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SUMMARY

Intrinsic resistance and RTK-RAS-MAPK pathway reactivation has limited the effectiveness of
MEK and RAF inhibitors (MAPKi) in RAS and RAF-mutant cancers. To identify genes that
modulate sensitivity to MAPKi, we performed genome scale CRISPR-Cas9 loss-of-function
screens in two KRAS-mutant pancreatic cancer cell lines treated with the MEK1/2 inhibitor
trametinib. Loss of CIC, a transcriptional repressor of ETV1, 4, and 5, promoted survival in the
setting of MAPKi in cancer cells derived from several lineages. ATXNIL deletion, which reduces
CIC protein, or ectopic expression of ETV1, 4, or 5 also modulated sensitivity to trametinib.
ATXNIL expression inversely correlates with response to MAPKi inhibition in clinical studies.
These observations identify the ATXN1L-CIC-ETS transcription factor axis as a mediator of
resistance to MAPKi.
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INTRODUCTION

The RASfamily (KRAS, NRAS, and HRAS) is frequently mutated in human cancers.
Although the majority of cancers with mutant RAS depend on oncogenic RAS signaling for
proliferation and survival, direct inhibitors of oncogenic RAS proteins have not yet been
developed for clinical use (Chien et al., 2006; Cox et al., 2014; Stephen et al., 2014). An
alternative approach to target KAS-mutant cancers is to inhibit downstream effector
pathways. The RAF-MEK-ERK (MAPK) pathway is an important downstream effector of
oncogenic RAS (Blasco et al., 2011; Collisson et al., 2012). Early clinical trials suggest that
a subset of KRAS- or BRAF-mutant cancers respond to small molecule inhibitors of MEK
or BRAF, though both intrinsic and acquired resistance limit therapeutic efficacy
(Blumenschein et al., 2015; Chapman et al., 2011; Hyman et al., 2015; Infante et al., 2012).

Preclinical and clinical studies have shown that a major mode of intrinsic and acquired
resistance to MEK or BRAF inhibitor monotherapy in RKAS-or BRAF-mutant cancers is the
reactivation of the RTK-RAS-MAPK pathway by mechanisms (Caunt et al., 2015; Lito et
al., 2013), such as loss of feedback inhibition (Corcoran et al., 2012; Duncan et al., 2012);
upregulated RTK signaling (Nazarian et al., 2010; Villanueva et al., 2010); N/FI inactivation
(Whittaker et al., 2013); or increased NRAS (Nazarian et al., 2010), A/B/C-RAF
(Hatzivassiliou et al., 2010; Heidorn et al., 2010; Poulikakos et al., 2011; Thakur et al.,
2013; Villanueva et al., 2010), COT (Johannessen et al., 2010), or MEK1/2 activity
(Nikolaev et al., 2011; Wagle et al., 2011). These observations highlight a key role for
sustained RTK/MAPK signaling in mediating resistance to pharmacologic inhibition of this
pathway in RAS- or BRAF-mutant cancers.

Here we performed unbiased genome scale genetic screens to identify genes whose deletion
promote survival in the context of MEK inhibition in KRAS-mutant pancreatic cancer cell
lines. We extended our findings to RAS and RAF-mutant cell lines of various lineages, and
characterized the mechanistic basis of resistance to MAPK pathway inhibition (MAPKi).

RESULTS

Identification of Genes that Modulate Sensitivity to MEK Inhibition in KRAS-mutant
Pancreatic Cancer Cell Lines

To identify genes whose deletion promote proliferation/survival in the context of MAPKIi,
we performed genome scale CRISPR-Cas9 knockout screens in 2 KRAS-mutant pancreatic
cancer cells (PATU8902 and PATU8988T) treated with 2 different doses of the allosteric
MEKZ1/2 inhibitor trametinib (Figure 1A). We screened PATU8902 cells with 100 nM
trametinib (high dose), which robustly inhibits ERK phosphorylation and induces
proliferative arrest or cell death (Figures SIA-B). For PATU8988T, we performed the screen
using 10 nM trametinib (moderate dose), which modestly suppresses ERK phosphorylation
and decreases cell proliferation by ~50% (Figures S1C-D). We used these different doses of
trametinib to increase the dynamic range of the screens and used different genome scale
sgRNA libraries with <5% overlapping sgRNA sequences for the PATU8902 and
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PATUB8988T screens to mitigate the possibility that genes identified were the consequence of
off-target effects.

Screening was performed using a lentivirally delivered two-vector CRISPR-Cas9 system
(Doench et al., 2016; Shalem et al., 2014). Specifically, Cas9-expressing cells were infected
with either the genome scale CRISPR-Cas9 knockout (GeCKOv2) (Shalem et al., 2014) or
Avana (Doench et al., 2016) sgRNA library, passaged for 7-10 d to allow for genomic
editing, and treated with trametinib for 14 d (Figures 1A and S1E-F). We identified SgRNAS
that became enriched in the trametinib-treated samples compared to the original pool of
sgRNA plasmids by defining significant enrichment as a log, fold-change of at least 4
standard deviations from the mean log, fold-change of all SyRNAs (p<1074). A gene was
considered a candidate modulator of trametinib sensitivity if over half of the sgRNAs
targeting the gene were enriched. We found one gene in the high dose PATU8902 screen and
10 genes in the moderate dose PATU8988T screen that met this criterion (Figures 1B—C and
Table S1). Since CIC loss was found to promote proliferation/survival in the context of
trametinib treatment in both the high dose and moderate dose screens, we investigated how
CIC knockout (C/CK0O) mediates trametinib resistance (Figure 1D).

CIC Loss Modulates Sensitivity to MEK and BRAF Inhibition in Multiple Contexts without
Reactivating ERK Signaling

We tested 11 C/C-targeting sgRNASs to identify sgRNASs that effectively eliminated CIC
expression, which included 3 of the 6 sgRNASs used in the PATU8902 screen, and all 4 of the
SgRNASs used in the PATU8988T screen (Figure S2A). We found that all of the CIC-
targeting sgRNAs that robustly depleted CIC were significantly enriched in the screens
(Figure S2A). In addition, we assessed the ability of these SJRNAs to modulate trametinib
sensitivity in the NRAS-mutant lung cancer cell line NCIH1299 using a short-term viability
assay. We found that only the sgRNAs that effectively depleted CIC conferred resistance to
trametinib treatment (Figure S2B). Subsequently, we verified that CIC loss conferred
resistance to trametinib treatment in PATU8902 cells using a cell counting assay (Figures
2A-B).

We then assessed the ability of C/CX© to modulate the response to MEK inhibition in
several different lineage and mutational contexts. Cells were treated with the lowest
concentration of inhibitor that robustly inhibited ERK phosphorylation (for MEK inhibitor)
or MEK phosphorylation (for BRAF inhibitor) and induced proliferative arrest or cell death.
Using a cell counting assay, we determined that CIC knockout modulated the response to
trametinib treatment in the KRAS-mutant lung cancer cell line CALU1 (Figure 2C-D). In
addition, using a long-term clonogenic proliferation assay, we found that C/CX© also
modulated the response to MEK inhibition in KRAS-mutant lung or colon cancer, to MEK
inhibition in NRAS-mutant lung cancer or melanoma, and to MEK or BRAF inhibition in
BRAFmutant melanoma, lung cancer, and colon cancer cells (Figures 2E and S2C). CIC
loss restored cell proliferation in the context of trametinib treatment, and C/C¥C cells treated
with trametinib appeared morphologically comparable to C/C”7 cells treated with DMSO
(Figure S2D). However, C/CX© did not restore signaling through the MAPK or PISK/AKT
pathways as measured by phosphorylation of ERK or AKT (Figures 2B, 2D, and S3A-B).
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Thus, deletion of C/C permitted the proliferation of cells expressing different RAS or
MAPK pathway oncogenes in several lineages.

We next assessed whether C/CX9 allowed cells to proliferate in the context of KRAS
depletion in PATU8902, a KRAS-dependent cell line. We generated the PATU8902 pTetK
cell line, which harbors a doxycycline-inducible shRNA targeting KRAS. We transduced
PATUB8902 pTetK cells with a vector containing both Cas9 and an sgRNA targeting either
LacZor CICto generate isogenic C/C7 and C/CXO variant cell lines (Figure 3A). We
found that deleting C/C reduced sensitivity to KRAS depletion in PATU8902 pTetK cells in
a long-term clonogenic proliferation assay (Figure 3B).

To determine whether proliferation mediated by C/C deletion was specific to inhibition of
the MAPK pathway, we treated C/CXO cells with the MEK inhibitor selumetinib or three
cytotoxic chemotherapeutic agents. C/CXC conferred resistance to selumetinib, but not to
cisplatin, paclitaxel, or 5-FU (Figures 3C—F and S3D). These observations confirmed that
CIC loss promotes proliferation/survival in the setting of suppressed MAPK signaling in
several different epithelial lineages but does not promote survival to cytotoxic agents.

CIC Loss Reduces Sensitivity to Trametinib Treatment In Vivo

To determine whether CIC loss modulates the response to trametinib treatment /in vivo, we
implanted mice with PATU8902 C/CWT or CICKO cells and initiated daily trametinib
treatment after tumor formation. We found that C/CX© had no effect on tumor growth /n
vivo (Figure 3G). Trametinib treatment decreased the growth of C/C7 tumors compared to
vehicle treatment (p = 0.01), but had little effect on C/C<Ctumors. Indeed, trametinib-
treated C/CKO tumors grew at comparable rates to vehicle-treated C/C7 or €/CKO tumors
(Figure 3H). Based on these observations, we concluded that C/CX© reduces sensitivity to
trametinib treatment /n vivo.

MEK Inhibition Increases CIC-mediated Repression of ETS Transcription Factors

CIC is a transcriptional repressor that is phosphorylated and inhibited by MAPK in D,
melanogaster (Astigarraga et al., 2007; Dissanayake et al., 2011; Jiménez et al., 2000). 2
CIC isoforms (CIC-S and CIC-L), which differ in size and in their N-terminal region (Lam
et al., 2006), exist. In flies, CIC-S fulfills most known CIC functions (Jiménez et al., 2012).
We found that in all the cell lines we tested, trametinib treatment induced an increase in
nuclear CIC-S (Figures 2B, 2D, and S4). In contrast, the effect of trametinib on CIC-L
localization was inconsistent. Trametinib treatment decreased levels of nuclear CIC-L in
HCC364, CALU1, and PATU8902 cells; increased levels of nuclear CIC-L in PATU8988T;
and had no effect on levels of nuclear CIC-L in NCIH1299, HT29, and MELJUSO cells
(Figures 2B, 2D, and S4). As C/CKO confers resistance to trametinib treatment in all of these
cell lines (Figures 2A, 2C, 2E and S2C) and only the localization of CIC-S is consistently
altered by trametinib treatment across all cell lines, we concluded that decreased CIC-S in
CICKO cells mediated resistance to trametinib.

Because CIC is a transcriptional repressor whose nuclear/cytoplasmic localization is
regulated by MAPK signaling (Dissanayake et al., 2011; Jiménez et al., 2012), we
hypothesized that MAPK:i leads to active nuclear CIC and repression of pro-proliferative
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CIC target genes and that loss of CIC would restore expression of these genes, reducing
sensitivity to MAPKi. To identify the relevant CIC target genes, we treated control C/CWT
(sgGFP-1) or C/CXO (sgCIC-1 or sgCIC-2) cells from 4 cell lines of different lineages that
harbor different RAS-pathway mutations with DMSO or trametinib for 24 h and performed
RNA-sequencing (Figures 4A and S5A). We analyzed the gene expression profiles to
identify genes whose expression was suppressed in C/CW7 cells treated with trametinib and
restored in C/CXO cells treated with trametinib. We found that trametinib treatment reduces
the expression of all 3 members of the PEA3 family of ETS transcription factors (ETV1,
ETV4, and ETV5) in all cell lines, and that loss of CIC results in maintained expression of at
least one of these genes despite MEK inhibition (Figures 4B, S5B and Table S2).

We confirmed that trametinib treatment robustly suppressed ETV1, 4, and 5 mRNA (Figures
4C-D, S5C-D) and protein (Figure S5E) expression in C/CW7 cells and that ETV 1, 4, and
5 expression was partially restored in C/CKO cells. These observations suggest that active
nuclear CIC represses ETV1, 4, and 5 expression in multiple cell lineages. We concluded
that signaling through the MAPK pathway induces ETV1, 4, and 5 expression by reducing
nuclear CIC-S, relieving CIC-mediated gene repression. We hypothesized that elevated
ETV1, 4, and 5 expression may be responsible for the resistance phenotype in C/CX0 cells.

Increased Expression of ETV Transcription Factors is Necessary and Sufficient to
Modulate the Response to MEK Inhibition

To assess whether expression of ETV1, 4, or 5 is necessary for the observed proliferation in
the presence of MAPK:I conferred by C/C deletion, we suppressed ETV1, 4, or 5 expression
in CICWT or CICKO cells (Figure S6A-B). We used long-term proliferation assays to
determine the effect of ETV1, 4, or 5 depletion on cell proliferation/survival in the context
of trametinib treatment. We found that expression of ETV1, 4, and 5 was necessary for the
full resistance mediated by CIC loss (Figure 5A).

To determine if overexpression of ETV1, 4, or 5 was sufficient to restore proliferation in the
presence of MEK inhibition, we exogenously expressed LacZ (control), ETV1, ETV4-S
(short isoform), ETV4-L (long isoform) or ETV5 and treated cells with DMSO or trametinib
(Figures 5B and S6C). Overexpression of ETV1, ETV4-S, ETV4-L, or ETV5 permitted
proliferation in the setting of MEK inhibition in CALU1, PATU8902 and PATUB8988T cells
(Figures 5C, S6D). These observations extend a prior finding that ETV1 overexpression
conferred resistance to MAPKi in BRAFmutant melanoma (Johannessen et al., 2013).
These findings suggest that increased expression of ETV1, 4, and 5 in C/C¥C cells is
necessary for the effects mediated by C/CX©, and that overexpression of ETV1, 4, or 5
suffices to reduce sensitivity to MEK inhibition.

ATXN1L Deletion Modulates Trametinib Sensitivity by Reducing CIC Protein

In mice, ATXNL1L has been shown to form a complex with CIC and increase CIC protein
expression (Bowman et al., 2007; Crespo-Barreto et al., 2010; Lee et al., 2011), and
ATXNLL has been implicated as a co-repressor that synergistically enhances CIC
transcriptional repressor activity (Crespo-Barreto et al., 2010; Lee et al., 2011). When we
examined the top scoring genes in our screens, we noticed that in the moderate dose
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PATUB8988T screen, all 4 sgRNAs targeting ATXNIL were enriched >2 SD from the mean
(p<0.05, Figure 1C and Table S1). In the high dose PATU8902 screen, all 6 sgRNAS
targeting ATXN1L were enriched (Figure 1B and Table S1). We hypothesized that ATXNIL
deletion may promote increased proliferation/survival in the context of trametinib treatment
by reducing CIC expression and/or repressive function.

We generated ATXNILKO cells and assessed the efficiency of ATXNIL knockout by TIDE
(Tracking of Indels by DEcomposition, Brinkman et al., 2014), a method to quantify the
frequency of mutations induced by CRISPR-Cas9, as we were unable to identify an
ATXN1L-specific antibody for immunoblotting (Figure S7). In brief, the region around the
SgRNA editing site is PCR amplified from genomic DNA and sequenced, compared to one
derived from a control cell line (sgLacZ-1), and the frequency of genome editing is
estimated by the proportion of aberrant base signals of the test sequencing trace compared to
the control sequencing trace. We found that ATXNIL was effectively modified in >50% of
CALU1, PATU8902, and PATU8988T cells expressing SgATXNLL, but in <2.2% of
PATUB8988T cells expressing sgLacZ (Figure S7A).

ATXNLL loss had no effect on baseline CIC expression at the transcriptional level (Figure
6A). However, upon trametinib treatment, we noted that ATXNILWT cells slightly
upregulated CIC mRNA expression while ATXNILKO cells did not (Figure 6A). Notably,
ATXNILKO cells exhibited reduced expression of CIC-S protein at baseline and upon
trametinib treatment (Figure 6B). These observations suggest that ATXN1L increases CIC
expression post-translationally (Bowman et al., 2007; Crespo-Barreto et al., 2010; Lee et al.,
2011).

We found that A7XNIL deletion reduced sensitivity to MEK inhibition by trametinib or
selumetinib (Figures 6C and S7D). To identify the relevant ATXN1L target genes that
modulate sensitivity to MEK inhibition, we treated control ATXNILWT (sgLacZ-1) or
ATXNILKO (sgATXN1L-1 or sgATXN1L-2) cells with DMSO or trametinib for 24 h, and
performed RNA-sequencing (Figure 7A). We looked for genes whose expression was
suppressed in ATXNILWT cells treated with trametinib and restored in ATXNILKO cells
treated with trametinib. We found that trametinib treatment decreased expression of ETV1,
ETV4, and ETV5; and that loss of ATXN1L restored expression of at least one of these
genes in the context of MEK inhibition (Figures 7B and S7E, and Table S3). ATXNILKO
partially restored ETV1, 4, and 5 mRNA expression in trametinib-treated cells, albeit not to
the same magnitude as C/CX cells (Figure 7C). These observations suggest that loss of
ATXNLL mediates resistance to MEK inhibition by reducing CIC levels, which permits
increased expression of ETV1, 4, and 5.

We propose a model in which oncogenic MAPK signaling in RAS-or BRAF-mutant cells
constitutively inactivates CIC. Upon MEK or BRAF inhibition, active CIC represses ETV1,
4, and 5 expression. CIC loss modulates the response to trametinib and vemurafenib
treatment by restoring expression of the ETV transcription factors at a transcriptional level.
Deletion of ATXN1L modulates the response to MEK inhibition by reducing CIC protein
levels and restoring expression of ETV1, 4, and 5 (Figure 7D).
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Low ATXNLL Expression is Associated With Poor Overall Survival in BRAF-mutant
Melanoma Treated with MAPK-pathway Inhibitors

To determine whether the expression of C/Cor ATXNIL correlated with intrinsic resistance
to MAPK pathway inhibitor therapy in cancers with mutations in the MAPK pathway, we
analyzed pre-treatment microarray expression data from 30 BRAFY6%0-mutant melanoma
metastases derived from 21 patients subsequently treated with dabrafenib or vemurafenib
(Rizos et al., 2014) and 9 patients treated with the combination of dabrafenib and trametinib
(Long et al., 2014). We categorized the 10 tumors with lowest or highest ATXNIL
expression as ‘low’ or ‘high” ATXNIL expressers, respectively, and found that low pre-
treatment A7XNIL expression correlated with decreased overall survival (p = 0.0375,
Figure 7E). This observation suggests that lower ATXNIL expression marks tumors with
intrinsic resistance to BRAF or MEK inhibitor therapy in BRAF-mutant melanoma.

DISCUSSION

The MAPK pathway mediates cellular responses by altering gene expression through direct
phosphorylation of several nuclear factors. Although more than 150 substrates of ERK1/2
have been identified (Yoon and Seger, 2006), which of these substrates play key roles in
oncogenic and treatment-related contexts remains unclear. Here, we identify CIC as an
important effector of MAPK in the setting of MAPKi. ERK-dependent phosphorylation of
upstream components of the pathway such as EGFR, SOS, and RAF (Buday et al., 1995;
Dougherty et al., 2005; Heisermann et al.; Li et al., 2008; Porfiri and McCormick, 1996; Ritt
et al., 2010) dampens MAPK pathway activity. In addition, ERK signaling induces the
expression of SPRY and SPRY-related proteins with an EVH1 domain (SPRED) proteins
(Kim and Bar-Sagi, 2004), which inhibit MAPK signaling at multiple levels of the pathway,
as well as DUSP phosphatases (Owens and Keyse, 2007), which directly dephosphorylate
and inhibit ERK1/2. The existence of multiple regulators, including CIC, allows for precise
modulation of the magnitude and duration of MAPK signaling in different contexts.

We observed that deletion of several negative regulators of the MAPK pathway (RASAZ,
SPRYZ2, DUSP1, and DUSP?) also conferred trametinib resistance to PATU8988T cells
(Table S1). However, loss of CIC modulated the response to trametinib treatment in a more
robust and consistent manner. Certain negative regulators of the MAPK pathway, such as
SPRY and DUSP proteins, may not have reduced sensitivity to MEK inhibition in the
CRISPR-Cas9 screens due to the presence of functionally redundant family members. We
conclude that the CIC-ETS transcription factor axis is an important modulator of MAPK
pathway output across cancer cells of multiple lineages whose proliferation is dependent on
oncogenic MAPK signaling.

In D. melanogaster, Cic is a well-characterized repressor of EGFR-Ras-MAPK signaling
that prevents aberrant cell proliferation by downregulating ETS factors in the absence of
MAPK signaling (Jiménez et al., 2012; Jin et al., 2015). A prior study suggested that this
role is conserved in human CIC (Dissanayake et al., 2011). CIC alterations have been
reported in several cancer types. The majority of oligodendrogliomas harbor inactivating
CIC mutations (Bettegowda et al., 2011) and, consequently, overexpress the ETV
transcription factors (Padul et al., 2015). C/C-DUX4 translocations, which encode a fusion
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protein that upregulates expression of ETV1 and ETV5, have been identified in Ewings
sarcoma (Kawamura-Saito et al., 2006). Indeed, we noted that tumors formed by C/C<C
cells were larger, suggesting that loss of CIC may also contribute to tumor formation /in vivo.
In recent work, CIC loss was found to promote metastases in a lung cancer model (Okimoto
etal., 2017).

Our observations indicate that the PEA3 family of ETS transcription factors, which are
negatively regulated by CIC, may be key nuclear effectors of oncogenic MAPK signaling.
Indeed, a prior study suggested that ETS transcription factors may activate a RAS/MAPK
transcriptional program in the absence of MAPK pathway (Hollenhorst et al., 2011). We
note that RFWD2 (COP1), DET1 and DDA, substrate receptors of the CRL4COP1/DET1 E3
ubiquitin ligase (Wertz et al., 2004) that have been reported to mediate the ubiquitination
and degradation of ETV1, 4, and 5 (Baert et al., 2010; Vitari et al., 2011) and c-Jun (Bianchi
et al., 2003), were also hits in the PATU8988T screen (Figure 1D). We found that while
overexpression of a single ETS transcription factor conferred resistance to trametinib,
suppression of ETV1, 4, or 5 alone strongly decreased the resistance conferred by C/C
deletion. These observations suggest that elevated global expression of ETS transcription
factors modulates the response to MEK inhibitor treatment. We found that the exogenously
expressed ETS transcription factors were overexpressed at levels greater than was achieved
by CICKO, and it is possible that a single ETS transcription factor is sufficient to confer
resistance at high levels of expression while at moderate levels, such as that conferred by
CICKO a combination of several ETS transcription factors is necessary.

Atxn1/~~ mice exhibit defective lung alveolarization, attributed to destabilization of Cic and
derepression of £fvIand Etv4, which increases expression of several matrix
metalloproteinase (Mmp) genes (Lee et al., 2011). Several reports indicate that ATXN1L
enhances CIC function by stabilizing post-transcriptional CIC expression and by working as
a transcriptional co-repressor with CIC (Bowman et al., 2007; Crespo-Barreto et al., 2010;
Lee et al., 2011). Although ATXN1L has been reported to suppress HE Y1 expression (Tong
etal., 2011), the phenotype seen in Atxn1/”~ mice suggests that the major role of ATXN1L
is to augment CIC-mediated gene repression; however, it remains possible that deletion of
ATXN1L affects other pathways that contribute to tumor growth together with those
mediated by CIC.

We found that C/C deletion reduced sensitivity to trametinib treatment in both /in vitroand in
vivo. Observations from /n vitro clonogenic proliferation assays suggest that C/C or
ATXNIL deletion and ETV1/4/5 overexpression may also modulate /n vivo sensitivity to
MAPKIi in RAS-or BRAF-mutant tumors or to KRAS depletion in KRAS-dependent
tumors. However, it is possible that the reduction in sensitivity to MAPKi conferred by C/C
or ATXNIL deletion and ETV1/4/5 overexpression is more robust /n vitro than in vivo.

The majority of acquired resistance mechanisms to MAPK pathway inhibitor therapy that
have been identified in patients with RAF-mutant cancers involve upregulation of MAPK
pathway signaling upstream of ERK (Long et al., 2014; Rizos et al., 2014; Shi et al., 2014;
Van Allen et al., 2014; Wagle et al., 2011; 2014). Our observations suggest that, if
RAF/MEK signaling is sufficiently suppressed in tumors with mutant RAS or BRAF,
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acquired resistance may arise from altered transcriptional output mediated by aberrant
expression of transcription factors activated downstream of MAPK, such as ETV1, 4, and 5.
Dysregulation of these transcription factors downstream of ERK may also promote intrinsic
resistance to inhibition of the MAPK pathway.

Our observations suggest that low ATXNZ1L activity, which results in reduced CIC protein as
well as elevated ETS transcription factor expression in the context of MAPKIi, may be a
mechanism of intrinsic resistance to MAPK inhibitor therapy in BRAF-mutant melanoma.
We found that low ATXNIL expression in BRAA~mutant melanoma correlated with
decreased overall survival in patients treated with MAPKi. However, we did not observe a
correlation between low C/C expression and poor survival outcome. This could be
attributable to technical or biological reasons. Since gene expression in tumor samples was
determined by bead-based microarrays, it is possible that the CIC probe was insufficiently
sensitive to distinguish between high and low CIC expression. Alternatively, total C/C
MRNA expression may not reflect nuclear CIC-S protein levels, which may be a more
relevant marker of sensitivity to MAPK:I. In addition, ETV1, 4, and 5 expression were not
predictive of survival outcome, likely because oncogenic BRAF signaling inhibits CIC and
induces high ETV1, 4, and 5 expression in all tumor samples, making ETV1, 4, and 5
expression an insensitive readout of ATXN1L-CIC-ETS transcription factor pathway activity
in pre-treatment samples.

BRAF and MEK inhibitors are currently being tested in clinical trials for FAS-mutant and
BRAF-mutant cancers. However, pre-treatment and post-relapse biopsy specimens for
molecular analysis of resistance mechanisms are not accessible for most of these trials.
Moreover, most available samples from patients treated with single agent MEK or BRAF
inhibitor therapies have shown only partial suppression of the MAPK signaling pathway
with these agents at clinically tolerable doses. We propose that altered transcriptional output
downstream of MAPK signaling may represent an important resistance mechanism upon full
suppression of the canonical kinase signaling pathway. Thus, even the limited number of
available clinical samples may not be sufficient to determine whether CIC loss is an operant
mechanism of intrinsic or acquired resistance in these clinical settings. However, stratifying
patients for treatment based on ATXN1L-CIC-ETS transcription factor pathway activity
level may also allow for the selection of patients more likely to respond to MEK and BRAF
inhibitors.

EXPERIMENTAL PROCEDURES

For additional details, see the Extended Experimental Procedures.

Cell Lines and Reagents

Cell lines, culture conditions, and sources of sgRNA and shRNA plasmids, expression
plasmids, and antibodies are described in the Supplemental Experimental Procedures.

Genome Scale CRISPR-Cas9 Resistance Screens

Libraries and protocols for the genome scale CRISPR-Cas9 knockout screen are described
in the Supplemental Experimental Procedures.
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Drug Titration for Cell Counting and Long-term Clonogenic Proliferation Assays

CALU1, HCC364, HCT116, and NCIH1299 cells were treated with at least 5 different
concentrations of drug (trametinib, selumetinib, or vemurafenib) for 24 h, and phospho-ERK
levels were assessed by immunaoblot analysis. The concentration of drug that fully inhibited
phospho-ERK levels was used in subsequent assays. The trametinib and vemurafenib doses
used for A375 correspond to published IC50 values (Boussemart et al., 2014).

Short-term Viability Assay

Protocol for short-term viability assay is described in the Supplemental Experimental
Procedures.

Cell Counting Assay

Cells were seeded in 10 cm (1-2 x 108 cells) or 15 cm (1-3 x 10° cells) plates and treated
with drug or DMSO as indicated. Cells were passaged or media was refreshed every 3—4 d.
Cells were counted at each passage, and number of cell doublings was calculated.

Long-term Clonogenic Proliferation Assay

Cells were seeded in 12- or 24-well plates at a density of 5,000-20,000 cells per well and
treated with drug or DMSO. Cells were exposed to DMSO for 6-9 d, and to drug or
doxycycline (PATU8902 pTetK cells) for 9-18 d, with media changed every 3 d. Cells were
fixed with 10% formalin and stained with 0.5% crystal violet in 10% ethanol for 20 min.
After acquiring images, crystal violet uptake was extracted with 10% acetic acid and
quantified by measuring absorbance at 565 nm using a SpectraMax M5 microplate reader
(Molecular Devices).

In vivo Xenografts

All procedures were performed according to protocols approved by the Institutional Animal
Care and Use Committees of the Dana-Farber Cancer Institute. The mouse xenograft studies
are described in the Supplemental Experimental Procedures.

RNA-sequencing

sgGFP and sgCIC cells—200,000 — 400,000 cells were seeded in 4 wells of a 6-well
plate and allowed to adhere overnight. Subsequently, 2 wells were treated with DMSO and 2
wells were treated with trametinib (A375: 1 nM, CALU1: 50 nM, HCT116: 50 nM,
PATU8902: 100 nM) for 24 h. Total RNA was extracted using an RNeasy kit (Qiagen). First
strand cDNA was generated from 1.5 pg of total RNA using Oligo(dT)12-19 Primer
(Invitrogen) and AffinityScript Multiple Temperature Reverse Transcriptase (Agilent).
Second strand cDNA was synthesized using an mRNA Second Strand Synthesis Module
(#6111L) and washed with Agencourt AMPure XP beads (Beckman Coulter). Libraries
were prepared by tagmentation (Nextera XT DNA Sample Preparation Kit, Illumina) using
index primers (Nextera XT Index kit, Illumina) to facilitate multiplexing.

sgGFP and sgATXN1L cells—200,000 — 400,000 cells were seeded in 4 wells of a 6-
well plate and allowed to adhere overnight. Subsequently, 2 wells were treated with DMSO
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and 2 wells were treated with trametinib (PATU8902: 50nM, PATU8988T: 50 nM) for 24 h.
Total RNA was extracted using an RNeasy kit (Qiagen). RNA sequencing libraries were
prepared using a NEBNext Ultra Directional RNA Library Prep Kit for lllumina, NEB
E7420.

The concentration of each cDNA library was quantified with the KAPA Illumina ABI
Quantification Kit (Kapa Biosystems). Libraries were pooled for sequencing using the
HiSeq 2500. Reads were mapped to the reference human genome (hg19) using Tophat
2.0.11. Transcript assembly, abundance estimation, and differential expression analysis were
performed with Cufflinks 2.0.2. Two replicates for each cell line/genetic perturbation/
treatment were grouped to derive significance of differential expression across experimental
conditions.

Quantitative PCR and Tracking of Indels by DEcomposition (TIDE)

Protocol and primers used for quantitative PCR and TIDE are presented in the Supplemental
Experimental Procedures.

Melanoma Outcome Data Analysis

Data from 30 BRAFY6%.mutant melanoma metastases derived from 21 patients treated with
dabrafenib or vemurafenib (Rizos et al., 2014) and 9 patients treated with the combination of
dabrafenib and trametinib (Long et al., 2014) was analyzed. Patients were grouped by pre-
treatment ATXNIL expression, where ‘High ATXNIL’ and ‘Low ATXNIL’ groups include
the 10 patients with highest or lowest A7XNIL expression in the cohort of 30 patients,
respectively.

Statistical Methods

Statistical analysis for cell counting assays, long-term clonogenic proliferation assays, and
quantitative PCR were performed using Prism GraphPad. Statistical analysis for RNA
sequencing was performed using Cufflinks 2.0.2. Statistical significance for xenograft
experiments was determined by ANOVA and paired t-test. Statistical significance for
melanoma outcome data analysis was calculated using the log-rank (Mantel-Cox) test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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original sgRNA plasmid pool in PATU8902 cells treated with 100 nM trametinib (B) and in
PATUB8988T cells treated with 10 nM trametinib (C). Average of 2 biological replicates.
Tables indicate all (B) or the 25 most (C) significantly enriched sgRNAs. Gray lines indicate
average log, fold-change (solid) or 4 SD above average log, fold-change (dashed) of all

screened sgRNAs. sgRNAs targeting C/C (red) and ATXNIL (orange) are indicated.
(D) Candidate mediators of resistance to trametinib identified from the PATU8902 and

PATUB988T screens.

See also Figure S1 and Table S1.
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Figure 2. CIC Loss Modulates Sensitivity to MEK and BRAF Inhibition in Multiple Contexts
(A, C) Proliferation of PATU8902-Cas9 cells (A) or CALU1-Cas9 cells (C) expressing

sgRNAs targeting GFP (control) or C/C, and treated with DMSO or 50 nM trametinib. 2
technical replicates of 2 independent experiments, data represented as mean + SEM.

(B, D) Immunoblot analysis of expression levels of indicated proteins using PATU8902-
Cas9 (B) or CALU1-Cas9 (D) fractionated cell lysates after 48 h of treatment with DMSO
or 50 nM trametinib. Nuc = nuclear, Cyt = cytoplasmic.

(E) Long-term clonogenic proliferation assays to determine the effect of C/C<© on
trametinib (Tram) and vemurafenib (Vem) sensitivity in multiple lineage and mutation
contexts. Cells were treated with the lowest concentration of inhibitor that robustly inhibited
ERK phosphorylation (for MEK inhibitor) or MEK phosphorylation (for BRAF inhibitor)
and induced proliferative arrest or cell death. 3 technical replicates representative of at least
2 independent experiments, data represented as mean = SEM.

See also Figures S2 and S3.
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Figure 3. Reduced Drug Sensitivity Conferred by Cl cKOjs Specific to RAS/MAPK Pathway and
¢1cKO Modulates Sensitivity In Vivo

(A) Immunoblot assessment of KRAS depletion and phospho-ERK suppression in C/C%7 or
CICKOPATUB902 pTetK cells treated with water or 1 pg/mL doxycycline (dox) for 72 h.
(B) Effect of C/CXC on sensitivity to KRAS depletion in the KRAS-dependent cell line
PATUB8902 pTetK. Dox = doxycycline, 3 technical replicates representative of 2 independent
experiments, data represented as mean £ SEM.

(C, D) Effect of C/CX9 on trametinib and selumetinib sensitivity in PATU8902-Cas9 (C) or
CALU1-Cas9 (D) cells, 6 technical replicates representative of 2 independent experiments,
data represented as mean + SEM.

(E, F) Effect of C/CXO on sensitivity to 5-FU, etoposide (etopo), or paclitaxel (pacli) in
PATU8902-Cas9 (E) or CALU1-Cas9 (F). 3 technical replicates, data represented as mean +
SEM.

(G) Percent change in tumor volume of C/CWT (sgGFP) or C/CXO (sgCIC) PATU8902
xenografts in athymic nude mice. Average of 4 xenografts. Statistical significance
determined by paired t-test, n.s = not statistically significant.

(H) Percent change in tumor volume of C/CT (sgGFP) or C/CKO (sgCIC) PATU8902
xenografts in athymic nude mice receiving daily vehicle or trametinib treatment. Average of
10 xenografts, data are represented as mean = SEM, tram = 2 mg/kg trametinib. Statistical
significance determined using ANOVA and paired t-test. N.s. = not statistically significant, *
=p<0.05**=p<0.01.
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Figure 4. MEK Inhibition Increases Nuclear CIC-S and CIC-mediated Repression of ETS

Transcription Factors
(A) Overview of RNA-sequencing strategy.

Page 19

(B) Effect of trametinib treatment and C/C<© on the transcriptome. Each point represents a
gene that is significantly (g<0.05) differentially expressed between C/CX© (sgCIC-1) and
CICWT (sgGFP) cells treated with trametinib (y=axis), and between C/CY7 cells treated with
trametinib versus DMSO (x-axis). Values represent average log,(fold-change) in expression

of Ztechnical replicates.

(C, D) qRT-PCR analysis of ETV1, 4, and 5 expression in C/C*7 or C/1CKO PATU8902 (C)

or CALUL (D) cells treated with DMSO or 50 nM trametinib for 24 h. Average of 3
independent experiments with 3 technical replicates, data represented as mean + SEM.

See also Figures S4 and S5 and Table S2.
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Figure 5. Increased Expression of ETV Transcription Factors is Necessary and Sufficient for
Modulated Sensitivity to MEK Inhibition

(A) Long-term clonogenic proliferation assays to assess the effect of ETV1, 4, and 5
depletion on trametinib sensitivity in C/C7 and C/ICKO cells. CICYT (sgGFP) and C/CKO
(sgCIC) PATU8902-Cas9 or CALU1-Cas9 cells expressing shRNAs targeting ETV1, ETV4,
or ETV5 were treated with DMSO or trametinib. 3 technical replicates, representative of 2

independent experiments, data represented as mean £ SEM.

(B) Immunoblot analysis of CALUlor PATUB8902 cells expressing the indicated ORFs.

(C) Long-term clonogenic proliferation assays to determine the effect of ETV1, ETV4-S,
ETV4-L, or ETV5 overexpression on trametinib sensitivity in CALU1 or PATU8902 cells. 3
technical replicates, representative of 2 independent experiments, data represented as mean +

SEM.

See also Figure S6.
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Figure 6. ATXN1L Deletion Modulates Trametinib Sensitivity by Reducing CIC Protein Levels

(A) gRT-PCR analysis of CIC expression in ATXNILWT (sgLacZ) or ATXNILKO

(sgATXN1L) cells treated with DMSO or 50 nM trametinib for 24 h. Tram = trametinib,
average of 3 independent experiments with 3 technical replicates, data represented as mean

+ SEM.

(B) Immunoblot analysis of the effect of A7XNLXC and trametinib treatment on CIC

expression and localization using fractionated cell lysates after 48 h of drug treatment. Nuc

= nuclear, cyt = cytoplasmic, tram = trametinib.

(C) Long-term clonogenic proliferation assay to determine the effect of ATXNZLXO on
trametinib sensitivity. 3 technical replicates representative of 2 independent experiments,

data represented as mean + SEM.
See also Figure S7
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Figure 7. ATXN1L Deletion Modulates Trametinib Sensitivity by Increasing Expression of ETS
Transcription Factors

(A) Overview of RNA-sequencing strategy.

(B) Effect of trametinib treatment and A7.XNZLXC on the transcriptome. Each point
represents a gene that is significantly (q<0.05) differentially expressed between ATXN1LKO
(SgATXN1L-2) and ATXNILWT (sgLacZ) cells treated with trametinib (y~axis), and
between ATXNILYWT cells treated with trametinib versus DMSO (x-axis). Values represent
average logy(fold-change) in expression of 2 technical replicates.

(C) gRT-PCR of ETV1, 4, and 5 expression in PATU8988T or PATU8902 control (sgLacZ),
CICKO (sgCIC), or ATXNILKO (sgATXNIL) cells treated with DMSO or 50 nM trametinib
for 24 h. Tram = trametinib, average of 2independent experiments, data are represented as
mean + SEM.

(D) Proposed mechanism of trametinib and vemurafenib resistance mediated by CIC or
ATXNLIL loss. MAPKi = MAPK pathway inhibition.

(E) Kaplan-Meier curve depicting overall survival of 30 patients with BRAF~mutant
melanoma who received MAPK pathway inhibitor therapy. ‘High ATXNIL’ and ‘Low
ATXNI1L’groups include the 10 patients with highest or lowest pre-treatment ATXNIL
expression, respectively.

See also Figure S7 and Table S3.
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