillin truncation mutant containing only the N-terminal LD1-LD2 domains (including the LIR
motif) but not the LIM domains implicated in focal adhesion association fails to co-

immunoprecipitate with GFP-LC3B. This could indicate that localization of paxillin at the focal
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adhesion is critical to its autophagic degradation, possibly because of additional interactions
between autophagosomes and other focal adhesion proteins. Thus, whether autophagic
degradation of paxillin represents a unique method of regulation in metastatic 4T1 cells or a
general requirement for autophagy in the degradation of focal adhesion proteins remains to be

determined.

By what mechanism does Src activity modulate paxillin degradation?
Based on our observations that the focal adhesion accumulation and impaired motility in
autophagy-deficiency in 4T1 cells was similar to the phenotype reported in cells null for Src or

195,198,199

expressing catalytically inactive Src as well as our observation that the Y40 residue

within the paxillin LIR is a known Src phosphorylation target*®!%%2

, We investigated a role for
Src in mediating the interaction between paxillin and LC3B. Indeed, oncogenic Src promoted the
interaction of mApple-paxillin and GFP-LC3B, and mutation of the Y40 residue but not the
canonical Src tyrosine phosphorylation sites Y31 and Y118 abrogated this interaction (Chapter
5).

There have been previous reports of phospho-dependent regulation of Atg8/LC3
interactions. The autophagy adaptor OPTN is phosphorylated on the -1 serine relative to the LIR
motif by TBK1 to promote binding to LC3 and subsequent autophagic clearance of cytosolic
Salmonella enterica bacteria®™. Similarly, binding of Bnip3, a mitochondrial protein that acts as a
cargo adaptor for autophagic degradation of mitochondria, to LC3B and GATE-16 is promoted
by phosphorylation of the serine residues located in the -1 and +7 positions relative to the LIR

sequence. This phosphorylation-promoted binding stimulates pro-survival mitophagy

downstream of Bcl-x.%®. In both of these cases, phosphorylation of sites surrounding the LIR

102



promotes Atg8/LC3 binding. However, there has also been a report of binding regulated by
phosphorylation within the LIR motif. Like paxillin, the integral mitochondrial outer membrane
protein FUNDC1 possesses a tyrosine residue in its +1 LIR motif position. Under basal
conditions, the residue is phosphorylated by Src, but upon hypoxia exposure, the +1 residue is
dephosphorylated, promoting interaction with LC3 and subsequent mitophagy®’. Thus,
phosphorylation of residues in and around LIR motifs is an established strategy to regulation
Atg8/LC3 interactions.

Although our data due strongly support a role for oncogenic Src in regulating the
interaction of paxillin and LC3B, we have not directly demonstrated that Src catalytic activity is
required. An in vitro binding assay demonstrating increased binding of GST-LC3B and paxillin
in the presence of active Src relative to the binding in the presence of catalytically inactive Src
would confirm that Src kinase activity is the driving force behind increased binding. The
demonstration that neither active nor inactive Src promote binding would suggest that Src
phosphorylation of targets other than paxillin indirectly promotes the binding of paxillin with
LC3B, possibly by destabilizing the interaction of paxillin with other binding partners to free
paxillin for binding to LC3B.

Phosphorylation of paxillin on Y31 and Y118 is well-established to be important for
cellular migration. However, we have demonstrated that these two Src phosphorylation sites are
not required for paxillin/LC3B binding (Chapter 5). In contrast, the Y40 site is required for
binding. This suggests two competing hypotheses for Src regulation of the paxillin/LC3B
interaction. First, Src phosphorylation of the Y40 residue within the LIR motif may promote
binding. Alternatively, Src phosphorylation of another uncharacterized tyrosine residue, like the

experimentally validated Y88%" or the identified but uncharacterized Y76, Y182, Y377, or
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Y4362°2, may be indirectly responsible for the paxillin/LC3B interaction. Under this model,
mutation of the Y40 residue would abrogate binding to LC3B irrespective of Src status simply
because it disrupts the LIR motif, not because it is a Src phosphorylation target.

The first hypothesis is made somewhat less likely in light of the fact that in the case of
FUNDC1, Src-stimulated tyrosine phosphorylation in the +1 position is destabilizing®”.
Furthermore, the +1 LIR position typically occupies a highly conserved hydrophobic binding
pocket on Atg8/LC3; the addition of a highly negatively charged phosphate group would
therefore be predicted to inhibit, not promote, binding. However, Atg8/LC3 binding of tyrosine-
containing LIR-motifs is less well characterized than tryptophan-containing motifs. It is possible
that positively charged residues or ions located near the phosphotyrosine in three-dimensional
space might somehow stabilize the negative charge. Alternatively, perhaps the phosphotyrosine
does not occupy the canonical hydrophobic pocket, as has been reported in a phage-display study
involving GABARAP-binding peptides in which a peptide was observed to bind in an inverse
orientation relative to the canonical LIR sequence®”. Interestingly, our attempts to generate a
phosphomimetic LIR using a Y40E substitution were unsuccessful because the mutant was very
unstable when expressed in 4T1 cells, consistent with increased autophagic degradation of pY40.

Future experiments should focus on the generation of mutants of the other potential Src
phosphorylation sites within paxillin. Tyrosine 377 and 436 are located in the C-terminal region
of paxillin between LIM1 and LIM2 and between LIM2 and LIM3, respectively. As this is the
region generally believed to be involved in localization to the focal adhesions but less implicated
in regulation or signaling interactions, these are less likely to be involved in Src-regulated
autophagic targeting of paxillin. Of the N-terminally located sites, Y76, Y88, and Y182, Y88 is

particularly interesting. Src phosphorylation of Y88 has been experimentally validated®®*,
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whereas the other two sites are not predicted Src targets®®”. Furthermore, its close proximity to
the LIR motif may suggest that it could act as a distal site promoting binding directly or could
destabilize interactions between paxillin and other proteins in this region to make the LIR motif
available for LC3B binding. Finally, among the four experimentally validated Src
phosphorylation sites (Y31, Y40, Y88, and Y188), Y88 is believed to be the strongest
contributor to the retarded electrophoretic mobility characteristics of tyrosine-phosphorylated
paxillin; mutation of this site eliminates the heterogeneous electrophoretic mobility of
phosphorylated wildtype paxillin and results in a tight down-shifted band®*. Interestingly, our
co-immunoprecipitations indicated that oncogenic Src stimulated binding of LC3B with the up-
shifted paxillin band with retarded electrophoretic mobility (Chapter 5), suggesting that perhaps
Y88 phosphorylation is a strong contributor to the binding interaction. Using co-
immunoprecipitation experiments involving a variety of paxillin tyrosine mutants, it will be
possible to identify which sites are involved in Src-stimulated phosphorylation. Subsequently,
these mutants can be used in in vitro binding assays in the presence and absence of active Src to
determine whether they affect binding directly (i.e., active Src stimulates in vitro binding of
GST-LC3B to wildtype but not Tyr-mutant paxillin) or whether they affect binding indirectly
(i.e., Tyr-mutant paxillin has no effect on in vitro binding to GST-LC3B). These series of
experiments will open avenues to further characterize other players involved in the regulation of
paxillin/LC3B binding and may shed light on whether autophagosomes are targeted to focal

adhesion-associated paxillin or to free paxillin.
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What is the role of autophagy in cell motility?

Our discovery that autophagy can promote cell migration and invasion through focal
adhesion disassembly downstream of autophagic degradation adds to a growing body of work
implicating autophagy and the Atg proteins in cell motility. As discussed in Chapter 1,
autophagy has been implicated in migration, invasion, and metastasis in cancer cells.
Interestingly, a systems biology analysis linked overexpression of 108 “autophagy prime genes”,
which include autophagy-related genes determined to be most critical for the functional aspects
of autophagy regulation and execution, to cells from the germinal center, neuronal cells, and
macrophages, all cells in which cellular motility represents a critical function, potentially
suggesting that the role of autophagy in cell motility is a physiologic or developmental one that
is co-opted by cancer cells®™.

Our findings are not the first to link autophagy and paxillin. In Drosophila, genetic
studies identified a connection between Atgl/UIk1 and paxillin, and in vitro assays confirmed
that Atgl could phosphorylate paxillin. Upon nutrient deprivation of mouse embryonic
fibroblasts (MEFs), paxillin was redistributed from focal adhesions, and cells deficient in paxillin
exhibited defects in autophagosome formation®*. However, we did not observe any changes in
autophagy in paxillin-deficient cells, which may be a reflection of differences in normal versus
cancerous cells. However, these findings and our own indicate that autophagy may regulate
paxillin at multiple levels.

A very recent paper confirms our findings that autophagy promotes focal adhesion
disassembly and also suggests that it may promote focal adhesion assembly as well; however, the
group linked regulation of focal adhesion dynamics to the selective autophagy cargo receptor

Nbr1?*%, In our system, Nbrl has no effect on either cell motility or paxillin levels (Chapter 3),
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possibly due to the cell systems used; here, we employed metastatic 4T1 and B16.F10 cells,

whereas the aforementioned paper employed HRas"'*2

-transformed MCF10a cells. Nonetheless,
taken together, our and others’ work suggests a conserved role for autophagy in cell motility
through focal adhesion regulation.

Although we did not observe any changes in FAK phosphorylation status or levels in our
system (data not shown), FAK has also been linked to autophagy. Indeed, FIP200, a member of
the Ulk1 complex regulating autophagosome formation, was originally identified as an inhibitor
of FAK leading to decreased cell spreading, decreased migration, and inhibition of cell cycle
progression®’*. FIP200 activity lies downstream of starvation-induced AMPK-dependent
activation of the ULK1 complex, and release of FAK from FIP200-mediated inhibition can
enhance cellular invasion and metastatic dissemination in mouse models and is correlated with

272

shortened overall survival in patients®“. Given that FAK, like Src, is also implicated in focal

adhesion disassembly*?¢19.267

, these findings may suggest a method by which the upstream
autophagy machinery can help coordinate downstream focal adhesion disassembly.

There have been several reports linking autophagy or Atg proteins with the Rho family of
GTPases and cytoskeletal dynamics, which largely function in the earlier stages of cell migration
at the leading edge. Autophagy has been shown to inactive Racl, which promotes lamellipodia
formation, in favor of Rab7 activation and subsequent stimulation of autophagosome-lysosomal
fusion®”. In Drosophila, autophagy is required for cell spreading and the production of Rho1-
induced cell protrusions, and loss of autophagy impairs the ability of hemocytes to migration to
epidermal wounds®”*. The observation that cellular spreading was depending on the Drosophila
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homolog of p62 suggested a role for selective autophagy in this process®"". Consistent with this

finding, p62/Sgstm1 was reported to target active RhoA, the mammalian homolog of Drosophila
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Rho1, to the autophagosome; failure of autophagy led to impaired cytokinesis and aneuploidy?®".

Autophagy has also been implicated in cytoskeleton regulation downstream of Rho. Using an
SiRNA screen for genes that modulate autophagy, Chan et al identified Rho-associated kinase 1
(ROCK1), a downstream effector of Rho that regulates migration and cytoskeletal dynamics, as a
regulator of starvation-induced but not basal autophagy?’®. Inhibition of ROCK1 elevated
autophagic flux and led to the accumulation of enlarged early autophagosomes, leading the
authors to speculate that ROCKZ1 inhibition controls autophagosome size by extending the
phagophore elongation stage through increased association of the Ulk1 complex with
autophagosmes?”’. Interestingly, another group reported that activation of ROCK1 under
metabolic stress promoted autophagy by binding and phosphorylating Beclinl at Thr199. This
phosphorylation resulted in dissociation of Bcl-2 from Beclinl without affecting
UVRAG/Beclinl interactions to promote autophagy®’®. Finally, a Rho GTPase module has been
identified within an autophagy-centered gene interaction network, and Cdc42 was
experimentally validated as a protein that fine-tunes autophagic responses to environmental
conditions®’®.

Autophagy has also been implicated in ECM-related aspects of cell motility. Inhibition of
autophagy through Beclinl knockdown has been shown to inhibit collagen degradation,
suggesting that autophagy may play a role in intracellular degradation of ECM components?”°.
Furthermore, autophagy has been implicated in degradation of B1 integrin. Inhibition of
autophagy in MEFs can slow lysosomal degradation of internalized integrins to promote integrin
membrane recycling and thereby increase cell migration®®.

Thus, autophagy has been implicated at nearly every stage of cell migration, from

interactions with the Rho GTPase family to focal adhesions to ECM regulation. Whether the Src-

108



regulated autophagic degradation of paxillin represents a generalized characteristic of non-
neoplastic cells or a unique adaptation of highly metastatic cells like the 4T1 and B16.F10 cells
investigated in this study remains to be determined. Paxillin degradation has been shown to be
required for focal adhesion turnover and mesodermal cell motility during Xenopus
gastrulation®®, and in mice, paxillin is required for proper development of mesodermally derived
structures®’. Furthermore, paxillin phosphotyrosine levels are related to developmental stage in
both chicken and rat?®?. However, as both Atg5-null and Atg7-null embryos survive until
birth?®*# autophagic degradation of paxillin does not seem to be a requirement during
mammalian morphogenesis. Nonetheless, autophagy may play a post-developmental role in the
motility associated with wound healing or migratory immune cells. Indeed, autophagy may
represent a key regulatory node allowing cells to respond to extracellular conditions or internal
conditions by balancing cell movement to areas of greater nutrient concentrations or metastatic
niches with motility arrest and either pro-survival autophagy or cellular death. Future work
exploring autophagy in the context of either physiological or pathologic cell migration will likely

reveal many more connections between autophagy and cell motility.

What is the clinical feasibility of autophagy therapy?

Both repression and stimulation of autophagy have been suggested as therapeutic
approaches to cancer. Excessive autophagy could impede cell recovery and survival, thereby
promoting autophagic cell death. This may represent a particularly useful approach in cancer
cells defective for apoptosis. Alternatively, inhibition of autophagy may prevent its use as a
survival mechanism that allows tumors to combat stress or its utility in specific processes like

cell motility. Whether autophagy is acting largely as a pro-death mechanism or a pro-survival
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mechanism will vary by tumor type and stage. Of course, it is also important to consider the
effects of autophagy therapies on non-cancer cells. For example, given that autophagy is
believed to be tumor suppressive early in cancer progression, systemic inhibition of autophagy
may predispose patients to the development of new lesions even as their original tumor is treated
effectively.

Many of the currently available chemotherapy compounds result in autophagy
induction®%*". For example, mTOR inhibitors are attractive candidates to inhibit the
PI3K/Akt/mTOR pathway, which is deregulated in many cancers, but inhibition of mTOR may
stimulate pro-survival autophagy. The fact that so many different classes of chemotherapeutic
agents (e.g., proteasome inhibitors, tyrosine kinase inhibitors, HDAC inhibitors, monoclonal
antibodies, etc.) induce autophagy could suggest that autophagy may represent a generalized
escape mechanism from chemotherapy. In contrast, relative few inhibitors of autophagy are
currently available. Most of these agents, like chloroquine and hydroxychloroquine, target acidic
compartments and can affect both autophagy and generate lysosomal activity. Thus, they may
have significant non-autophagic and non-tumor effects. Indeed, it is not clear whether the in vitro
effects observed in response to these agents will be relevant at the concentrations used clinically
or within a systemic context. Furthermore, under certain conditions, autophagy inhibitors may
become autophagy inducers. For example, chloroquine has been shown to stimulate autophagy
and lysosomal biogenesis downstream of upregulation of the TFEB transcription factor*, and
compounds that inhibit class I and class 111 PI3Ks can be either autophagy-inhibiting or
autophagy-promoting at different concentrations?®®,

As has become a general theme in cancer therapeutics, combination therapies may be

necessary. Autophagy inhibitors are being combined with established cancer therapies, many of
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which induce autophagy, in a number of ongoing phase 1 trials?®’. The combination of autophagy
inhibitors with radiotherapy is also an attractive option?®®. However, with combination
treatments, the choice of autophagy inhibitor may be of critical importance. There have been
several reports of different autophagy inhibitors having opposing effects when combined with
the same chemotherapeutic agent?®*#*’. Some authors have suggested that this may reflect
differences in targeting both macroautophagy and chaperone-mediated autophagy using late-
stage autophagy inhibitors (e.g., chloroquine) and in targeting only macroautophagy using early-
stage autophagy inhibitors (e.g., 3-methyladenine).

Does autophagy inhibition represent a viable chemotherapeutic target? Although there is
significant excitement and ongoing clinical trials modulating autophagy in the therapeutic
setting, it seems that our understanding of autophagy is as-of-yet insufficient to answer that
question. Our findings here that autophagy promotes migration and invasion could imply that
autophagy inhibition may prevent clinical metastasis; however, given that these events occur at
the initial and non-rate-limiting steps of the metastatic cascade, this type of therapy may be of
limited utility in patients with advanced disease. Furthermore, it remains to be determined
whether systemic autophagy inhibition, either in hopes of preventing metastasis or halting
primary tumor growth, will negatively affect other motile cell types, including immune cells. We
have yet to understand precisely when and where autophagy is pro- versus anti-tumorigenic, and

targeting autophagy pharmacologically has revealed unanticipated complications.

What is the future of autophagy research?
Klionsky reported that in 2000, someone suggested to him, “Autophagy will be the wave

of the future*. Indeed, from its humble beginnings as a description of new electron microscopy
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findings, autophagy is now widely recognized to affect fields as diverse as developmental
biology, microbiology, metabolism, immunology, neurology, aging, and cancer. Our molecular
understanding of autophagy is relatively new; the first autophagy-related gene, ATG1, was
cloned less than twenty years ago™®. Since that time, the number of autophagy publications in
PubMed has grown almost exponentially™®. The number of Atg genes now exceeds thirty,
whereas the genes involved in the human autophagy interaction network number 122227,
Within the field of cancer research, we have come to appreciate that the term autophagy
refers to a very general phenomenology that can manifest in highly unique manners under
different conditions. Although the general consensus is that autophagy is initially tumor-
suppressive but eventually becomes tumor-promoting, there are certainly exceptions to the rule.
With respect to metastasis, most studies support a tumor-promoting role. The work presented in
this thesis describes a specific role for autophagy in focal adhesion disassembly and subsequent
cell motility and tumor cell metastasis. In metastatic tumor cells, the focal adhesion protein
paxillin binds to LC3B in a Src-regulated manner to target paxillin for autophagic degradation.
The initial enthusiasm of the field and the clinical potential of autophagy has mellowed
somewhat as we have begun to appreciate that we cannot easily predict what effect autophagy
will have in which contexts or, indeed, in what direction our manipulations will modulate it.
Future research must focus on clarifying what factors regulate the outcomes of autophagy
induction and on identifying which autophagy-regulated processes are common among all cell
types, which are specific to malignant cells, and which are specific to select tumor types. Given
autophagy’s many roles, it is likely that clinical inhibition or induction of autophagy will require
tissue- or tumor-specific targeting to avoid unintended effects. For example, acute system

inhibition of autophagy has been shown to cause neurodegeneration and premature death as well

112



as overwhelming starvation-induced liver, muscle, and brain damage upon fasting, suggesting
that systemic autophagy therapy may have many unintended side effects®*. Furthermore,
specific autophagy inhibitors or inducers that do not have broad effects (e.g., effecting all PI3K
signaling or all acidic compartments) are urgently needed. Combination of autophagy regulators
with other chemotherapies may be needed to achieve optimal therapeutic success.

Despite these challenges, the field of autophagy research marches on. Whether the next
twenty years will reveal as many adjustments to our current model of autophagy in cancer as the
past twenty years have remains to be seen. However, when it comes to autophagy, the old adage

is certainly true: “The more we learn, the more we realize how little we know.”
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APPENDIX:
THE ROLE OF AUTOPHAGY IN TUMOR PROGRESSION IN A MOUSE MODEL OF

CARCINOGEN-INDUCED HEAD AND NECK SQUAMOUS CELL CARCINOMA
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CHAPTER A1l

INTRODUCTION

Head and neck cancer: Pathogenesis and clinical course

Head and neck squamous cell cancer (HNSCC) is the sixth most common cancer
worldwide and typically arises in the oral cavity, although tumors may also be found in the
oropharynx, nasal cavity, paranasal sinuses, larynx, and hypopharynx®*-***. The most important
risk factors of HNSCC include tobacco use and alcohol consumption, which exert a synergistic
effect, as well as infection with high-risk types of human papillomavirus (HPV)***2**, Indeed,
Llewellyn et al have estimated that the risk of oral and pharyngeal cancer in adults under the age
of 46 is increased 20-fold for chain smokers, 5-fold for heavy drinkers, and nearly 50-fold for

295

individuals exhibiting both risk factors™. Although the five-year survival rate of HNSCC

patients diagnosed in the earlier stages is 80%, approximately two-thirds of patients are
diagnosed with late-stage disease and have a five-year survival rate of only 1994°%42%%2%

The low survival rate of HNSCC is affected by the high incidence of recurrence of
multiple primary tumors, which develop at a rate of 3-5% every year’®. The development of
multiple primary tumors may be the result of exposure of the entire mucosal surface of the upper
aerodigestive tract to the same carcinogen®*. The concept of “field cancerization” was first
introduced in 1953 by Slaughter et al to explain the persistence of abnormal tissue after
surgery®®’. Under this model of carcinogenesis, a stem cell acquires genetic alterations, typically

mutations in TP53, and forms a patch of genetically altered daughter cells. Further genetic

alterations result in the escape of the stem cell from normal growth control and expansion of the
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patch into a field of related cells at the expense of normal tissue. This field, which is often
characterized by CDKN2A loss and alterations in TP53 in approximately 70-80% and 60-80% of

HNSCC cases, respectively’*>*%

, may be considered “primed” for transformation after clonal
divergence and selection of multiple related neoplastic lesions*®. Several studies have
demonstrated that in approximately one-third of patients in whom a primary tumor was removed
with clear margins, cells with tumor-associated genetic alterations are left behind undetected in
the patient and are poised to undergo transformation®%*?%,

Attempts to define subclasses of HNSCC to better predict therapeutic treatment and
response have largely focused on HPV positivity and high/low chromosomal instability**,
although some researchers have noted that HNSCC tumor pO, exhibits a strong prognostic
significance?. EGFR overexpression was one of the first identified alterations in HNSCC, and
since then, point mutations, although rare, and amplifications have been reported®*23°=% The
PIBK/ATK/mTOR pathway is frequently altered in HNSCC, with an estimated 50% of cases of
HNSCC exhibiting activating mutations in ATK or loss of PTEN expression®®*%. Studies
within the past decade suggest that mTOR inhibition exerts a potent anti-tumorigenic effect in

305307310 Recent whole-exome sequencing data in HNSCC

HNSCC cell lines and in vivo models
from two independent groups identified Notch1l as frequently mutated in human HNSCC cancer,
in addition to confirming previously known mutations in TP53, CDKN2A, PIK3CA, HRas, and
PTEN 3132 Notchl mutation was part of a significantly mutated gene set also including IRF6
and TP63, which are involved in renewal of basal keratinocytes and squamous differentiation2.
Both groups confirmed that HPV-associated tumors were genetically distinct from HPV-negative

tumors, although the groups reported conflicting information concerning whether HNSCC

exhibited the G/C - T/A transversions characteristic of tobacco-associated lung cancers.
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However, gene expression analysis of smokers with lung or HNSCC indicates that distinct gene
signatures differentiate smoking-associated and smoking-independent cancers®**. Future studies
should focus on identifying prognostic biomarkers and therapies targeted at the characteristics of
different tumor subclasses in HNSCC.

Symptoms of early HNSCC may be vague, including pain, non-healing ulcers, and
hoarseness, and early leukoplakia lesions may be identified upon close inspection®**. The
majority of patients with HNSCC are treated with surgery or radiation therapy, and

chemotherapy may be added for locally advanced cases®*®

. Chemotherapy typically includes
platinum compounds, antimetabolites, and taxanes, although targeted therapies, notably the
EGFR antibody cetuximab and PI3K pathway inhibitors, are also being explored*®%®. Despite
the introduction of new targeted therapies, survival rates in HNSCC have stagnated in recent

decades®®. Thus, the field has begun to turn towards other pathways for intervention.

Mouse models of HNSCC

Mouse models of HNSCC can be classified into three broad groups: (1) chemically
induced models, (2) xenografts and orthotopic models, and (3) GEMMs>***. Perhaps the best
studied among these models are the chemically induced models. One traditionally used model is
the carcinogenic 7,12-dimethylbenz[a]anthracene (DMBA)-induced Syrian hamster cheek pouch

model®®®

. Although the animals develop premalignant lesions and SCCs after repeated
application of the carcinogen and exhibit genetic changes reflective of the human
pathophysiology, the lesions differ in their anatomic location and do not grossly or histologically
resemble human HNSCC. A more faithful model of human disease is the 4-nitroquinoline 1-

oxide (4NQO) model. 4NQO is a water-soluble carcinogen that binds preferentially to guanine
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residues to promote the formation of DNA adducts and induce intracellular oxidative stress,
mutations, and DNA strand breaks; these changes mimic the damage induced by tobacco and
alcohol, the most prevalent risk factors for HNSCC**3*". Unlike other carcinogen HNSCC
models that have been proposed, including DMBA and other polycyclic aromatic hydrocarbons,
ANQO exhibits the distinct advantage of not inducing an excessive inflammatory response*®.
The ability of 4NQO to dissolve in water means that the compound can be administered
chronically in the drinking water of immune-competent mice, thereby closely replicating
tobacco-induced oral carcinogenesis. The mice develop pre-malignant lesions as well as SCCs of
the tongue and oral cavity that resemble human HNSCC histologically as well as molecularly,
including alterations in cytokeratin expression, the PI3K/ATK pathway, p53 status, and cell
cycle proteins?®3%8318319 The model is thus highly attractive as a physiologically relevant
model that is ideal for use as a preclinical model in HNSCC to address the stagnation in HNSCC
patient survival.

Xenograft models of HNSCC, in which human HNSCC cells are injected
subcutaneously, suffer from a failure to appropriately model the environment of HNSCC and

thus do not support locoregional invasion or metastasis>2°

. An improvement on this model has
been the development of patient-derived xenografts. Primary tumors harvested from human
patients can be implanted subcutaneously into nude mice. These tumors tend to recapitulate the
original histology of the patient tumor and exhibit expression patterns more similar to the

321

original tumor than cells in culture®~. Compared with xenograft models, orthotopic models in

which HNSCC cells are injected into the tongues of mice are better able to recapitulate human
320,322

HNSCC histology and exhibit the predicted lymph node invasion pattern

Relatively few HNSCC-specific GEMMs exist. The very first HNSCC GEMM involved
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expression of cyclin D1 downstream of the Epstein-Barr virus lytic promoter to drive expression

in the tongue, esophagus, and forestomach. Although the mice did develop dysplasias, they

failed to progress to tumors®?®

. An improvement on the model came with its combination with
TP53 heterozygous mice, which did develop invasive cancer, although the mice also developed
tumors in other organ systems due to the systemic nature of TP53 heterozygosity*2*. Transgenic
approaches have also been attempted to limit off-target expression. For example, Lu et al
generated an inducible model of TGFf expression under the control of a keratin 5(K5)-driven
GLp65 transactivator in which TGFp is expressed specifically in basal epithelial cells upon
application of the synthetic steroid antagonist RU486°%°. Although the model induced

hyperproliferation in and inflammation of the oral epithelial, no tumors were observed®.

326 327

Several groups have used either K5-driven Cre>* or tetracycline-inducible Cre™' to drive

activation of oncogenic KRas®?°

and the production of benign papillomas. However, given the
etiology of human HNSCC, chemical carcinogenesis models, particularly the 4ANQO model, may

provide the most faithful model of the full clinical course of HNSCC.

The role of autophagy in HNSCC
There is emerging evidence that autophagy may play a role in HNSCC. First, smoking
has been reported to induce autophagy in a SIRT-1-PARP-1-dependent manner®?, and autophagy

may act to mitigate the effects of oxidative stress and chronic inflammation associated with

329 6330

smoking. Autophagy inhibition has also been shown to promote the infectivity of HPV-1
Furthermore, several clinical studies have correlated the expression of autophagy-related genes

with HNSCC progression and survival.
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In oral squamous cell carcinoma (OSCC), increased immunostaining for Atgl6L1 has
been observed in malignant cells and surrounding stroma and is associated with lymphovascular
invasion and lymph node metastasis®**. Similarly, elevated LC3 expression is correlated with
poor overall OSCC survival after controlling for grade, stage, and the consumption of alcohol,
betel, and tobacco®*. This finding is supported by another study by the same authors correlating
positive Beclin-1 and ATG5 expression with reduced overall and recurrence-free survival in
OSCC*®, However, instances of reduced Beclin-1 mRNA have also been reported in OSCC***,
and in tongue squamous cell carcinoma (TSCC), downregulation of Beclin-1 and LC3 is
observed and is associated with stage and differentiation status®*. Furthermore, an
immunohistochemical study of 195 OSCCs reported higher levels of cytoplasmic p62/SQSTM1,;
however, the authors also noted that increased levels of LC3-11 were associated with poor
outcomes>*®. This apparently conflicting result may reflect re-activation of autophagy in
advanced-stage cancers.

The use of inhibitors of the PI3K/Akt pathway in HNSCC therapies provides correlative
evidence that targeting autophagy might represent a useful therapeutic strategy. Indeed, mouse
models of HNSCC have demonstrated that mTOR activation is an early event in HNSCC

308 A more direct link

development and that mTOR inhibition can halt malignant transformation
between autophagy and HNSCC has recently been reported by Kuo et al in HNSCC cell lines
and human tissue samples'?. In HNSCC cell lines, resistance to PI3K/AKT inhibitors was
positively associated with loss of autophagy through down-regulation of Atg7 and accumulation
of p62/SQSTM1, and modulation of autophagy could restore PI3K/AKT inhibitor sensitivity'*.

Furthermore, a tissue microarray of normal, dysplasic, and malignant human oral tissues

demonstrated progressive accumulation of p62/SQSTM1, and alterations of the Atg7 gene
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resulting in down-regulation or deletion were detected in TCGA HNSCC samples'?*.

In this appendix, the role of autophagy in HNSCC was further explored using a
combination of the 4ANQO model of carcinogenesis with K14-driven deletion of key autophagy
genes. In Chapter A3, we describe the characteristics of control 4NQO-induced lesions, which
exhibit basal cell markers and downregulation of autophagy in advanced lesions. In Chapter A4,
we discuss a potential role for autophagy in the progression of 4ANQO-induced lesions. The
limitations of this model and currently available tools for analysis, as well as remaining

questions and future experiments, are addressed in Chapter A5.
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CHAPTER A2

MATERIALS AND METHODS

Mice

All mouse protocols and procedures were approved the University of Chicago
Institutional Animal Care and Use Committee under the terms of animal protocol 71155. Mice
were housed up to five adult mice per cage in the Animal Resource Facility, a temperature- and
humidity-controlled, specific pathogen-free barrier facility with a 12 hour:12 hour light:dark
cycle. Animals were fed standard chow and autoclaved drinking water ad libitum. Breeding
schemes employed both paired and harem breeding to generate mice of the desired genotype.

129Sv-Tg(K14-Cre) mice were originally generated in the Fuchs laboratory®*” and were
kindly provided by Xiaoyang Wu (University of Chicago). The 129Sv-Tg(K14-Cre) mice were
subsequently backcrossed to C57BL/6 mice to achieve an inbreeding coefficient greater than
0.996. C57BL/6-Tg(Atg5-flox), C57BL/6-Tg(Atg7-flox), and C57BL/6-Tg(GFP-LC3) mice

162.283.338 3nd were kindly provided by

were initially generated in the laboratory of Mizushima
Seungmin Hwang (University of Chicago), Eileen White (Rutgers), and Eugene Chang
(University of Chicago), respectively. C57BL/6-Tg(Rosa26-LSL-tdTomato) mice were obtained

from The Jackson Laboratory.

Genotyping
Genomic DNA was isolated by isopropanol precipitation from tail snips following

overnight digestion at 55°C in lysis buffer (100 mM Tris pH 8.0, 5 mM EDTA pH 8.0, 0.2%
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SDS, 200 mM NaCl) containing 100 nM proteinase K. Genotyping polymerase chain reactions

(PCRs) were performed in a thermocycler according to the developer’s protocols under

conditions appropriate for the genotyping primers (Table A2.1).

Table A2.1: Genotyping primers

Gene

Primers

Expected band size

Atg5-flox

Check2: 5’-acaacgtcgagcacagctgcgcaagg-3’
Exon3-1: 5’-gaatatgaaggcacacccctgaaatg-3’
Short2: 5’- gtactgcataatggtttaactcttge-3’

5L2: 5’-cagggaatggtgtctcccac-3’

Wildtype: 350 bp
Floxed-in: 650 bp

Cre-deleted: 300 bp

Atg7-flox

Ex14F: 5’-tctcccaggacaagacagggtgaa-3’

Pst-rv: 5’- gtggagctgatggtctctgtcctg-3’

Wildtype: 200 bp

FI_5.1: 5’-ccttttccctgtcactetge-3’

FI_3.1: 5’-cagagaccatcagctccaca-3’

Floxed-in: 200 bp

Hind-Fwd: 5’-tggctgctacttctgcaatgatgt-3’

Ex14R: 5’-aagccaaaggaaaccaagggagtg-3’

Cre-deleted: 600 bp

Cre

Cre-Fwd: 5’-ggacatgttcagggatcgccagge-3’

Cre-Rev: 5’-cgacgatgcagcatgtttagctg-3’

Transgene: 200 bp

Rosa26-LSL-

tdTomato

Wit-Fwd: 5’-aagggagctgcagtggagta-3’
Wi-Rev: 5’-ccgaaaatctgtgggaagtc-3’
Tg-Fwd: 5’-ggcattaaagcagcgtatcc-3’

Tg-Rev: 5’-cgacgatgcagcatgtttagctg-3’

Wildtype: 297 bp

Transgene: 196 bp
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Administration of 4-nitroquinoline 1-oxide

4-nitroquinoline-1-oxide (4NQO) was purchased from Sigma-Aldrich. Stock aliquots of
4ANQO were stored at 50 mg/ml in DMSO at -20°C until use. On the days of 4ANQO
administration, stock 4NQO solution was diluted to 12.5 mg/ml in propylene glycol (Sigma) and
then further diluted in fresh autoclaved water to a final treatment concentration of 100 pg/ml. A
fresh bottle of 4ANQO drinking water was prepared every week for each of the 8 weeks of
carcinogenic treatment. Normal autoclaved drinking water was resumed at the end of the 8-week
carcinogenic treatment period.

For 4NQO tumor studies, 6- to 8-week-old male and female mice of the following
genotypes on C57BL/6 backgrounds were used: K14-Cre, Atg5-flox, and Atg7-flox (control); and
K14-Cre;Atg5-flox and K14-Cre;Atg7-flox (experimental). K14-Cre was maintained in
heterozygosity; floxed alleles were maintained in homozygosity. For each control group, six
mice were assigned to each of six experimental endpoints; for each experimental group, 12 mice
were assigned to each endpoint. Mice were treated for 8 weeks with 4ANQO drinking water
prepared as described above. After 8 weeks of treatment, normal autoclaved drinking water was
resumed. Mice were sacrificed by CO; asphyxiation and cervical dislocation at 4, 8, 12, 16, 20,
or 24 weeks after cessation of 4ANQO treatment. Mice dying prior to their pre-assigned
experimental endpoint were not included in the final analysis.

For histological diagnosis of tongue lesions, at least two hematoxylin and eosin-stained
sections of bisected tongues taken 90 um apart were examined by an experienced pathologist
(Mark Lingen; University of Chicago). The animals were scored according to the most advanced

lesion present on the tongue sections.
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Preparation of mouse tissues

Tongues isolated from sacrificed mice were cut so as to bisect any macroscopic lesions
and were subsequently fixed for 24 hours in 10% neutral-buffered formalin, followed by transfer
to 70% ethanol. All samples for histology were processed, embedded in paraffin, and sectioned
(5 pum) by the University of Chicago Tissue Resource Center.

Tissues from K14-Cre;Rosa26-LSL-tdTomato mice for frozen histology were fixed in 4%
paraformaldehyde for 4 hours at room temperature. The tissues were transferred to a 10%
sucrose/PBS solution and left at 4°C for 24 hours, followed to two additional 24-hour
incubations at 4°C in 20% sucrose/PBS and 30% sucrose/PBS. The tissues were gently dabbed
on a Kimwipe to remove excess moisture and were placed in Tissue-Tek O.C.T. Compound
(Sakura) in a cryomold. The cryomolds were frozen over a methyl butane/dry ice bath until the
O.C.T. Compound turned completely white and were incubated in the bath for five minutes
thereafter. The cryomolds were wrapped in foil and stored at -80°C until further processing and

sectioning (8 um) by the University of Chicago Tissue Resource Center.

Immunohistochemistry

Immunohistochemistry for Ki67, p63, K14, and LC3B was performed by the University
of Chicago Human Tissue Resource Center (Table A2.2). Staining for Atg7 was performed
manually using similar methods. Briefly, paraffin-embedded sections were incubated in two
washes of xylenes, followed by rehydration in serial dilutions of ethanol to deionized water.
After heat-induced epitope retrieval in a pressure cooker, endogenous peroxidase activity was
guenched by incubation in 10% methanol/3% hydrogen peroxide for 30 minutes. Sections were

blocked in 1.5% goat serum (Vector Laboratories) for 30 minutes at room temperatures and were
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incubated in primary antibody diluted in blocking buffer overnight at 4°C (Table A2.2), followed
by biotinylated-secondary antibody with avidin-biotin signal amplification (\Vector
Laboratories), and the proteins were visualized by Elite kit (Vector Laboratories) and DAB
(DAKO). The stained slides were digitized using an Allied Vision Technologies Stingray F146C
color slide scanner at the Integrated Microscopy Core Facility at the University of Chicago and

analyzed using Panoramic Viewer.

Table A2.2: Immunohistochemistry antibodies

Target | Source/Catalogue number Dilution Epitope retrieval

Atg7 Sigma HPA007639 1:125-1:250 | 0.01 M citrate buffer, pH 6.0
K14 Biolegend PRB-155P-100 1:1,000 Antigen retrieval buffer (DAKO)
Ki67 Labvision #RM-9106-s 1:300 Antigen retrieval buffer (DAKO)
LC3B Nanotools #0231-100 1:100 Antigen retrieval buffer (DAKO)
P63 Santa Cruz sc-8431 1:100 Antigen retrieval buffer (DAKO)
P62 Biomol #pw9860 1:500 Antigen retrieval buffer (DAKO)

Visualization of tdTomato fluorescence

Frozen tissue slides were allowed to warm to room temperature for 10 min, followed by
washing in PBS. Coverslips were mounted on the slides using Vectashield mounting media with
DAPI to prevent photobleaching (Vector Laboratories). The slides were visualized on an
Olympus DSU Spinning Disk confocal microscope in the Integrated Microscopy Core Facility at

the University of Chicago.
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CHAPTER A3
CARCINOMAS ARISING IN THE 4-NITROQUINOLINE 1-OXIDE MOUSE MODEL
OF HEAD AND NECK SQUAMOUS CELL CARCINOMA ARE CHARACTERIZED BY

BASAL CELL MARKERS AND LOSS OF AUTOPHAGY

Introduction

In exploring the complex role of autophagy in cancer, researchers have sought to
distinguish the context-dependent effects of autophagy using mouse models with tissue-specific
Atg deletion. Recent work has focused on differentiating the contributions of autophagy in early
vs. late tumorigenesis in the presence of specific genetic alterations. The current consensus is
that autophagy acts as a tumor suppressor during malignant transformation but promotes the
growth and metastasis of established tumors. The generation of genetically engineered mouse
models (GEMMs) to explore the role of autophagy in cancer has recently expanded to include

135,136,141

lung cancer , pancreatic cancer*®’, breast cancer™®, prostate cancer'®’, and melanoma*®.

The majority of these models involve the use of strong oncogene drivers (Kras®'?®, Braf"®%F,

and MMTYV), which are known to modify numerous processes, most notably tumor metabolism,
which may complication the interpretation of autophagy deficiency or lead to an over-
interpretation of the metabolic-specific effects of autophagy deficiency.

We were interested in expanding the autophagy mouse models to include HNSCC.

331-336

Autophagy has recently been implicated in HNSCC progression clinically as well as in the
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response to therapy °. To characterize the role of autophagy in the natural progression of

HNSCC, we decided to make use of the 4ANQO model of carcinogen-induced HNSCC. 4NQO is
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a water-soluble carcinogen that binds preferentially to guanine residues to promote the formation
of DNA adducts and induce intracellular oxidative stress, mutations, and DNA strand breaks;
these changes mimic the damage induced by tobacco and alcohol, the most prevalent risk factors
for HNSCC*!®3'". Although numerous other carcinogens for HNSCC cancer models have been
proposed, 4NQO exhibits the distinct advantage of not inducing an excessive inflammatory
response®'®. The ability of 4NQO to dissolve in water means that the compound can be
administered chronically in the drinking water of immune-competent mice, thereby closely
replicating tobacco-induced oral carcinogenesis. The mice develop pre-malignant lesions as well
as oral squamous cell carcinoma (SCC) of the tongue and oral cavity that resemble human
HNSCC histologically as well as molecularly, including alterations in cytokeratin expression, the
PI3K/ATK pathway, p53 status, and cell cycle proteins?*®=%31%3 The model is thus highly
attractive as a physiologically relevant model that is ideal for use as a preclinical model in
HNSCC to address the stagnation in HNSCC patient survival.

In this chapter, we validate the use of the 4ANQO model as a mouse model of carcinogen-
induced HNSCC. Six- to eight-week old C57BL/6 mice were treated with 100 pg/ml 4NQO in
autoclaved water for 8 weeks and were sacrificed 4-24 weeks after the cessation of treatment.
We explored the cell of origin of HNSCC in this model and began to characterize the autophagic

flux over the natural course of lesion progression in this model.

The 4ANQO mouse model recapitulates human HNSCC progression
The utility of the 4ANQO mouse model lies in its reliable onset of lesions, the ability to
observe lesion progression over a predictable timecourse, and the similarity of lesions to human

pathology. As expected, control autophagy-competent mice in our study developed 4NQO-
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induced lesions over the 24-week post-treatment timecourse (Figure A4.4). Lesions ranged in
gross appearance from undetectable (i.e., diagnosed only upon histopathological examination) to
large growths occupying the majority of the oral cavity. Lesions were diagnosed
histopathologically by an experienced pathologist as follows: histologically normal,
hyperkeratosis, epithelial dysplasia, and squamous cell carcinoma (SCC), listed in order of
malignant progression. Frequently, a single mouse tongue exhibited multiple lesions (e.g., an
SCC and two focal dysplasias in a field of hyperkeratosis); in such cases, the histological
diagnosis was based on the most advanced lesion (i.e., SCC in the example above).

As anticipated, the majority of the 4ANQO-treated mice exhibited some degree of
histopathological progression, with a relative low incidence of histologically normal tongues
observed. Normal mouse tongue histology was characterized by a very clearly defined
epithelium with a single layer of basal cells (Figure A3.1A). Hyperkeratosis was defined by
either a focal or global thickening of the keratinized layer with or without a thickened spinous
layer (acanthosis); no nuclear or cellular atypia was associated with hyperkeratotic lesions
(Figure. A3.1B). Hyperkeratotic lesions predominated early in the time course and began to
decrease in incidence around 16 weeks post-4NQO treatment, with no cases of hyperkeratosis
observed at 24 weeks (Figure A4.4). Dysplasias exhibited the inverse pattern, with some cases
appearing early in the time course but generally increasing in incidence beginning at week 16
(Figure A4.4). The dysplastic lesions ranged in size from small focal lesions to lesions
sufficiently large to affect the mouse’s ability to eat and drink. These lesions reflected a wide
range of appearances and severities but were grouped together due to the subjective nature of
assigning severity descriptors; all of the dysplastic lesions were characterized generally by a loss

of epithelial organization but failure to invade the underlying tissue. The histopathological
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alterations of the dysplasias included cellular and nuclear enlargement, prominent nucleoli,
increased nuclear to cytoplasmic ratio, nuclear hyperchromatosis, dyskeratosis, increased or
abnormal mitotic figures, bulbous or teardrop-shaped rete ridges, and loss of polarity (Figure
A3.1C). SCCs, which were identified in the majority of lesions at 24 weeks (Figure A4.4), were
characterized by frank invasion into the underlying connective tissue stroma (Figure A3.1D).
The identification of histological lesions of varying severity and over a timecourse comparable to

296,317,318,339

those published in the literature validate the application of the 4NQO-induced

HNSCC model in our hands.
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Figure A3.1 Histopathology of ANQO-induced oral lesions in the mouse tongue. (A-D)
Photomicrographs demonstrating the histopathologic progression in the carcinogen-induced
model of HNSCC. (A) Histologically normal. (B) Hyperkeratosis. (C) Dysplasia. (D) Squamous
cell carcinoma. Scale bar = 200 pm.
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ANQO-induced lesions arise from basal epithelial cells and continue to exhibit basal cell
markers

To confirm that the histopathological lesions arising in mice after 4NQO treatment arose
from the proliferating stem/progenitor cell population in the basal layer of the keratinized tongue
epithelium, we examined the expression patters of two basal/stem cell makers: keratin 14 (K14)
and p63. K14 is a member of the type | keratin family of intermediate filaments and is expressed
by basal cells of keratinized epithelium*; its expression is downregulated as cells
differentiate®*!. K14 expression has been correlated with progression of carcinomas of the oral
cavity and esophagus in both mice and humans**-**. P63 is a p53 homolog that is essential for
epithelial cell regenerative proliferation and is specifically expressed by stem keratinocytes but
not by their immediate progeny**®; mutations in the gene encoding p63 have been observed in
human HNSCC**?.

K14 expression was observed only in the basal epithelial layer of the 4ANQO-treated
tongues with normal histology, with loss of K14 staining as the cells moved upward and
differentiated (Figure A3.2A). K14 staining was altered and expanded as lesions progressed
through hyperkeratosis, dysplasia, and carcinoma (Figure A3.2B-D). In particular, K14 was
expressed in the suprabasal layers of the tongue epithelium, and both the level and area of K14
staining increased with lesion progression. Most importantly, SCCs continued to exhibit strong
K14 expression throughout the lesion (Figure A3.2D). P63 expression was confined to the
nucleus, as expected, and decreased rapidly as differentiating cells progressed upwards from the
basal cell layer (Figure A3.3A). With increasing lesion progression, a greater population of p63-
positive cells was observed. P63 staining in hyperkeratotic lesions was largely confined to basal

layer cells, with a few select suprabasal layer cells exhibiting p63 staining (Figure A3.3B). The
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majority of cells in dysplastic lesions stained positive for p63, although the level of p63
expression varied from intense to pale (Figure A3.3C). A similar p63-staining pattern was
observed in SCCs, with more invasive nests of cells staining most strongly for p63 (Figure
A3.3D).

Because K14 and p63 are markers of basal epithelial cells, which are the proliferative
subset of cells in the keratinized epithelium, we performed Ki67 IHC to examine the number of
actively cycling cells (Figure A3.4)**®**"_ Broadly, Ki67 staining correlated with staining for
K14 and p63. In normal epithelium, Ki67 expression was limited to the basal cell layer, with
approximately half to two-thirds of the cells exhibiting positive nuclear Ki67 staining (Figure
A3.4A). A mild increase in Ki67 staining was observed in hyperkeratotic lesions, with some
suprabasilar staining (Figure A3.4B), whereas a large expansion in the number and a concurrent
alteration in the organization of Ki67 cells were observed in dysplastic lesions, with many
examples or nests of suprabasilar proliferating cells (Figure A3.4C). SCCs exhibited a high
proportion of Ki67 cells, consistent with the identity of these lesions as highly proliferative
(Figure A3.4D).

The persistence of K14 and p63 staining in 4NQO-induced lesions in conjunction with
widespread Ki67 staining provides strong evidence that the lesions in these mice arise from the
basal layer of proliferating stem cells. The high degree of proliferation and uniform basal cell
expression of SCCs, in conjunction with the clear delineation of lesions among a field of normal
or less-progressed cells may suggest that these lesions represent clonal populations of cells
arising from a single stem cell within the basal layer. This feature of the 4ANQO model makes it

particularly attractive to genetic manipulation of these basal stem cells (see Chapter A4).
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Figure A3.2 Immunohistochemical staining of K14 in the 4ANQO mouse model of HNSCC.
(A-D) Tissue sections from 4NQO-treated mice containing areas of normal (A), hyperkeratosis
(B), dysplasia (C), and squamous cell carcinoma (D) were immunohistochemically stained for
K14. Scale bar indicates 200 uM.
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Figure A3.3 Immunohistochemical staining of p63 in the 4ANQO mouse model of HNSCC.
(A-D) Tissue sections from 4NQO-treated mice containing areas of normal (A), hyperkeratosis
(B), dysplasia (C), and squamous cell carcinoma (D) were immunohistochemically stained for
p63. Scale bar indicates 200 uM.
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Figure A3.4 Immunohistochemical staining of Ki67 in the 4ANQO mouse model of HNSCC.
(A-D) Tissue sections from 4NQO-treated mice containing areas of normal (A), hyperkeratosis
(B), dysplasia (C), and squamous cell carcinoma (D) were immunohistochemically stained for
Ki67. Scale bar indicates 200 uM.
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Advanced lesions in the 4ANQO model exhibit down-regulation of autophagy

Autophagy is generally believed to be tumor-suppressive early in malignant progression
but tumor-promoting during later stages (Figure 1.2). To date, there is no available autophagy
mouse model in HNSCC despite reports linking autophagy to HNSCC progression. Furthermore,
a subset of human HNSCC cases exhibit silencing of the key autophagy gene Atg7 and

subsequent inhibition of autophagy*®

. Therefore, we were interested in assessing the role of
autophagy in the evolution of 4ANQO-induced oral lesions.

The ability to assess autophagic flux in tissues remains a significant challenge®®®. At
present, the most commonly used surrogates include LC3B and p62. Ongoing autophagic flux is
suggested by punctate LC3B and low p62 staining, whereas reduced or absent autophagic flux is
suggested by diffuse LC3B and elevated p62 staining®*®. Both LC3B and p62 staining must be
interpreted carefully; although punctate LC3B staining is highly suggestive of ongoing
autophagy, lack of staining could indicate either absent autophagic flux or poor staining
conditions. P62 staining, while more reproducible, does not exhibit a direct correlation with
autophagic flux, and given its ability to interact with multiple partners and signal transducers, it
is unlikely to be a readout of only autophagy’®. Nonetheless, p62 and, in particular, LC3B
staining remain the best tools to assess autophagy in tissue samples.

We used LC3B staining to look at the level of autophagic flux in 4ANQO-treated mouse
lesions. In normal epithelium, punctate LC3B staining was limited to the basal cell layer (Figure
A3.5A). This finding is consistent with suggestions that autophagy may be required for the
maintenance of normal stem cells?*"3*3%° pynctate LC3B staining was also observed in

hyperkeratotic lesions; indeed, the overall level of LC3B staining appeared to be higher (Figure

A3.5B). However, in SCCs and, to a lesser degree, in dysplasias, staining for LC3B was largely
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absent, suggesting that 4ANQO-induced carcinomas and dysplasias exhibit low or no autophagic
flux (Figure A3.5D, C). It is important to note that the lack of LC3B staining observed in these
samples was not due to poor staining procedures, as other less histologically advanced areas of
the tongue did exhibit punctate LC3B staining. The lack of ongoing autophagy in SCCs and
dysplasias in the model may suggest that autophagy is tumor-suppressive within 4ANQO-induced
dysplasias and carcinomas. Interestingly, we did observe some areas of highly enriched LC3B
staining in a subset of normal or hyperkeratotic lesions (Figure 3.5E, F). It is possible that these
areas represent cells in which autophagy has been induced to inhibit further progression to
dysplasia or carcinomas. However, given the limitations of LC3B staining and the lack of more

quantifiable markers, these observations remain speculative.
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Figure A3.5 Immunohistochemical staining of LC3B in the 4ANQO mouse model of
HNSCC. (A-E) Tissue sections from 4NQO-treated mice containing areas of normal (A),
hyperkeratosis (B), dysplasia (C), and squamous cell carcinoma (D) were
immunohistochemically stained for LC3B. In some areas, regions of highly intense staining were
observed (E, F). Scale bar indicates 50 pM.
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Conclusions

In this chapter, we have validated the 4ANQO model for carcinogen-induced HNSCC and
characterized the resultant lesions with respect to basal cell markers and autophagic flux. As
anticipated, 4NQO-treated mice developed progressive lesions ranging from hyperkeratosis to
SCC, with earlier lesions predominating up until 16 weeks post-treatment and SCCs arising in
the majority of mice by the 24-week timepoint. When we examined the expression of the K14
and p63 basal cell markers, we observed that the basal cell population increased in response to
4ANQO treatment and led to the appearance of hyperkeratosis, dysplasias, and SCCs, with
increased staining observed at each stage. This observation demonstrates that the lesions arising
in these mice develop from basal epithelial cells and that they continue to exhibit markers of
basal/stem cells. Furthermore, the findings suggest that an epithelial-specific basal stem cell
gene, like K14, could be used to drive gene expression specifically in the tissue of origin of
HNSCC in this model. Importantly, subpopulations of cancer stem-like cells (CSCs) expressing

basal/stem cell markers have been reported in HNSCC?!%3>1-3%3

and may contribute to the
therapeutic resistance of HNSCC***. CSCs have also been linked to EMT in HNSCC, which
progresses largely through local invasion?*#**>**_Qur finding that 4ANQO-induced lesions
exhibit these basal/stem cell markers suggests that the model may be well suited to exploring this
particular aspect of human pathophysiology.

In the normal epithelial, autophagy is confined to the basal cell layer, suggesting that
autophagy may be important to tumorigenesis in these lesions. We assessed levels of autophagy
using punctate LC3B as a marker of autophagic flux. Punctate LC3B staining was observed in

normal and hyperkeratotic epithelium but was significantly suppressed in dysplasias and

carcinomas. This may reflect the current consensus on the role of autophagy in cancer
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progression; it is possible that autophagic flux in early lesions reflects a cellular attempt to
combat cellular stress and thereby suppress malignant transformation, whereas the down-
regulation of autophagy in advanced lesions reflects their successful suppression of autophagy in
order to achieve malignancy. Although these options are correlative, they are consistent with
some observations of transcriptional repression of Atg7, and thus autophagy down-regulation, in

HNSCC patient samples*®

. One limitation of the 4ANQO model is that lesions rarely metastasize;
therefore, we were unable to examine levels of autophagic flux in lymph node metastases.
However, our observations do provide correlative evidence of a role for autophagy in HNSCC

progression.

142



CHAPTER A4
AUTOPHAGY IS REQUIRED FOR PROGRESSION IN THE 4-NITROQUINOLINE 1-

OXIDE MODEL OF HEAD AND NECK SQUAMOUS CELL CARCINOMA

Introduction

Autophagy is a conserved catabolic process by which damaged organelles or proteins are
engulfed by a double-membrane phagophore that elongates and closes around the cargo to form
an autophagosome, which subsequently fuses with a lysosome to promote degradation of the
intracellular content and release amino acids, fatty acids, sugars, and nucleotides for biosynthetic
intermediates or to generate ATP. Phagophore elongation and closure requires to conjugation
reactions that culminate in phosphatidylethanolamine (PE) conjugation to Atg8/LC3 to link
Atg8/LC3 to the forming autophagosome. Two key proteins involved in these conjugation
reactions include Atg7, which acts as an E1-like ubiquitin ligates, and Atg5, which functions
within the Atg5-Atgl2~Atgl6L complex and acts in the final step of conjugation. The majority
of the in vivo GEMMs of autophagy rely on targeted deletion of the genes encoding these
proteins to cause autophagy deficiency.

Early in vivo studies of autophagy demonstrated that Atg5- and Atg7-null embryos die
shortly after birth?®*?**, Thus, currently available GEMMs of autophagy rely on homozygous
expression of a floxed Atg allele in combination with Cre recombinase, which may be controlled

1316158 or delivered directly to the target tissues™>'****1. All of

by a tissue-specific promoter
these models rely on additional genetic alterations to induce tumor formation, including

oncogene activation or tumor suppressor deletion. We were interested in creating a carcinogen-
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induced model of HNSCC to study the role of autophagy in tumor progression that more
faithfully replicated human pathology than tissue-wide expression or deletion of cancer-
associated genes. To drive Atg5-flox or Atg7-flox deletion specifically in keratinized epithelial
tissues like those lining the mouse oral cavity, we made use of a K14-driven Cre. K14-driven

337,340,359

expression was particularly attractive due to its known expression pattern as well as its

32-344 These mice were subjected to carcinogen-induced lesion formation

correlations with SCCs
following the 4NQO protocol described and validated in Chapter A3. Compared with previous
models of autophagy in cancer, our model exhibits the following advantages: (1) As a
carcinogen-induced model, it does not rely on the use of strong oncogene drivers or p53 loss,
allowing us to examine the effects of Atg deficiency in a more physiological context. (2) This
will be the first in vivo model examining a role for autophagy in HNSCC. (3) These mice can be
used as a preclinical model to test the effects of novel anti-autophagy therapies in HNSCC or to

determine the differential effects of current therapies in the presence or absence of functional

autophagy.

K14-Cre-mediated epithelial-specific deletion of key autophagy genes is mosaic in our
model

We attempted to inhibit autophagy through the tissue-specific deletion of Atg5-flox or
Atg7-flox, which encode two proteins of the same name that are required for autophagic
processing of LC3 and subsequent phagophore maturation (Figure 1.1). C57BL/6 mice
homozygous for Atg5-flox or Atg7-flox were crossed with C57BL/6 mice expressing K14-driven
Cre recombinase (K14-Cre) to generate mice homozygous for the Atg5 or Atg7 floxed allele and

heterozygous for K14-Cre. In these mice, Cre recombinase should be expressed in K14-positive
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cells, including the basal epithelial layer of the tongue, and was anticipated to be sufficient to
drive site-specific recombination and deletion of the floxed alleles, thus resulting in the
generation of mice deficient for autophagy in the epithelium of the oral cavity.

PCR of tail DNA isolated from Atg7-flox;K14-Cre+ mice confirmed that the wildtype
Atg7 band was not detected in mice homozygous for Atg7-flox. Furthermore, the reactions
confirmed successful amplification of the deletion-specific Atg7-flox band specifically in Cre+
but not Cre- mice (Figure A4.1A). Interestingly, the floxed-in band was also detected in samples
from Cre+ mice. Similar results were also observed in PCR reactions on Atg5-flox;Cre mice
(Figure A4.1B). The wildtype Atg5 band was observed only in Atg5-flox heterozygous mice, and
the deletion-specific Atg5-flox band was observed only in Cre+ mice. However, as in Atg7-
flox;Cre+ mice, the floxed-in band was observed both in Cre- and Cre+ mice, albeit at a lower
relative intensity in the Cre+ samples. The presence of this floxed-in band in all Cre+ mice may
be indicative of either failure of Cre recombinase activity of the floxed locus in K14-positive
epithelial cells; alternatively this band may reflect amplification of contaminating non-K14-
positive stromal cells harboring the floxed-in locus.

To assess whether the detection of the floxed-in band in PCR analysis represented true
Cre recombinase failure or merely the presence of contaminating DNA, we sought to perform
IHC analysis on Cre+ mice. This analysis was significantly hampered by the lack of robust
commercially available autophagy antibodies for IHC on mouse tissues, a well-known fact
within the field of autophagy research (personal communication). Although to date we have been
able to find no appropriate Atg5 mouse IHC antibody, we were able to stain for Atg7. Samples
from Atg7-flox mice lacking Cre exhibited Atg7 staining throughout the keratinized epithelium,

consistent with our previous observations of positive LC3B staining in this tissue (Figure
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A3.5A). In Atg7-flox;Cre+ mice, we observed fields of epithelial cells that were negative for
Atg7 staining, consistent with successful Cre-specific deletion of Atg7-flox. However, these cells
represented a subset of cells in the epithelial layer; staining for Atg7 was mosaic throughout the
tongue epithelium (Figure A4.2). The clear delineation of clusters of Atg7-positive and Atg7-
negative cells supports the model that stem cells within the basal epithelial cell give rise to clonal
cell populations and suggests that lesions arising in 4NQO-treated mice are clonal derivatives of
transformed basal epithelial cells. However, the fact that deletion of Atg7-flox is mosaic
complicates the use of these mice to model autophagy-deficiency, as only a subset of the
epithelial cells are incapable of undergoing autophagy. Although we have been unable to stain
for Atg5 in Atg5-flox;Cre+ samples, we suspect that deletion of the Atg5-flox allele is similarly
inefficient due to our PCR analysis and personal communications with other users of these mice.
Inefficient Cre-mediated deletion of autophagy-related genes has been reported by other

researchers'®137162 Thjg

inefficient deletion could be the result of lack of Cre expression, lack
of Cre activity, inherent properties of the Atg5 and/or Atg7 loci, or strong selective pressure
against autophagy inhibition. Mice mosaic for Atg7 continued to exhibit strong and uniform K14
expression, suggesting that K14-driven Cre expression should be intact. To determine whether
Cre recombinase activity was affected, we crossed K14-Cre mice to mice harboring Rosa26-
LSL-tdTomato. In Rosa26-LSL-TdTomato mice, successful expression of active Cre results in the
deletion of a stop codon in the Rosa26-LSL-tdTomato locus, resulting in the expression of the red
fluorescing tdTomato protein. We observed uniform red fluorescence in samples from K14-
Cre;Rosa26-LSL-tdTomato mice specifically in the keratinized epithelial layer (Figure A4.3).

Lesions of varying degrees of severity arising in 4ANQO-treated K14-Cre;R0sa26-LSL-tdTomato

mice all exhibited positive red fluorescence, with no observations of any fluorescence-negative
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nests of cells. Thus, failure to delete Atg7-flox and, presumably, Atg5-flox is not due to a lack of
Cre recombinase activity. The reason for the mosaicism is likely either inherent to the floxed

allele or reflective of selective pressures.
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Figure A4.1 Cre-mediated deletion of Ag5-flox and Atg7-flox is mosaic at the genetic level.
(A, B) Tail DNA samples from mice of the indicated genotypes were collected and subject to
PCR for Atg7 (A) or Atg5 (B) using the primers indicated in Table A2.1. F indicates the floxed
allele.

Figure A4.2. Cre-mediated deletion of Atg7-flox is mosaic at the protein level. (A)
Immunohistochemical staining of a tongue tissue section from an Atg7-flox;Cre+ mouse for
Atg7; negative areas of staining in the epithelium indicated successful Cre-mediated deletion of
Atg7-flox. (B) Close-up of the image in (A).
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Figure A4.3 Cre recombinase is activity in K14-expressing cells and their progeny in
ANQO-treated mice. Imaging of tdTomato fluorescence on frozen sections from 4NQO-treated
Rosa26-LSL-tdTomato;Cre+ mice. tdTomato is actively expressed downstream of Cre in normal
epithelium (A), dysplasias (B), and squamous cell carcinomas (C), indicating that Cre activity is
not affected in any of these lesions.
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Autophagy may be required for progression in HNSCC

Autophagy-competent control mice and mosaic autophagy-deficient Atg5-flox;K14-Cre
and Atg7-flox;K14-Cre mice were treated with 4NQO in their drinking water for eight weeks,
and tongues harvested from mice sacrificed 4-24 weeks post-treatment were histologically
diagnosed, as described in Chapter A2. For the majority of the time course, the lesion incidence
in mosaic autophagy-deficient mice did not differ from the lesion incidence in control
autophagy-competent mice; less progressed lesions predominated at earlier time points, and
carcinomas and dysplasias began to represent the majority of the lesions by 16 weeks post-
treatment (Figure A4.4). However, although all control mice exhibited dysplasias or carcinomas
at 24 weeks post-treatment, a subset of mosaic autophagy-deficient mice exhibited only
hyperkeratosis or histologically normal oral epithelium (Figure A4.4). This difference was
statistically significant (p<0.05), potentially suggesting that autophagy was required for
progression from normal and hyperkeratotic lesions to dysplasia and carcinoma in this 4NQO
mouse model.

Given that the Atg5-flox;K14-Cre and Atg7-flox;K14-Cre mice are only mosaically
autophagy-deficient in the oral epithelium, we wondered whether the dysplasias and SCCs
arising in these mice were truly deficient in autophagy or whether they arose from cells in which
Cre had failed to delete the floxed allele (i.e., autophagy-competent “control” cells). We
attempted PCR on lesions isolated from fixed slides using laser-capture microdissection (LCM),
but we were unsuccessful in amplification of any Atg5 orAtg7 allele (data not shown). Although
we were unable to stain for Atg5 in Atg5-flox;K14-Cre mice, as discussed previously, we were
able to stain a subset of the 24-week carcinomas arising in Atg7-flox;K14-Cre mice (Figure

A4.5A, C). All of the 24-week SCCs in Atg7-flox;K14-Cre mice positively expressed Atg7,
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demonstrating the failure of Cre-mediated deletion in these cells. The observance of Atg7-
negative epithelium in other areas on these SCC-harboring tongues suggests a selective pressure
for tumor progression in only the autophagy-competent Atg7-positive subset of cells.
Interestingly, although these tumors were positive for Atg7 and thus able to undergo autophagy,
the tumors exhibited high levels of p62 staining (Figure A4.5B, D), suggesting that they were not
undergoing autophagic flux. Although this observation is consistent with the lack of autophagic
flux observed in tumors from control autophagy-competent mice (Figure A3.5), it is particularly
perplexing given the apparent necessity for autophagy for progression from hyperkeratosis to
dysplasia in this model (as discussed above; Figure A4.4). Nonetheless, it appears that although
autophagy prevents the progression from normal and hyperkeratotic lesions to dysplasias and

SCCs, autophagic flux is down-regulated once a lesion achieves malignancy.
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Figure A4.4 Incidence of each histologic diagnosis of 4ANQO-treated mice. (A-C) Control

autophagy-competent (A) and mosaic autophagy-deficient Atg5-flox;Cre+ (B) and Atg7-

flox;Cre+ (C) mice were treated for 8 weeks with 100 pug/ml 4NQO before resuming normal
water. The incidence of each lesion type at the indicated timepoints post-4NQO treatment is
presented. The mosaic autophagy-deficient mice exhibited a statistically significant reduction in
the number of dysplasias and carcinomas at the 24-week timepoint (p<0.01)
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Figure A4.5 Carcinomas arising in Atg7-flox;Cre+ mice express Atg7 but do not exhibit
autophagic flux. (A, B) Immunohistochemical staining for Atg7 in SCCs from two Atg7-
flox;Cre+ mice demonstrating positive Atg7 staining. (C, D) Immunohistochemical staining for
p62 in serial sections of the tissues in (A, B, respectively) demonstrating elevated p62 and thus
low autophagic flux.
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Conclusions

In this chapter, we combined the 4NQO model of HNSCC with K14-Cre-mediated
deletion of key autophagy genes to study the role of autophagy in carcinogen-induced HNSCC.
Based on our observations that the 4ANQO-induced SCCs exhibit little/no autophagic flux
(Chapter A3), we anticipated that loss of autophagy in the basal epithelium would accelerate
tumor formation. Instead, we observed that nearly 30% of the autophagy-deficient mice
exhibited histologically normal tongues or hyperkeratosis at 24 weeks, whereas 100% of the
control autophagy-competent mice exhibited dysplasias or SCCs. This may suggest that
autophagy is required for malignant progression in this model, in contrast to the majority of the
autophagy GEMMs, in which autophagy deficiency tends to accelerate the onset of benign or
low-grade lesions.

When we sought to validate autophagy deficiency in the Cre+ mice using IHC for Atg?7,
we observed that deletion of Atg7 (and presumably Atg5, based on PCR evidence) was mosaic.
The inability of Cre to uniformly delete autophagy-related genes has been reported by other

researcherst33137.162

, and many of the other published studies using Cre-mediated deletion of
Atg5 or Atg7 do not publish IHC images confirming deletion. The inefficient deletion of these
key autophagy genes is not due to lack of K14 expression in 4ANQO-induced lesions or lack of
Cre activity, as K14-Cre;Rosa26-LSL-tdTomato mice exhibited tdTomato expression throughout
the oral epithelial. Thus, failure to effectively delete Atg genes may reflect inherent properties of
the alleles or strong selective pressure against autophagy. This later explanation seems more
likely, particularly given reports that autophagy is important in the maintenance of stem cells like

K14-expressing basal cells?’.
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Regardless of the cause, the mosaicism of deletion makes the interpretation of our model
significantly more challenging. Conclusively determining whether autophagy inhibition prevents
progression to dysplasias or SCCs in this model requires being able to definitively establish the
Atg7 or Atg5 status in these lesions. The best method currently available to us is Atg7 IHC, but
the antibody is not sufficiently robust for broad-scale screening. Nonetheless, we have been able
to determine that the SCCs arising in mosaic autophagy-deficient mice all continued to express
Atg7, suggesting that these lesions arose from autophagy-competent lesions. These data imply
that if we were able to generate mice that were uniformly deficient in Atg7 or Atg5 in K14-
expressing tissues, none of the mice would progress beyond hyperplastic lesions. Therefore, our
preliminary analysis indicates that in our 4ANQO model of HNSCC, autophagy is required for
progression to dysplasia (Chapter A4), although autophagic flux is subsequently repressed in

cells that successfully undergo malignant transformation (Chapter A3).
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CHAPTER A5

DISCUSSION

Summary and significance

In this appendix, we have explored the role of autophagy in tumor progression using the
4ANQO mouse model of carcinogen-induced HNSCC combined with K14-driven Cre deletion of
Atg5-flox or Atg7-flox. This new model represents the first autophagy GEMM that relies not on
genetic alteration of oncogenes or tumor suppressors but on carcinogen exposure, thereby more
closely representing true tumor initiation, which is rarely caused by uniform expression of an
oncogene or deletion of a tumor suppressor in all cells within a tissue. Additionally, this is the
first autophagy mouse model of HNSCC, a tumor type in which the role of autophagy is
increasingly recognized (Chapter Al).

Our work demonstrates that lesions arising in 4ANQO-treated mice derive from the basal
cell layer and continue to express basal cell markers. Furthermore, autophagy is initially
expressed in the basal epithelial cells and early lesions but is ultimately suppressed by the time
SCCs develop. Whether autophagy becomes reactivated at a later time in SCCs remains to be
determined. When autophagy was mosaically deleted in the basal epithelial cells, we observed a
significant reduction in the number of mice developing dysplasias or SCCs, but only at the latest
time point (24 weeks). It is possible that another method of quantifying lesion incidence (e.qg.,
average number of lesions per mouse tongue) might better have revealed differences among the
control and mosaically autophagy-deficient mice. Strikingly, all of the SCCs arising in mice

mosaically deleted for Atg7 continued to express Atg7, suggesting that autophagy was required
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for transition from either hyperkeratotic lesions to dysplasia or from dysplasia to SCC. Thus, our
initial interpretation of our findings is that in this model, autophagy promotes progression to
dysplasia/carcinoma (thus causing a reduction in the number of mosaic autophagy-deficient mice
developing these advanced lesions) but that autophagy becomes somehow maladaptive once
malignant transformation occurs (thus leading to down-regulation of autophagic flux in advanced
lesions). It should be noted that this model is contrary to the canonical model of autophagy in
tumor progression, wherein autophagy is initially tumor suppressive but subsequently becomes

tumor-promoting.

Remaining questions

As discussed in the previous section, our initial interpretation of the 4ANQO-induced
HNSCC autophagy model seems to contradict the canonical tumor view. However, there are
many unanswered questions with respect to our model. The greatest challenge in the
interpretation of our model lies with its mosaicism. Because deletion is mosaic, it is somewhat
misleading to simply compare Cre- with Cre+ mice. It may be more accurate to compare
individual lesions with one another. However, our attempts to definitively conclude which
lesions represent true deletions and which represent deletion failure has ultimately been
unsuccessful despite testing all available commercial Atg5 and Atg7 antibodies, assessing Cre
function, and attempting PCR on LCM tissue. The fact that in control mice, SCCs stain negative
for LC3B also demonstrates that measuring autophagic flux in the mosaic deleted mice will not
be useful in determining which lesions can (but perhaps do not) undergo autophagy. Until better
IHC antibodies for mouse tissue are developed for AtgG5 and Atg7, it is likely that a complete

analysis of our mice will be impossible.
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However, if it were possible to determine which cells in Cre+ mice successfully deleted
Atg5 or Atg7, the mosaicism of this model mice prove to be an intriguing benefit. As discussed
earlier (Chapter A4), the mosaicism of Atg deletion is likely to reflect selective pressures. It
would be interesting to determine whether the percent of autophagy-deficient basal epithelial
cells changed over time under basal conditions or upon 4NQO treatment. Indeed, we have
observed that mice sacrificed at later time points do seem to exhibit fewer Atg7-negative regions
than do mice sacrificed at earlier time points, potentially suggesting that autophagy is required
for the cells to survive the genotoxic stress of 4ANQO administration and that autophagy-deficient
basal epithelial cells eventually die out. Furthermore, the fact that the entire tongue with both
autophagy-competent and autophagy-deficient cells is subjected to the same conditions (e.g.,
carcinogen exposure) allows for a built-in control group to study the effects of autophagy
deficiency on tumor progression.

Our initial model, as discussed above, contradicts the traditional model of autophagy in
tumor progression. It is true that our ability to interpret our findings in light of the mosaicism and
technical challenges makes our initial conclusions somewhat premature; perhaps new analysis
with better tools with reveal a pattern more consistent with previously published work. However,
it is also important to note that our model differs from other autophagy-related GEMMs of
cancer in one critical way — our model is the only carcinogen-induced model, whereas the other
models rely on Kras activation or tumor suppressor deletion. Thus, our findings may highlight
the fact that the tumor-specific effects of autophagy depend strongly on the context, including
the tumor-inducing event. Indeed, Rosenfeldt et al have demonstrated that p53 status is sufficient
to determine the pro- versus anti-tumorigenic effect of autophagy in Kras-driven pancreatic

cancer*®’. The development of more carcinogen-induced cancer autophagy models would be

158



interesting to clarify this point. Alternatively, the combination of the 4ANQO model with
autophagy deficiency at a different level (e.g., FIP200) could reveal whether the mosaicism
observed here is common to any genetic autophagy inhibition as well as whether inhibiting
autophagy at different levels in the autophagy pathway (phagophore initiation vs. elongation vs.
closure) has the same tumor effects. This last point is particularly important in light of the fact
that different pharmacologic autophagy therapies target the pathway at different points (Chapter
6).

Should we be able to unambiguously determine which lesions in our mouse model are
successfully deleted for autophagy genes, this model is ideally suited as a preclinical therapeutic
model. One could envision treating the 4ANQO-exposed mice concurrent with the carcinogen
exposure, after exposure but before the development of carcinomas, or after the successful
establishment of primary tumors with autophagy inhibitors or inducers combined with other
common HNSCC chemotherapies (e.g., mTOR inhibitors, EGFR-blocking antibodies) to
determine the clinical utility of prophylactically or retroactively treating smokers or chronic
alcohol abusers with autophagy combination therapy. Additionally, we could make use of the
autophagy-mosaic mice following a similar protocol to determine whether autophagy
inhibition/induction therapies might have unanticipated effects on cells with lower levels of
autophagic flux.

Our initial findings using an autophagy-mosaic carcinogen-induced mouse model of
HNSCC are intriguing but leave many unanswered questions. Given the number of groups
working with Atg5-flox and Atg7-flox mouse models, the development of robust, reliable
antibodies is of critical importance. Once the tools are in place to better interpret our model, its

initial disadvantages may prove to be a boon, as mosaic autophagy deficiency may better model
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tissue-wide autophagic flux and allows for direct comparison of autophagy-deficient and

autophagy-proficient cells exposed to the same conditions.

What is the future of autophagy mouse models?

The mosaic autophagy deficiency and unreliable tools to measure autophagy in vivo
remain research topics that are much-discussed among autophagy investigators but that are
infrequently addressed in the published literature. Indeed, although some groups have

133,137,162’ other

commented on the mosaic nature of Atg gene deletion in their mouse models
groups have made no mention of this finding. Of course, it is possible that deletion of Atg genes
is only mosaic in certain tissues due to different selective pressures for autophagy or, less likely,
different activity levels of tissue-specific Cre. However, until the field as a whole comes together
to address this issue in a unified manner, it becomes difficult to know whether the effects
observed in these models are cell-autonomous (i.e., autophagy deficiency within a cell alters its
tumorigenic potential), cell non-autonomous (i.e., autophagy deficiency within a cell alters the
tumorigenic potential of its neighbors), or both or whether they happen to reflect differences in
the degree of deletion between different mice or in different tissues.

A further issue with the currently available autophagy mouse models is the overreliance
on Atg5 and Atg7 deletion. Of the available models (including the one presented in this

135-137,141.156-138 | but one™® relies on Atg5 or Atg7 deletion. Setting aside questions

appendix)
concerning the utility of approaching the question of autophagy deficiency in cancer by creating
models that differ almost exclusively in tissue origin, this emphasis on Atg5/Atg7 deletion is
short-sighted for several reasons. First, as was discussed in Chapter 6, most of the clinically

available therapies do not affect autophagy at the level of Atg5 or Atg7 but instead act far
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upstream or downstream. Thus, cancer models relying on Atg5 or Atg7 deletion may poorly
model the affects our potential therapeutic interventions may have on the natural progression of
cancers. Second, and perhaps more importantly for basic science researchers, it is well-
established that Atg genes frequently have non-autophagy functions'®*. Therefore, by limiting
our models to only Atg5 and Atg7 deficiency, we may be generalizing Atg5- or Atg7-specific
effects to autophagy as a whole or missing non-autophagy effects that may be observed clinically
when other autophagy proteins are targeted. Once recent example of this problem was reported
by Chen et al. By creating a knock-in mouse model expressing a FIP200 mutant that was unable
to interact with its autophagy partner, Atg13, the authors were able to separate the autophagic
functions of FIP200 from its non-autophagic functions and link these functions to different
biological processes in vivo'®.

Thus, future autophagy mouse models must carefully determine whether the deletion of
Atg genes is mosaic and should include the use of new Atg gene deletions or Atg gene mutants
that separate autophagic and non-autophagic functions. Researchers may also want to consider
the generation of inducible deletion models in the future. Give the amount of focus on the
temporal dependence of the role of autophagy in tumor progression, it is somewhat surprising
that there is no available model to inhibit autophagy at different stages of tumorigenesis to
observe the regression or promotion of tumor growth. This type of inducible model would
represent a large step forward from our current models that require researchers to interpret the
pro- versus anti-tumor effects at different stages based on the incidence of benign and malignant
lesions over time.

Future autophagy mouse models will need to break away from the current habit of

“reinventing the wheel” to create models that can offer us new insights. There are clearly many
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questions left unanswered with respect to the initial oncogenic event, the level at which
autophagy is inhibited, the extent of Atg gene deletion across a tissue, the time-dependent
outcomes of autophagy inhibition, and the non-canonical effects of autophagy deficiency.
Perhaps most importantly, however, the field will need to establish reliable tools to measure the
expression and patterns of autophagy proteins like Atg7 and to measure autophagic flux in a
more unbiased way. Only then will we truly be able to interpret the results of cancer models of

autophagy like the one described in this appendix.
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