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Abstract

Acquired drug resistance to tyrosine kinase inhibitor (TKI) targeted therapies remains a
major clinical challenge. In EGFR mutant non-small cell lung cancer (NSCLC), therapeutic
failure of EGFR TKIs can result from both genetic and epigenetic mechanisms of acquired drug
resistance. Histologic and gene expression changes consistent with an epithelial-to-mesenchymal
transition (EMT) have been associated with resistance to EGFR TKIs in select experimental
models and in the clinic, but there are no current clinical strategies to target mesenchymal
EGFR-mutated NSCLC cells. This thesis presents evidence that EMT is a widespread response
to EGFR inhibition in multiple in vitro and in vivo models.

In both an shRNA synthetic lethality experiment and long-term drug screens
interrogating EMT transcription factors, epigenetic modifiers, and receptor tyrosine kinases, I
identified FGFR3 as a critical gene for the survival of EGFR mutant NSCLC cells during EGFR
inhibitor therapy. Similarly, our collaborators found that knockout of FGFR1 is the top genomic
target for resensitizing mesenchymal, patient derived cell lines resistant to 3'9-generation EGFR
TKIs. Combining FGFR + EGFR inhibitors suppressed the emergence of drug tolerant clones
with mesenchymal features prior to development of drug resistance and resensitized
mesenchymal, resistant cell lines to EGFR inhibition. Finally, dual EGFR + FGFR inhibition
suppressed the development of resistance in EGFR mutant NSCLC xenograft models in long

term studies.
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These results suggest that dual EGFR + FGFR blockade may be a promising strategy for

preventing and overcoming EMT-associated acquired drug resistance in EGFR mutant NSCLC.
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Chapter 1:

Introduction



Cancer is the second leading cause of death in the United States; specifically, lung cancer
represents the largest source of cancer-related mortality in both men and women in the US and
the world (Didkowska, Wojciechowska, Manczuk, & Lobaszewski, 2016). A deeper
understanding of the pathophysiology of tumors and their dynamic pathways to therapeutic
resistance are required to better inform future improvements to clinical management. In this
chapter, I will introduce the hallmarks of cancer in general and then focus on relevant
background for the study of EGFR mutated non-small cell lung cancer, the history of its clinical

management, and therapeutic resistance to EGFR inhibitors.

The Hallmarks of Cancer

Six defining hallmarks of cancer have been famously described by Drs. Weinberg and
Hanahan and provide a simple framework for studying cancer versus normal cells. These
hallmarks also establish a guideline through which therapeutic approaches in oncology have been

developed.

1. Sustaining proliferative signaling

Cancer cells sustain their own proliferation in many ways. They may produce their own
growth factors and complementary receptors to cause autocrine signaling to activate the cell
cycle (Heasley, 2001). Similarly, they may stimulate neighboring non-cancerous cells in the
microenvironment to provide growth-stimulating paracrine signals (Heasley, 2001).
Overexpression of growth factor receptors on cancer cells may also make them hyper-
proliferative in the setting of normal growth factor concentrations (Hynes & Lane, 2005).

Genetic mutations may cause constitutively active signaling proteins to be produced. Lastly,



some cancer cells disable their “senescence-inducing” programs that would be activated in

settings of hyper-proliferation in a non-tumor cell (Ewald, Desotelle, Wilding, & Jarrard, 2010).
An example of a drug targeting this hallmark of cancer cells is the Epidermal Growth

Factor Receptor (EGFR) tyrosine kinase inhibitor, gefitinib, which blocks proliferative signaling

in EGFR-oncogene addicted non-small cell lung tumors (Weinberg, 2014) (Lynch et al., 2004).

2. Evading growth suppressors

The two main tumor suppressors that activate apoptosis or senescence are p53 and the
retinoblastoma protein, Rb. Cancer cells commonly contain mutations in one or both of these
tumor suppressors, allowing cells to continue through the G1->S checkpoint despite containing
mutations that would trigger cell cycle arrest in a normal cell (Sherr & McCormick, 2002). The
ability to accumulate mutations and progress into mitosis allows for tumorigenic mutations to be
maintained and propagated to daughter cells, initiating tumorigenesis.

Normal cells exhibit a phenomenon called contact inhibition, which cancer cells may
evade. Merlin couples cell adhesion molecules with tyrosine kinases, effectively sequestering
tyrosine kinases in the setting of many cell-cell adhesions, preventing their transduction of
mitogenic signals; this mechanism of contact inhibition is often lost in cancer cells through
mutation or loss of merlin (Zhou et al., 2011). Finally, the TGFf program, which is
antiproliferative in normal cells, is co-opted in cancer cells to induce an epithelial to
mesenchymal transition (EMT), causing slower division but also promoting invasiveness,
motility, and drug resistance (Singh & Settleman, 2010; Weinberg, 2014).

An example of a targeted therapy directed against the ability of cancer cells to evade cell

cycle arrest is the class of cyclin dependent kinase (CDK) inhibitors, commonly known as



“checkpoint inhibitors” (Asghar, Witkiewicz, Turner, & Knudsen, 2015). In particular, cyclin D
interaction with CDKs 4 and 6 causes Rb phosphorylation, allowing G1-> S progression.
Palbociclib, a CDK 4/6 inhibitor, improves progression free survival in ER+, HER2- breast
cancer patients in combination with Letrozole (an aromatase inhibitor used in ER+ breast cancer
(Group et al., 2009)) by targeting the cancer cells’ ability to evade cell cycle arrest (Finn et al.,

2016).

3. Activating invasion and metastasis

The metastatic cascade describes a sequence of events that permits cancer cells to invade
and travel to new sites in the body (Figure 1). This series of events includes local invasion,
intravasation into vasculature and lymphatics, dispersion and survival through vasculature and
lymphatics, extravasation into distant tissues, clustering into nodules at distant sites, and growth
into metastatic tumors (Pantel & Brakenhoff, 2004). The epithelial to mesenchymal transition
(EMT) is closely associated with a cancer cell’s ability to complete this cascade. The EMT
transforms epithelial cells from small cells with distinct polarity into large, spindly cells with
heightened motility, resistance to apoptosis, and the ability to secrete matrix-degrading enzymes
required for burrowing through tissue (Singh & Settleman, 2010). Cancer cells at the invasive
margin of a solid tumor also undergo a distinct EMT influenced by interactions with surrounding
stroma. For example, mesenchymal stem cells in tumor stroma may release CCLS5, which drives
cancer cells to adopt invasive behavior; similarly, tumor associated macrophages may produce
EGF to stimulate proliferation in cancer (Williams, Yeh, & Soloff, 2016). Tumors which exhibit
these EMT-like traits exhibit greater rates of local invasion and metastasis (Singh & Settleman,

2010; Weinberg, 2014).



Rapid upregulation of MET and VEGF occurs under hypoxic conditions in epithelial
cells of multiple tumor types and facilitates angiogenesis and subsequent metastasis (F. Qian et
al., 2009). Dual inhibition of the MET-VEGF pathways has been demonstrated to block the
hallmark abilities of migration, invasion, and anchorage-independent growth in melanoma cells

(F. Qian et al., 2009).
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Figure 1. Diagram of metastatic cascade. (Faltas, 2012)

4. Enabling replicative immortality

With each cellular division, the hexanucelotide repeats at the ends of chromosomal DNA
(telomeres) erode, which imposes a limit on the number of replication cycles a normal cell may
complete before telomeric depletion (Shay & Wright, 2000). The Hayflick limit, estimated at

~70 cell divisions, is the theoretical maximum bound for mammalian cells (Shay & Wright,



2000). In 90% of cancer cells, an enzyme that is absent in healthy cells, telomerase, adds
segments to telomeric DNA, effectively immortalizing the cells.

Telomerase inhibitors target the mechanism underlying replicative immortality in cancer.
(Andrews & Tollefsbol, 2007; Weinberg, 2014) However, their success in clinical trials has been
limited for multiple reasons. Telomerase inhibitors are effective in cells with short telomeres,
which requires significant time of tumor growth and cell division-induced telomere shortening
(Jager & Walter, 2016). Moreover, telomerase inhibition is particularly toxic to dividing cells,
including stem cells (Jager & Walter, 2016). Finally, depletion of telomeres may cause
chromosomal instability, leading to mutations in tumor suppressor genes or activation of
oncogenes (Jager & Walter, 2016). Hence, inhibition of telomerase may target one hallmark of

cancer but may promote other hallmarks of cancer, thus far limiting its clinical use.

5. Inducing angiogenesis

Angiogenesis is the formation of new blood vessels. In healthy tissue, angiogenesis ends
after development and vasculature becomes dormant (Nishida, Yano, Nishida, Kamura, &
Kojiro, 2006). In tumors, signaling mediated by VEGF-A, FGF, NOTCH, and Angiopoietin and
downregulation of Thrombospondinl permits angiogenesis to occur and recruit new vasculature
to the tumor (Nishida et al., 2006). Transcriptomic differences between tumor-associated
endothelium and normal endothelium have been identified, and may include druggable targets
(Wicki et al., 2012). Endothelial cells in tumors also form lymphatic vessels, which usually
collapse within solid tumors due to the high interstitial pressure, but grow functionally at the
tumor border and in adjacent normal tissue, allowing for local invasion (Heldin, Rubin, Pietras,

& Ostman, 2004). Pericytes, the mesenchymal cells which envelope endothelial cells forming



blood vessels, are also altered in the context of tumors and are targetable through PDGFR
inhibition, thus destabilizing the inner vasculature (Heldin, 2013) (Weinberg, 2014).

VEGTF inhibitors, like bevacizumab, prevent tumor angiogenesis and may be useful for
clinical management of glioblastoma, a disease that is highly dependent on a rich blood supply
for supporting cancer growth (Bergsland & Dickler, 2004; Gilbert et al., 2014) (Weinberg,

2014).

6. Resisting cell death

Normal cells are constantly receiving pro- or anti-survival signals as a mechanism to
avoid maintaining a damaged cell lineage (Elmore, 2007). Cancer cells commonly avoid the anti-
survival signals that are triggered by damage or cell stress by increasing expression of Bcl-2/Bcl-
xL (anti-apoptotic proteins) and decreasing expression of Bax, Bim, and Puma (pro-apoptotic
proteins) (Wong, 2011). Kinase signaling may also regulate Bcl-2-family members, and may be
dysregulated in cancers. For example, ERK causes phosphorylation and degradation of Bim
(Luciano et al., 2003), while AKT/MAPK causes phosphorylation and sequestration of Bad
(Datta et al., 1997). Hence, antikinase targeted therapies, like EGFR inhibitors, may induce
Bim/Puma and downregulate Mcl-1 to induce apoptosis (Costa et al., 2007; Cragg, Kuroda,
Puthalakath, Huang, & Strasser, 2007).

Similarly, BH3-mimetics, which prevent the binding of BH3 proteins to anti-apoptotic
Bcl-2 family members, resensitize cancer cells to the pro-apoptotic signals they were receiving
(Delbridge & Strasser, 2015; Weinberg, 2014). Venetoclax, which binds specifically to Bcl-2,

has been approved for treatment of chronic lymphocytic leukemia (Roberts et al., 2016).



Cancer cells have also been shown to co-opt cellular autophagy programs induced by
drug treatment and radiation to shrink and enter into a dormant, reversible state, allowing them to

evade death temporarily and regrow later (Levy, Towers, & Thorburn, 2017).

An additional four hallmarks of cancer have emerged from recent discoveries:

7. Deregulating cellular energetics

Dr. Warburg famously characterized the tendency of cancer cells to undergo glycolysis,
even in aerobic conditions (Vander Heiden, Cantley, & Thompson, 2009). This altered
metabolism is the basis of the PET scan, a clinical scan of glucose uptake that may be used to
detect primary and metastatic tumor sites (Vander Heiden et al., 2009)(Figure 2). The fitness
advantage of undergoing glycolysis rather than oxidative phosphorylation may be that cancer
cells can shunt glycolytic intermediates into synthetic pathways to generate nucleotides and
amino acids required for rapid cell division (Vander Heiden et al., 2009); supporting this
“motivation” for preferential glycolysis, rapidly dividing embryonic tissues are also known to
undergo glycolysis over oxidative metabolism(Krisher & Prather, 2012) (Weinberg, 2014). To
achieve a hyper-glycolytic state, cancer cells upregulate GLUT1 glucose transporters on the cell
surface (Chan et al., 2011). Warburg metabolism is further exaggerated in the hypoxic setting,
which is often the condition in the core of a solid tumor; HIF1a/2a can directly upregulate the
expression of GLUT1 and glycolytic enzymes (C. Chen, Pore, Behrooz, Ismail-Beigi, & Maity,
2001) (Weinberg, 2014). Interestingly, it has been observed that two distinct populations of
cancer cells within a tumor exist in a symbiotic energetic relationship; one population

metabolizes glucose into lactate and the second population metabolizes lactate, mirroring the



normal physiology of exercising muscle tissue (Bouzier et al., 1998). The mechanism by which
these two populations co-exist is not yet well understood.

In an attempt to target deregulated cellular energetics, aerobic glycolysis inhibitors have
been developed for use in cancer treatment (Weinberg, 2014) (Pelicano, Martin, Xu, & Huang,
2006). Very little in vivo or clinical efficacy has been demonstrated with aerobic glycolysis
inhibitors thus far, in large part due to dose-limiting toxicities (Mason et al., 2007,

Xintaropoulou et al., 2015).

Figure 2. 'F-FDG PET scan of a patient with esophageal cancer before and after chemotherapy
treatment demonstrates tumor shrinkage. Linear uptake of '8 F-FDG along the esophagus is likely

due to esophagitis following treatment (Weber, 2005; Weinberg, 2014).

8. Avoiding Immune Destruction
Immune surveillance ought to detect and destroy cancer cells as it does invading
pathogens. Specific CD4+ and CD8+ T cells may designate cancer cells for elimination based on

their tumor-specific antigens (viral proteins/mutated gene products) (van der Bruggen et al.,



2007). As expected, mice lacking B/T cells develop a broad spectrum of solid tumors and
lymphomas (Shankaran et al., 2001). Furthermore, there is a high rate of cancer in
immunocompromised individuals (3-100-fold risk compared to immunocompetent individuals
for certain malignancies) (Buell, Gross, & Woodle, 2005), although this is largely due to virally-
induced tumors (Schulz, 2009). Supporting the role of immune surveillance, cancer cells
developed from immunocompetent mice are equally capable of initiating tumors in either
immunocompromised or immunocompetent mice, whereas cancer cells from
immunocompromised mice are unable to form tumors in immunocompetent hosts (Swann &
Smyth, 2007). This is likely due to the process of immune-editing: highly immunogenic cancer
cells are selected out in immunocompetent hosts, whereas weakly immunogenic cancer cells are
able to escape immune surveillance and survive (Escors, 2014). Highlighting this phenomenon,
immunosuppressed organ recipients may form tumors from donor-derived cancer cells which
were dormant in the immunocompetent donor (Baxevanis & Perez, 2015). Cancers often evade
surveillance by actively dismantling the immune response; tumors may secrete
immunosuppressive factors (eg- TGFp), recruit regulatory T cells and myeloid-derived
suppressor cells (immunosuppressant cells), and express PDL1 (Lebrun, 2012; Mittendorf et al.,
2014; Weinberg, 2014).

PD1 is a co-inhibitory transmembrane receptor expressed by T cells (it is also expressed
on B, NK, Treg, and other immune cells, but the role of this pathway in cancer immunotherapy
exploits the PD1 receptor on T cells) (Riley, 2009). The ligand, PDLI, binds to PD1 and is
expressed on a broad spectrum of cancer cell types, induced by inflammation (IFNy) and
oncogenes, and suppressed by tumor suppressors like PTEN (PTEN is commonly mutated in

cancer, allowing for expression of PDL1) (Bernstein et al., 2014; Crane et al., 2009; Thompson

10



et al., 2005; Velcheti et al., 2014). Binding of PD1 on T cells to PDL1 on tumor cells causes T
cell apoptosis (Curiel et al., 2003), T cell anergy (Barber et al., 2006), and enhanced Treg
suppression of cytotoxic T cells (Francisco et al., 2009).

Anti-PD1 monoclonal antibody therapies, including pembrolizumab, have been
developed to make cancer cells vulnerable to immune destruction (Robert et al., 2015) (Reck et
al., 2016). Similarly, ipilimumab, an anti-CTLA4 antibody, is also approved for use in melanoma

and was historically the first checkpoint inhibitor to show clinical efficacy (Hodi et al., 2010).

9. Tumor-promoting inflammation and stroma

Tumors are often infiltrated by immune cells, which create an inflammatory
microenvironment (Figure 3) (Whiteside, 2008). Although it was originally believed that
immune cells, particularly T cells, within a tumor are fighting the cancer, recent data has
paradoxically supported the idea that immune infiltration may often promote progression of a
tumor (Man et al., 2013). In particular, immune cells may provide growth factors to promote
proliferation, survival factors, proangiogenic factors, matrix degrading enzymes, and EMT-
promoting signals (Reiman, Knutson, & Radisky, 2010; J. L. Yu & Rak, 2003). Moreover,
inflammatory cells may release reactive oxygen species, which are mutagens, causing tumor
progression (Liou & Storz, 2010). Tumor-promoting immune cells include macrophages, mast
cells, neutrophils, and B/T cells, each acting in different mechanisms to promote tumor growth
and proangiogenic signaling (Gajewski, Schreiber, & Fu, 2013). In addition, growing evidence
for a cohort of myeloid progenitor cells supporting tumor growth is accumulating. A
CD11b+/Grl+ myeloid progenitor cell may, in particular, suppress CD8+ T cells and NK cells,

part of the physiological artillery for anti-tumor surveillance (Bronte et al., 2000). Cancer

11



associated fibroblasts (CAFs) are known to aid in cancer cell proliferation, are pro-angiogenic,
and facilitate cancer cell invasion (Y. Zhang et al., 2011). The stromal cells which facilitate
tumor progression are both recruited from adjacent healthy tissue and from bone marrow, which
provides a sink of mesenchymal stem cells capable of differentiating into tumor-associated
stroma, including fibroblasts and pericytes (Haniffa, Collin, Buckley, & Dazzi, 2009) (Weinberg,
2014).

Tumor promoting inflammation may be targeted by non-steroidal anti-inflammatory

drugs and COX2 inhibitors (Rayburn, Ezell, & Zhang, 2009).
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Figure 3. The complex microenvironment of tumors includes fibroblasts, inflammatory cells,

stem cells, endothelial cells, and pericytes (Hanahan & Weinberg, 2011).

10. Genomic instability and mutations

Random mutations and epigenetic changes in cells may confer a replicative or survival
advantage among their wildtype peers, driving clonal expansion of mutant cells to overtake a
tumor population in a microscopic process of natural selection (Greaves & Maley, 2012). The
rate of mutation in cancer cells is also often increased, both due to breakdown in DNA repair
machinery and heightened sensitivity to mutagens, increasing the diversification of fitness
among cancer cells (Jackson & Loeb, 1998).

Poly-ADP Ribose Polymerase (PARP) 1 is recruited to repair DNA single strand breaks
(M. Y. Kim, Zhang, & Kraus, 2005). Hence, mice lacking PARP1 are hypersensitive to DNA
damage by radiation or alkylating agents (de Murcia et al., 1997). Following a single strand
break, DNA replication may result in a double strand break, which may then by repaired by
homologous recombination (the details of this mechanism remain controversial) (Ashworth,
2008; Konecny & Kristeleit, 2016). Hence, PARP inhibitors, like olaparib, cause synthetic
lethality in some homologous recombination-deficient tumors, including BRCA1-mutant breast

cancer (Fong et al., 2009; Livraghi & Garber, 2015) (Weinberg, 2014).

Overall, these hallmarks of cancer cooperate to permit cancer cells to aberrantly
proliferate and survive in circumstances where normal cells would be arrested, apoptose, or be
cleared by the immune system. The consequence is the persistence of these tumor cells, allowing

for accumulation of mutations, angiogenesis, invasion/metastasis, and creation of a

13



microenvironment. Each of these hallmarks establishes an area whereby targeted therapeutics

may be used to restrict tumor cell growth.

Targeted Therapy in Cancer

Chemotherapeutics target processes that occur in both tumor and non-tumor cells, such as
DNA replication (alkylating agents), RNA and DNA synthesis (antimetabolites), DNA strand
separation (topoisomerase inhibitors), and mitosis (Malhotra & Perry, 2003). In contrast, targeted
therapies exploit specific pathways or cellular mutations in a tumor rather than processes in
normal physiology, with some exceptions. Dependence on these critical pathways to sustain
proliferation in a cancer cell is termed “oncogene addiction” (Weinberg, 2014). Due to their
specificity, targeted therapies are typically only effective in a particular genotypic stratum of
patients rather than across subtypes, and often have a less toxic side effect profile than
chemotherapies (Widakowich, de Castro, de Azambuja, Dinh, & Awada, 2007).

In the case of chronic myeloid leukemia (CML), one of the first cancers whose
cytogenetic cause was discovered, scientists noted a shortened chromosome in multiple affected
patients; this later became known as the Philadelphia chromosome— a fusion of the c-abl-
containing region of chromosome 9 with the ber region of chromosome 22 (Druker et al., 1996).
Scientists later realized that, although kinases have heavily conserved structure, the structure of
their ATP-binding regions were relatively unique, potentially allowing a specific kinase to be
therapeutically targeted. At Ciba-Geigy, now Novartis, a specific phenylaminopyramidine was
developed and noticed for it inhibitory activity of certain specific tyrosine kinases. Heavily
modified to reduce its mutagenic potential and to increase its bioavailability, this molecule was

named imatinib (or Gleevec, formerly Glivec) and was developed to fit the ATP-binding region
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of Abl kinase, preventing autophosphorylation (Druker et al., 2001) (Igbal & Igbal, 2014).
Imatinib was tested as a BCR-ABL fusion protein inhibitor for patients with chronic
myelogenous leukemia, providing the first proof of concept that a kinase inhibitor may have
clinical activity and successfully inhibit an oncogenic kinase (Druker et al., 2001).

As compared to bone marrow transplantation and daily interferon infusions, which
offered a 30% five-year survival among CML patients, imatinib increased the five-year survival
to approximately 89% and was very well tolerated (Druker et al., 2006). The success of imatinib
led to the future development of targeted therapeutics for dozens of other cancer-specific targets,
including cetuximab (monoclonal antibody to EGFR)(Van Cutsem et al., 2009), trastuzumab
(monoclonal antibody to HER2) (Piccart-Gebhart et al., 2005), and gefitinib (small molecule
inhibitor of EGFR)(Maemondo et al., 2010) (Baker & Reddy, 2010).

Unfortunately, cancer eventually cells develop resistance to imatinib (and to all targeted
therapies, if given sufficient time). Resistance mechanisms to imatinib include genomic
amplification of BCR-ABL, overexpression of BCR-ABL, cytogenetic evolution (including
aneuploidy and new reciprocal translocations), and mutations in the ABL tyrosine kinase domain

(Hochhaus et al., 2002).

Resistance to targeted therapies

Despite producing initial, often profound, responses in patients, the efficacy of targeted

therapies is ultimately limited by the eventual development of resistance. Here, I will highlight

three examples of mechanisms of acquired resistance.

HER?2-mutated breast cancer
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In about a quarter of breast cancers, the HER2 proto-oncogene is amplified, which
correlates with a poor clinical prognosis (Rexer & Arteaga, 2012). Both monoclonal antibodies
to HER2 (trastuzumab) and small molecule TKIs (lapatinib) are used in these cases; in
combination with paclitaxel, overall response rate to trastuzumab in metastatic, HER2-
overexpressing breast cancers is over 67% (Seidman et al., 2001). Unfortunately, resistance
inevitably develops to both HER2-targeted compounds (Rexer & Arteaga, 2012). Multiple
resistance mechanisms to HER2-targeting have been observed, including gatekeeper mutations
that prevent binding of the drug to the target, HER2 transactivation by signaling through or
heterodimerization with other RTKSs, bypass tracks (p85 may activate other receptor tyrosine
kinases that activate PI3K signaling, bypassing HER2 blockade), PTEN loss, splice variant
removing exon 16 of HER2 (confers resistance to trastuzumab, which binds at exon16), and
overexpression of mucins 1 and 4, which mask the trastuzumab binding site) (Rexer & Arteaga,
2012). Combination therapies targeting the HER2 receptor may be effective even after resistance
develops to trastuzumab or lapatinib, revealing a continued dependence on the HER2 oncogene
(Rexer & Arteaga, 2012). For example, trastuzumab + the PI3K inhibitor XL 147 inhibits the
growth of PIK3CA-mutant mouse xenografts resistant to anti-HER2 therapies (Rexer & Arteaga,

2012).

EGFR-mutated colorectal cancer (CRC):

Cetuximab is a monoclonal antibody to EGFR that is effective in EGFR-mutated CRC (10-15%
of CRC cases) (Misale et al., 2012). Point mutations and other molecular alterations in KRAS
have been shown to cause resistance to cetuximab, both by clonal selection of pre-existing

KRAS-mutant cells and de novo mutagenesis during therapy (Misale et al., 2012). Interestingly,
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KRAS mutant DNA is detectable in blood up to ten months before radiographic progression,
potentially allowing for prediction of KRAS-mediated cetuximab resistance before full
outgrowth (Misale et al., 2012); this may provide an opportunity to intervene with a combination
of EGFR and MEK inhibition in order to limit the outgrowth of resistant, KRAS-mutant cells

(Misale et al., 2012).

BRAF-mutant melanoma

40-50% of cutaneous melanomas exhibit activating mutations in the BRAF oncogene that confer
sensitivity to the BRAF inhibitors vemurafenib or dabrafenib (Sullivan & Flaherty, 2013).
Intrinsic resistance to these Raf inhibitors may be due to cyclin D amplification/cell cycle
dysregulation, PTEN loss, and HGF/cMET signaling. On the other hand, resistance to BRAF
inhibitors may also be acquired during therapy after an initial response. Acquired resistance
mechanisms identified so far include upregulation of PDGFRb/IGF1R, overexpression of BRAF
(cells with this resistance may be sensitive to higher doses of BRAF inhibitor), MEK mutations
(Van Allen et al., 2014), and splice variations of BRAF, including a shortened BRAF protein that

can dimerize in the presence of BRAF inhibitors to activate MAPK (Sullivan & Flaherty, 2013).

Cancer stem cells and tumor heterogeneity

The term cancer stem cell is controversial and often vaguely defined. Here, I refer to a
cancer stem cell as any cell in a tumor with the ability to self-renew and undergo asymmetric
division, and which possesses a heightened tumor-initiating capacity (Wion & Berger, 2006).
Relative to non-stem-like cancer cells, only a very small number (1-100) of cancer stem cells are
required to initiate a new tumor in a xenotransplanted mouse (Hanahan & Weinberg, 2011).

CSCs were first identified in blood cancer and then breast cancer by altered cell surface markers
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(Wion & Berger, 2006). Leukemia-initiating cells (CD34+, CD38-) have multipotent properties
and CD44+, CD24-/low breast cancer stem cells have the potential to recapitulate the full
heterogeneity of a solid breast tumor (Singh & Settleman, 2010). Similarly, CD133+ tumor
initiating cells have been identified in brain and colorectal cancers (Singh & Settleman, 2010).
With regards to therapeutic resistance, CSCs may express drug efflux pumps (eg- ABC
transporters, which pump drug out of the cell), Bcl-2 expression that impairs pro-apoptotic Bax
and Bak (causes resistance to apoptosis), and an enhanced DNA damage response (this confers
resistance to DNA-damaging agents like chemotherapy and radiotherapy).

In addition to drug-resistant cancer stem cells, genetic heterogeneity within a single
tumor also poses a therapeutic challenge, as different cancer cells within a tumor may display a
heterogeneous drug response and also evolve multiple drug resistance mechanisms
simultaneously (Ramirez et al., 2016; Sequist et al., 2011). Recently, a large study on intratumor
heterogeneity among early stage EGFR mutant NSCLCs analyzed 327 tumor regions from 100
patients (Jamal-Hanjani et al., 2017), identifying a high frequency of subclonal somatic
mutations and copy-number alterations. EGFR mutations were predominantly clonal, but 75% of
tumors contained subclonal and potentially resistance-causing alterations in druggable targets,
including PI3KCA, NF1, NOTCH, P53, AND KRAS (Jamal-Hanjani et al., 2017). Patients with
high intratumoral copy number heterogeneity had a higher risk of recurrence or death (hazard
ratio= 4.9) (Jamal-Hanjani et al., 2017). Multi-regional single cell sequencing of breast tumors
revealed subclonal CDKN2A, PTEN, BRCA2, and other genetic alterations in particular regions
of the tumor, and indicated that metastases derived from specific tumor subclones (Yates et al.,
2015). Similarly, a seminal study on the regional heterogeneity within renal cell carcinomas

found that spatially separated distinct mutations in multiple histone demethylase genes drove a
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phenotypic convergent evolution across tumor foci. Hence, diversity may be created by genetic
mutations but common selective pressures may drive convergent functional evolution (Gerlinger
et al., 2012). Overall, intratumor heterogeneity poses a significant therapeutic challenge across

cancer subtypes (Jamal-Hanjani et al., 2017).

Having reviewed the hallmarks of cancer, the development of targeted therapies, and
therapeutic resistance as a modern framework for the study of cancer biology, this introductory
chapter will now focus on literature specific to the study of EGFR-mutated NSCLC, its

treatment, and the challenge of drug tolerance.

Lung cancer: causes and economics

Lung cancer is the leading cause of cancer-related death in the US and the world, killing
about 1.6 million people per year (Didkowska et al., 2016). Often considered the consequence of
lifestyle choices, lung cancer is a neglected disease in the realm of public sympathy (Brody,
2014). In reality, 85% of lung cancer occurs in smokers, 90% of whom historically began
smoking before age 18 (Nonnemaker & Farrelly, 2011). Lung cancer is also a disease of
bystanders: death due to second hand smoke in non-smokers, often the relatives and friends of
smokers, is estimated at approximately 5,000/year in the US alone (Taylor, Johnson, & Kazemi,
1992). Moreover, as will be discussed in this thesis, lung cancer occurs in a minority of patients
due to genetic causes, independent of tobacco exposure (Lynch et al., 2004).

Tobacco-related disease is the leading cause of preventable death in the world and
cigarettes are the only legal product that, when used as directed, kill half of their consumers

("Tobacco and health fact sheet: nicotine and other poisons," 2005). One third of all cigarettes
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smoked are smoked in China, as the government is the global leader in cigarette production (Z.
Chen et al., 2015). Efforts to reduce smoking initiation, including “plain packaging” of cigarette
boxes showing graphics of tumors and dying patients, bans on advertising targeting children (ads
at eye-level of kids, fun “flavored” cigarettes, cigarette toys), cigarette taxes, public education,
and restriction of settings where it is permissible to smoke are used to varying degrees around the
world (Hoek et al., 2012), and are often tempered by the efforts of the tobacco lobby (Pechey,
Spiegelhalter, & Marteau, 2013). The Black, Hispanic, and Asian caucuses of the New York
State Senate and the Black Caucus of the US Senate are funded by tobacco companies and
traditionally vote against legislation restricting smoking rights (Yerger & Malone, 2002). Lung
cancer is intimately tied with politics; the majority of cases of lung cancer would be prevented if
cigarettes were effectively banned, as they are in Bhutan (Givel, 2011). The relative risk of
developing any type of lung cancer is about 30-fold greater in smokers versus non-smokers
(Chambliss, 2001; Dela Cruz, Tanoue, & Matthay, 2011).

In 2010, the United States spent over $12 billion on lung cancer-related healthcare costs
and another $8.8 billion was spent by tobacco companies on advertising (Kahende, Loomis,
Adhikari, & Marshall, 2009). Lung cancer research represented over 5% of the National Cancer
Institute’s budget in 2015 (NIH, 2017). Lung cancer is by far the costliest of cancers in America
(Society, 2010). Due to its high prevalence and poor survival rates, it is critical to continue
researching new therapeutic options that may improve the clinical management of lung cancer

patients.

Lung cancer: clinical management
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Clinically, lung cancer is classified by histological type into either small cell or non-small
cell lung cancer, and further stratified into subgroups by genetic profile (Travis et al., 2015).

Small cell lung cancer (SCLC) represents about 15% of lung cancers, currently has a 6%
five-year survival in the US, is very aggressive, and is almost exclusively a disease of tobacco
smokers (Travis, 2012). The name “small cell” refers to the small, round cells in this cancer
(Figure 4). SCLC cells often exhibit granular chromatin and faint or missing nucleoli (Travis,
2012). The division rate in these tumors is very high (80 mitoses/ 2mm?). Histologically, small
cell tumors appear as sheets of cells, rosettes, nesting organoids, or tubules (Travis, 2012).
SCLCs may present as “mixed type” with pockets of squamous cells and adenocarcinoma within
a single tumor (Travis, 2012), and typically contain loss of function mutations in p53 (Takahashi

et al., 1989) and Rb (Harbour et al., 1988).

Figure 4. Small cell lung cancer stained with hematoxylin and eosin displaying A) small, round

cells with scant cytoplasm (Travis, 2012) and B) granular chromatin.
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Non-small cell lung cancer (NSCLC) represents the remaining 85% of lung cancers. 80% of
NSCLCs are diagnosed in stage 4, when the overall five-year survival is about 4% (Cetin,
Ettinger, Hei, & O'Malley, 2011; Molina, Yang, Cassivi, Schild, & Adjei, 2008). NSCLC is
classified into four groups: squamous cell carcinoma (~30%), large cell carcinoma (9%),
adenocarcinoma (~60%), and rarely into “NSCLC not otherwise specified” if a definitive
diagnosis cannot be made. Lung squamous cell carcinoma grows slowly, is more common in
men, and is predominantly a smoker’s disease (Molina et al., 2008). Large cell cancers are also
more common in men, appear large and relatively undifferentiated, and are quickly-growing
(Molina et al., 2008). Non-small cell adenocarcinomas typically arise from cells lining the

alveoli, may be found in both smokers and never-smokers, and are classified by genetic subtype,

(Molina et al., 2008).

Non-small cell lung adenocarcinoma

Non-small cell lung adenocarcinoma is typically TTF1+ (Thyroid transcription factor 1,
normally regulates the production of surfactant and secretory proteins in terminal respiratory
units), CK7+ (cytokeratin 7, expressed in the epithelium of the ovary, lung, and breast but not of
the gastrointestinal (GI) tract; used to distinguish from tumors of GI-origin), and CK20-
(cytokeratin 20, typically expressed in GI-tract tumors but not in lung tumors; used to distinguish
lung vs Gl-origin) (Kumarakulasinghe, van Zanwijk, & Soo, 2015). Common symptoms upon
presentation are cough, shortness of breath, chest pain, recurrent pulmonary infections, weight
loss, and fatigue (Kumarakulasinghe et al., 2015). NSCLCs are subtyped by genetic alteration.
The major driver mutations are in EGFR, KRAS, ALK, and ROS1 (Lynch et al., 2004; Rikova et

al., 2007; Soda et al., 2007). KRAS represents 25% of non-small cell adenocarcinomas and is
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found mostly in smokers (Engelman et al., 2008; Ji et al., 2007; Kumarakulasinghe et al., 2015).
EMLA4-ALK rearrangements are present in non-smokers and account for another 2-7% of non-
small cell adenocarcinomas (Soda et al., 2007); this mutation is more common in Asian men
(Shaw et al., 2009). Mutations in EGFR are present in 10-30% of NSCLCs, depending on
demographic (Maemondo et al., 2010). EGFR-mutated NSCLC is particularly common in
young, never-smoking women of Asian origin (Sequist et al., 2011). Finally, ROS1 mutations

drive another 1% of cases (Rikova et al., 2007).

Clinical management of NSCLC

Like all solid tumors, NSCLC is clinically staged by the TNM system. T refers to the size of
the solid tumor and ranges from 0-4 (0 means the tumor can’t be found or is in situ; 4 is the
largest size) or X (tumor can’t be measured). N refers to the involvement of regional lymph
nodes and ranges from 0-3 (0 means no involvement; 3 indicates extensive regional spread) or X
(nodal involvement cannot be assessed). Finally, M refers to metastatic status and is either X
(unknown), 0 (no metastasis), or 1 (metastasis has occurred) (Brierley & National Cancer
Institute of Canada Committee on Cancer, 2006).

In patients with early stage NSCLC (stage 1-2), surgery is a major component of treatment
(Novello et al., 2016). In patients who are too old, ill, or unwilling to pursue surgery for early
stage lung cancer, radiation is pursued with curative intent (Novello et al., 2016). In stage 3b/3c
NSCLC, tumors remain localized but are considered unresectable; although treatment decisions
depend on co-morbidities, age, and patient performance status, combined chemotherapy and

radiation are the standard of care in these “locally advanced” stages (Novello et al., 2016).
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Stage 4 NSCLC is treated with systemic therapy (Novello et al., 2016). Molecular testing is
often pursued to determine if tumors contain mutations in EGFR or ALK if so, an appropriate

tyrosine kinase inhibitor to the respective oncogene is given as first line therapy (Figure 5)

(Novello et al., 2016).

Figure 5. These CT scans before and after six weeks of gefitinib treatment show an impressive
reduction in tumor burden in the right lung of a 32 year-old male non-smoker with stage 4
EGFR-mutated NSCLC. Symptomatic improvement followed this reduction in tumor volume

(Lynch et al., 2004).

In stage 4 patients without EGFR/ALK-mutated disease, the standard of care historically
involved cisplatin-based doublets (two-drug combinations) (Novello et al., 2016). Recently, first-
line therapy has shifted to pembrolizumab (IgG to PD1) monotherapy in PDL1-highly expressing
tumors or to pembrolizumab + chemotherapy for all other tumors (Reck et al., 2016). In a recent
seminal study, stage 4 NSCLC patients receiving pembrolizumab had a progression free survival

of over 10 months, compared to six months amongst patients receiving chemotherapy (Reck et

24



al., 2016). Monoclonal antibody to VEGF (bevacizumab) is recommended in combination with
platinum-based chemotherapy in certain patients; this drug reduces tumor angiogenesis but
increases the risk of hemorrhage (Novello et al., 2016).

Palliative care for stage 4 NSCLC includes pleural catheters to drain recurrent pleural
effusions, pleurodesis (thoracoscopic use of talc to promote sclerosis), radiation therapy, and
surgery to relieve symptoms (for example, relieving the mass effect of metastases in bone, brain,
or spinal cord) (Novello et al., 2016).

Recent advances in immunotherapy have made it a source of hope and excitement in the
field of translational oncology. Although lung cancers are generally weakly immunogenic, the
checkpoint inhibitor antibodies to PD1 and CTLA4 may be used as second line therapy in any
subtype of NSCLC (Gettinger et al., 2016; Reck et al., 2016; Rizvi et al., 2015). Specifically,
overall survival may be prolonged with nivolumab (12.2 months) compared to docetaxel (9.4
months) in advanced NSCLC patients who progressed on platinum-based chemotherapy/
targeted therapy; importantly, clinical benefit from immunotherapy is generally restricted to
patients with a smoking history (Horn et al., 2017). In non-smokers, chemotherapy and
immunotherapy may be equally effective (Horn et al., 2017). In a study examining patients
treated with pembrolizumab, scientists found that nonsynonymous mutation burden (which is
typically very low in non-smokers), smoking-associated mutagenic signatures, mutations in
DNA repair machinery, and neoantigenic load correlated with progression free survival (Rizvi et

al., 2015).

EGF receptor biology
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The EGFR gene is located on chromosome 7p11.2 and codes for a 170kDa protein.
EGFR (Herl1/ErbB1) is composed of a 621 amino acid N-terminal ectodomain, a 23 amino acid
transmembrane domain, and a 542 amino acid C-terminal cytoplasmic domain, which includes a
(historically so-called “Src-like”) tyrosine kinase region that transmits proliferative signaling
(Weinberg, 2014; Xu, Richert, Ito, Merlino, & Pastan, 1984) (Figure 6). EGF was the first
growth factor to be characterized upon discovery of its ability to stimulate mitosis in epithelial
cells (Xu, Richert, Ito, Merlino, & Pastan, 1984).

Many growth factors exist as dimers, whether they are identical subunits (homodimers)
or two distinct subunits (heterodimers). Due to the hydrophobic transmembrane domain of
EGFR (and other RTKSs), the receptor has lateral mobility on the cell surface (Herbst, 2004).
Hence, an EGFR monomer may bind to a ligand dimer and stochastically come across another
EGFR molecule with which to dimerize; this is the major mechanism of EGFR-ligand
interaction, although exceptions exist (for example, TGFa is a monomeric ligand of EGFR)
(Herbst, 2004). EGFR dimers may be symmetric or asymmetric in configuration, and
crystallographic evidence indicates that the asymmetric conformation may be more important for
EGFR activation (X. Zhang, Gureasko, Shen, Cole, & Kuriyan, 2006). Tethering of two EGFRs
to a common ligand allows the cytosolic domains of each receptor to transphosphorylate, causing
a structural change in the protein’s “activation loop.” This structural change allows a catalytic
cleft access to its substrates and subsequent phosphorylation of actors downstream in the
signaling pathway (Herbst, 2004; Weinberg, 2014). EGFR may also form functional
heterodimers with ErbB2, ErbB4, and other receptor tyrosine kinases (Yarden & Sliwkowski,

2001).
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Figure 6. Two EGF receptors dimerize via ligand binding. Tyrosine 1068, one site of
transphosphorylation, is indicated, along with other sites of common activating mutations in

NSCLC (Lynch et al., 2004).

Upon phosphorylation, specific tyrosine residues in the intracellular component of EGFR

bind to adaptor proteins, including SH2 (Src homolog 2)-containing proteins, Grb2, and Gabl

(Oda, Matsuoka, Funahashi, & Kitano, 2005). Docking of these adaptor proteins causes
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recruitment of signaling proteins, including PLC y , SHC, Src, PI3K (via binding to the p85

regulatory subunit), and SHP2, among others (Normanno et al., 2006). Downstream signaling is
then transduced through the Ras, PI3K, STAT, and other pathways (Jimeno & Hidalgo, 2006).
Specifically, Grb2-docking on phospho-EGFR recruits SOS, which causes GDP—> GTP,
activating the Raf pathway (Kandasamy et al., 2010). Grb2 and other adaptor proteins may
alternatively recruit PI3K, which causes PIP2-> PIP3, activating the AKT pathway (Kandasamy
et al., 2010). EGFR signal transduction through these pathways drives cell division,
angiogenesis, and, in cancer, invasion and decreased apoptosis (Mosesson & Yarden, 2004)

(Figure 7).
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Figure 7. Canonical EGFR downstream signaling networks. (Jimeno & Hidalgo, 2006)
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In tumors driven by EGFR, such as glioblastoma, head and neck cancers, anal cancers, and
NSCLC, cells may overexpress EGFR at 10-20x greater abundance than a wild-type cell, causing
a higher frequency of stochastic dimerization events and an increase in proliferative signaling
cascades (Lynch et al., 2004). In EGFR-mutated NSCLC, receptors with the L§58R mutation
may remain activated for three hours after stimulation with EGF, as compared to their wild-type
counterparts that internalize 15 minutes after stimulation with EGF (Lynch et al., 2004;

Weinberg, 2014).

History of clinical management of EGFR-mutated NSCLC

An EGFR inhibitor, Iressa, was developed in 1994 by Zeneca (more information below,
in Gefitinb biology). By 1997, observations of EGFR amplification or over-expression in
NSCLC had been published (Brabender et al., 2001; Rusch et al., 1997), motivating investigation
of EGFR inhibitors in NSCLC patients. Multiple phase III clinical trials compared the overall
survival in NSCLC patients (non-stratified by genetics) treated with gefitinib or chemotherapy,
finding that gefitinib was either equally effective (HR= 1.02) or slightly inferior (HR=1.12) to
chemotherapy, respectively (E. S. Kim et al., 2008; Maruyama et al., 2008) (Figure 8). No
additional benefit of gefitinib was found in patients with high EGFR copy number (Kim et al.,

2008).
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Figure 8. Kaplan-Meier curve of progression-free survival from one of many original phase III
clinical trials assessing gefitinib versus docetaxel chemotherapy in NSCLC patients, non-
stratified by genetic subtype. This study showed insignificant clinical benefit overall (HR= 1.04)

(E. S. Kim et al., 2008).

Similarly, two early phase II clinical trials studying dosage of gefitinib in stage 4 NSCLC
found patients to be overall unresponsive, with a small subset of patients demonstrating an
impressive clinical response (Fukuoka et al., 2003; Kris et al., 2003).

The small group of responders attracted attention for further study; the EGFR gene in
patients previously treated with gefitinib at the MGH Cancer Center was sequenced from frozen
specimens or paraffin-embedded tissue. Heterozygous, in-frame deletions or amino acid
substitutions were found proximal to the ATP binding pocket of the kinase domain of EGFR in
the subset of patients with dramatic response to gefitinib treatment. The most common EGFR

activating mutations were exon 18 G719X, exon 19 deletion, and exon 21 L858R (Lynch et al.,
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2004). These mutations destabilize the 3-dimensional conformation of the tyrosine kinase
domain of EGFR, preventing the “autoinhibition” that is maintained in its native structure
(Jimeno & Hidalgo, 2006). Despite the presence of a wild-type allele, these mutations cause
uncontrolled pro-proliferative downstream effector signaling and oncogenesis (Lynch et al.,
2004). Hence, in 2004, scientists at the Massachusetts General Hospital Cancer Center and,
subsequently at Dana Farber Cancer Institute, published the discovery that EGFR mutations in
NSCLC correlate with response to gefitinib (Lynch et al., 2004; Paez et al., 2004).

In 2007, the first genotype-directed phase II clinical trial studying the efficacy of gefitinib
in advanced EGFR mutant NSCLC patients was done at MGH (Sequist et al., 2011),
demonstrating an 11.8 months progression free survival and warranting a larger phase III study.
IPASS (Iressa Pan-Asia Study) was the first large study to compare the efficacy of gefitinib
versus chemotherapy specifically in EGFR-mutated NSCLC patients (Mok et al., 2009). In this
study, patients with advanced NSCLC without prior chemotherapy were randomized to receive
gefitinib or carboplatin + paclitaxel. EGFR mutation was assessed amongst patients included in
the study; patients with EGFR mutation had superior progression free survival with gefitinib
(hazard ratio for progression with gefitinib= 0.48), whereas EGFR-wildtype patients had superior
progression free survival with chemotherapy (hazard ratio for progression with gefitinib= 2.85)
(Mok et al., 2009). In 2010, a phase III clinical trial assessed the efficacy of gefitinib versus
standard chemotherapy specifically in patients with EGFR-mutated NSCLC. Patients were
included only if an EGFR mutation was detected but no T790M mutation was present, they had
no history of chemotherapy, and were <75 years old (in patients above 75, benefit from
chemotherapy had not been demonstrated) (Maemondo et al., 2010). Participants in the study

were stratified according to sex, clinical stage, and institution, and were randomized to receive
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gefitinib or paclitaxel plus carboplatin. Median times to progression in the gefitinib versus
chemotherapy cohorts were 10.4 months versus 5.5 months, respectively (Maemondo et al.,

2010) (Figure 9).
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Figure 9. A phase 3 clinical trial assessing gefitinib versus chemotherapy in patients with EGFR-
mutated NSCLC showed an exciting benefit in progression-free survival in the gefitinib cohort

(HR= 0.3) as compared to standard chemotherapy (Maemondo et al., 2010).

Gefitinib biology

Gefitinib (Iressa®) was identified as a potential EGFR TKI in 1994 by Zeneca during a
focused study of anilinoquinazolines (Figure 10) (Pelengaris & Khan, 2013). The compound was
found to competitively inhibit the ATP-binding site of the tyrosine kinase domain of EGFR
(Pelengaris & Khan, 2013). Gefitinib is metabolized by the CYP34A system of liver enzymes;
inhibitors of CYP34A increase the plasma concentrations of gefitinib (Pelengaris & Khan, 2013).
In 2003, the FDA conditionally approved the drug for stage 4 NSCLC in the United States. It

was not until a seminal study from 2004, which showed that gefitinib is specifically effective in
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the subset of NSCLC patients with activating EGFR mutations, that the overall survival and
progression-free survival benefits of this drug became apparent (Lynch et al., 2004). Of note,
mutant EGFR is inhibited by gefitinib with an IC50 of 0.015uM, whereas the gefitinib IC50 for
wildtype EGFR is 0.1uM. (Lynch et al., 2004) (Pelengaris & Khan, 2013). Erlotinib (Tarceva®)
is a structurally similar quinazolinamine EGFR TKI that was approved for second-line treatment
of NSCLC post-progression on chemotherapy in 2005 (Pelengaris & Khan, 2013) and for first-
line treatment of EGFR mutant NSCLC in 2013 (Rosell et al., 2012); it is the current preferred
EGFR inhibitor in the US. In patients with EGFR-mutated NSCLC, response rates to gefitinib or
erlotinib are roughly 80% and extend the overall survival of patients from about 11 months on
chemotherapy to about two years, an improvement which is limited by the inevitable
development of resistance to the TKI (Maemondo et al., 2010). These two compounds are known
as reversible “first generation-EGFR inhibitors.” Afatinib, an irreversible “second generation”
compound also approved as first line therapy in EGFR-mutated NSCLC, is slightly more
effective at inhibiting the EGFR pathway than erlotinib but has increased toxicity due to
wildtype EGFR binding (Krawczyk et al., 2017; Sequist et al., 2013)(Solca et al., 2012). Upon
development of the T790M resistance mutation to first generation inhibitors, patients may retain
sensitivity to irreversible “third generation” EGFR inhibitors, like Osimertinib (AZD9291), PF-
06747775, EGF816, and Rociletinib (CO-1686), which preferentially bind the mutant receptor

(Wang, Cang, & Liu, 2016).
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Figure 10. The structure of gefitinib, an anilinoquinazoline, C22H24CIFN4O3, molecular mass

446.9 (Pelengaris & Khan, 2013).

Resistance to EGFR inhibition

The median time to progression in patients treated with gefitinib is ~10 months (Figures
9, 11) (Sequist et al., 2011). There is a heterogeneity of known clinical resistance mechanisms to
EGFR inhibition (Sequist et al., 2011). These mechanisms include the EGFR T790M mutation,
which is present in approximately 49% of resistant tumors, with a small fraction that is also
EGFR amplified. Approximately 14% of NSCLCs resistant to gefitinib undergo lineage changes
to SCLC and subsequently respond to platinum-based chemotherapy used for SCLC (Sequist et
al., 2011). Lastly, some resistant tumors activate bypass signaling tracks, through amplification

of MET or mutation in PIK3CA (Engelman et al., 2007; Sequist et al., 2011).
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Initial diagnosis 2 months after gefitinib 9 months later
Figure 11. Chest X-ray depicting initial response and subsequent development of resistance to
gefitinib in a 56 year-old woman with EGFR L858R-mutated NSCLC (Gow, Shih, Chang, & Yu,
2005). A mass in the right lower lung was de-bulked significantly with gefitinib treatment, but
therapeutic resistance developed within nine months, marked by a T790M+ endobronchial tumor

in the right middle bronchus (Gow et al., 2005).

To overcome acquired resistance to gefitinib, tumors with the T790M mutation may be
treated with third generation inhibitors, such as osimertinib (Thress et al., 2015). Resistance to
third generation inhibitors may also develop (for example, C797S is a resistance mutation to
osimertinib) (Thress et al., 2015). Tumors that develop MET amplification as a mechanism of
bypassing EGFR inhibition are thought to be sensitive to a combination of EGFR and MET
inhibitors (Engelman et al., 2007). Dual MET + EGFR inhibition is under clinical development
(Ye, Li, Hao, Yan, & Zhou, 2016).

Histologic changes characteristic of Epithelial to Mesenchymal Transition (EMT) have
been observed in a subset of patients at the time of progression on EGFR TKIs (Sequist et al.,
2011). Interestingly, EMT was present in cases where no other resistance mechanism could be
identified (Sequist et al., 2011) (Figure 12). In some cases, tumor cells with mesenchymal

features may be a pre-existing sub-population that coexists with other mechanisms of resistance,
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including T790M (Bhang et al., 2015; Hata et al., 2016; Soucheray et al., 2015). A clinical

strategy for targeting tumor cells in the mesenchymal state does not yet exist.
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Figure 12. A pretreatment adenocarcinoma with predominantly epithelial histology transforms

into a sarcomatoid-like, mesenchymal tumor post-gefitinib treatment (Sequist et al., 2011).

Clinical genotyping has guided the rational selection of targeted therapies for patients
with specific subtypes of cancers. However, the ability to predict the resistance mechanism that
patients will develop to these therapies requires knowledge of more than the initial genetic
background of the tumor (Crystal et al., 2014). Moreover, some tumors do not contain mutations
that link them to a particular treatment strategy but may still be susceptible to certain drugs. To
address these challenges, work from my lab previously demonstrated that the use of patient-
derived cell lines may be used to predict clinical response and resistance mechanisms, as well as
to identify successful drug combinations in clinically-relevant models (Crystal et al., 2014). In

this study, a 50% success rate of biopsy-to-cell line generation was reported, and models were
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used to screen effective drug combinations in both EGFR and ALK mutated NSCLC (Crystal et
al., 2014). Using an EGFR mutant NSCLC patient-derived cell line with FGFR3 mutation,
MGH156-1A, the authors found that EGFR synergized with an FGFR inhibitor in short term
treatment (Crystal et al., 2014). Overall, this work provides a useful platform and proof of
concept that patient-derived cell lines can be generated and used for clinically relevant

pharmacologic studies, including the identification of resistance mechanisms.

Dual RTK inhibition as a strategy to overcome resistance

It has been demonstrated that resistance to antikinase cancer therapies is often attributable
to re-activation of signaling downstream of the targeted kinase (T. R. Wilson et al., 2012) (for
example, activation of IGFIR in the PC9 EGFR-mutated NSCLC cell line causes tolerance to
EGFR inhibition (Sharma et al., 2010)). Using six RTK ligands (HGF, IGF, FGF, PDGF, NRG1,
and EGF) and 41 kinase-dependent cancer cell lines, authors found that at least one growth factor
could confer resistance in nearly all cell lines to a kinase inhibitor that otherwise caused growth
arrest (T. R. Wilson et al., 2012). In some cell lines, up to four growth factors conferred
resistance, suggesting that there is widespread potential for growth-factor-driven resistance to
anticancer kinase inhibitors (T. R. Wilson et al., 2012). Of note, no growth factor conferred
resistance to cisplatin, a chemotherapeutic, in any cell line, indicating that resistance is not
general to all toxic agents. In every ligand-rescued cell line, reactivation of PI3K or MAPK was
observed despite continued inhibition of the oncogenic kinase. In the case of an ALK-
translocated NSCLC cell line, Hepatocyte Growth Factor (HGF) conferred resistance to an ALK
inhibitor (TAE684), but crizotinib (dual ALK-MET inhibitor) treatment caused a durable

response, despite continued HGF treatment (T. R. Wilson et al., 2012). These findings are
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revealing of the extensive crosstalk among RTKs and indicate the potential clinical impact of

dual-RTK inhibition in cancer treatment.

Epithelial to Mesenchymal Transition (EMT)

The EMT is a complex process by which cells of epithelial origin develop mesenchymal
properties (Du & Shim, 2016). EMT is required for multiple stages of embryogenesis, including
when epithelial cells of the ectoderm undergo an EMT to migrate and form a mesoderm, from
which the mesenchyme, fibroblasts, and hematopoietic cells grow (Du & Shim, 2016). During
wound healing, epithelial cells proximal to the injury undergo an EMT to migrate into and close
the wound site (Du & Shim, 2016). EMT is also a prominent feature in carcinogenesis, drug
resistance, and cancer metastasis (Weinberg, 2014).

EMT involves loss of cytokeratin, tight junctions, E-cadherin, and cell polarity, all key
elements for maintaining epithelium (Singh & Settleman, 2010). E-cadherin is required for
epithelial cells to anchor to one another by linking the actin cytoskeletal network within
neighboring cells (Singh & Settleman, 2010). In epithelial cells lacking E-cadherin, projections
of the newly-freed actin cytoskeleton can be used as sensory projections and motility-conferring
lamellipodia (Lamouille, Xu, & Derynck, 2014). Repressive methylation of the E-cadherin
promoter is characteristic of many invasive human cancers, and is a frequent mechanism of
reduction or loss of E-cadherin levels (Lamouille et al., 2014). Loss of E-cadherin alone confers
gain of motility in epithelial cells, though other cell fate changes are required for an EMT
(Lamouille et al., 2014).

In addition to loss of epithelial traits, cells undergoing an EMT acquire mesenchymal

adherens junctions, secrete proteases like MMP2/9 that help cells “burrow” a path for movement,
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and express vimentin, the intermediate filament of the mesenchyme (Lamouille et al., 2014).
Additionally, cells transitioning to a mesenchymal state acquire stem-like traits, including
quiescence and upregulation of CD133 and ALDHI1AI, and begin to secrete fibronectin
(Arumugam et al., 2009). N-Cadherin anchors cells to nearby fibroblasts via homophilic
interactions with N-cadherin protein on the fibroblasts’ surface (Singh & Settleman, 2010).

In the case of tumors undergoing an EMT, this event promotes invasion of cancer cells
into nearby stroma (Singh & Settleman, 2010). The mesenchymal state has been associated with
invasiveness and drug resistance in a multitude of cancers, and mesenchymal tumors are often
described as poorly differentiated, alluding to their overlap with a stem-like phenotype
(Lamouille et al., 2014). TGFB, HGF, FGF, PDGF, other RTKs, and Wnt signaling are known
drivers of EMT, highlighting the role of the microenvironment in driving phenotypic change in
cancer cells (Lamouille et al., 2014).

The EMT is a complex program orchestrated by multiple redundant transcription factors
(TFs) that act upon hundreds of genes; the most important of these TFs are Zebl1, Slug, Snail,
Twist, and FoxC2 (Lamouille et al., 2014). Each EMT TF may be characteristically upregulated
in specific cancers, although there is significant plasticity in the program employed by cells to
achieve a mesenchymal state (Lamouille et al., 2014). For example, Slug is commonly enriched
in breast cancer cell lines and melanoma, while Zeb1 drives EMT in prostate cancer (Graham et
al., 2008; Lamouille et al., 2014).

The group of transcription factors which regulate the EMT process allow for tight control
and reversibility. As an example, Snail creates a reversible switch on the promoter of E-cadherin
(Lamouille et al., 2014). To do this, Snail binds to the E-box domains of epithelial genes to

repress their expression; in particular, it represses the E-cadherin promoter by recruiting the
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polycomb repressive complex 2 (PRC2) (Lamouille et al., 2014). PRC2 causes methylation of
H3K9 and H3K27 via EZH2 and G9a (methyltransferases in the PRC) to repress the E-Cadherin
promoter, while HDACs and the aforementioned methyltransferases simultaneously cause H3K4
methylation and H3K27 acetylation to activate the promoter (Lamouille et al., 2014). The active
and repressive histone modifications together create a “bivalent domain” at the E-cadherin
promoter, keeping it poised to “turn on” and “off” based on extracellular signaling (Lamouille et
al., 2014). The bivalent domain created by Snail in the E-cadherin promoter is one explanation of
the reversibility of EMT. Other examples of how EMT can be regulated are through modulating
the protein levels of the EMT-driving transcription factors through microRNA expression. The
miR200 family represses the translation of Zeb1l and Zeb2, miR29b and miR30a repress Snail,
and miR1 and miR200b repress Slug (Lamouille et al., 2014). Expression of each of these
microRNAs can prevent an EMT by reducing protein levels of these key transcription factors,
including SNAIL, TWIST1, and ZEB1 (Weinberg, 2014).

Twist is a basic helix-loop-helix (b HLH) protein, often termed a “master regulator” of
lineage specification. Twist recruits the methyltransferase SET8 and PRC2 to methylate and
repress the E-cadherin promoter and to activate the N-cadherin promoter. Twistl also recruits
PRCI1 to repress the E-box domain of E-cadherin (Lamouille et al., 2014).

Zebl (Zinc-finger E-box-binding homeobox 1) represses E-cadherin expression either by
recruiting its co-repressor, C-terminal binding protein, or by recruiting the Brgl subunit of the
SWI/SNF complex to the E-box of E-cadherin. Zeb1 also recruits Lysine-specific demethylase 1
to drive histone demethylation consistent with EMT, activating genes including CDH2 and VIM
(Lamouille et al., 2014). Zeb1 may be activated by SNAIL, TWIST1, TGFp, WNT proteins, and

RAS-MAPK signaling (Lamouille et al., 2014).
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FGFR signaling in EMT

In a variety of cancers, FGFR signaling has been linked to EMT and invasiveness.
Activation of FGFR1 drove EMT in 4/6 urothelial carcinoma cell lines in an ERK-dependent
mechanism (Tomlinson, Baxter, Loadman, Hull, & Knowles, 2012). In invasive breast
carcinoma models, FGFR1/2 were found to co-immunoprecipitate with N-Cadherin, inhibition of
FGFR signaling suppressed Snail and Slug expression, and FGFR signaling was necessary for
mammosphere formation and ALDH activity, indicating a role for FGFR in driving and
maintaining an EMT (X. Qian et al., 2014).

In KRAS mutant NSCLCs, it has been shown that MEK inhibition causes rebound
activation of different RTKs depending on whether the tumor is epithelial or mesenchymal (Kitai
et al., 2016). Treatment with the MEK inhibitors, trametininb and selumitinib, caused ERBB3
upregulation in epithelial-type KRAS mutant NSCLCs but caused FGFR1 upregulation in
mesenchymal cancers (Kitai et al., 2016). In KRAS mutant NSCLC of epithelial phenotype,
TGFP was used to induce EMT, and, interestingly, FGFR1 was one of the most highly
upregulated genes post-EMT induction (Kitai et al., 2016). In mesenchymal type KRAS mutant
NSCLCs, trametinib induced FRS2 phosphorylation, which was shut down with dual MEK -
FGFR inhibition (Kitai et al., 2016). BGJ398, a pan-FGFR inhibitor, re-sensitized mesenchymal
KRAS mutant NSCLC cells to trametinib. These findings highlight the role of the FGFR1

pathway in EMT-related adaptive resistance to a TKI (Kitai et al., 2016).

Persister state in EGFR NSCLC and other cancers

There are two main conceptual models of how a tumor comes to develop resistance to

therapy (Figure 13). The classic framework proposes that a drug-resistant cell(s) may preexist in
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the untreated tumor. In this model, the pressure of the drug drives clonal selection of the
preexisting resistant cell to populate a fully resistant tumor. Certain cell lines have known
preexisting resistance mechanisms, including T790M in PC9, and MET amplification in
HCCB827s, which exist in parental cell lines at low frequency (Engelman et al., 2007; Gainor et
al., 2016; Hata et al., 2016; Turke et al., 2010).

The second model of how resistant tumors develop does not require preexisting resistant
cells in the untreated patient. In this model, a subset of cells in the untreated tumor—Ilacking
genetic resistance mechanisms—are poised to initially survive therapy. These cells are not
destroyed by therapy, but instead remain static for a period of time during treatment (Sharma et
al., 2010). These so-called “drug tolerant persister cells” may be epigenetically altered, do not
undergo apoptosis in the face of drug, and afford the drug-sensitive tumor a period of time to
stochastically develop bona fide resistance mechanisms (Hata et al., 2016; Ramirez et al., 2016).
Once a cell acquires a resistance mechanism, it may then be clonally selected under drug

treatment to proliferate and populate a fully resistant tumor (Hata et al., 2016).

42



Persister

Figure 13. Two major models of how tumor resistance develops. Resistant cells (red) may
preexist in untreated tumors or be acquired during the course of therapy by passing through a

quiescent “persister” phase.

Drug-tolerant persister cells have been characterized in a multitude of cancer types,
including melanoma, gastric cancer, hepatocellular carcinoma, and colorectal cancer (Sharma et
al., 2010). The term “drug tolerant persister” comes from the field of study of antibiotic-tolerant
bacteria, which undergo a very similar “persister” evolution in response to drug, giving the
population sufficient time to potentially develop antibiotic resistance(Balaban, Merrin, Chait,
Kowalik, & Leibler, 2004). In the case of EGFR-mutated NSCLC, most of what is known about
persister cells derives from limited in vitro studies of the PC9 cell line (Hata et al., 2016; Sharma

etal., 2010).
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In this model, ~0.5% of cells are thought to have the potential to enter into a persister
state despite very high (2.5uM) concentrations of gefitinib treatment (Ramirez et al., 2016). They
are quiescent, dividing once every 96 hours, as compared to once a day in the parental state
(Sharma et al., 2010). PC9 persisters are also stem-like, upregulating CD133 at the cell surface
(Sharma et al., 2010), and take on mesenchymal characteristics. Moreover, the persister
phenotype is reversible with a drug holiday, meaning that cells can resensitize to gefitinib
treatment (Sharma et al., 2010). Interestingly, after drug withdrawal, persister cells re-
epithelialize (Sharma et al., 2010). Non-genetic changes such as chromatin remodeling and EMT
may facilitate survival of drug-tolerant "persister cells" (Sharma et al., 2010) that can then evolve
permanent resistance mechanisms (Hata et al., 2016; Teresi, Ocepek-Welikson, Kleinman,
Ramirez, & Kim, 2016). These persister cells are known to upregulate lysine demethylase 5a
(KDM5a) and are marked by an altered chromatin state (Sharma et al., 2010).

Of note, PC9 persister cells have reduced sensitivity not only to EGFR inhibitors, but also
to chemotherapies, Aurora kinase inhibitors, and frequently to multiple types of drugs (Ramirez
et al., 2016). Moreover, PC9 persister cells grown in multiple dishes evolved resistance to
different classes of drugs, indicating that persisters may divergently evolve multiple resistance
mechanisms (Ramirez et al., 2016).

EGFR T790M cells developed through the persister phase are more resistant to third
generation EGFR inhibitors than resistant PC9 cells that developed from a preexisting T790M
mutation, indicating that the process of persister evolution may involve more adaptations than a
single resistance mutation (Hata et al., 2016). PC9 persisters, in particular, are known to be more

mesenchymal-like than their untreated counterparts (Hata et al., 2016).
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Recently, Schreiber et al demonstrated that mesenchymal drug tolerant cancer cells rely
on a lipid peroxidase pathway that protects cells from ferroptosis (Viswanathan et al., 2017). A
scavenger of lipid peroxidases, the phospholipid glutathione peroxidase (GPX4) was found to be
critical for survival of mesenchymal, drug tolerant cells across a variety of tumor types
(Viswanathan et al., 2017). Moreover, mesenchymal drug tolerant cancer cells may succumb to
ferroptosis by therapeutic targeting of GPX4. These studies included the EGFR-mutated NSCLC
cells, H4006, although it is not known whether GPX4 plays a role in other models of EGFR-
mutated NSCLC or in in vivo models of this disease (Viswanathan et al., 2017).

Activation of alternate receptor tyrosine kinase signaling can also facilitate initial cell
survival during TKI treatment (T. R. Wilson et al., 2012). In EGFR-mutant NSCLC models,
various receptor tyrosine kinases, including IGF1R and FGFR2/3, have been shown to be acutely
upregulated during EGFR inhibitor treatment (Sharma et al., 2010; Ware et al., 2010).
Additionally, acquired resistance due to FGFR1 upregulation was observed in a subset of
resistant EGFR-mutant NSCLC cell line models that also exhibited features characteristic of
EMT (Terai et al., 2013). These studies raise the question of whether resistant cells that have
acquired mesenchymal features might be susceptible to therapeutic approaches that inhibit FGFR

signaling.

What is not known about EGFR mutant NSCLC persister cells

Given the insight that persister cells can go on to develop resistant tumors, it is important
to understand persister cell biology and strategies for targeting this cell type. To date, studies of
persister cells have been done exclusively in vitro and mostly in PC9 cells. It is unknown

whether properties of PC9 persisters, like EMT, reliance on KDM5a and IGF 1R, and their stem-
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like features are cell line-specific or relevant in other in vitro models and in vivo (Sharma et al.,
2010). Moreover, the question of whether targeting persister cells may prevent the ultimate
outgrowth of resistant clones remains unanswered—this possibility is the major motivation for

my thesis work.

Overview of dissertation

This thesis is organized as five chapters, including this introduction in chapter 1. In
chapter 2, I characterize mesenchymal-like changes present in vitro in multiple established
models and one patient-derived cell line, and in vivo in patient-derived xenograft (PDX) and cell
line xenograft models. /n vitro, RNAseq and qPCR validation paints a clear picture of EMT-like
changes, whereas the in vivo data shows a more mixed picture of heterogeneity and EMT-like
changes without consistent EMT-driving transcription factor upregulation.

Chapter 3 investigates which genes are essential for, not simply associated with, persister
cell survival. To answer this question, I prepared a pooled shRNA library representing 10
hairpins per gene for 75 genes of interest, chosen based on their hypothesized role in persister
cells. These genes represent EMT transcription factors, RTKs, epigenetic modifiers,
transcriptional repressors, and other processes associated with persister states in cancer. PC9
cells were infected with this library and treated with DMSO or EGFR TKI for three weeks. A top
dropout from the EGFR TKI-treated group was FGFR3, which garnered attention following a
whole genome CRISPR screen done by our collaborators in fully resistant, T790M-+,
mesenchymal patient derived cells. This screen identified FGFR1 as a top genomic target for re-

sensitizing cells to third generation EGFR inhibitor. Upon further investigation, I found that
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FGFR3 is upregulated in 5/5 EGFR-mutated NSCLC lines after two weeks of EGFR inhibition
and that a variety of FGF ligands are also overexpressed in all models.

Chapter 4 addresses whether therapeutically targeting persister cells may ultimately
prevent the emergence of resistance in vitro or in vivo. We followed cells for sufficient time to
see the initial response to gefitinib and subsequent outgrowth of cells in long term drugging
experiments. Cells were treated with two different FGFR inhibitors, as well as 16 other
compounds of interest, with or without EGFR TKI. FGFR inhibition synergized with EGFR
inhibitors in 5/5 cell lines tested. I found that FGFR inhibition prevents reactivation of ERK
signaling in cells treated chronically with EGFR TKI. Finally, mouse xenograft models treated
with the EGFR+FGFR inhibitor combination demonstrated that the outgrowth of resistant tumors
is suppressed in combination-treated mice during a 125-day experiment relative to gefitinib
alone. Taken together, these results suggest that the EGFR-FGFR inhibitor combination may be
a successful strategy for treating patients with EGFR-mutated NSCLC.

Finally, Chapter 5 is a discussion of the results presented in this thesis and their

therapeutic implications.
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Chapter 2:

Mesenchymal changes in Drug Tolerant Persisters




Mesenchymal-like changes during drug treatment have been observed in multiple cancers
in response to a variety of drug exposures (C. Wilson et al., 2014) (Singh & Settleman, 2010;
Sui, Zhu, Deng, & Li, 2014) . Previous work from our laboratory has demonstrated that
EGFRT”™ may occur de novo during the course of therapy from persistent drug tolerant cells,
and that mesenchymal features may be acquired during the evolutionary changes preceding
development of EGFRTM (Hata et al., 2016). These mesenchymal changes are retained after
T790M is developed and may make cells refractory to third generation EGFR TKIs. To address
whether mesenchymal change during EGFR inhibition is a common phenomenon across multiple
cell lines or is relevant in vivo, we examined five EGFR mutant NSCLC cell lines sensitive to
EGFR inhibitors, two patient-derived xenograft models, and two cell line xenograft models

treated with EGFR inhibitors for two to three weeks each.

In vitro

We hypothesized that upregulation of mesenchymal gene expression is a common feature of
persistent drug tolerant EGFR-mutant NSCLC cells that are capable of surviving EGFR inhibitor
therapy. To test this, we treated HCC827 and H1975 cells with gefitinib or the third generation
inhibitor, WZ-4002 (the H1975 cell line harbors EGFRT°M; therefore, it is insensitive to first
generation EGFR TKIs) respectively, for two weeks and profiled gene expression in the
surviving drug tolerant cells by RNA-seq (Figure 14). In both models, gene set enrichment
analysis revealed upregulation of genes related to EMT in surviving drug tolerant cells compared
with untreated parental cells (Figure 14), similar to prior findings in the PC9 model (Hata et al.,

2016). Other gene sets upregulated among both models included apoptosis, as expected, and an
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inflammatory response/interferon gamma response, potentially reflecting a primitive stress

response within cells.
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Figure 14. HCC827 and H1975 cells were treated for two weeks with EGFR inhibitors and

assessed by RNAseq. Gene set enrichment analysis using the Hallmarks database supported the

presence of an EMT-like process in the drug tolerant cells.

To validate these results, we determined the mRNA expression levels of a set of canonical EMT-
related transcription factors in five EGFR mutant NSCLC cell lines (HCC827, H1975, PC9,
H4006 and MGH119) by quantitative RT-PCR. Although there were differences in the specific
expression profiles of EMT-related transcription factors among cell lines, we observed
upregulation of multiple canonical EMT-related transcription factors across the cell lines (Figure

15). Consistent with these findings, vimentin was upregulated in every cell line after two weeks

of drug exposure.
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Figure 15. Genes related to mesenchymal identity were induced after two weeks of EGFR TKI

treatment (1 u M WZ4002 for H1975, 300nM gefitinib for the other models) in five EGFR-

mutated NSCLC lines assessed by RT-PCR. Heatmap shows ratio of expression in treated vs

untreated cells.

Taken together, these preliminary data indicate that that mesenchymal-like changes are

common in multiple in vitro models of EGFR-mutated NSCLS cells.

Given the upregulation of TGF 8 in multiple models, I was interested in testing whether exposure
to TGF B may drive an EMT and subsequently change drug sensitivity in our models of EGFR
mutant NSCLC. Four cell lines were cultured at equivalent cell density with and without TGF 3

for two weeks and then assessed via RT-qPCR. ZEB1, AXL, or VIM were upregulated in all cell

lines models, suggesting that an EMT-like process had occurred (Figure 16).
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Figure 16. TGF B exposure causes EMT-like changes in vitro in multiple cell lines. Bar graphs

represent the ratio of expression in TGF f8 -treated versus untreated cells.

TGFf-treated and untreated cells were then exposed to EGFR TKI for five days. Cells with

TGF B pretreatment were kept in TGF 8 during EGFR inhibition (chronic TGF ). Cells
without prior exposure to TGF 8 were either acutely treated with TGF 8 for the five days of
drug exposure (acute TGF ) or were kept free from TGF 8 (no TGF B ) (Figure 17). Out of
four EGFR-mutated NSCLC cell lines tested, three had reduced drug sensitivity after TGF

exposure with the exception of H1975 cell line, which has a higher basal mesenchymal state

compared to the other models.
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Figure 17. Chronic or acute TGFf exposure alters drug sensitivity in multiple models of EGFR-

mutated NSCLC

Patient-derived Xenograft Models

There are no in vivo studies of the persister state in EGFR-mutated NSCLC. Hence, I considered
the possibility of studying Genetically Engineered Mouse Models (GEMMs), cell line xenograft
mouse models (CLXs), and patient-derived xenograft mouse models (PDX5s):

e GEMMs: The benefit of GEMMs is that an EGFR-mutated NSCLC tumor may grow in the

lung under representative microenvironmental conditions. An immunocompromised animal
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is not required, so the tumor may have immune interactions with the host microenvironment
that reflect physiological host-tumor interactions.

The caveats of this model are that tumors will be less genetically and epigenetically complex
than those seen in EGFR-mutated NSCLC patients. Also, GEMMs may take a substantial
and unpredictable time to grow, although this concern is mitigated by experienced
collaborators using EGFR mutant models.

Cell line xenograft (CLX) models: The benefit of CLX models is that they are usually fast-
growing, easy to implant and measure with a caliper, and are more genetically complex than
GEMMs. However, cell lines that adapted to grow on plastic petri dishes for several decades
may have partially lost their original heterogeneity from the time of the establishment.
Furthermore, CLXs require immunocompromised mice, which changes the immunological
interactions that occur in patients between tumor and surrounding tissue.

PDXs: The benefit of PDX models is that they preserve the genetic and epigenetic
complexity of the original tumor specimen, at least initially after generation of the PDX. In
particular, a drug-naive PDX would be the optimal model in which to study the full spectrum
of drug-related evolution. A human PDX in a mouse requires use of an immunocompromised
animal, with abnormal host-tumor interactions. The major drawback is the lack of EGFR-
mutated, TKI naive models of NSCLC to test our hypothesis.

In order to provide the most realistic epigenetic characterization of evolutionary changes

in the persister state, we chose to collaborate with Crown Biosciences and use their two TKI-

naive PDX models. The two models, LU6422 and LU1235, were driven by EGFR L858R and

exon 19 deletion, respectively. Both tumors were developed from patients who had not received

chemotherapy or targeted therapy for their NSCLCs. Treatments where performed by Crown
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Biosciences and, at the end of the experiments, tumors where flash frozen in OCT and delivered
to MGH Cancer Center.

The experimental protocol used by Crown Biosciences was designed by me and called
for 50 mice per xenograft model to be grown to a tumor volume of >400mm?. Upon reaching
this volume, 15 mice from each model were sacrificed and tumors were collected. Among the
remaining mice, 15 mice received 6.25 mg/kg gefitinib for 21 or 100 days each. Within 21 days
of treatment, 90-95% of tumor volume was lost, tissue architecture was replaced with vacuolated
cells, sparse cellularity, and necrosis, and papillary frond-like histology was lost. Representative
pre- and post- histological specimens are shown in Figure 18, along with tumor volume

measurements averaged across all mice representing each PDX model.
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Figure 18. Representative histology of LU1235 and LU6422 PDX models stained with
hematoxylin and eosin after O days or 21 days of treatment with gefitinib. Tumor volume loss of
90-95% was achieved by 21 days of drug treatment; tumors never regrew during the length of

our study.
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All the tumors shrank to 0 volume during the first 100 days of treatment. To encourage
tumor regrowth, mice were given a two-week drug holiday from day 100-114. No tumor
regrowth was observed within this period; therefore, the experiment was terminated.

Tumors were sectioned at SuM thickness and, from each sample, I collected 1000-2000
cell cross-sections via laser capture microdissection in two replicates. Laser capture was pursued
to purify human cancer cells from surrounding mouse stroma. I also extracted RNA from bulk
captured tissue from each tumor for downstream analysis (computational filtering of mouse reads
may be imperfect and stromal contamination may, in theory, confound assessment of EMT-like

changes in the bulk captured samples). A schematic of this pipeline is shown in Figure 19.
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Figure 19. Pipeline of patient-derived xenograft model processing. Frozen samples were laser

capture microdissected or bulk captured preceding RNA sequencing.

To compare the quality of RN Aseq data from laser captured vs. bulk captured samples,
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our computational collaborator in the Bernstein lab, Dr. Yotam Drier, made a correlation matrix

of all RNAseq data sets collected in bulk or by laser capture microdissection (Figure 20).

Laser Capture Microdissected Bulk Captured
(n=21, 1.5-10millicn reads,/sampée) [m=57, 0.2-1.5 million reads/sample)

I roodel 1 wrareated
ae B micdel treated
B seodel 2 rested

5 wodel 2
Treated

Figure 20. Correlation Matrix of RNASeq Data from Patient Derived Xenograft Mouse Models
of EGFR-mutant NSCLC. The correlation matrix is a heatmap representing the global similarity
of every RNAseq dataset to every other RNAseq dataset. The X and Y axes represent each
successfully-prepared library lined up in the same order; the diagonal of each heatmap is one

sample compared to itself. Very similar datasets are dark red and very dissimilar datasets are

dark blue.

From this quality control analysis, I was able to define that:

1. Despite the equal quantity of RNA input into library preparation from bulk captured and
laser captured tumors, the reads/sample were about 10-fold lower than in the bulk
captured samples. This is because most of the reads in the bulk captured libraries mapped
to the mouse genome and were therefore filtered out.

2. The signal to noise ratio is much lower in the bulk captured samples (there are no regions

of dark blue, representing very dissimilar datasets). This is because computational
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filtering of mouse reads is not perfect, resulting in universal contamination of bulk
captured data with mouse genome reads. This dilutes the observable signal from human
transcripts and makes the entire collection of datasets more similar.

3. Due to reduction in signal to noise, we are not able to distinguish the effect of drug
treatment in bulk captured data sets as accurately as we can from the laser captured data.
To the right of each correlation matrix, there is a red and a black bar. Red vs black
represents PDX model LU6422 vs LU1235. Checkered versus solid represents treated vs
untreated, respectively. The laser captured data sets perfectly discriminate the two PDX
models and make only 1 error in discriminating treated vs untreated datasets. The bulk
captured datasets can also discriminate the two PDX models, but cannot distinguish

treated from untreated datasets.

Based on these data, all further analysis is based on laser-captured datasets, only.

Preliminary RNAseq Analysis

Gene set enrichment analysis on the two PDX models showed a statistically significant but weak
enrichment of the Hallmarks EMT dataset after three weeks of EGFR inhibition (Figure 21). As
expected, both models also showed enrichment of gene sets related to gefitinib resistance, cell
migration, inflammatory response, and genes downregulated during cell cycling/mitosis. EMT
enrichment plots for HCC827 and H1975 cells post-2 weeks gefitinib treatment in vitro are

shown as well for comparison.
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Figure 21. Enrichment of Hallmark’s EMT gene set in two PDX and two cell line models after

drug treatment with EGFR inhibitors.

I also looked for specific genes of interest related to EMT, including canonical EMT-
driving transcription factors and markers of mesenchymal cells (Figure 22). Overall, the two
PDX models each upregulate a few transcriptional markers of EMT but do not exhibit as strong

an EMT-like gene expression change as observed in vitro.
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Figure 22. Heatmap of log2-fold change in EMT-related gene expression in treated versus

untreated PDX models.

The presence of EMT was also investigated histologically using hematoxylin and eosin
staining for morphological analysis, plus immunohistochemical staining for the markers E-
cadherin, N-cadherin, and Vimentin. Specifically, staining was performed on:

1) PDX models LU1235 and LU6422 before and after three weeks of gefitinib treatment

2) PC9 and HCCS827 cell line xenograft models treated for zero days, three days, or three

weeks with gefitinib. I created cell line xenograft models because I knew from laser

capture microdissection efforts that post-treatment PDX models may be too sparse to
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be effectively stained, whereas PC9 and HCC827 CLX models are relatively less

sensitive to three weeks of gefitinib treatment.

Only one PDX model post-treatment was successfully stained due to cell sparsity.
Representative images pre- and post-treatment from the PDX and CLX models are shown below
in Figure 23. In PDX1235, there is striking induction of vimentin after three weeks of gefitinib
treatment. Other stains are inconclusive in this model. In the HCC827 xenografts, there is very
strong enrichment of vimentin within three days. These rapid kinetics are more compatible with
induction of mesenchymal changes rather than selection of pre-existing mesenchymal cells,
although this experiment cannot definitively discriminate induction versus selection of
mesenchymal traits. E-cadherin persists even after three weeks of drug treatment, indicating a
partial EMT has occurred. No morphological changes are noticed with H&E staining, although
these changes are slow to develop. In PC9 xenograft models, there is no conclusive shift in E-

cadherin, N-Cadherin, or Vimentin staining or morphological change post-treatment.
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Figure 23. PDX and CLX models were stained with H&E and IHC for E-cadherin, N-Cadherin,

and Vimentin pre- and post- gefitinib treatment for 3 days or 3 weeks.
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Figure 23 (Continued).
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Figure 23 (Continued).
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I also investigated whether EMT is occurring using an RNAish probe set with nuclear
counterstaining by Hematoxylin: epithelial markers included Keratins, EpCAM, and E-cadherin;
mesenchymal markers included N-Cadherin, Fibronectin, and Serpine 1 (Figure 24). We found
that mesenchymal markers were enriched in post-treatment samples. Interestingly, mesenchymal
gene markers were localized in both nucleus and cytoplasm, which aligns with previous results
(Desai, et al, unpublished data).

RNAish was only done on one pre- and post- treatment slide per PDX model and does
not represent conclusive evidence for EMT in our models; this limited work represents an

interesting avenue for investigating EMT more thoroughly in future analyses.
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Red- Epithelial Blue- Mesenchymal

Figure 24. RNA-In Situ Hybridization demonstrates an EMT-like process is occurring in one of
two PDX models after three weeks of gefitinib treatment. Red/Epithelial markers:
Keratins 5, 7, 8, 18, 19, Epcam, and E-cadherin. Blue/ Mesenchymal markers: N-cadherin,

Fibronectin 1, and Serpine 1.
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Taken together, the data presented in this chapter paint a picture of EMT-like changes
occurring consistently in cell line models of EGFR-mutated NSCLC and in the HCC827
xenograft model treated with gefitinib, whereas the PC9 xenograft model and PDX models
treated with gefitinib appear to have a more mixed or partial response.

Only a few canonical EMT-transcription factors and mesenchymal markers are
upregulated in treated PDX models, although RNA-ISH staining suggests that a phenotypic EMT
has occurred in some animals. In the HCC827 CLX models, vimentin enrichment is apparent by
IHC within three days and persists at three weeks of gefitinib treatment.

I also noticed that EMT driven by TGFJ alters drug sensitivity in some of our cell line
models, suggesting that an EMT may be sufficient to explain the drug tolerant phenotype of
persister cells, even without considering other gefitinib-induced changes. This data does not,

however, assess the similarities between the EMT induced by gefitinib versus TGF (3, although I

will return to this topic in the context of chapter 3.

The data from this chapter paints a picture of EMT as a heterogeneous but common
response to EGFR inhibition in multiple models of EGFR mutant NSCLC. It is unclear from this
data whether EMT is essential for or simply associated with persister cell survival—a motivation
for the work in chapter 3. It is also unknown how to clinically target cells that have undergone an

EMT-like process during drug treatment, which is explored in chapter 4.
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Methods

Cell lines

Human EGFR-mutated NSCLC cell lines used: PC9 [EGFR exon 19 delE746-A750], HCC827
[EGFR exon 19 delE746-A750], HCC4006 [exon 19 delL747-A750], H1975 [EGFR L858R,
T790M], and MGH119 [EGFR exon 19 del]. All cell lines were cultured in RPMI-1640 growth
medium, supplemented with 10% FBS and 1% P/S at 37C in a humidified 5% CO2 incubator.
Patient-derived cell lines were generated using irradiated feeder cells without Rock inhibitor, as

previously described (Liu et al., 2012).

Reagents

The following antibodies were used: phospho EGFR Y1068 (Abcam AB5644), phospho EGFR
Y1068 (Cell Signaling 3777), EGFR (Cell Signaling 2646), EGFR (Cell Signaling 4267),
phospho ERK1/2 T202/Y204 (Cell Signaling 9101), phospho ERK1/2, T202/Y204 (Cell
Signaling 4370), ERK1/2 (Cell Signaling 9102), Actin (Cell Signaling 4970), and FGFR3 (Cell
Signaling 4574, E-Cadherin (Cell Signaling 3195), Zeb1 (Cell Signaling 3396), Vimentin (Cell
Signaling 5741). Gefitinib, WZ4002, AZD9291, and BGJ398 (all from Selleck) were dissolved

in DMSO to a final concentration of 10 mmol/liter and stored at —20 °C. TGF 8 2 (R&D

Systems) was dissolved in 4mM HCL to a final concentration of 20ug/mL with 0.1% BSA. The

18 drugs tested in the long-term assay are listed in Table 3.

Western blotting

Lysates were prepared for a western blot following the BCA assay, using 4X LDS Sample Buffer

(Invitrogen NP0007), containing 1X Sample Reducing Agent (Invitrogen NP0009), heated at
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95°C for 10 minutes. Samples were loaded into a 4-12% NuPAGE Bis Tris gel (Invitrogen
WG1402BOX) and run using MOPS running buffer (Invitrogen NP0O0O1). Proteins were
transferred onto nitrocellulose using the BioRad Trans-Blot Turbo transfer system (Bio-Rad
Cat#1704150). Membranes were blocked with Tris buffered saline containing 0.1% Tween 20
(w/v) (TBS-T) and 5% non-fat milk, for a minimum of 1 hour at room temperature on a rocking
platform. Primary antibodies were used as directed by the manufacturer, incubated overnight at
4°C on a rocking platform. Secondary HRP linked antibodies (anti-mouse HRP CST#7076, anti-
rabbit HRP CST#7074) were used where appropriate, incubated in TBS-T 5% milk, for a
minimum of 1 hour at room temperature on a rocking platform. Membranes were visualized

using SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher Cat#34095).

RNAseq Library Preparation

I constructed barcoded RN Aseq libraries using the SmartSeqV2 protocol (Goetz & Trimarchi,
2012) from laser captured and bulk captured PDX samples. Frozen cell slices were mechanically
grinded directly into RLT+BME for bulk capture of RNA. I optimized the protocol for my larger
cell count by trying 1x, 2x, 3x, 4x, 5x, and 10x the suggested volumes of each pre-barcoding step
and found that 4x volumes is optimal based on bioanalyzer readings post-construction. Both laser
captured and bulk captured sample libraries were then sequenced on a MiSeq machine in the
Bernstein lab and aligned to the mouse genome. Whichever reads mapped to the mouse genome

(mm10) were filtered out. The remaining reads were mapped to human genome 19 and analyzed.
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RNAseq

Cell lines (PC9, HCC827 and HCC4006) were treated with 300nM gefitinib or lTuM WZ4002
(H1975) for two weeks. Extraction of mRNA from three biological replicates of gefitinib- treated
and parental cells was performed using the Qiagen RNeasy kit. RNAseq libraries were
constructed from polyadenosine (polyA)-selected RNA using NEBNext Ultra Directional RNA
library prep kit for [llumina (New England BioLabs) and sequenced on an Illumina HiSeq2500
instrument. STAR aligner51 was used to map sequencing reads to transcripts in the human hg19
reference genome. Read counts for individual transcripts were produced with HTSeq-count52,
followed by the estimation of expression values and detection of differentially expressed
transcripts using a custom R script. Gene-set enrichment analysis (GSEA) software was used to

analyze the enrichment of functional gene groups among differentially expressed transcripts.

Quantitative rtPCR

Cells were treated with drugs for two weeks and RNA was extracted using the RNeasy Kit
(Qiagen). cDNA was prepared from 500 ng total RNA with the First Strand Synthesis Kit
(Invitrogen) using oligo-dT primers. Quantitative PCR was performed using FastStart SYBR
Green (Roche) on a Lightcycler 480. mRNA expression relative to the geometric mean of three
housekeeping genes (b-actin, RPS9, GAPDH) mRNA levels were calculated using the delta-

delta threshold cycle (AACT) method. Primer sequences are listed in Supplementary Table 1.

Immunohistochemistry

Staining with H&E and IHC for CDH1, CDH2, and VIM was completed by Histowhiz.
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Patient-Derived Xenografits

All PDX models were made and treated by CrownBiosciences. Female, athymic nude (Nu/Nu)
mice (3-4 weeks old) were inoculated in the right flank with LU1235 or LU6422 tumor
fragments (2-3mm in diameter) grown to >400 cubic mm (this volume was achieved in ~40 days
in LU1235 and ~ 70 days in LU6422 models). Both models represent EGFR-mutated, treatment-
naive, non-small cell lung adenocarcinoma. LU6422 was derived from a Caucasian patient. The
ethnicity of the patient from which LU1235 was derived is unknown. Caliper measurements of
tumor volume (using the equation, Volume= 0.52 * length * width2) and body weight were
recorded weekly. Mice were either treated with vehicle (polysorbate) or with 6.25mg/kg of
gefitinib (dissolved in polysorbate) 6 times/week via oral gavage. Investigators performing tumor
measurements were not blinded to treatment groups. Sample size (15 per treatment group per
model) was chosen to verify satisfactory interanimal reproducibility. Gefitinib was prepared
weekly. Tumors were collected at day 0 and day 21-post treatment initiation. A cohort of mice
from both models were treated until day 100 and then given a 2 week drug holiday. Tumors

shrank to 0 volume and never regrew in this cohort; no tissue was collected from these mice.

In vivo studies

Mouse work was conducted under Institutional Animal Care and Use Committee—approved
animal protocols in accordance with institutional guidelines (MGH Subcommittee on Research
Animal Care, OLAW Assurance A3596-01). For xenograft studies, cell line suspensions were
prepared in 1:10 matrigel and 5 x 10° cells were injected subcutaneously into the flanks of
female athymic nude (Nu/Nu) mice (6—8 weeks old). Visible tumors developed in approximately

2-3 weeks. Tumors were measured with electronic calipers and the tumor volume was calculated
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according to the formula Vol= 0.52 x L x W2, Mice with established tumors were randomized to
two drug-treatment groups using covariate-adaptive randomization to minimize differences in
baseline tumor volumes: no treatment or gefitinib at 6.25 mg/kg (Polysorbate) for 3 days or 3
weeks. Drug treatments were administered by oral gavage and tumor volumes were measured
twice weekly. Investigators performing tumor measurements were not blinded to treatment
groups. Sample size (9 per treatment group) was chosen to verify satisfactory interanimal

reproducibility.

RNA-In Situ Hybridization

Frozen, OCT-embedded patient-derived xenograft samples were processed for RNA-ISH as
previously described (M. Yu et al., 2013; M. Yu et al., 2012). Five micron sections were fixed in
10% formaldehyde (Fisher Scientific, Pittsburgh, PA), stripped of OCT, boiled in pre-treatment
solution (Affymetrix, Santa Clara, CA) and digested with proteinase K. Sections were hybridized
for 3 hours at 40° with a cocktail of custom designed QuantiGene ViewRNA probes against
epithelial (CDH1, EpCAM, KRTS5, KRT7, KRTS, KRT18, KRT19; type 1 probes) and
mesenchymal markers (FN1, CDH2, SERPINEI; type 6 probes). Bound probes were then
amplified per protocol from Affymetrix using PreAmp and Amp molecules. An LP-AP type 6
probe was used with Fast Blue substrate (blue dots) followed by LP-AP type 1 probe with Fast
Red Substrate (red dots) to produce dual colorimetric signals. Slides were then counterstained
with Hematoxylin. Images were taken by Aperio scanscope, a Nikon 90i scope, and an Olympus

scope with color camera.
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Attributions

I was trained in laser capture microdissection by Dr. Dennis Sgroi in MGH Pathology.
Dr. Sgroi microdissected samples initially and subsequently oversaw my dissections. I prepared
RNAsequencing libraries in the Bernstein lab; sequencing results were processed and correlation
matrices were generated by Dr. Yotam Drier. Assistance in dissection of patient derived
xenograft explants for input into bulk captured RNA sequencing library preparation was

provided by Ayse Baybars.
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Chapter 3:

Discovery— Which genes are necessary for persister cells?




Prior studies have identified a number of mechanisms that are associated with the
survival of EGFR mutant drug tolerant persister cells, including activation of IGF1R signaling,
chromatin remodeling and mesenchymal changes. (Sharma et al., 2010). In this chapter, I
evaluate whether any of these genes, including the EMT-driving transcription factors which were
upregulated in multiple EGFR TKI treated cell lines studied in Chapter 2, have a causal role in
the survival of drug tolerant cells. I performed a pooled lentiviral sShRNA dropout screen
targeting 75 genes (>ten hairpins per gene) relevant to persister cell survival (Supplementary
Table 2). These genes represent EMT-driving transcription factors, receptor tyrosine kinases,
transcriptional repressors, and epigenetic modifiers (Figure 25).

Chromatin modifying genes were collected from a previously published list (Floyd et al.,
2013) and were included due to previous findings that persister cells rely on epigenetic changes
and an altered chromatin state to survive EGFR inhibition (Sharma et al., 2010). EMT driving
transcription factors were included based on the data in Chapter 2. IGF1R was included due to
prior data implicating IGF IR signaling in PC9 persister cell survival (Sharma et al., 2010).

Finally, FGFR3 was included in this screen due to the role of the FGFR family in EMT.

shRNA dropout screen to test persister cell dependencies
I performed a pooled lentiviral shRNA dropout screen targeting 75 genes (>ten hairpins

per gene) relevant to persister cell survival (Supplementary Table 2).
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Genes Targeted

’

Figure 25. Gene functions targeted in the shRNA dropout experiment of persister cell

dependencies.

Each individual hairpin was acquired as a bacterial stock (~800 bacterial cultures). The optical
density (OD) of each stock was determined and cultures were diluted to equal ODs. Equal
volumes of each culture were then pooled and plasmids were prepped from the pool. 293T cells
were infected with the plasmid and virus was harvested after 48 hours. Viral titration was
performed to determine that a dilution of 1:285 corresponded to an MOI of 0.1. 100 million PC9
cells were infected with lentiviral ShARNAs at an MOI of 0.1 and selected with 2ug/ml Puromycin
for five days. The population was grown to ~150 million (about four doublings) and treated with

either vehicle or AZD9291 for three weeks (Figure 26).



To
|

I
bCo Vehicle >
parental Lentiviral infection Puro Expand E E :xtract DN: ]

i ! Sequence Barcodes

cells mhzir;g:iﬁ;ene EGFR inhibilnr>i

MOl 0.1 [ ]

T

|

3 weeks

Figure 26. Schematic of shRNA dropout experiment.

AZD9291 was chosen because it is effective in both T790M+ and T790M- EGFR-mutated cells;
we wanted to study the dependencies of PC9 persister cells lacking preexisting resistance
mutations. Ten million cells were frozen at t0, ten million cells were treated with vehicle for
three weeks, and 100 million cells were treated with 300nM AZD9291 for three weeks. All
plates of cells split from the three week vehicle group during this time were collected. 100
million cells were used in the treated group to ensure that shRNA representation of >1,000
cells/hairpin (neutral selection) within the population of drug tolerant cells selected by drug
treatment (which represents approximately 1% of the starting parental population). DNA was
extracted from all groups at the same time. Relative sShRNA abundance in drug treated cells
relative to the starting population and three week vehicle treated cells was determined by next-
generation sequencing. Abundance of each hairpin in every treatment condition was normalized
by the total read count from that group. We looked for hairpins which 1) had a large difference in
abundance after TKI treatment relative to vehicle control, 2) were at very low abundance by the
end of the study, and 3) behaved consistently in the second replicate of this experiment. We
observed depletion of IGF1R hairpins, consistent with previous studies on the role of IGF1R

signaling in PCO cell survival. We also saw moderate depletion of EMT-related genes, including
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VIM and ZEBI, supporting the role of EMT in initial cell survival during EGFR inhibition. One
of the top shRNAs to “drop out” of the experiment during three weeks of AZD9291 treatment
was FGFR3, suggesting that it is essential for, not simply associated with, survival of sensitive
cells treated upfront with EGFR inhibitor (Figures 27, 28, 29). This hit caught our attention 1)
because it is targetable, and 2) in the context of recent results from our collaborators on a

manuscript now in preparation, described at the end of this chapter (Figures 38, 39, and 40).
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Figure 27. An shRNA dropout experiment identifies FGFR3 as a top gene required for PC9 cells
to survive 21 days of gefitinib among 75 genes tested for their hypothesized role in drug tolerant
cell survival. The origin of each vector is log-fold hairpin abundance in 3 week vehicle treated
cells. The x- and y-components of each vector represent log-fold change in replicates 1 and 2 of
the screen after 3 weeks of EGFR TKI, respectively. IGFIR, as shown previously, is important
for PC9 cells to survive drug, although IGF1R hairpins were at very low abundance in the

beginning of this study.
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Figure 28. Waterfall plot showing log2 fold change in fractional abundance of hairpins
representing each gene shown in 3 weeks of AZD9291 treatment versus 3 weeks DMSO
treatment. Vimentin (a mesenchymal marker), IGF1R (previously associated with PC9 persister

cell survival), and FGFR3 are among the top four genes to “drop out” from this experiment.
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Figure 29. shRNA hairpins enriched/depleted after EGFR inhibitor treatment. Plot depicts
change in hairpin abundance after drug treatment with change in hairpin abundance in vehicle

treated cells.

ShRNA dropout screen: FGFR3

Based on our ability to therapeutically target FGFR3 and the work of our collaborators
(which demonstrates a role for FGFR1 in mediating resistance to EGFR inhibition in
mesenchymal, resistant EGFR-mutated NSCLC models, (Figures 38, 39, and 40), I was very
interested in investigating the FGFR3 “hit” from the shRNA dropout screen.

To validate the role of FGFR3 in promoting the survival of drug-tolerant cells, |
performed shRNA-mediated knockdown of FGFR1, 2 and 3 in an independent EGFR-mutated

NSCLC model with two hairpins per gene (Figure 30).
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Figure 30. FGFR1/2/3 knockdown efficiency. HCC827 cells were infected with shRNAs to
FGFR1/2/3. Expression of each knocked down gene is represented relative to its expression in an

shGFP control.

Consistent with the results of the ShRNA screen in PC9 cells, knockdown of FGFR3 but
not FGFR1 or FGFR2 led to decreased survival of HCC827 drug tolerant cells upon gefitinib

treatment (Figures 31, 32).
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Figure 31. FGFR3 knockdown reduces survival of HCC827 drug tolerant cells. Cells were

treated with gefitinib for six days and stained with crystal violet.
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Figure 32. HCC827 cells infected with shGFP, shFGFR1/2/3 were plated at 3,000 cells/well in a
96 well plate and treated for treated for 10 days with gefitinib before CTG quantification.

shFGFR3-infected cells were eradicated with gefitinib treatment.

In order to test whether FGFR3 involvement was due to EMT-related changes in the
drug-treated cells or due to some other process associated with EGFR inhibition, I re-analyzed
cells treated for two weeks with TGFf or with vehicle. These cells had been previously
characterized as undergoing EMT-like changes with concurrent reduction in drug sensitivity
(Figures 16, 17). I performed a western blot on cells to look at FGFR3 induction after TGFf3
treatment and found a striking upregulation of FGFR3, indicating that there may be an
association between EMT-like changes and FGFR3 signaling in EGFR mutated NSCLC cells

(Figure 33).
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Figure 33. Three EGFR mutated, drug sensitive cell lines treated for two weeks with TGFf} have
been characterized as undergoing EMT-like changes and reduction in drug sensitivity. These

cells upregulate FGFR3 relative to non-TGF treated controls.

We next examined whether FGF receptors were upregulated in mesenchymal drug
tolerant cells. In contrast to the fully resistant mesenchymal EGFRT™M cell lines, RNAseq and
gPCR analysis revealed that FGFR3 and, to a lesser extent FGFR2, but not FGFR1, was

consistently upregulated after two weeks of EGFR inhibition (Figures 34, 35).
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Figure 34. Expression of select genes related to FGFR signaling were increased after two weeks
of EGFR TKI treatment in five EGFR-mutated NSCLC lines, as determined by RNAseq. Data is

displayed as the log> fold change in drug treated cells compared to untreated parental cells.
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Figure 35. FGFR3 is upregulated after two weeks of gefitinib treatment, as determined by RT-
PCR.
Additionally, we observed upregulation of multiple FGF ligands in drug tolerant cells

(Figure 34).
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I assessed enrichment of FGFR3 at the protein level in HCC827 cells treated for two
weeks with gefitinib or TGFP and found FGFR3 upregulation in both treatment conditions

relative to parental controls (Figure 36).
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Figure 36. HCC827 cells upregulate FGFR3 protein expression upon two weeks of treatment
with EGFR inhibitor or TGFf, both of which have been shown to drive EMT-like changes in this

cell line.

To determine the kinetics of FGFR upregulation, our co-authors at Novartis treated
H1975 and HCCS827 cells with EGFR inhibitor and assessed mRNA expression of FGF receptors
and FGF?2 ligand. FGFR3 gene expression increased rapidly in the first 24 hours after exposure
to EGFR inhibitor, whereas the upregulation of FGF2 increased over several days (Figure 37).
These data are consistent with previous studies which have indicated that the acute cellular
response to EGFR TKIs is associated with upregulation of the FGFR3 pathway (Terai et al.,

2013; Ware et al., 2010).
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Figure 37. Rapid upregulation of FGFR3/FGF2 in cells treated with EGFR TKI. H1975 and
HCCS827 cells were treated with EGF816 for a 120 hour time course. The NanoString assay

revealed that FGFR3 and its ligand, FGF2, are increased in both cell lines over early time points.

Novartis Collaboration: The role of FGFR family in mediating EMT-related drug tolerance to
EGFR inhibition

While my studies were underway, the role of EMT in the setting of acquired resistance
was investigated in a collaboration with the Novartis Institute of Biomedical Research.
T790M+, mesenchymal EGFR-mutated cancer cells resistant to third generation EGFR inhibitors
were examined. In a subset of cell lines generated from EGFR mutant NSCLC patients at the
time of disease progression on initial EGFR inhibitor therapy, the co-occurrence of both an
EGFRT°M gatekeeper mutation and a mesenchymal phenotype was observed (Figure 38).
Although these cell lines harbored EGFR™°M, they were insensitive to the 3" generation EGFR
inhibitor EGF816, consistent with the prior observations that EMT can confer resistance to

EGFR inhibitors (Jia et al., 2016; Sequist et al., 2011).
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Figure 38. A set of patient-derived, T790M+ cell lines representing a spectrum of epithelial to
mesenchymal phenotypes was examined. This western blot on six models shows strongly
mesenchymal features, including expression of canonical EMT-driving transcription factors, in

three lines. Courtesy of lain Mulford, Novartis Institutes of Biomedical Research.

To identify a strategy for resensitizing mesenchymal EGFRT*™-positive cell lines to
EGFR inhibition, a whole genome CRISPR dropout screen on three resistant, EGFR mutant
patient-derived cell lines that included two mesenchymal-like cell lines was performed. Cell
lines were first engineered to stably-express Cas9 and then infected with a whole genome
CRISPR library containing 10 guides per gene. Infected cells were cultured in the absence or
presence of 150nM EGF816 (a third generation EGFR inhibitor) over a seven-day period, then

harvested for sequencing of CRISPR barcodes (Figure 39).
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Figure 39. Schematic of whole genome CRISPR screen. Courtesy of lain Mulford, Novartis

Institutes of Biomedical Research

Among the EGF816 resistant cell lines, FGFR1 and FRS2 were among the top re-

sensitizing genes specifically in mesenchymal models and not in epithelial models (Figure 40).
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Figure 40. Whole genome CRISPR/Cas9 screen with EGFR mutant cell lines with and without
100nM EGF816. Sensitizing or activating hits identified as giving greatest fold change
difference in cell number between control and EGF816 treated arm, across sensitive and
insensitive cell lines. FGFR1 and its downstream target, FRS2a, were among the top EGF816-re-
sensitizing genes in a genome-wide CRISPR screen on resistant, patient-derived cell lines.

Courtesy of ITain Mulford, Novartis Institutes of Biomedical Research.
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Of note, other FGFR family members were not hits in these cell lines. FGFR1 knockout
synergy aligned with higher baseline expression of both FGFR1 and FGF2, FGF ligand

upregulation, and with mesenchymal-like differentiation state (Figures 41).
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Figure 41. FGFRI1 is a top genomic target for re-sensitizing patient-derived, mesenchymal,
T790M+ cell lines resistant to third generation EGFR TKI. Profile of patient-derived cell lines
and other cell lines that were included in the EGF816 CRISPR screen. EMT signature profile
comparison against FGFR1, FGF2 expression and FGFR1 hits from the CRISPR screen. Cell
lines that returned FGFR1 as a hit in the CRISPR screen tended to be mesenchymal-like (Loboda
et al., 2011) and had relatively higher expression of FGFR1 and FGF2. NCI-H1650 is epithelial
with a BIM polymorphism, but has elevated FGFR1, FGF2 expression compared to other

epithelial cell lines. Courtesy of lain Mulford, Novartis Institutes of Biomedical Research.
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This association between mesenchymal-like status and FGFR1, FGF2 expression also extends to

additional cell lines, including CCLE lung cell lines (Barretina et al., 2012) and other MGH

patient-derived EGFR mutant NSCLC cell lines (Figures 42, 43).
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Figure 42. Patient-derived mesenchymal EGFR mutant NSCLC cell lines (E-
cadherin'®¥/Vimentin"€") have higher FGFR1 and FGF2 mRNA expression, as determined by

Affymetrix Microarray. Courtesy of lain Mulford, Novartis Institutes of Biomedical Research.
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Figure 43. Mesenchymal cell lines upregulate FGFR1/FGF2. FGF2 and FGFR1 expression
across the CCLE correlates with mesenchymal-like status. EMT signature RNASeq expression
score: sum of mesenchymal genes minus sum of epithelial genes, vs. expression of FGFR1 or
FGF2 across all CCLE lung cell lines. Courtesy of lain Mulford, Novartis Institutes of

Biomedical Research.

Together, these results suggest that the FGFR family is involved in EMT-related drug
tolerance in EGFR-mutated NSLCC, both in the context of epithelial, T790M- cell lines entering
a mesenchymal-like persister phase and in fully mesenchymal, T790M+ cells resistant to third

generation EGFR TKIs.
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Methods

ShRNA dropout experiment

A list of 75 genes related to chromatin modification, EMT, or known EGFR-TKI resistance
mechanisms was compiled (Supplementary Table 2). Bacterial clones for ten shRNAs per gene
were acquired from the Broad RNAi consortium and pooled at equal optical densities. Pooled
shRNAs were prepped and viral production was achieved in 293T cells. Next-generation
sequencing confirmed the broad distribution of hairpins. 100 million PC9 cells were infected
with the viral pool, and puromycin selection at an MOI of ~0.1 was completed. The surviving
cells were expanded for seven doublings. 100 million cells were treated with AZD9291 for 21
days, after which time roughly 1 million cells survived (this population size was chosen to ensure
> 1,000 cells/hairpin after drug selection). 10 million cells were treated with vehicle for 21 days,
and every plate split from this cohort was saved. Another 10 million cells were frozen at t0.
DNA was harvested from all specimens together using the Qiagen Blood Midi Kit. Genomic
DNA concentrations were measured using a Picogreen dye-binding assay giving a typical yield
of 1pug gDNA per million cells. For Next Generation Sequencing (NGS) library generation, the
pooled shRNA sequences were PCR amplified in 8 independent 100 uLL PCR reactions using 1
ng of input gDNA per reaction with Titanium Taq, a single forward primer and one of 8 indexing
oligos for 30 cycles. All 8 independent PCR reactions were pooled and purified using the
Agencourt AMPure XP PCR cleanup kit (Beckman Coulter). The resulting products were
quantified using the Advanced Analytical Fragment Analyzer. Individual shRNA sequence
representation was measured on the I[llumina MiSeq platform. For good representation of each
shRNA in the NGS data, ~1 million raw [llumina sequence reads were generated per sample

averaging approximately > 1000 reads per shRNA. Note that the individual plasmid pool for this
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shRNA library was spiked into the MiSeq flowcell at 15% of the total loading volume as a
normalization control. The resulting sample data were demultiplexed using the bcl2fastq script,
and the resulting fastq files aligned to a reference file of all sShRNAs in the pool using the
CASAVA 1.8.2 software. The resulting counts were then normalized to a fixed number of reads,
and a small constant was added to remove all zero counts in the data. These normalized count
data were then compared in the 3 week untreated and 3 week AZD9291 treated condition across
all shRNAs for sequence drop outs. Sequencing and genome alignment was completed by a

computational collaborator, David Ruddy, at Novartis.

CRISPR Screen

Cells were transfected with a Cas9 containing vector using the EF 1alpha-long promoter. Cas9
positivity was verified by flow cytometry and cell populations expressing 70% Cas9 or higher
were expanded for the screen. For each library pool in the screen, cells were plated in 5-layer
CelISTACK flasks (Corning, EK-680940) at predetermined densities based on doubling time and
sensitivity to EGF816, with a minimum of 80x106 cells per flask. Cells were transfected with the
screen virus pools containing the CRISPR guides in 500mL media containing 8ug/mL polybrene
(EMD Millipore). Cells were then put under puromyocin selection for 72 hours. Prior to EGF816
treatment, transfection efficiency was confirmed by RFP expression using flow cytometry. Cell
populations that expressed more than 90% RFP were then treated for 10 days with or without
EGF816 at a dose equivalent to the IC90 in each cell line. After 10 days, cells were trypsinized,
pelleted to 100x106 cells, and DNA was extracted using Qiagen DNA maxi kit. DNA samples
were checked by PCR before being submitted for downstream sequencing to determine the

proportional representation of various CRISPR guides.
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Nanostring

Cell lines (HCC827 and NCI-H1975) were treated with IC70 doses of EGF816 over a five day
time course. Samples were collected at 4, 24, 72, 120 hours post treatment and RNA was
extracted using the Qiagen RNeasy Mini Kit (Qiagen Cat#74104). RNA was normalized to
100ng in 10ul and hybridized to the 200-gene Nanostring PanCancer panel (Nanostring Cat#XT-
CSO-PATH1-12) according to the manufacturers instructions. The samples were run on the
nCounter prep station and scanned at 600 scans per chip. Data was analyzed using the nSolver
software (https://www.nanostring.com/products/analysis-software/nsolver) and all counts were

normalized to both housekeeping genes and internal controls provided in the codeset.
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Attributions
The data represented in Figures 38-43 was generated by collaborators at Novartis.
Sequencing of the shRNA dropout screen was completed by David Ruddy at Novartis.
Helpful analytical consultation was provided by Dr. Rafael Irizarry and Irineo Cabreros, who

helped generate Figures 27-29.
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Chapter 4:

Strategies to therapeutically target persister cells




The gene expression and dropout screen results outlined in Chapter 3 indicate that
FGFR3 is necessary for the initial survival of sensitive cells treated with gefitinib. In order to test
whether inhibitors of chromatin modifying enzymes, epigenetic modulators, FGFR family
members, and other hypothesized pathways of relevance to persister cells may prevent the
emergence of resistant clones in response to gefitinib, we performed long-term viability assays in
which we followed cells for durations sufficient to observe initial drug response and subsequent
development of resistance (Figure 44). The drugs included in this small library screen were
selected based on previous hypotheses relating to drug tolerant persister cells in cancer. It has
been demonstrated that resistance to antikinase cancer therapies is often attributable to re-
activation of signaling downstream of the targeted kinase (T. R. Wilson et al., 2012) (for
example, activation of IGFIR in the PC9 EGFR-mutated NSCLC cell line causes tolerance to
EGFR inhibition (Sharma et al., 2010))—for this reason, inhibitors of RTKs were included in the
study. Inhibitors of DNA and histone epigenetic modifiers were also tested due to literature
demonstrating a reliance of PC9 persister cells on KDM5a and an altered chromatin state for

survival (Sharma et al., 2010).

We treated cells with EGFR TKI alone (1uM WZ4002 in H1975 cells or 0.3uM gefitinib
in the rest) and in combination with one of 18 drugs (0.1, 1, 10uM) that modulate epigenetic
modifiers and other targets hypothesized to be relevant to drug tolerance, including two FGFR
inhibitors (BGJ398 and Chir258) (Supplementary Table 3). Surviving cell number was tracked in
two independent replicates of the experiment using a high content imaging platform or Promega

RealtimeGlo (non-cytotoxic, bioluminescent assay of cell count) over eight weeks. We searched
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for drugs that have no single agent activity but prevent the regrowth of cells in combination with

EGFR TKI over eight weeks.
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Figure 44. Dual EGFR-FGFR inhibition prevents the outgrowth of resistant clones in multiple
EGFR-mutated cell lines. Schematic of experiment. We followed cells over long time periods to
observe initial drug response and subsequent development of resistance. Five cell lines were
treated with 18 experimental compounds, alone or in combination with an EFGR TKI. High
content imaging and RealTime-Glo were used to track cell number in independent replicates of
this experiment over 8 weeks. Certain compounds had no single agent toxicity but synergized
with EGFR TKI. Positive control: AEW541 (IGF1R1) synergized with gefitinib in the PC9 cell
line, as previously described (Sharma et al., 2010). This finding did not generalize in other cell
lines (HCC4006 shown).

Using four different cell lines associated with mesenchymal changes upon EGFR
inhibitor treatment (Figures 15, 16) we found that wells treated with EGFR TKI lost 90% or
more of their starting population within a week and regrew to their starting population within 2-3
weeks of treatment. Multiple drugs were found to suppress the emergence of resistance in

individual cell lines (Figure 45).
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Figure 45. These heatmaps represents the log2-fold change ratio of cell counts in the 17 drug
combinations versus gefitinib alone in HCC4006 cells treated with 0.1uM experimental drugs
and 300nM gefitinib. X axis= days of treatment. High content imaging and RealTime-Glo based

screens were conducted independently.
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Figure 45 (Continued).
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Figure 45 (Continued).

H4006
D 3 71017 24 29 36

JO1
iBET151
BIX02194
Decitabine
ERZ0047TT
Vorinostat
Reminostat
YLUIKA A1
BIX02189
AZDO530
GSK343
Azacitadine
AEWS41
DAPT
Etinostat
THZ1
BGJ398
Dovitinib

log,FC

HCCa27
0 3 71017 24 29 36

YWURA A1
EPZOD4TTT
Vorinostat
Ja
IBET151
BIXD2194
GSK343
Decitabine
Azacytidine
BIXD2189
Reminostat
AZD0530
DARPT
AEWS41
Etinostat
Daowitinib
THZ1
BGJ398

103

Realtime-Glo
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For instance, the previously reported IGF1R + EGFR TKI combination was effective in

PC9 cells, but not in any other cell lines (Sharma et al., 2010) (Figure 46).
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Figure 46. Dual IGF1R + EGFR blockade is effective in PC9 cells, as previously reported, but

not in other cell lines included in our drug screen (Sharma et al., 2010).

Both high content imaging and Realtime-Glo yielded the similar qualitative results in

independent 8-week studies (Figure 45).

In combination with EGFR TKI, the pan-FGFR inhibitor, BGJ398, prevented the
emergence of resistance in all four cell lines tested at a dose of BGJ398 that had no single agent

activity (100nM). The CDK7 inhibitor, THZ1, accomplished this in three of four cell lines.
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Dual CDK7-EGFR inhibition

I found that dual CDK7 + EGFR inhibition was effective in H4006, PC9, and H1975 cell lines
with 100nM THZ1 (Figure 47). In HCC827 cells, there was single agent toxicity from THZ1

alone at 100nM in multiple iterations of this drug screen.
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Figure 47. THZ1 (100nM) + EGFR TKI (1uM WZ4002 in H1975, 300nM gefitinib in rest)

prevents the outgrowth of drug tolerant cells in over eight weeks compared to EGFR TKI alone.

Based on the shRNA dropout experiment and whole genome CRISPR screen presented in
Chapter 3, and ongoing clinical trials on FGFR inhibitors (Nogova et al., 2017) (Goyal et al.,
2017), we decided to focus on the FGFR + EGFR inhibitor combination. The combination of

THZ1 and EGFR TKI may be an interesting avenue for further investigation.

105



Dual EGFR-FGFR inhibition
The efficacy of the EGFR+BGJ398 combination is displayed in Figure 48 in four EGFR
mutated NSCLC cell lines tracked with high content imaging. The same qualitative results were

generated in an independent RealTime-Glo based screen.
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Figure 48. High Content Imaging-based assay identifies FGFR inhibitor synergy with EGFR TKI
in the long term across four cell lines tested. Cells treated with EGFR TKI grow out within 2-3
weeks. Dual FGFR+EGFR inhibition prevents the development of resistance over 56 days using

0.1uM BGJ398, at which there is no single agent toxicity.
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These results were validated by treating 20 pools of HCC827 cells each with gefitinib, BGJ398
alone, DMSO, or gefitinib + BGJ398 and monitoring them for the development of resistance.
After 8 weeks, 20/20 gefitinib-treated pools developed resistance, whereas the outgrowth of

resistant cells was suppressed in 18/20 combination-treated pools (Figure 49).

HCC827
BGJ398

— Gefitinib

— Combination
DMSO

MET-amplified (N=2/20)
y 4

N=18/20

-

Cell Viability
O =24 N W A O

Figure 49. Validation of high content imaging-based results using a non-cytotoxic,
bioluminescent assay (Promega Realtime-glo). 20/20 pools of gefitinib treated HCC827 cells

develop resistance, whereas 18/20 combination-treated pools do not.

We determined the MET status of the two pools that became resistant to gefitinib + BGJ398 and
found that these two clones harbored high level overexpression of MET, comparable to or
greater than that of the HCC827GR6 MET-amplified cell line (HCC827GR6 cells are gefitinib

resistant due to the MET bypass track) (Turke et al., 2010) (Figure 50).
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Figure 50. MET overexpression in combination-resistant HCC827 cells. Combination-resistant
HCCB827 cells overexpress MET at levels comparable to or greater than HCC827GR6 MET-

amplified cells by qPCR.

This finding is consistent with the emergence of MET-amplified clones that have been
previously demonstrated to preexist in the HCC827 cell line (Turke et al., 2010) (Bhang et al.,
2015). These results suggest that dual EGFR-FGFR inhibition may prevent the emergence of
adaptive resistant clones, but not pre-existing resistant clones, during long term EGFR TKI
treatment.

I questioned whether the EGFR + FGFR inhibitor combination would be effective in the
context of pre-existing T790M mutation. I plated pools of 5,000 PC9 cells and spiked in one
RFP+, T790M+ PC9 cell per pool; 600 such pools were plated in 96 well format. I treated 300

pools with gefitinib and 300 with gefitinib + BGJ398 and followed the RFP signal over 28 days
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to assess whether the drug combination is effective in the setting of pre-existing resistance. As
expected, the T790M+ cell in each gefitinib-treated cell pool reliably grew out over the course of
a month and repopulated each well. T790M+ cells also grew out in combination-treated pools,
although the growth rates were less uniform than in wells treated with gefitinib alone. Cell titer
glow measurements confirmed the expansion of total cell count during the four week treatment
(Figure 51). This data suggests that dual EGFR + FGFR inhibition is not effective in the face of

pre-existing T790M resistance.
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Figure 51. Dual EGFR + FGFR inhibition is not effective in the context of pre-existing T790M
resistance mutation. One red (T790M+, RFP+) PC9 cell is spiked into a pool of 5,000 parental
PC9 cells. Gefitinib is applied for 28 days; RFP and cell titer glow measurements were

performed weekly during drug treatment. .

To explore the mechanism of synergy between EGFR and FGFR inhibition in our
models, I examined downstream signaling in HCC827 and PC9 cell lines. ERK phosphorylation

was shut down within 24 hours of gefitinib treatment but was reactivated over time in surviving
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cells (Figure 52). Compared to cells treated with gefitinib alone, ERK reactivation was

suppressed by dual FGFR-EGFR inhibition for at least 14 days in both cell lines.
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Figure 52. PC9 and HCCS827 cells treated with gefitinib shut down ERK signaling at 24 hours

but ERK is reactivated over time. The BGJ398-gefitinib combination prevents ERK reactivation,

indicating that the cells rely on FGFR signaling to reactivate ERK during gefitinib treatment.

The phosphatase, DUSP6, is transcriptionally activated by ERK and is a negative

feedback regulator of ERK signaling. DUSP6 is robust biomarker of ERK transcriptional activity

in non-small cell lung cancer cell lines (Zhang et al., 2010) (Figure 53). We found that DUSP6 is

initially shut down by gefitinib but is upregulated during two weeks of therapy in PC9 and

HCCR827 cells. In both cell lines, addition of BGJ398 prevents this upregulation.
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Figure 53. Addition of BGJ398 prevented DUSP6 upregulation after initial shutdown in PC9 and

HCCB827 cells treated with gefitinib, as assessed by RT-PCR.

Taken together, these data suggest that FGFR inhibition may prevent ERK-reactivation in
EGFR-mutated cancer treated chronically with gefitinib, and that this blockade may suppress the

outgrowth of resistant clones.

Dual EGFR + FGFR inhibition in the resistant, mesenchymal context

To determine whether pharmacologic inhibition of FGFR is able to resensitize resistant,
mesenchymal EGFR mutant NSCLC cells to EGFR inhibition, patient-derived, T790M+,
mesenchymal cell lines were treated with the combination of EGF816 and the FGFR1/2/3
inhibitor BGJ398 (Guagnano et al., 2011) for seven days in an 8x8 matrix format. We then
assessed cell viability. A synergistic association between EGF816 and BGJ398, as determined by
the Loewe excess additivity model (Loewe, 1953), was observed over a range of doses to both
slow proliferation and induce cell death in mesenchymal-like, but not in epithelial patient-
derived cell lines (Figure 54). EGF816 suppressed EGFR Y1068 phosphorylation and increased

FRS2a Y436 phosphorylation, consistent with activation of FGFR signaling upon EGFR
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pathway blockade (Figure 55). Addition of BGJ398 to EGF816 led to a reduction of FRS2a
phosphorylation in a dose-dependent manner, translating into a downstream reduction of ERK1/2
phosphorylation. Taken together, these results demonstrate that FGFR1 signaling facilitates the
survival of mesenchymal, resistant EGFR mutant NSCLC cells in the face of EGFR blockade,

and suggest that targeted inhibition of FGFR1 signaling can resensitize to EGFR inhibition.

LOEWE % GROWTH LOEWE
A % INHIBNTION EXCESS INHIBITION ISOBOLOGRAM

MGH174-2A

MGHT21-1
MESENCHYMAL-LIKE

MGHT00-2D

MGHTOT-1
EPITHELIAL

BGJ398 pM

on STENSIRIE 33 1

EGF81&6 pM

Figure 54. Synergy between EGF816 and BGJ398 over seven days in mesenchymal, patient-
derived, EGF816-resistant cell lines. Courtesy of Iain Mulford, Novartis Institutes of Biomedical

Research.
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Figure 55. EGFR mutant mesenchymal-like patient derived cell lines treated with a 3x3
combination matrix of EGF816 and BGJ398 titrations for 24 hours. Courtesy of lain Mulford,

Novartis Institutes of Biomedical Research.

This work demonstrates that FGFR1 signaling facilitates the survival of mesenchymal, resistant
EGFR mutant NSCLC cells in the face of EGFR blockade, and suggests that targeted inhibition

of FGFR signaling can resensitize to EGFR inhibition.

In vivo efficacy of dual FGFR-EGFR inhibition

To investigate whether combined EGFR + FGFR inhibition delays the development of
resistance in vivo, we established PC9 and HCC827 subcutaneous xenograft tumors in
immunodeficient mice. Similar to our in vitro observations, geftinib treatment induced
expression of FGFR3 and vimentin in both models (Figure 56). This corroborates the histological

observation of vimentin upregulation post-treatment in HCC827 xenografts seen in Figure 23.
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Figure 56. Mice bearing PC9 and HCC827 xenograft tumors were treated with gefitinib (6.25

mg/kg daily) for three days. Gene expression was determined by quantitative RT-PCR.

We then treated mice with PC9 xenograft tumors with gefitinib, BGJ398, or the
combination for an extended period of time to assess both the initial response as well as the

subsequent development of acquired resistance (Figure 57).
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Figure 57. Schematic of long term in vivo experiment
Tumors were grown to 500mm? and nine mice per drug cohort were followed for 125

days. Over the course of 125 days of treatment, we found that five of nine mice treated with
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gefitinib developed resistant tumors (defined here as regrowth to baseline tumor volume),

whereas none of the mice treated with gefitinib + BGJ398 developed resistance (Figure 58).

PC9 xenograft tumors
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% Change in tumor volume
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Figure 58. Mice bearing PC9 xenograft tumors were treated with gefitinib (6.25 mg/kg daily)

alone or in combination with BGJ398 (30 mg/kg daily).

As a single agent, BGJ398 was well tolerated with no significant change in body weight.
Although the EGFR+FGFR combination did not achieve more upfront kill than gefitinib alone
(percent change in tumor volume after 21 days was comparable in both groups) (Figure 59),
Kaplan-Meier curves of time to regrowth illustrates a clear divergence between the two groups

by the end of the study when gefitinib resistance has emerged (Figure 60).
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Figure 59. Waterfall plot showing percent change in tumor volume after 21 days of drug

treatment.
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Figure 60. Kaplan-Meier curves showing time to 20% tumor regrowth (from minimum volume).

8/9 animals progressed on gefitinib treatment compared to 0/9 animals receiving geftinib +

BGJ398.
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The five tumors that developed gefitinib resistance were sequenced and were T790M

negative and non-MET amplified (Figure 61), making it unlikely that resistance was simply due

to clonal selection of preexisting resistant cells (T790M is the major pre-existing resistance

mechanism in PC9 cells and is found in approximately 0.05% of parental PC9s (Hata et al.,

2016), and MET amplification is another major gefitinib resistance mechanism (Bhang et al.,

2015)).
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Figure 61. Absence of T790M mutation/MET-amplification in 5 gefitinib-resistant tumors.
Gefitinib-resistant tumors do not have the T790M resistance mutation or MET amplification,
indicating that the resistance found in our PC9 mouse models was probably not due to clonal

selection of preexisting T790M+/MET-amplified cells.

We confirmed that PC9 gefitinib-resistant tumors were resistant due to cell-autonomous
mechanisms rather than microenvironmental cues. Cell lines were cultured from two gefitinib
resistant tumors. Human cells were purified using a mouse CD45 cell depletion column and

passaged in normal media for ten days. These cells remained resistant to gefitinib in vitro,
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whereas human cells cultured from an untreated PC9 xenograft mouse model were eradicated
after six days of 300nM gefitinib exposure, as demonstrated with a crystal violet cell viability

assay (Figure 62).
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Figure 62. Gefitinib resistance is due to cell-autonomous mechanisms.

In this chapter, I present an assessment of epigenetic modifiers and RTKs as potential
therapeutic targets to prevent the growth of drug tolerant persister cells. Although there were
sporadic synergies between EGFR inhibitors and certain compounds in specific cell lines
(including EGFR + IGF1R inhibitors in PC9 cells, as previously reported (Sharma et al., 2010)),
a pan-FGFR inhibitor was as a consistent hit across all tested cell lines, validating the genetic
screen presented in Chapter 3. I also noted reactivation of ERK signaling by FGFR during EGFR
inhibition. This data supports previous findings from our lab demonstrating RTK-mediated
feedback activation of signaling upon inhibition of MEK signaling (Corcoran et al., 2013) (Turke
et al., 2012) (Hata et al., 2017).

Dual EGFR + FGFR inhibition is a pharmacologic strategy that is effective both in

persister cells undergoing EMT-like changes and in fully resistant, mesenchymal cell lines.
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Finally, this combination prevents the growth of resistant tumors in EGFR mutant NSCLC
xenograft models over long term studies. Taken together, these results indicate that dual EGFR-
FGFR inhibition may be a successful strategy for preventing EMT-associated adaptive resistance

to gefitinib.
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Methods

Long term drug assay

Cells were seeded at a density of 5,000 cells/well in black, clear bottom 96 well plates. After 24
hours, cells were treated and maintained with biweekly media changes. Cell count was calculated
at 24h post-seeding and every 3-7 days thereafter, using High Content Imaging or Promega

RealTime Glo.

High-content imaging and image analysis

Imaging of the immunofluorescence-stained cultures was performed with Molecular Devices’
Image Express Micro high-content imager. Briefly, the post-laser z-offset was determined for
correct autofocusing, and the exposure time for each illumination filter was calculated. Several
wells across the 384-well plate were tested for consistency prior to acquisition of the entire plate.
Analysis of the fluorescent images was done with Molecular Devices’ MetaExpress software and
their Multi-wavelength Cell Scoring application. The minimum and maximum width as well as
the signal intensity above local background were determined for proper segmentation of the
nuclear Hoechst 33342 stain and the cytoplasmic CK8/18 stain (entire cell). Several wells of the
384-well plate were previewed by eye for accurate segmentation prior to analysis of the entire
plate. Data collected from the analysis included the number of total cells (Hoechst 33342-
positive nuclei count), the number of epithelial cells (Hoechst 33342-positive and CKS8/18-
positive cell count) and the number of non-epithelial cells (Hoechst 33342-positive and CK8/18-

negative cell count).
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Promega RealTime Glo

A non-cytotoxic, bioluminescence-producing assay was used according to the manufacturer’s
instructions. Luminscence at 570nm was recorded. Triplicate values were averaged in Microsoft
Excel and graphed in Prism. Twice weekly media change immediately followed reading of

luminescence.

3x3 Mechanistic Studies

Patient-derived cell lines were seeded into 6 well plates at a density of 500,000 cells/well, and
allowed to attach overnight. A 3x3 combination grid was selected based on proliferation results,
compounds then incubated on cells for 24 hours. Cells were washed once with PBS, then lysed
on ice using MSD Tris Lysis Buffer (Mesoscale R60TX-2), complete with protease inhibitor
cocktail (Sigma P8340), phosphatase inhibitor cocktail 2 (Sigma P5726), phosphatase inhibitor
cocktail 3 (Sigma P0044) for 10 minutes with scraping. Lysates were collected, micro-

centrifuged at 4°C and quantified for total protein by BCA assay (Pierce Cat#23225).

8x8 Combination Proliferation Assay

Cells were seeded at a density of 3000 cells/well in black clear bottom 96 well plates (Corning,
3904), and allowed to attach overnight. An 8x8 matrix of two compound titrations were mixed in
DMSO, diluted into media, then added to cells giving a final DMSO concentration of 0.1%.

Patient-derived cell lines were cultured for 7 days prior to addition of Cell Titer GLO reagent.
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In vivo studies

Mouse work was conducted under Institutional Animal Care and Use Committee—approved
animal protocols in accordance with institutional guidelines (MGH Subcommittee on Research
Animal Care, OLAW Assurance A3596-01). For xenograft studies, cell line suspensions were
prepared in 1:10 matrigel and 5 x 10° cells were injected subcutaneously into the flanks of
female athymic nude (Nu/Nu) mice (6—8 weeks old). Visible tumors developed in approximately
2-3 weeks. Tumors were measured with electronic calipers and the tumor volume was calculated
according to the formula Vol= 0.52 x L x W2, Mice with established tumors were randomized to
drug-treatment groups using covariate-adaptive randomization to minimize differences in
baseline tumor volumes: gefitinib at 6.25 mg/kg (Polysorbate), BGJ398 at 30 mg/kg (Sodium
Acetate), or combinations thereof. Drug treatments were administered by oral gavage and tumor
volumes were measured twice weekly. Investigators performing tumor measurements were not
blinded to treatment groups. Sample size (9 per treatment group) was chosen to verify

satisfactory interanimal reproducibility.
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Attributions

High content imaging of long term drug screens was performed at the Center for
Molecular Therapeutics by Leah Damon. A custom Matlab script to automate averaging of cell
counts in the high content images was provided by Irineo Cabreros.

Mice were injected with PC9 and HCC827 cells by Daria Timonia. I was trained in oral
gavage, caliper measurements, and euthanasia by Daria.

Drug studies on mesenchymal, resistant cell lines (8x8 dose matrix/ western blot for ERK

signaling) was done by collaborators at Novartis.
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Chapter S:

Discussion



EMT has been observed in EGFR mutant NSCLCs at the time of acquired resistance and
has also been associated with the survival of drug tolerant clones prior to the development of
genetic resistance mechanisms in the PC9 cell line (Sequist et al., 2011) (Uramoto et al., 2010).
In this thesis, I examine whether an EMT induced by EGFR inhibition is prevalent in multiple
cell lines or is relevant in vivo. In five EGFR-mutated NSCLC cell lines examined, canonical
EMT-driving transcription factors and mesenchymal markers were enriched after two weeks of
gefitinib treatment. EMT was also suggested by gene set enrichment analysis in two cell line
models treated for two weeks with EGFR TKIs, mirroring previous findings in the PC9 model. It
is unclear from these studies whether mesenchymal-like changes were induced by drug treatment
or whether drugs caused clonal selection of pre-existing resistant cells. In PDX models,
immunohistochemical staining was limited but indicated a strong enrichment of vimentin after
three weeks of EGFR inhibition in one model; RNA-ISH also suggested that EMT-like changes
were occurring after treatment in a limited number of probed samples. In cell line xenograft
models, there was striking induction of vimentin after only three days of gefitinib treatment in
HCCB827-xenografted mice, although E-cadherin persisted even after two weeks. This is
suggestive of a partial EMT and is consistent with the kinetics of mesenchymal trait induction
rather than mesenchymal cell selection, which may not produce such a striking shift in vimentin
within three days. The question of induction versus selection, however, is not definitively
addressed by this work. Furthermore, it is possible that mesenchymal changes were first induced
by drug treatment, and then those “early adopters” of mesenchymal properties were
preferentially selected to grow under the pressure of continued drug treatment. Future work
investigating induction versus selection of mesenchymal traits in gefitinib-treated cells may have

impact on therapeutic decision-making.
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In this thesis, I also demonstrate the importance of FGFR signaling to drug tolerance in
the context of EGFR TKI-sensitive cells undergoing mesenchymal-like changes. I found that
FGFR3 is essential for cell survival in this context. Previous studies have demonstrated that
acute EGFR inhibition causes upregulation of FGFR2 and FGFR3, and that activation of FGFR
signaling with exogenous or stromal FGF ligands protects cells from EGFR inhibitor treatment
(Ware et al., 2010). Our studies build upon these observations and show that upregulation of both
FGFR3 and FGF ligands is sustained in EGFR mutant drug tolerant cells that survive EGFR
inhibitor therapy leading to re-activation of ERK signaling. Nevertheless, dual FGFR + EGFR
blockade successfully blocked phospho-ERK reactivation that occurred after long-term EGFR
inhibitor therapy and consistently suppressed the outgrowth of drug tolerant clones in multiple
EGFR mutant cell line models, indicating that FGFR signaling is essential for the outgrowth of
mesenchymal-like drug tolerant clones. Moreover, we demonstrate that dual targeting of EGFR
and FGFR can inhibit the development of drug resistance in vivo. We also examined a number of
drugs that target epigenetic modulators and other receptor tyrosine kinases but only observed
sporadic activity of individual drugs in different cell lines. Overall, these data suggest that dual
EGFR + FGFR inhibition may also be a promising therapeutic strategy for preventing survival of
drug tolerant clones in the setting of EMT-related adaptive resistance. Of note, this drug
combination is not effective in the face of pre-existing resistant cells with T790M or MET-
amplification, but in models undergoing an evolutionary process, associated with the EMT, in
the face of initial drug exposure. Hence, the potential decision to use an EGFR + FGFR inhibitor
combination in EGFR mutant NSCLC patients may require consideration of ctDNA or on-
treatment biopsies, both of which are current clinical efforts in development, to assess the

resistance profile of the tumors (Bivona & Doebele, 2016).
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Our collaborators at Novartis complement these findings with their work on the role of
FGFR-signaling in mediating drug resistance to third generation EGFR TKIs in fully
mesenchymal, patient-derived cell lines. They examined cell lines generated from patients who
had developed acquired resistance to EGFR inhibitor therapy and observed co-occurrence of
EGFR T790M and EMT. The EMT phenotype caused resistance to 3rd-generation EGFR
inhibitors that are normally effective for cancers harboring EGFR T790M. Whole genome
CRISPR screening revealed that FGFR1 and its downstream target, FRS2a, were critical
mediators of resistance in this context. The role of FGFR1 appears to be specific to the
mesenchymal phenotype, as synergy between the 3rd-generation EGFR inhibitor EGF816 and
the FGFR inhibitor BGJ398 was observed in mesenchymal but not epithelial models. These
results suggest a therapeutic strategy for targeting resistant EGFR T790M NSCLCs that have
undergone EMT and are not sensitive to 3rd-generation EGFR inhibitors alone.

Our findings add to a growing body of evidence converging on the central importance of
FGFR signaling in the survival of mesenchymal cells. Recently, FGFR1 was implicated in the
intrinsic resistance of mesenchymal KRAS mutant NSCLCs to MEK inhibitors (Kitai et al.,
2016). FGFR1 dependency has also been observed in pre-clinical cell line models of acquired
resistance to EGFR inhibitors, some of which exhibited mesenchymal features (Ware et al.,
2013). In this study, resistant cells lost dependency on EGFR and became sensitive to FGFR
inhibition alone. Our study examined patient-derived cell lines generated from EGFR mutant
NSCLCs at the time of clinical resistance due to acquisition of the EGFRT™M, These cell lines
also exhibited a clear mesenchymal phenotype and were resistant to 3rd generation EGFR
inhibitors that target EGFRT°®M, While these cells were not sensitive to FGFR inhibition alone,

they were susceptible to the combination of 3rd-generation EGFR and FGFR inhibitors. In
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contrast, EGFRT"M cell lines that retained an epithelial phenotype remained sensitive to EGFR
inhibition and no synergy was observed with combined FGFR inhibitors.

The connections between FGFR signaling and the EMT extend to normal physiology. In
the developing vertebrate, FGFR1 is required for mesodermal patterning and mesodermal fate
determination; the embryonic mesoderm gives rise to mesenchymal tissues in adults (Ciruna &
Rossant, 2001). FGFR1 mutant cells fail to complete an EMT at the primitive streak and
accumulate within the streak, indicating a potential role of FGFR1 in EMT-driven motility
(Ciruna & Rossant, 2001). Specifically, FGFR1 directly regulates Snail and E-cadherin
expression in the primitive streak, driving mesenchymal changes required for morphogenesis and
patterning in the mouse embryo (Ciruna & Rossant, 2001). A role for FGFR signaling in the
EMT is further demonstrated by alternative splicing of FGFR1/2/3 based on the epithelial or
mesenchymal identity of the tissue. Two isoforms, IIIb and Illc, exist for each FGFR family
member and are expressed in epithelial or mesenchymal tissues, respectively (Saitoh &
Miyazawa, 2012). FGFR2/4 ligands bind to the mesenchymal isoforms and FGF7/10 bind to
epithelial isoforms (Saitoh & Miyazawa, 2012). The mechanism of alternative splicing of FGFR
isoforms to IIIb versus Illc is not completely understood, but epithelial-specific splicing factors,
ESRP1/2, have been identified, and their loss causes a switch to a mesenchymal splicing
program (Saitoh & Miyazawa, 2012). Furthermore, TGFp, a known driver of EMT, induces
isoform switching of FGFRs to the IlIc mesenchymal type by repressing the expression of
ESRP1/2 and also drives upregulation of FGFR1. Similarly, the canonical EMT transcription
factors, Snail and Twist, cause down-regulation of ESRP1/2 (Saitoh & Miyazawa, 2012).

Together, these data implicate FGFR as a key regulator of EMT.
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Our results also suggest that the particular FGFR dependency may depend on context.
Early after initiation of EGFR inhibitor treatment, FGFR3 appears to play the dominant role
during the selection of mesenchymal-like drug tolerant clones. In fully mesenchymal resistant
cells, FGFR1 was upregulated and critical for cell survival. Other studies have demonstrated that
FGFRI1 expression is upregulated in other mesenchymal cancers, such as bladder cancer, and
FGFRI1 knock-down alters expression of EMT-related transcription factors (Cheng et al., 2013).
These results, together with the observation that mesenchymal versus epithelial phenotype
correlates with FGFR1 expression across CCLE cell lines, suggest that FGFR1 is a key survival
factor in fully mesenchymal cells across different tissue origins. We speculate that upregulation
of FGFR3 may play a similar role in the survival of drug tolerant cells that have mesenchymal
features but have not yet developed a stable mesenchymal phenotype. Finally, it is important to
note that while FGFR signaling appears to play a central role in the drug resistance of
mesenchymal cells, other mechanisms may also contribute. For instance, it was recently shown
that ZEB1-mediated suppression of BIM contributes to the lack of response of mesenchymal
cancers to therapy (Song et al., 2017).

The dependency of mesenchymal drug tolerant persister cells on the lipid peroxidase,
GPX4, has recently been demonstrated in a variety of cancers, including the EGFR-mutated
NSCLC model, H4006 (Viswanathan et al., 2017). Authors found that, in drug tolerant cells
across many cancer types, stemness and mesenchymal markers were upregulated relative to
parental cells. In these cells, broad downregulation of antioxidant gene expression, including
NRF?2 target genes, was found. RNAseq data generated from our five EGFR-mutated NSCLC
cell lines treated with two weeks of EGFR TKI or vehicle supports the induction of

mesenchymal and stemness-related genes in persister cells, but does not reveal a significant
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differential expression of the three most downregulated antioxidant genes, GPX2, TM X4, or
TXNDCI17, reported in this study (Viswanathan et al., 2017).

A number of studies have shown that alternate receptor tyrosine kinase signaling can
contribute to both intrinsic and acquired resistance to targeted therapies by activating
downstream effectors that are redundant with the therapeutically inhibited pathway (Crystal et
al., 2014; Engelman et al., 2007; Isozaki et al., 2016; Katayama et al., 2012; T. R. Wilson et al.,
2012). In these cases, dual-RTK inhibition may be an attractive approach for overcoming or
preventing drug resistance. One challenge in developing clinically useful therapeutic strategies,
however, is the potential heterogeneity of bypass signaling pathways that may occur even in the
same cancer sub-type (Crystal et al., 2014). For instance, previous studies have reported that
drug tolerant PC9 cells are dependent on IGF1R for survival during EGFR inhibitor treatment
(Sharma et al., 2010), however we did not observe this dependency in any of the other EGFR
mutant NSCLC models that we investigated. Our results suggest that combination EGFR +
FGFR inhibition may represent an attractive strategy for combating acquired resistance in EGFR
mutant NSCLC because of the widespread role of EMT in the development of drug resistance
and its regulation by FGFR family signaling.

Clinical trials investigating FGFR inhibitors in a broad range of cancer subtypes are
ongoing. Reduction of tumor burden using BGJ398 has been achieved in FGFR1-amplified
squamous NSCLC (Nogova et al., 2017), FGFR1-amplified bladder/urothelial cancer (Nogova
et al., 2017), and FGFR-altered advanced cholangiocarcinoma (Goyal et al., 2017). While
hyperphosphatemia is the major side effect of FGFR inhibition in patients, this toxicity may be

mitigated by intermittent drug holidays (Nogova et al., 2017). Overall, the results of clinical
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trials thus far indicate that FGFR inhibition may be a promising therapeutic option in specific
cancers at or below its maximum tolerated dose.
Investigation of dual FGFR + EGFR inhibition in patients with EGFR-mutated NSCLC

may be warranted by the results of this thesis.
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Supplementary Table 1. Primer sequences for RT-PCR

GENE FORWARD (5' ->3") REVERSE (5' ->3")

ACTIN AGAGCTACGAGCTGCCTGAC AGCACTGTGTTGGCGTACAG
GAPDH AGGGCTGCTTTTAACTCTGGT CCCCACTTGATTTTGGAGGGA
CDH1 TGCCCAGAAAATGAAAAAGG GTGTATGTGGCAATGCGTTC
VIM CCCTCACCTGTGAAGTGGAT GCTTCAACGGCAAAGTTCTC
CD133 CAG AGT ACA ACG CCA AACCA AAA TCA CGA TGA GGG TCA GC
ALDHIA1 | TGTTAGCTGATGCCGACTTG TTCTTAGCCCGCTCAACACT
NOTCH TCCACCAGTTTGAATGGTCA AGCTCATCATCTGGGACAGG
ZEBI GTTCTGCCAACAGTTGGTTT GCTCAAGACTGTAGTTGATG
SNAIl AAGATGCACATCCGAAGCCA CTCTTGGTGCTTGTGGAGCA
SNAI2 CTCACCTCGGGAGCATACAG GACTTACACGCCCCAAGGATG
TGFB3 TAC TAT GCC AAC TTC TGC TCA AAC TTA CCA TCC CTT TCC TC
ZEB2 GACCTGGACGTGAAGGAAAA GGCACTTGCAGAAACACAGA
AXL AACCT TCAAC TCCTG CCTTC TCG | CAGCT TCTCC TTCAG CTCTT CAC
CD44 CACGTGGAATACACCTGCAA GACAAGTTTTGGTGGCACG
CD24 TACCCACGCAGATTTATT AGAGTGAGACCACGAAGA
TWIST CCACTGAAAGGAAAGGCATC CTATGGTTTTGCAGGCCAGT
FGFRI1 AGATGTGGAGCCTTGTCACC CCTGTTGACCACATCACCTG
FGFR2 TTTACTCATGGAGGGGAAGC CGAGACTCCATCGCAAAAA
FGFR3 AGGCTTCCACTGCTGTGTCT GCACTCGGCTCCTTTCTGTA
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Supplementary Table 2. Sequences of shRNAs in dropout screen

Gene name Clone Name Clone ID Region | Target Sequence

ARIDIA
NM 006015.3-5342s1cl TRCN0000059088 CDS CGGCTCACAATGAAAGACATT
NM 006015.3-2287s1cl TRCN0000059089 CDS GCCTGATCTATCTGGTTCAAT
NM 006015.3-1702s1cl TRCN0000059090 CDS CCTCTCTTATACACAGCAGAT
NM _006015.3-7163slcl TRCN0000059091 CDS CCGTTGATGAACTCATTGGTT
NM 006015.3-2803slcl TRCN0000059092 CDS GCAGCCAAACTATAATGCCTT
NM 006015.4-4874s21cl TRCN0000344709 CDS CGTAATGACATGACCTATAAT
NM 006015.4-3519s21cl TRCN0000358749 CDS TGGACCTCTATCGCCTCTATG
NM 006015.4-4208s21cl TRCN0000358684 CDS TATCCCTATGGAGGTCCTTAT
NM 006015.4-1765s21cl TRCN0000344652 CDS ACAGGGCCAGACTCCATATTA
NM 006015.4-7166s21cl TRCN0000333242 CDS CCGTTGATGAACTCATTGGTT

ARID1B
NM 017519.1-7426s1cl TRCN0000107360 3UTR CCACAGGAATATGGTTCCATT
NM 017519.1-4205s1cl TRCN0000107361 CDS GCCGAATTACAAACGCCATAT
NM 017519.1-3527s1cl TRCN0000107363 CDS GCAGTATATTCAGTACCTGTT
NM 017519.1-4497s1cl TRCN0000107364 CDS GCACGCAATGATATGCCTTAT
NM 017519.1-6878s21cl TRCN0000420576 3UTR GAAGATTAGAGGGTCACATAT
NM 017519.1-5054s21cl TRCN0000424323 CDS GTGGGCTTTGGACACTATTAA
NM 017519.1-6172s21cl TRCN0000415830 CDS TGGTCACGTTGGCCAACATTT
NM 017519.1-3431s21cl TRCN0000416443 CDS GGGTTTGGCCCAGGTTAATAA
NM 017519.1-7097s21cl TRCN0000436265 3UTR TGCTGTCTAGTGCATTCAAAG

ARID3A
NM 005224.1-2498s1cl TRCN0000013788 3UTR CCCTGAACCAAGATCACTGAA
NM 005224.1-1960s1cl TRCN0000013789 CDS CCTCAAATAACTCGTTGCCTT
NM 005224.1-932slcl TRCN0000013790 CDS CCTGGATGACTTGTTCAGCTT
NM 005224.1-1382slcl TRCN0000013791 CDS CCCTAAGATCAAGAAAGAGGA
NM 005224.2-959s21cl TRCN0000235686 CDS GACTTACGAGGAGCAGTTTAA
NM 005224.2-2466s21cl TRCN0000244312 3UTR CCGATCCTGTTTACCTCATAC
NM 005224.2-1918s21cl TRCN0000235689 CDS CAACCTCTGCTCCCAACAAAG
NM 005224.2-2040s21cl TRCN0000235688 CDS TCCACATCTACCTCAAATAAC
NM 005224.2-650s21c¢l TRCN0000235687 CDS CGAGGACATGAAGCCCAAATG

ARID4B
NM 016374.4-5756s1cl TRCN0000146977 3UTR CGTGTCAGAATCCTTTACATT
NM 016374.4-983slcl TRCN0000147109 CDS CTAGGCAAAGTTGTATGTGTA
NM 016374.4-1442slcl TRCN0000146353 CDS CCTATTAACAAACGACCTGTA
NM 016374.4-4160slcl TRCN0000150300 CDS CGCATCACAATTCTTCAAGAA
NM 016374.4-2949s1cl TRCN0000147816 CDS GCAATACAGAAGAGTGTCTAA
NM 016374.5-2564s21cl TRCN0000358800 CDS ACTCTGATACTGCTCATATTA
NM 016374.5-2027s21cl TRCN0000363428 CDS TAGATGAATCCCTCAACATAA
NM 016374.5-2700s21cl TRCN0000363511 CDS GGAATCTAAGATTGATCATTT
NM 016374.5-4921s21cl TRCN0000363140 3UTR AGTCAAGCACATGTAATAAAT
NM 016374.5-4896s21cl TRCN0000363154 3UTR ACCTTAGGGTGGCTTTAATTG

ARIDSA
NM 006673.2-435s1cl TRCN0000157147 3UTR GCCCAGGAAACAGTACAAGAT
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NM 006673.2-441slcl TRCN0000151058 3UTR GAAACAGTACAAGATGGCTAA
NM _006673.2-538s1cl TRCN0000158056 3UTR CCAGGAAAGACCAAAGCAGAT
NM 006673.2-1874s1cl TRCN0000156485 3UTR CCTGGCACAAGTGAAGAAGAA
NM _006673.2-234s1cl TRCN0000153021 CDS GATCTACAAAGCAGTGGAGAA
NM_006673.2-1878slcl TRCN0000157146 3UTR GCACAAGTGAAGAAGAAGGCA
NM 006673.2-228slcl TRCN0000154278 CDS GTGGAAGATCTACAAAGCAGT
NM _006673.2-231slcl TRCN0000153414 CDS GAAGATCTACAAAGCAGTGGA
NM_006673.2-237s1cl TRCN0000158016 CDS CTACAAAGCAGTGGAGAAGCT
NM 006673.2-218slcl TRCN0000154298 CDS GAGTTAACCTGTGGAAGATCT
ASF1A
NM_014034.1-2173s1cl TRCN0000074268 3UTR GCCAGATGTTAAACTTTGAAT
NM_014034.1-694s1cl TRCN0000074269 CDS CCAAATCTACAGTCACTTCTT
NM 014034.1-341slcl TRCN0000074270 CDS GTGAAGAATACGATCAAGTTT
NM 014034.1-462s1cl TRCN0000074271 CDS AGGCGTAACTGTTGTGCTAAT
NM 014034.1-424slcl TRCN0000074272 CDS GCACCTAATCCAGGACTCATT
NM 014034.2-1944s21cl TRCN0000257056 3UTR AGAATGAGATCAGGCATATTT
NM 014034.2-608s21cl TRCN0000236535 CDS GGCGTAACTGTTGTGCTAATT
NM 014034.2-735s21cl TRCN0000236532 CDS CTAAGCTTCAAAGGAATATTT
NM 014034.2-654s21cl TRCN0000236533 CDS TTATTAGAGTTGGCTATTATG
NM 014034.2-558s21cl TRCN0000236534 CDS TTCAGGCTGATGCACCTAATC
ASF1B
NM_018154.2-1247s21cl TRCN0000245021 3UTR TTAGTTAGTAGGTAGACTTAG
NM 018154.2-284s21cl TRCN0000245017 CDS CTGGAGTGGAAGATCATTTAT
NM 018154.2-311s21cl TRCN0000245018 CDS TCGGCTGAGAGTGAGGAATTT
NM 018154.2-369s21cl TRCN0000245019 CDS CAGCAGGGAGACACATGTTTG
NM 018154.2-762s21cl TRCN0000245020 CDS ACTCCATGGACTGCATCTAAC
NM 018154.2-697s21c¢l TRCN0000381691 CDS ACTCAACTGCACTCCTATCAA
NM_018154.2-608s21c1 TRCN0000381757 CDS GTGACCCGCTTCCATATCAAC
NM 018154.2-495s21cl TRCN0000379728 CDS GAGTGGGCTACTACGTCAACA
NM 018154.2-459s21cl TRCN0000382013 CDS TCATCACCTGCACCTACCATG
ASHIL
NM_018489.1-4615slcl TRCN0000016168 CDS CCTGCCAAATACCATAAGAAA
NM_018489.1-8395s1cl TRCN0000016169 CDS CGACATAAACTTGACATCTTT
NM_018489.1-2022s1cl TRCN0000016170 CDS CCCTGAAACTTCTTCACAGTT
NM 018489.1-8055s1cl TRCN0000016171 CDS CGACGATGTTATTCGCTGTAT
NM_018489.1-9181slcl TRCN0000016172 CDS CGTACTTTGTTTATCCCAGAA
NM 018489.2-6495s21c2 TRCN0000246167 CDS GAGTCGATTGATCCAATTAAA
NM 018489.2-8077s21c2 TRCN0000246168 CDS CGTCTACGAAAGGCCTATTAC
NM 018489.2-8661s21c2 TRCN0000246169 CDS ATCCCGTCGGTTCTATCATAA
NM 018489.2-10042s21c2 TRCN0000246170 3UTR CGGTAGTTCTTGCAATTATTT
NM 018489.2-7026s21c2 TRCN0000246171 CDS GATGATTGAGCAGTATCATAA
ASH2L
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NM 004674.1-2177s1cl TRCN0000019274 3UTR GTGACTTGTTATCCTACTATA
NM _004674.1-563s1cl TRCN0000019275 CDS CCGAAGACAATGTTCTCCAAA
NM 004674.1-1128s1cl TRCN0000019276 CDS CCTGCTTGTATGAACGGGTTT
NM 004674.1-1006s1cl TRCN0000019277 CDS CCCGTTTAACAAAGATGGCTA
NM_004674.1-380s1cl TRCN0000019278 CDS GCTGACACATTTGGCATAGAT
NM 004674.3-1048s21cl TRCN0000342870 CDS CCCATTGGAACACCCGTTTAA
NM 004674.3-2231s21cl TRCN0000342802 3UTR GTGACTTGTTATCCTACTATA
NM._004674.3-278s21cl TRCN0000342871 CDS TTGGAGACAGAATCATCTAAT
NM 004674.3-1182s21cl TRCN0000342801 CDS CCTGCTTGTATGAACGGGTTT
NM._004674.3-617s21cl TRCN0000342868 CDS CCGAAGACAATGTTCTCCAAA
ASXL1
NM_015338.3-2135s1cl TRCN0000135296 CDS CCGGATTCAACTTTCACGTAT
NM 015338.3-1584s1cl TRCN0000138572 CDS CCAGGAGAATCAGTGCGTATA
NM 015338.3-5953s1cl TRCN0000133699 3UTR GCTTCTGTAAGTATGCTCTAT
NM 015338.3-1392s1cl TRCN0000134690 CDS GCTGATGGTGAATTTACTCAT
NM 015338.3-4161slcl TRCN0000135579 CDS GCTATGTCACAGGACAGTAAT
NM 015338.4-3862s21cl TRCN0000285358 CDS TCGCTACGCATGGGATCTTTA
NM 015338.4-2875s21cl TRCN0000285357 CDS CTAGTGGGAGATGATACATTA
NM 015338.4-2186s21cl TRCN0000275379 CDS GTCAGCCCACTTACCAGATAT
NM 015338.4-5390s21cl TRCN0000275472 3UTR TTCTCCACCAAGGGAGTTAAC
NM_015338.4-1591s21cl TRCN0000275380 CDS CCAGGAGAATCAGTGCGTATA
BRDI
NM 014577.1-3084s1cl TRCN0000019284 CDS CGAGCTTTAATGCGCCCAAAT
NM 014577.1-3510s1cl TRCN0000019285 CDS CCCTTGGTATTGACGAAACTA
NM 014577.1-2315s1cl TRCN0000019286 CDS GCCACAATGAGGAAACGGTTA
NM 014577.1-1846s1cl TRCN0000019287 CDS CCCGCAGAGGTTAAATAGGAT
NM 014577.1-3421s1cl TRCN0000019288 CDS GCAGACCAAGTCTGATGAGAA
NM_014577.1-4208s21cl TRCN0000233209 3UTR TGTGCCTCCCAGCGGATTATT
NM 014577.1-2333s21cl TRCN0000233207 CDS TTAGAAGCTCAAGGGTATAAA
NM 014577.1-3523s21cl TRCN0000233208 CDS CGAAACTATAGACAAGTTAAA
NM 014577.1-626s21cl TRCN0000233205 CDS CGCTTGCACAGGATCAGTATT
NM _014577.1-1822s21cl TRCN0000233206 CDS GACCGTGTGCGCTCCTTATAT
BRD2
NM_005104.2-4183s1cl TRCN0000006308 3UTR CCCTTTGCTGTGACACTTCTT
NM 005104.2-3720s1cl TRCN0000006309 CDS GCCCTCTTTACGTGATTCAAA
NM_005104.2-3578s1cl TRCN0000006310 CDS CCCTGCCTACAGGTTATGATT
NM 005104.2-2059s1cl TRCN0000006311 CDS CCTATGGACATGGGTACTATT
NM 005104.2-2401s1cl TRCN0000006312 CDS CCTACCACTGTCCTCAACATT
NM 005104.3-2059s21cl TRCN0000273643 CDS CCTATGGACATGGGTACTATT
NM 005104.3-3834s21cl TRCN0000315433 CDS CCGGAAGCCCTACACCATTAA
NM 005104.3-4254s21cl TRCN0000350645 3UTR GAGGGATGCAGGGACATTTAC
NM 005104.3-2402s21cl TRCN0000350530 CDS CTACCACTGTCCTCAACATTC
NM 005104.3-3578s21cl TRCN0000273689 CDS CCCTGCCTACAGGTTATGATT
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BRD3
NM 007371.2-2689s1cl TRCN0000021374 3UTR CCAAGGAAATGTCTCGGATAT
NM 007371.2-561slcl TRCN0000021375 CDS CCCAAGAGGAAGTTGAATTAT
NM 007371.2-1282s1cl TRCN0000021376 CDS GCTGATGTTCTCGAATTGCTA
NM _007371.2-491slcl TRCN0000021377 CDS CCCACAGATGACATAGTGCTA
NM 007371.2-2029s1c¢l TRCN0000021378 CDS GAGATATGTCAAGTCTTGTTT
NM 007371.2-2385s1cl TRCN0000196574 3UTR GTGGTTCATATTACTACTTCT
NM _007371.2-2610slcl TRCN0000199455 3UTR GTGAGATTCGTACCGAAGAAC
NM 007371.2-337slcl TRCN0000195541 CDS CAAATTGAACCTGCCGGATTA
NM_007371.2-2006s1cl TRCN0000199036 CDS CCCACCACTTTGCGGGAACTG
NM._007371.2-2495slcl TRCN0000199822 3UTR GCGTTAGACTTGATGAGAAGG
BRD4
NM 058243.1-4624s1cl TRCN0000021424 3UTR CCGCCAAATGTCTACACAGTA
NM 058243.1-504s1cl TRCN0000021425 CDS CCCTGATTACTATAAGATCAT
NM 058243.1-1485s1cl TRCN0000021426 CDS CGTCCGATTGATGTTCTCCAA
NM_058243.1-646slcl TRCN0000021427 CDS CCTGGAGATGACATAGTCTTA
NM 058243.1-4269s1cl TRCN0000021428 CDS CCAGAGTGATCTATTGTCAAT
NM 058243.1-4626s1cl TRCN0000196576 3UTR GCCAAATGTCTACACAGTATA
NM 058243.1-1707s1cl TRCN0000199427 CDS CAGTGACAGTTCGACTGATGA
NM 058243.1-532slcl TRCN0000195245 CDS CCTATGGATATGGGAACAATA
NM_058243.1-5005s1cl TRCN0000199972 3UTR CCAACCAAAGTCAGTTCCTTC
NM_058243.1-2046slcl TRCN0000199459 CDS GCCTATGTCCTATGAGGAGAA
BRD7
NM 013263.2-1445s1cl TRCN0000151186 CDS GCAGATAGTTTACTGGATGTT
NM 013263.2-1385s1cl TRCN0000154102 CDS CCAAGTGATTTCAGCATCCAT
NM 013263.2-1823s1cl TRCN0000151378 CDS GCTGAACAAGTGACCAATAAT
NM 013263.2-311slcl TRCN0000158058 CDS CGGAGAAGAGTTAAGGAGGAT
NM 013263.2-1964s1cl TRCN0000151543 CDS GAAGACACTGAAGAACCTAAA
NM 013263.2-100s1cl TRCN0000158342 CDS CAAACACCTCTACGAGGAGTA
NM 013263.2-1859s1cl TRCN0000158368 CDS CAGCAAGTAACTCCAGGTGAT
NM 013263.2-1436s21cl TRCN0000360087 CDS TATGTCATGGCAGATAGTTTA
NM 013263.2-1277s21cl TRCN0000360145 CDS TATGGGCCCTACAGTTCTTAT
NM 013263.2-487s21cl TRCN0000360144 CDS GAATCAACTGATGAGACAATT
BRDS
NM_006696.3-2594s1c2 TRCN0000222183 CDS CGTGACATTATGCTGATGTTT
NM 006696.3-1838s1c2 TRCN0000222184 CDS GCCGAAATAGTAGCTGGAGTT
NM_006696.3-365s1c2 TRCN0000222185 CDS CGAGTTGAAGAACTAAAGAAA
NM 006696.3-2715s1c2 TRCN0000222186 CDS CGCAGTTGATTATGCAAACAT
NM _006696.3-1481s1c2 TRCN0000222187 CDS GCTGTGTCTTACACAGGTGAA
NM_006696.3-2594s1cl TRCN0000019379 CDS CGTGACATTATGCTGATGTTT
NM 006696.3-1838s1cl TRCN0000019380 CDS GCCGAAATAGTAGCTGGAGTT
NM_006696.3-365s1cl TRCN0000019381 CDS CGAGTTGAAGAACTAAAGAAA
NM 006696.3-2715s1cl TRCN0000019382 CDS CGCAGTTGATTATGCAAACAT
NM 006696.3-1481s1cl TRCN0000019383 CDS GCTGTGTCTTACACAGGTGAA
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BRD9
NM 023924.1-737slcl TRCN0000128610 CDS CAATGAAGATACAGCTGTTGA
NM 023924.1-510slcl TRCN0000128333 CDS GCTCCTGGATATTCAATGATA
NM 023924.1-636slcl TRCN0000127780 CDS GCAATGACATACAATAGGCCA
NM 023924.1-817slcl TRCN0000127634 CDS CGAGTAGAGAAGTTATCAGCT
NM 023924.1-411slcl TRCN0000131081 CDS GAGAGCACACCTATTCAGCAA
NM 023924.3-846s21cl TRCN0000236474 CDS ACAAGTCAGTTACGGAATTTA
NM 023924.3-946s21¢l TRCN0000236475 CDS GATCCTTCACGCAGGCTTTAA
NM 023924.3-2306s21c¢l TRCN0000236472 3UTR AGTCATACGCGAAGGCCATAT
NM 023924.3-771s21¢l TRCN0000236473 CDS CTCCTGGATATTCAATGATAA
NM 023924.3-997s21¢l TRCN0000236476 CDS GAAGCGCAGCATGTCGTTTAT
BRDT
NM 001726.1-2954s1cl TRCN0000006303 3UTR CTCAGTTTTTAAATTAACCAT
NM 001726.1-1053slcl TRCN0000006304 CDS CCGATGGATCTTGGAACTATT
NM 001726.1-1632slcl TRCN0000006305 CDS CCTATGAACTATGATGAGAAA
NM 001726.1-629s1cl TRCN0000006306 CDS GCAAGAAATTCCTTCTGTATT
NM 001726.1-2117sl¢l TRCN0000006307 CDS CCCTAAGTTTACAGAAGTAAA
NM 001726.2-516slcl TRCN0000197164 CDS GAGCAAGTTGTGGGTGTTAAG
NM 001726.2-766s1cl TRCN0000195451 CDS CTGCAACTTCAGCAGTTAAAG
NM 001726.2-2307s1cl TRCNO0000195124 CDS CACCACCAATTAGCATTTAAT
NM 001726.2-2905s1¢l TRCN0000194895 CDS CCCTTCAAAGTGACATTATGA
NM 001726.2-284slcl TRCN0000196703 CDS GAAACTACAGTTGCCTGATTA
C20orf7
NM 024120.2-1093slcl TRCN0000160192 3UTR CATCAGAAATGGATAGCTTTA
NM 024120.2-1232slcl TRCN0000159719 3UTR GTTTCTGTTCTCATAAGGATA
NM 024120.2-319slcl TRCN0000158970 CDS GAGGTTACATTGCACAATATT
NM 024120.2-1475slcl TRCN0000160102 3UTR CTTTATTAAATCCCTCCTCAA
NM 024120.2-486slcl TRCN0000158938 CDS GTTAGCAGTTTAAGTTTGCAT
NM 024120.2-212slcl TRCN0000163287 CDS GCCGACCAAATTTGACTACCT
NM 024120.2-912slcl TRCNO0000162482 CDS CCTGCTACATACCAGATCTAT
NM 024120.2-316slcl TRCNO0000159852 CDS GAAGAGGTTACATTGCACAAT
NM 024120.2-258slcl TRCNO0000161362 CDS GCAGACCGTGTATATGACATA
NM 024120.2-598slcl TRCN0000162496 CDS CACTCTATGAACTTCGGTGTT
CBX1
NM 006807.3-463s1cl TRCN0000062223 CDS CCCGACCTCATTGCTGAGTTT
NM 006807.3-750s1cl TRCN0000062224 CDS CCCACAGGTTGTCATATCCTT
NM 006807.3-334slcl TRCN0000062225 CDS GAAGAGGAATATGTGGTGGAA
NM 006807.3-396s1cl TRCN0000062227 CDS CCTCCTAAAGTGGAAGGGATT
NM 006807.4-662s21cl TRCN0000290148 CDS CCCGACCTCATTGCTGAGTTT
NM 006807.4-949s21¢l TRCN0000290222 CDS CCCACAGGTTGTCATATCCTT
NM 006807.4-595s21¢l TRCN0000290149 CDS CCTCCTAAAGTGGAAGGGATT
NM 006807.4-533s21¢l TRCN0000290220 CDS GAAGAGGAATATGTGGTGGAA
CBX2
NM 032647.2-657slcl TRCN0000020324 CDS ACAGGAAGCATGCGTACAGTA
NM 032647.2-81slcl TRCN0000020325 CDS CGCCGAGTGCATCCTGAGCAA
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NM 032647.2-211slcl TRCN0000020326 CDS GCCTTCCAGAAGAAGGAACAT
NM 032647.2-279s1cl TRCN0000020327 CDS GCCAAGGAAGCTCACTGCCAT
NM 032647.2-647s1cl TRCN0000020328 CDS ACGGAAAGGAACAGGAAGCAT
NM 032647.2-668s21cl TRCN0000232725 CDS GCGTACAGTAGGTGCTCATAG
NM_032647.2-145s21cl TRCN0000232722 CDS GGCTGGTCCTCCAAACATAAC
NM 032647.2-760s21cl TRCN0000232726 3UTR TAAATCGAGGTGGCCACGAAA
NM 032647.2-444s21cl TRCN0000232723 CDS GTCTGTCCCTCTACTCGGAAA
NM._032647.2-595s21cl TRCN0000232724 CDS GGGTCAAACTGCTGCAGACAA
CBX4
NM_003655.x-820s1cl TRCN0000004075 CDS TCCAGGCAAAGGCTCCGAGAA
NM_003655.x-960s1cl TRCN0000004076 CDS GCAAATACATGGAGAACGGCA
NM_003655.x-925s1cl TRCN0000004077 CDS CAAGAACAAGAACGGACGCAT
NM 003655.2-2130s21cl TRCN0000234581 3UTR GCCTCAGAGTTCTAGTATTAT
NM 003655.2-949s21cl TRCN0000234579 CDS CGTGATCGTGATGAGCAAATA
NM_003655.2-1765s21cl TRCN0000234580 CDS GCCCTTCTTTGGGAATATAAT
NM 003655.2-237s21c¢l TRCN0000238786 CDS GAGTGGAGTATCTGGTGAAAT
NM 003655.2-260s21cl TRCN0000234578 CDS AGAGGCTGGTCGCCCAAATAT
NM 003655.x-230s1cl TRCN0000010848 CDS CGCAAGGGCAGAGTGGAGTAT
NM 003655.x-414slcl TRCN0000010847 CDS TGCCTACCTTTGCCCGTCGTT
CBX5
NM 012117.1-426slcl TRCN0000062238 CDS GCCGATGACATCAAATCTAAA
NM 012117.1-532slcl TRCN0000062239 CDS GTGGTGATTTAATGTTCCTAA
NM 012117.1-312slcl TRCN0000062240 CDS CCTGAGCTAATTTCTGAATTT
NM 012117.1-614slcl TRCN0000062241 CDS TCCACAAATTGTGATAGCATT
NM 012117.2-825s21cl TRCN0000344646 3UTR TATCCTAAACACATCCATAAA
NM 012117.2-458s21cl TRCN0000333368 CDS GCCGATGACATCAAATCTAAA
NM 012117.2-484s21c¢l TRCN0000344704 CDS GAGAGAGCAGAGCAATGATAT
NM_012117.2-647s21cl TRCN0000344645 CDS CCACAAATTGTGATAGCATTT
NM 012117.2-344s21cl TRCN0000333297 CDS CCTGAGCTAATTTCTGAATTT
NM 012117.2-677s21cl TRCN0000381907 CDS AGACTGACATGGCATGCATAT
NM 012117.2-427s21cl TRCN0000379990 CDS TAACAAGAGGAAATCCAATTT
NM 012117.2-556s21cl TRCN0000380585 CDS AGATTCCTGTGGTGATTTAAT
CBX6 NM 014292.2-97s1cl TRCN0000019065 CDS GCATCGAGTACCTGGTGAAAT
NM 014292.2-641slcl TRCN0000019067 CDS CCGCGTTATAGGCAAGAGCAA
NM_014292.2-683slcl TRCN0000019068 CDS GCGTACACAGATCCGCCACAT
NM 014292.3-137s21cl TRCN0000343456 CDS GCATCGAGTACCTGGTGAAAT
NM 014292.3-333s21cl TRCN0000343457 CDS CCGCATCAGTGATGTGCATTT
NM 014292.3-1196s21cl TRCN0000343413 CDS TGACGGTCACAATCAAGGAAT
NM 014292.3-681s21cl TRCN0000343463 CDS CCGCGTTATAGGCAAGAGCAA
NM 014292.3-723s21cl TRCN0000352855 CDS GCGTACACAGATCCGCCACAT
CBX7
NM _175709.1-153slcl TRCN0000019144 CDS CGGAAGGGTAAAGTCGAGTAT
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NM 175709.1-293slcl TRCN0000019145 CDS GTATAGGAAGAGAGGTCCGAA
NM_ 175709.1-752slcl TRCN0000019146 CDS CGTGACCGACATCACCGCCAA
NM 175709.1-122slcl TRCN0000019147 CDS CGCCGTGGAGAGCATCCGGAA
NM_175709.1-736slcl TRCN0000019148 CDS CCTCAAGTGAGGTGACCGTGA
NM 175709.3-2610s21cl TRCN0000236360 3UTR TTTAGTTGTCCACGGTCAATT
NM 175709.3-295s21cl TRCN0000236359 CDS ATAGGAAGAGAGGTCCGAAAC
NM 175709.3-155s21cl TRCN0000236357 CDS GAAGGGTAAAGTCGAGTATCT
NM 175709.3-835s21cl TRCN0000236358 CDS GGAAGTTCTGAATCACCGTTT
CBX8
NM_020649.1-166s1cl TRCN0000021894 CDS CGCATGGAATACCTCGTGAAA
NM_020649.1-1183s1cl TRCN0000021895 CDS ACGGACGTGACCTCAAACTTT
NM_020649.1-244s1cl TRCN0000021896 CDS GCTCGCTTGCTCGCAGCCTTT
NM 020649.1-1209s1cl TRCN0000021897 CDS CGTCACCATTAAGGAAAGTAA
NM 020649.1-274s1cl TRCN0000021898 CDS GAAAGAGAGATGGAGCTCTAT
NM 020649.1-167s21cl TRCN0000363346 CDS GCATGGAATACCTCGTGAAAT
NM 020649.1-364s21cl TRCN0000363282 CDS ACTTACGAGTTTCGAAGTGAC
NM 020649.1-1182s21cl TRCN0000363258 CDS CACGGACGTGACCTCAAACTT
NM 020649.1-1308s21cl TRCN0000359091 3UTR GCGTGAGCTTGGCATAGTGAT
CD2BP2
NM _006110.1-372slcl TRCN0000057483 CDS TGTTCGGATCACACCCTTTAA
NM_006110.1-1121slcl TRCN0000057484 CDS GCATTGACTTTGACCTCTACA
NM 006110.1-236slcl TRCN0000057485 CDS GCCGCTTTAAAGGCAAACACT
NM 006110.1-955s1cl TRCN0000057486 CDS GTGGATGTGATGTGGGAATAT
NM 006110.1-769s1cl TRCN0000057487 CDS GTGTACCAGGAAACAAGGGAA
NM 006110.2-1109s21cl TRCN0000310657 CDS CTACTTCCCGGACGGTGTTTA
NM 006110.2-1478s21cl TRCN0000303278 3UTR GGACTCTGCTTGCCGTGTAAA
NM 006110.2-1177s21cl TRCN0000291822 CDS GCATTGACTTTGACCTCTACA
NM 006110.2-292s21cl TRCN0000291821 CDS GCCGCTTTAAAGGCAAACACT
NM 006110.2-1011s21cl TRCN0000307777 CDS GTGGATGTGATGTGGGAATAT
CHAF1A
NM_005483.2-3032slcl TRCN0000074273 3UTR CCGACTCAATTCCTGTGTAAA
NM_005483.2-1677s1cl TRCN0000074274 CDS CCACCCGGAATGCAGATATTT
NM_005483.2-1051s1cl TRCN0000074275 CDS CCTCCGCAGAATAACTAAGAA
NM 005483.2-350s1cl TRCN0000074276 CDS GACATAGACTTTAGACCGAAA
NM_005483.2-2332s1cl TRCN0000074277 CDS CGGCAATGTGAACGGGAGCAA
NM 005483.2-199s21cl TRCN0000234596 CDS ACAAGCCCGTCTGCCGTTTAA
NM_005483.2-3022s21cl TRCN0000234600 3UTR GATACTTGAACCGACTCAATT
NM 005483.2-342s21c¢l TRCN0000234597 CDS TGGGTTCTGACATAGACTTTA
NM 005483.2-1396s21cl TRCN0000234599 CDS AGAAGAAGAGAAGCGCATTAA
NM 005483.2-1062s21cl TRCN0000234598 CDS TAACTAAGAAATTCGTCAAAG
CHAF1B
NM_005441.2-1985slcl TRCN0000074278 3UTR GCTGTTGTATTCAGTATCCAT
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NM 005441.2-328slcl TRCN0000074279 CDS CGTCATACCAAAGCCGTCAAT
NM _005441.2-802s1cl TRCN0000074280 CDS GCAAGAAGCTACCGGATGTTT
NM _005441.2-405s1cl TRCN0000074281 CDS CATCCTATTGTGGAAGGTGAA
NM _005441.2-723slcl TRCN0000074282 CDS GCGAGTATACAGTATACAGAA
PSMA3
NM_002788.x-557slcl TRCN0000003880 CDS CAAGCTGCAAAGACGGAAATA
NM._002788.x-447slcl TRCN0000003881 CDS GCAGTTTCATGTTAGGGTCTT
NM 002788.x-595s1cl TRCN0000003882 CDS AGAAATGACCTGCCGTGATAT
NM_002788.x-647slcl TRCN0000003883 CDS GTACATGACGAAGTTAAGGAT
NM _002788.2-557s21cl TRCN0000279799 CDS CAAGCTGCAAAGACGGAAATA
NM_002788.2-595s21cl TRCN0000279798 CDS AGAAATGACCTGCCGTGATAT
NM_002788.2-507s21cl TRCN0000279800 CDS CATCAGGTGTTTCATACGGTT
NM 002788.2-647s21cl TRCN0000297258 CDS GTACATGACGAAGTTAAGGAT
PLKI1
NM_005030.3-326slcl TRCN0000121322 CDS GCCGCACCAGAGGGAGAAGAT
NM 005030.3-1073s1cl TRCN0000121323 CDS CACAGTCCTCAATAAAGGCTT
NM 005030.3-1673s1cl TRCN0000121324 CDS GCTCATCTTGTGCCCACTGAT
NM _005030.3-711slcl TRCN0000121325 CDS CCCGAGGTGCTGAGCAAGAAA
NM 005030.3-722slcl TRCN0000121326 CDS GAGCAAGAAAGGGCACAGTTT
NM_005030.3-933s1cl TRCN0000006246 CDS CCAACCATTAACGAGCTGCTT
NM_005030.3-513slcl TRCN0000006247 CDS CGATACTACCTACGGCAAATT
NM _005030.3-1374s1cl TRCN0000006248 CDS CGCCTCATCCTCTACAATGAT
NM_005030.3-836s1cl TRCN0000006249 CDS CCGGATCAAGAAGAATGAATA
SF3B1
NM 012433.x-3966s1cl TRCN0000000074 3UTR TGCTTTGATTTGGTGATGTAA
NM 012433.x-2479s1cl TRCN0000000075 CDS AGAAGAAATTACCGACAGTTA
NM 012433.x-1739s1cl TRCN0000000076 CDS CGCTATTGATTGATGAAGATT
NM_012433.x-2147slcl TRCN0000000077 CDS CAACTCCTTATGGTATCGAAT
NM 012433.x-671slcl TRCN0000000078 CDS CTGGGCATACTCCTTCCTTAA
NM 012433.2-144s21cl TRCN0000320636 CDS CCTCGATTCTACAGGTTATTA
NM 012433.2-2195s21cl TRCN0000320566 CDS CAACTCCTTATGGTATCGAAT
NM _012433.2-1787s21cl TRCN0000320576 CDS CGCTATTGATTGATGAAGATT
NM_012433.2-4014s21cl TRCN0000350273 3UTR TGCTTTGATTTGGTGATGTAA
OR1D2
NM 002548.1-746s1cl TRCN0000009320 CDS CCCTCTTCTATGGGACACTTT
NM_002548.1-540s1cl TRCN0000009321 CDS GATGTATGTATTGCTGAGGAT
NM 002548.1-629s1cl TRCN0000009322 CDS CCTTTGGATTCGTGATCATTT
NM_002548.1-409s1cl TRCN0000009323 CDS AGCCCTAAGCTCTGTATCTTA
NM_002548.1-657s1cl TRCN0000009324 CDS GCTGATTATCAGAGCCATCCT
NM_002548.1-757s21cl TRCN0000357729 CDS GGGACACTTTGTATGGTATAC
NM 002548.1-630s21cl TRCN0000357727 CDS CTTTGGATTCGTGATCATTTC
NM 002548.1-683s21cl TRCN0000357799 CDS TACCCTCAGTCTCTAAGAAAT
NM 002548.1-410s21cl TRCN0000357728 CDS GCCCTAAGCTCTGTATCTTAC
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OR7A17
NM 030901.1-458s1cl TRCN0000009435 CDS CCCTGAATTCCTTGTCACAAA
NM_030901.1-764slcl TRCN0000009436 CDS GCCTAGGTGTGTACCTTACTT
NM 030901.1-219slcl TRCN0000009437 CDS CATCTCCACTACAATCCCAAA
NM_030901.1-663s1cl TRCN0000009438 CDS AGTTTCCTCCATACGTGCAAT
NM 030901.1-230s21cl TRCN0000367852 CDS CAATCCCAAAGATGCTCATTA
NM 030901.1-474s21cl TRCN0000357868 CDS ACAAAGCTTAATGGTATTGTG
NM 030901.1-434s21cl TRCN0000357869 CDS TTCTGGCATCCTGGATGATTG
NM_030901.1-380s21cl TRCN0000357871 CDS GTCATCCTCTGCACTACACAG
OR5M10
NM_001004741.1-509s1cl TRCN0000060938 CDS GCTCCCTTGAAATCAATCATT
NM 001004741.1-405slcl TRCN0000060939 CDS GATGTCCAAGAACATTTGCAT
NM 001004741.1-729slcl TRCN0000060940 CDS CCACCTGACAATAGTCACTTT
NM 001004741.1-380slcl TRCN000006094 1 CDS GCAGCCCTTTACATTACAGTT
NM _001004741.1-159s1cl TRCN0000060942 CDS CCAACTGCAAACACCCATGTA
DMAP1
NM 019100.3-693slcl TRCN0000021744 CDS CAGCTTTATCTCCACGATGAT
NM 019100.3-542s1cl TRCN0000021745 CDS GCCTTGGAAGTGGATGCCATT
NM _019100.3-1557slcl TRCN0000021746 CDS CCCAAGGACACCATCATTGAT
NM _019100.3-440s1cl TRCN0000021747 CDS CTTGCTCTACTCTGACAAGAA
NM _019100.3-726s1cl TRCN0000021748 CDS GCAGAAACTGACCACCTCTTT
NM 019100.4-935s21cl TRCN0000359540 CDS GACCTTAAGATACCAGTATTT
NM 019100.4-743s21cl TRCN0000359607 CDS CACGATGATGCTTGGACTAAG
NM 019100.4-1044s21cl TRCN0000359542 CDS TACAGGAGCTGCGCAAGATTG
NM 019100.4-374s21cl TRCN0000359541 CDS ATCAGCAAGAAGGACATTATC
EHMTI
NM 024757.3-1839s1cl TRCN0000036054 CDS CGAGTCAATAACGCCAGCTAT
NM 024757.3-3126s1cl TRCN0000036055 CDS CCCATGAACATCGACAGAAAT
NM 024757.3-346slcl TRCN0000036056 CDS GCAACGGATACATCTTAAATA
NM 024757.3-1346s1cl TRCN0000036057 CDS CCTCGGTTCTGAGTCGTATAA
NM _024757.3-3500s1cl TRCN0000036058 CDS CCTCTTTGATCTCGACAATAA
NM 024757.3-1346s21cl TRCN0000229325 CDS CCTCGGTTCTGAGTCGTATAA
NM 024757.3-4777s21cl TRCN0000229327 3UTR GTTAGTCTTGTAGCGTGAATA
NM 024757.3-2864s21cl TRCN0000229326 CDS GGATTCAGATGTCACCTTAAA
NM_024757.3-3499s21cl TRCN0000218919 CDS ACCTCTTTGATCTCGACAATA
NM 024757.3-653s21cl TRCN0000217965 CDS TCGAGAAGCTAGAGATCATAA
EHMT2
NM 025256.4-3661slcl TRCN0000115667 3UTR CACACATTCCTGACCAGAGAT
NM 025256.4-3163s1cl TRCN0000115668 CDS CCTCTTCGACTTAGACAACAA
NM 025256.4-2914s1cl TRCN0000115669 CDS GCTCCAGGAATTTAACAAGAT
NM 025256.4-112slcl TRCN0000115670 CDS CGAGAGAGTTCATGGCTCTTT
NM 025256.4-2915s1cl TRCN0000115671 CDS CTCCAGGAATTTAACAAGATT
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NM 025256.5-2931s21cl TRCN0000416235 CDS AGATTGAGCCTCCGCTGATTT
NM_025256.5-3090s21cl TRCN0000437848 CDS GGACCTTCATCTGCGAGTATG
EPCl1
NM 025209.2-2023s1cl TRCN0000073263 CDS GCCGAACAATACCAGCAACAT
NM 025209.2-1354s1cl TRCN0000073264 CDS CCAGTCTTCAATGCTAAAGAT
NM 025209.2-2422s1cl TRCN0000073265 CDS GCTTTGTTACAGCCTTCAAAT
NM_025209.2-567s1cl TRCN0000073266 CDS GCTCATTCACATACAGCCTTT
NM 025209.2-1264s21cl TRCN0000229403 CDS ATCCGACCGAAACGGAAATAT
NM_025209.2-465s21cl TRCN0000229401 CDS TGGCGAGAAGAGGGATAATAT
NM_025209.2-355s21cl TRCN0000229400 CDS CACGAATACGCCTCGATAAAC
NM 025209.2-519s21cl TRCN0000229402 CDS TGCTTACTATGAGTCTATATA
NM_025209.2-1141s21cl TRCN0000218988 CDS CAGCCAATGAAACCTACTTAT
EPC2 NM 015630.2-2240s1cl TRCN0000062733 CDS CCAGTCAATGTGCATATCAAT
NM 015630.2-1236s1cl TRCN0000062734 CDS GCCAGTATTATGCTCCTCGTT
NM_015630.2-734slcl TRCN0000062735 CDS CGAGAATTTAGTAGAGCCATA
NM 015630.2-254s1cl TRCN0000062736 CDS GCAGAGAGCAACGTCAACTAT
NM 015630.2-2122s1cl TRCN0000062737 CDS CCACACCACTACAAACCACTT
NM 015630.3-1404s21cl TRCN0000359790 CDS GGTCATAATGGACCGAATATC
NM 015630.3-353s21cl TRCN0000359722 CDS ACAACGAGCAACCAGATTATG
NM _015630.3-522s21cl TRCN0000363301 CDS CGAAGATGATTACCTTATTAA
NM._015630.3-1092s21cl TRCN0000363358 CDS GACATTGCCTGTGATCAATAA
EZH1 NM 001991.x-2154s1cl TRCN0000002439 CDS GCTACTCGGAAAGGAAACAAA
NM 001991.x-2288s1cl TRCN0000002440 CDS GCTCTTCTTTGATTACAGGTA
NM 001991.x-4159s1cl TRCN0000002441 3UTR CCGCCGTGGTTTGTATTCATT
NM _001991.x-474s1cl TRCN0000002442 CDS CAACAGAACTTTATGGTAGAA
NM _001991.3-2667s21cl TRCN0000378151 3UTR TGGATGACTTATGCGTGATTT
NM 001991.3-1533s21cl TRCN0000355734 CDS AGACGTGCAAGCAGGTCTTTC
NM_001991.3-1867s21cl TRCN0000355735 CDS CTATCTGGCAGTGCGAGAATG
EZH2 NM 004456.3-2582s1cl TRCN0000040073 3UTR TATTGCCTTCTCACCAGCTGC
NM 004456.3-1544s1cl TRCN0000040074 CDS GCTAGGTTAATTGGGACCAAA
NM._004456.3-440s1cl TRCN0000040075 CDS CCAACACAAGTCATCCCATTA
NM._004456.3-324slcl TRCN0000040076 CDS CGGAAATCTTAAACCAAGAAT
NM_004456.3-950s1c1 TRCN0000040077 CDS CCCAACATAGATGGACCAAAT
NM_004456.3-1544s21cl TRCN0000286224 CDS GCTAGGTTAATTGGGACCAAA
NM_004456.3-2450s21cl TRCN0000293738 3UTR GAAACAGCTGCCTTAGCTTCA
NM 004456.3-950s21cl TRCN0000286291 CDS CCCAACATAGATGGACCAAAT
NM._004456.3-324s21cl TRCN0000286290 CDS CGGAAATCTTAAACCAAGAAT
NM 004456.3-2582s21cl TRCN0000286227 3UTR TATTGCCTTCTCACCAGCTGC
FBXO11 NM 012167.x-1765s1cl TRCN0000004300 CDS CAAGGAGTAATAGAAGAGAAT
NM 012167.x-318slcl TRCN0000004301 CDS CGCCTCAACTTCAACTACAGA
NM 012167.x-1117slcl TRCN0000004302 CDS GCAGTATGTGTTAGTGGTCAA
NM 012167.x-1907s1cl TRCN0000004303 CDS GAGTGCTAGAAGACAATGATA
NM 012167.x-655slcl TRCN0000004304 CDS GAGAGTTTCCAGCAGTTGTAT
NM 012167.1-1057s21cl TRCN0000273428 CDS GTAAATTGTAGCCCTATTATT
NM 012167.1-1274s21cl TRCN0000273373 CDS ATCATGGAAACCCAATTATTA
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NM 012167.1-966s21cl TRCN0000273372 CDS AGATGCTTATGTTGGATATAT
NM 012167.1-1343s21cl TRCN0000284969 CDS ATCATGGCATGGGTTACTTTG
NM 012167.1-1907s21cl TRCN0000273371 CDS GAGTGCTAGAAGACAATGATA
HDACI NM_004964.2-1717slcl TRCN0000004814 3UTR CGTTCTTAACTTTGAACCATA
NM _004964.2-963s1cl TRCN0000004815 CDS CGGTGGTTACACCATTCGTAA
NM_004964.2-789slcl TRCN0000004816 CDS GCCGGTCATGTCCAAAGTAAT
NM._004964.2-1353slcl TRCN0000004817 CDS CCGCAAGAACTCTTCCAACTT
NM _004964.2-186s1cl TRCN0000004818 CDS GCTGCTCAACTATGGTCTCTA
NM._004964.2-1774slcl TRCN0000197198 3UTR GCAACCATAAGACAAACTCCT
NM._004964.2-1143slcl TRCN0000196998 CDS GAAGATCAAACAGCGACTGTT
NM._004964.2-264s1cl TRCN0000195672 CDS CCACAGCGATGACTACATTAA
NM_004964.2-871slcl TRCN0000195467 CDS CGGTTAGGTTGCTTCAATCTA
NM_004964.2-1036s1cl TRCN0000195103 CDS CCTAATGAGCTTCCATACAAT
GATAD2A NM 017660.2-1529s1cl TRCN0000015533 CDS CGTGCTGAAGCAGGTCATAAA
NM 017660.2-1732s1cl TRCN0000015534 CDS CCGGCAGACATTCTGAGAGAA
NM 017660.2-1224s1cl TRCN0000015535 CDS CAGAACCTACTGGAGACACAA
NM 017660.2-1819s1cl TRCN0000015537 CDS CCCTTGCGTTTGTCAGCCCAA
NM 017660.3-413s21cl TRCN0000274451 CDS GATTGTTGGCTTCAGATTTAA
NM 017660.3-2683s21cl TRCN0000274452 3UTR GCCTTCCCATGGCGATCTATA
NM 017660.3-1800s21cl TRCN0000285214 CDS CGTGCTGAAGCAGGTCATAAA
NM_017660.3-720s21cl TRCN0000274450 CDS CAGTCCTGAAGAACGAGAAAG
NM._017660.3-806s21cl TRCN0000274449 CDS TGCGGCAGAGTCAAATACAAA
GATAD2B NM_020699.1-459s1cl TRCN0000015313 CDS GCAGCCAACTTAGAGATGTTT
NM 020699.1-195s1cl TRCN0000015314 CDS CCACATGAGTTACCCACCAAA
NM 020699.1-1596s1cl TRCN0000015315 CDS CGCTCCATGCTTTCAAACTTT
NM 020699.1-961slcl TRCN0000015316 CDS CCATCTATATGAACCTTGCTT
NM 020699.1-1434s1cl TRCN0000015317 CDS CAGGAAATTGAACAGCGATTA
NM 020699.2-6061s21cl TRCN0000230882 3UTR CTGATTGCATCAGCATATATA
NM 020699.2-1022s21cl TRCN0000230881 CDS TTGATGTCTCAACGTGTTATT
NM_020699.2-984s21c1 TRCN0000230880 CDS TCATCCGTTCAGCTACCAATA
NM_020699.2-775s21cl TRCN0000257322 CDS AGCCCGACTGGTCCTGTTAAA
NM 020699.2-1662s21cl TRCN0000218125 CDS AGGAAATTGAACAGCGATTAC
HDACI0 NM _032019.4-2388slcl TRCN0000004859 3UTR CACCGCAGAAATGACACCGCA
NM_032019.4-1742slcl TRCN0000004860 CDS CCTGTACCTCTTAGATGGGAT
NM_032019.4-789slcl TRCN0000004861 CDS GTGTTCAACAACGTGGCCATA
NM_032019.4-2325s1cl TRCN0000004862 CDS TGGAAGATGTTGCAGTGCCAT
NM 032019.4-822slcl TRCN0000004863 CDS GCCAAGCAGAAACACGGGCTA
NM_032019.4-779slcl TRCN0000195578 CDS CGGGTTCTGTGTGTTCAACAA
NM 032019.4-1585s1cl TRCN0000199445 CDS GCACCGCTGTTGCCCTGACAA
NM 032019.4-1925s1cl TRCN0000199745 CDS GAGGAGTCTGTGGCTGAACAT
NM 032019.4-1103s1cl TRCN0000195428 CDS CTTTGAGTTTGACCCTGAGCT
NM 032019.4-1773s1cl TRCN0000195664 CDS CAGGTGAACAGTGGTATAGCA
HDACI1 NM 024827.1-255slcl TRCN0000017753 CDS GCGCTATCTTAATGAGCTCAA
NM 024827.1-502s1cl TRCN0000017754 CDS CTCGCCATCAAGTTTCTGTTT
NM 024827.1-952slcl TRCN0000017755 CDS CGCATCATTGCTGACTCCATA
NM_024827.1-152slcl TRCN0000017756 CDS GCAAAGTGATCAATTTCCTAA
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NM 024827.1-964s1cl TRCN0000017757 CDS GACTCCATACTTAATCTGTTT
NM 024827.1-775s1cl TRCN0000199149 CDS CCCGACGTGGTGGTATACAAT
NM 024827.1-907s1cl TRCN0000199352 CDS CCCATCCTTATGGTGACCTCA
NM 024827.1-513slcl TRCN0000197158 CDS GTTTCTGTTTGAGCGTGTGGA
NM_024827.1-555slcl TRCN0000195479 CDS CATTGATCTTGATGCCCATCA
NM_024827.1-547s1cl TRCN0000196469 CDS GCTACCATCATTGATCTTGAT
HDAC2 NM _001527.1-1678slcl TRCN0000004819 3UTR CAGTCTCACCAATTTCAGAAA
NM 001527.1-508s1cl TRCN0000004820 CDS CCAGCGTTTGATGGACTCTTT
NM _001527.1-933s1cl TRCN0000004821 CDS GCCTATTATCTCAAAGGTGAT
NM._001527.1-994sl1cl TRCN0000004822 CDS GCAGACTCATTATCTGGTGAT
NM _001527.1-863s1cl TRCN0000004823 CDS GCAAATACTATGCTGTCAATT
NM_001527.1-568s1cl TRCN0000197086 CDS GCTGTGAAGTTAAACCGACAA
NM_001527.1-789slcl TRCN0000196590 CDS GACGGTATCATTCCATAAATA
NM 001527.1-589slcl TRCN0000195198 CDS CAGACTGATATGGCTGTTAAT
NM 001527.1-253slcl TRCN0000196321 CDS GACGGTGATATTGGAAATTAT
NM 001527.1-1129s1cl TRCN0000197100 CDS GTTGCTCGATGTTGGACATAT
NCAPD2 NM 014865.2-4319s1cl TRCN0000115682 3UTR CGAATTCTGTTTCCCTTGTAA
NM 014865.2-2414s1cl TRCN0000115683 CDS CCAGAAATTGTGGGAAGCAAT
NM 014865.2-3775s1cl TRCN0000115684 CDS CCTCCGTAAGATGCTTGACAA
NM 014865.2-3776s1cl TRCN0000115685 CDS CTCCGTAAGATGCTTGACAAT
NM _014865.2-439s1cl TRCN0000115686 CDS CCTGGAATCCTTTGAGACCAT
NM._014865.3-730s21cl TRCN0000244477 CDS TGTAGCCTTGACCCGTTATAA
NM 014865.3-245s21cl TRCN0000244475 CDS TTGCATCACTTTCGAAGTATA
NM_014865.3-3871s21cl TRCN0000244478 CDS GCCTGAGGGCAAGGCTATAAT
NM 014865.3-593s21cl TRCN0000244476 CDS CACCTGTGGAACCACTCAATA
NM 014865.3-4630s21cl TRCN0000244238 3UTR GCGAACCTCCATCTCAAATTA
NCAPD3 NM 015261.1-1280s1cl TRCN0000062184 CDS GCTCTGTTAGAACTGCCTGAA
NM 015261.1-2774s1cl TRCN0000062185 CDS CCCTCTGTGATTAGAGCACAT
NM_015261.1-3472slcl TRCN0000062186 CDS CCTCAGCTCAAAGGAGATCAA
NM 015261.1-1486s1cl TRCN0000062187 CDS CCTGATTAACAGTCCTACGTT
NM 015261.2-5377s21cl TRCN0000294051 3UTR CCCATTCAGATAAGCTATAAT
NM _015261.2-3476s21cl TRCN0000294052 CDS TCCGCAACAACGTCATCATTG
NM _015261.2-3352s21cl TRCN0000286631 CDS CCCTCTGTGATTAGAGCACAT
NM_015261.2-1858s21cl TRCN0000286630 CDS GCTCTGTTAGAACTGCCTGAA
NM 015261.2-4050s21cl TRCN0000286632 CDS CCTCAGCTCAAAGGAGATCAA
PDS5b NM_015032.1-1959s1cl TRCN0000022014 CDS GCACATAGATACCGAATCTAT
NM 015032.1-340s1cl TRCN0000022015 CDS CCTGATAAAGATGTTCGCTTA
NM 015032.1-3088s1cl TRCN0000022016 CDS CCAGAGTATGTTGTTCCATAT
NM 015032.1-1113slcl TRCN0000022017 CDS CCGCCTGGAATGTGTGAAATT
NM 015032.1-226slcl TRCN0000022018 CDS CGATTAAAGATGGTTGTGAAA
NM 015032.2-693s21cl TRCN0000236220 CDS GACCTTATGAGCTCTATTATT
NM 015032.2-624s21cl TRCN0000236219 CDS CAGCTATACAGAACCTTATTT
NM 015032.2-836s21cl TRCN0000236221 CDS TCAAGCTATTGAGCCATATAT
NM 015032.2-1310s21cl TRCN0000236222 CDS GGTCAATGATCACTTACTTAA
NM_015032.2-5041s21cl TRCN0000236218 3UTR TTACTCCTGGGCACCCTTAAT
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STAG3L1 NM 018991.2-1377s1cl TRCN0000062688 3UTR GCCCAGCATGTTAGACAATTT
NM 018991.2-710slcl TRCN0000062689 CDS GCCGTCAGATTACTGATACTT
NM 018991.2-865s1cl TRCN0000062690 CDS CGCTGCTTACTTAGTAGACAA
NM_018991.2-490s1cl TRCN0000062691 CDS GCAAAGCTACAGCACGTCTTT
NM_018991.2-458s1cl TRCN0000062692 CDS GCTATCTGCATTGAGGAAATT
NM 018991.2-1376s21cl TRCN0000359633 3UTR CGCCCAGCATGTTAGACAATT
NM 018991.2-721s21cl TRCN0000359564 CDS ACTGATACTTATCCTTAAACT
Zebl NM 030751.2-3706s1cl TRCN0000017563 3UTR GCAACAATACAAGAGGTTAAA
NM_030751.2-2512slcl TRCN0000017564 CDS GCTGCCAATAAGCAAACGATT
NM_030751.2-572slcl TRCN0000017565 CDS CCTCTCTGAAAGAACACATTA
NM 030751.2-70s1cl TRCN0000017566 CDS CGGCGCAATAACGTTACAAAT
NM _030751.2-1201s1cl TRCN0000017567 CDS GCTGTTGTTCTGCCAACAGTT
NM_030751.4-3755s21cl TRCN0000364557 3UTR GGTTAAAGGAAGCTGATTAAT
NM 030751.4-1920s21cl TRCN0000364631 CDS CCTACCACTGGATGTAGTAAA
NM 030751.4-762s21cl TRCN0000369265 CDS GTCTGGGTGTAATCGTAAATT
NM 030751.4-1268s21cl TRCN0000369267 CDS TGTCTCCCATAAGTATCAATT
NM_030751.4-3646s21cl TRCN0000369266 3UTR CTGAACCTCAGACCTAGTAAT
NM 030751.4-583s21cl TRCN0000364556 CDS TATTGTGATAGAGGCTATAAA
Zeb2 NM 014795.2-4958s1cl TRCN0000013528 3UTR GCAGTTCCTTAGTTTACATAT
NM 014795.2-1831slcl TRCN0000013529 CDS CCCACCATGAATAGTAATTTA
NM 014795.2-4006s1cl TRCN0000013531 CDS CCCGAAACGATACGAGATGAA
NM _014795.2-1720slcl TRCN0000013532 CDS CCCTTTATGAATGGTGGGCTT
NM._014795.3-894s21cl TRCN0000425429 CDS CACGATCCAGACCGCAATTAA
NM 014795.3-4396s21cl TRCN0000413910 3UTR GTGTGGTTCAGAGACTAATTC
NM_014795.3-4638s21cl TRCN0000420382 3UTR CTGTACTTTCCTTTCGCTATT
NM 014795.3-2027s21cl TRCN0000436405 CDS GAGTTACTTCTCCTAATATTC
NM 014795.3-3306s21cl TRCN0000423992 CDS GATGAGCTTCCTACCACATAT
SNAI1 NM_005985.2-757s1cl TRCN0000063818 CDS CCACTCAGATGTCAAGAAGTA
NM_005985.2-514slcl TRCN0000063819 CDS CCAGGCTCGAAAGGCCTTCAA
NM_005985.2-108s1cl TRCN0000063820 CDS CCAATCGGAAGCCTAACTACA
NM_005985.2-504s1c1 TRCN0000063821 CDS CCAAGGATCTCCAGGCTCGAA
NM 005985.2-136slcl TRCN0000063822 CDS GCAGGACTCTAATCCAGAGTT
NM 005985.2-1169s21cl TRCN0000448055 3UTR TACAGCTGCTTTGAGCTACAG
NM 005985.2-537s21cl TRCN0000454083 CDS GCAAATACTGCAACAAGGAAT
NM._005985.2-242s21cl TRCN0000440174 CDS ATGCTCATCTGGGACTCTGTC
NM_005985.2-819s21cl TRCN0000453110 CDS TGCTCCACAAGCACCAAGAGT
SNAI2 NM_003068.3-1315s1cl TRCN0000015388 3UTR GCCAAATCATTTCAACTGAAA
NM_003068.3-865s1cl TRCN0000015389 CDS CCCATTCTGATGTAAAGAAAT
NM 003068.3-254s1cl TRCN0000015390 CDS CCCGTATCTCTATGAGAGTTA
NM_003068.3-810s1cl TRCN0000015391 CDS CCTCACTGCAACAGAGCATTT
NM 003068.3-641slcl TRCN0000015392 CDS CAGCTGTAAATACTGTGACAA
NM 003068.3-679s21cl TRCN0000271298 CDS GCGCCCTGAAGATGCATATTC
NM_003068.3-557s21cl TRCN0000271297 CDS TTTATGCAATAAGACCTATTC
NM 003068.3-393s21c¢l TRCN0000271300 CDS TCCGGATACTCCTCATCTTTG
NM 003068.3-970s21cl TRCN0000284362 CDS GAGTGACGCAATCAATGTTTA
NM 003068.3-1016s21cl TRCN0000271239 3UTR CCGAAGCCAAATGACAAATAA
TWIST1 NM 000474.2-951slcl TRCN0000020539 3UTR GCATTCTGATAGAAGTCTGAA
NM_000474.2-129s1cl TRCN0000020540 CDS CCTGAGCAACAGCGAGGAAGA
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NM 000474.2-636s1cl TRCN0000020541 CDS CGCCTTCTCGGTCTGGAGGAT
NM 000474.2-378s1cl TRCN0000020542 CDS TCCGCAGTCTTACGAGGAGCT
NM 000474.2-582s1cl TRCN0000020543 CDS GCTGGACTCCAAGATGGCAAG
NM 000474.3-1046s21cl TRCN0000367828 3UTR CTCTGGAGCTGGATAACTAAA
NM 000474.3-1397s21cl TRCN0000358496 3UTR GGAACTATAAGAACACCTTTA
NM _000474.3-865s21cl TRCN0000378362 CDS ATGGCAAGCTGCAGCTATGTG
NM 000474.3-646s21cl TRCNO0000378353 CDS AGTCCGCAGTCTTACGAGGAG
NM 000474.3-776s21cl TRCN0000367866 CDS AGCTGAGCAAGATTCAGACCC
aldlal
NM 000689.3-544slcl TRCN0000026415 CDS GCCAAATCATTCCTTGGAATT
NM _000689.3-330s1cl TRCN0000026498 CDS GCTGATTTAATCGAAAGAGAT
NM_000689.3-1029sl1cl TRCN0000026417 CDS CGGGCTAAGAAGTATATCCTT
NM_000689.3-1502s1cl TRCN0000026502 CDS CCATGAATATACAGAGGTCAA
NM 000689.3-92slc¢l TRCN0000026482 CDS CACCGATTTGAAGATTCAATA
NM_000689.3-566s21cl TRCN0000276399 CDS CCCGTTGGTTATGCTCATTTG
NM _000689.3-1809s21cl TRCN0000276397 3UTR CTCTAGCTTTGTCATAGTTAT
NM 000689.3-92s21cl TRCN0000276459 CDS CACCGATTTGAAGATTCAATA
NM 000689.3-330s21cl TRCN0000276461 CDS GCTGATTTAATCGAAAGAGAT
NM 000689.3-544s21cl TRCN0000276460 CDS GCCAAATCATTCCTTGGAATT
cdhl
NM_004360.2-3859sl1cl TRCN0000039663 3UTR GCAGAAATTATTGGGCTCTTT
NM_004360.2-1409s1cl TRCN0000039664 CDS CCAGTGAACAACGATGGCATT
NM 004360.2-529s1cl TRCN0000039665 CDS CCAAGCAGAATTGCTCACATT
NM 004360.2-344s1cl TRCN0000039666 CDS CGATTCAAAGTGGGCACAGAT
NM 004360.2-2057s1cl TRCN0000039667 CDS CCAACCCAAGAATCTATCATT
NM 004360.3-2364s21cl TRCN0000237844 CDS ACACCCGGGACAACGTTTATT
NM 004360.3-1904s21cl TRCN0000237840 CDS ATACCAGAACCTCGAACTATA
NM 004360.3-4624s21cl TRCN0000237842 3UTR TTTCGGCAGTTCAAGCTATAT
NM 004360.3-1282s21cl TRCN0000237843 CDS GAACGAGGCTAACGTCGTAAT
NM 004360.3-298s21cl TRCN0000237841 CDS AGATTGCACCGGTCGACAAAG
cdk?
NM 001799.x-1212slcl TRCN0000000592 3UTR GCTGTAGAAGTGAGTTTGTAA
NM 001799.x-878s1cl TRCN0000000593 CDS GCAGGAGACGACTTACTAGAT
NM _001799.x-233slcl TRCN0000000594 CDS TCAGAAGCTAAAGATGGTATA
NM 001799.x-676s1cl TRCN0000000595 CDS GTGGGCTGTTGGCTGTATATT
NM 001799.x-831slcl TRCN0000000596 CDS CATTTAAGAGTTTCCCTGGAA
NM 001799.3-1015s1c2 TRCN0000219664 CDS TAATCCATGTGCTCGAATTAC
NM 001799.3-283slcl TRCN0000219663 CDS CAACCAAATTGTCGCCATTAA
NM 001799.2-371slcl TRCN0000196306 CDS GAAACTGATCTAGAGGTTATA
NM 001799.2-434sl1cl TRCN0000197042 CDS GCCTACATGTTGATGACTCTT
NM 001799.2-1206s1cl TRCN0000196691 3UTR GTAAATGCTGTAGAAGTGAGT
dnmt]
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NM_001379.1-1577slcl TRCN0000021889 CDS CGTCTCTTGAAGGTGGTGTTA
NM_001379.1-1687slcl TRCN0000021890 CDS GCCGAATACATTCTGATGGAT
NM 001379.1-3261slcl TRCN0000021891 CDS GCCCAATGAGACTGACATCAA
NM 001379.1-1518slcl TRCN0000021892 CDS CGAGAAGAATATCGAACTCTT
NM 001379.1-3168s1cl TRCN0000021893 CDS CGACTACATCAAAGGCAGCAA
NM _001379.1-1714s21cl TRCN0000232748 CDS CCCGAGTATGCGCCCATATTT
NM_001379.1-373s21cl TRCN0000232747 CDS TTGAATCTCTTGCACGAATTT
NM _001379.1-2340s21cl TRCN0000232749 CDS CGATGAGGAAGTCGATGATAA
NM _001379.1-3209s21cl TRCN0000232750 CDS ACCGAATTGGCCGGATCAAAG
NM _001379.1-5229s21cl TRCN0000232751 3UTR | GAGGTTCGCTTATCAACTAAT
fgfr3
NM_000142.x-3699s1cl TRCN0000000371 3UTR | GTTCCGATGTTATTAGATGTT
NM 000142.x-721slcl TRCN0000000372 CDS TGCGTCGTGGAGAACAAGTTT
NM 000142.x-1972slcl TRCN0000000373 CDS CTCGACTACTACAAGAAGACA
NM 000142.x-1965s1cl TRCN0000000374 CDS GCACAACCTCGACTACTACAA
NM_000142.2-1761slcl TRCN0000199837 CDS CCTGGACTACTCCTTCGACAC
NM_000142.2-3510slcl TRCN0000196809 3UTR | GTGATTCCAGTGAAGATATTT
NM_000142.2-730s1cl TRCN0000197187 CDS GAGAACAAGTTTGGCAGCATC
NM_000142.2-1926s1cl TRCN0000195570 CDS CGTGATGAAGATCGCAGACTT
igrlr
NM_000875.x-4369s1cl TRCN0000000422 3UTR CCTTAACTGACATGGGCCTTT
NM_000875.x-2009s1c1 TRCN0000000423 CDS GCTACCTTTACCGGCACAATT
NM_000875.x-2995s1cl TRCN0000000424 CDS GCTGATGTGTACGTTCCTGAT
NM_000875.x-1886slcl TRCN0000000425 CDS CCTTGGACGTTCTTTCAGCAT
NM_000875.x-3364slcl TRCN0000000426 CDS CCAAGCCTGAGCAAGATGATT
NM_000875.2-4308s1c1 TRCN0000039673 3UTR | AAACACATTTGGGATGTTCCT
NM_000875.2-2020s1c1 TRCN0000039674 CDS CGGCACAATTACTGCTCCAAA
NM 000875.2-3475s1cl TRCN0000039675 CDS GCCGAAGATTTCACAGTCAAA
NM_000875.2-1400s1c1 TRCN0000039676 CDS CCAAATTATGTGTTTCCGAAA
NM_000875.2-2427s1cl TRCN0000039677 CDS GCCTTTCACATTGTACCGCAT
kdmS5a
NM_005056.1-5790s1cl TRCN0000014628 3UTR CCAGGTACTTAATGCCCTAAA
NM_005056.1-4071s1cl TRCN0000014629 CDS CCAGACTTACAGGGACACTTA
NM_005056.1-3381slcl TRCN0000014630 CDS CGGACCGACATTGGTGTATAT
NM_005056.1-2280sl1cl TRCN0000014631 CDS CCCATGCAGAAGAAATGTCTT
NM_005056.1-3130s1cl TRCN0000014632 CDS CCTTGAAAGAAGCCTTACAAA
NM_005056.2-1170s21cl TRCN0000329799 CDS CAACAGGTCAGACGCATTTAA
NM_005056.2-5500s21cl TRCN0000329939 3UTR | ACTACCAATGGAGGATCTTAA
NM 005056.2-3592s21cl TRCN0000329798 CDS CGGACCGACATTGGTGTATAT
NM_005056.2-3341s21cl TRCN0000329797 CDS CCTTGAAAGAAGCCTTACAAA
NM_005056.2-4282s21cl TRCN0000329872 CDS CCAGACTTACAGGGACACTTA
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vim
NM 003380.1-1188s1cl TRCN0000029119 CDS GCTAACTACCAAGACACTATT
NM 003380.1-1417s1cl TRCN0000029120 CDS CTCTGGTTGATACCCACTCAA
NM 003380.1-1217s1cl TRCN0000029121 CDS GCAGGATGAGATTCAGAATAT
NM_003380.1-392s1cl TRCN0000029122 CDS CGCCATCAACACCGAGTTCAA
NM_003380.1-1477slcl TRCN0000029123 CDS GACAGGTTATCAACGAAACTT
NM 003380.2-1190s21cl TRCN0000297191 CDS GCTAACTACCAAGACACTATT
NM 003380.2-1479s21cl TRCN0000278461 CDS GACAGGTTATCAACGAAACTT
NM_003380.2-394s21cl TRCN0000278460 CDS CGCCATCAACACCGAGTTCAA
NM._003380.2-1419s21cl TRCN0000297469 CDS CTCTGGTTGATACCCACTCAA
NM 003380.2-1219s21cl TRCN0000297192 CDS GCAGGATGAGATTCAGAATAT
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Supplementary Table 3. Drugs included in long term drug screen

Drug Alternative Catalog
name name Target Company number
JQI1 BRD3/4 selleckchem 222313
DOTILi EPZ004777 DOTIL selleckchem S7353
Etinostat MS-275 HDACI1/3 selleckchem MS-275
BGJ398 NVP-BGJ398 FGFR1/2/3 selleckchem S2183
EZH2i GSK343 EZH1/2 selleckchem S7164
Dovitinib Chir258 FGFR1/3 selleckchem S1018
AEWS541 IGFIR selleckchem 51034
IBET151 GSKI210151A BRD2/3/4 selleckchem S2780
BIX02189 MekS5 selleckchem S1531
Resminostat HDAC1/3/6 med chem express | HY-14718A

5-Aza-2'-
Decitabine deoxycytidine DNA Methyltransferase sigma A3656
Ladakamycin S-azacytidine DNA Methyltransferase sigma A2385
DAPT GSI-IX y-secretase selleckchem $2215
Saracatinib AZDO0530 Src selleckchem S1006

G9a histone

BIX 01294 Methyltransferase selleckchem S8006
THZ1 CDK7 emd millipore 532372
Vorinostat SAHA HDC1/3 selleckchem SMLO0061
YUKA Al KDMSA axonmedchem 2674
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