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ABSTRACT

Objective Oesophageal squamous cell carcinoma
(0SCC), like other squamous carcinomas, harbour highly
recurrent cell cycle pathway alterations, especially
hyperactivation of the CCND1/CDK4/6 axis, raising

the potential for use of existing CDK4/6 inhibitors in
these cancers. Although CDK4/6 inhibition has shown
striking success when combined with endocrine therapy
in oestrogen receptor positive breast cancer, CDK4/6
inhibitor palbociclib monotherapy has not revealed
evidence of efficacy to date in OSCC clinical studies.
Herein, we sought to elucidate the identification of key
dependencies in OSCC as a foundation for the selection
of targets whose blockade could be combined with
CDK4/6 inhibition.

Design We combined large-scale genomic dependency
and pharmaceutical screening datasets with preclinical
cell line models, to identified potential combination
therapies in squamous cell cancer.

Results We identified sensitivity to inhibitors to the
ERBB family of receptor kinases, results clearly extending
beyond the previously described minority of tumours
with EGFR amplification/dependence, specifically finding
a subset of 0SCCs with dual dependence on ERBB3

and ERBB2. Subsequently. we demonstrated marked
efficacy of combined pan-ERBB and CDK4/6 inhibition
in vitro and in vivo. Furthermore, we demonstrated that
squamous lineage transcription factor KLF5 facilitated
activation of ERBBs in OSCC.

Conclusion These results provide clear rationale for
development of combined ERBB and CDK4/6 inhibition
in these cancers and raises the potential for KLF5
expression as a candidate biomarker to guide the use of
these agents. These data suggested that by combining
existing Food and Drug Administration (FDA)-approved
agents, we have the capacity to improve therapy for
0SCC and other squamous cancer.

INTRODUCTION

Oesophageal cancer is the sixth most common
cause of cancer death worldwide! with S-year
survival rates approximating 209%.> The most
common form is oesophageal squamous cell carci-
noma (OSCC), comprising almost 90% of cases
worldwide.! For patients with metastatic disease,

2,3,9,12

Significance of this study

What is already known on this subject?

» CDK4/6 inhibition has shown striking success
when combined with endocrine therapy in
oestrogen receptor positive breast cancer;
however, CDK4/6 inhibitor palbociclib
monotherapy has not revealed evidence of
efficacy to date in oesophageal squamous cell
carcinoma (OSCC) clinical studies.

What are the new findings?

» We first confirm the sensitivity of 0SCC
to CDK4/6 inhibitor palbociclib in cell line
models. We then identified ERBB family as key
dependencies in 0SCC and pan-squamous cell
carcinoma, and combination of ERBB inhibitor
augments the efficacy of CDK4/6 inhibitor
monotherapy in several squamous models
both in vitro and in vivo. Finally, we found that
squamous lineage transcription factor KLF5
facilitates activation of ERBBs in OSCC.

How might it impact on clinical practice in the

foreseeable future?

» Oesophageal squamous cancer is one of
the most common causes of cancer death
worldwide, while systemic therapy remains
reliant on empirical chemotherapy. Although
several genomic studies identified highly
recurrent amplificated oncogenes targeted by
existing, FDA-approved drugs, patients with
0SCC are largely treated with cytotoxic and
immune therapy. The combination strategy
identified in our study suggested we have the
capacity to improve therapy for 0SCC and other
squamous cancer with FDA-approved drugs.

the mainstay of therapy remains cytotoxic therapy,
now supplemented with immune checkpoint inhib-
itors.” * However, there are no approved molecu-
larly targeted inhibitors for OSCC despite ample
genomic data®” that suggest candidate thera-
peutic targets. There is a clear need for improved
biomarker-driven treatment strategies for OSCC.
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Several projects have mapped genomic aberrations in OSCC.>”
Beyond mutations of TP53, nearly universally present, the most
common family of genes somatically altered in OSCC relate to
cell cycle regulation.® In The Cancer Genome Atlas (TCGA),
over 90% of patients with OSCC harboured cell cycle pathway
alterations, most commonly amplification of CCND1 (cyclin
D1) in 57% and deletion or mutation of CDKN2A in 76%.°
Analysis of somatic copy number alterations across squamous
cell carcinoma (SCC) from multiple lineages noted CCND1 as
the most significant focus of amplification.” These data raise
clear hypotheses regarding targeting cyclin D-CDK4/6 in SCC.
There are three CDK4/6 inhibitors FDA approved for metastatic
hormone positive breast cancer in combination with antio-
estrogen therapy.'® By directly blocking the cyclin D-CDK4/6
axis, these agents act to prevent progression from the G1 to the
S phase. While genomic data suggest a role for these inhibitors in
OSCC, a phase II trial in OSCC using palbociclib monotherapy
(NCT01037790) revealed no objective responses.''

While the lack of apparent benefit to CDK4/6 inhibitors does
not support their use in OSCC, these data do not necessarily
indicate that these drugs do not have a role in therapy, espe-
cially with combination therapy. Indeed, in studies investigating
modes of augmenting EGFR-directed therapy in epidermal
growth factor receptor (EGFR)-amplified OSCC, we found that
CDK4/6 inhibitors could overcome effects of adaptive resistance
to EGFR blockade, demonstrating potential efficacy in combi-
nation therapy.'” Indeed, the experience with breast cancer
cautions against dismissing CDK4/6 inhibitors based on lack of
monotherapy responses. CDK4/6 inhibitors palbociclib, riboci-
clib and abemaciclib have had striking success when combined
with the hormone receptor antagonists in oestrogen receptors
(ORs) positive breast cancers.'® By contrast, monotherapy with
palbociclib and ribociclib, the two inhibitors with greatest spec-
ificity for CDK4 and CDKé6 have been disappointing in breast
cancer (NCT02549430), with median progression-free survival
(PFS) 6.5 months for palbociclib monotherapy compared with
10.8 months for palbociclib in combination with endocrine
therapy. 1

Given this background, we sought to identify targets to
augment efficacy of CDK4/6 inhibition in OSCC. Building
from the experience in breast cancer where addition of CDK4/6
agents potentiate a pre-existing sensitivity to antioestrogen
therapy, we sought to define potent baseline dependencies in
OSCC as a foundation for combination development. Through
mining functional genomic and pharmacogenomic datasets, we
identified sensitivity to inhibitors to the ERBB family of receptor
kinases, results extending beyond tumours with EGFR amplifica-
tion. We demonstrated marked efficacy of combined pan-ERBB
and CDK4/6 inhibition in vitro and in vivo suggesting that by
combining FDA-approved agents, we may improve therapy for
this lethal malignancy.

MATERIALS AND METHODS
A detailed description of material and methods can be found in
the online supplemental information.

RESULTS

CDK4/6 inhibitors as a putative target for 0SCC

We reviewed data from TCGA studies of OSCC, head and neck
SCC (HNSCC) and lung SCC (LUSCC). We systematically eval-
uated the cell cycle pathway alterations (specifically, CDKN2A,
CCND1, CDK4, CDK6, CCNE1 and RB) in three major squa-
mous types and observed 90% of OSCC, 74% HNSCC and 74%

LUSCC harboured at least one key gene alteration. Amplification
of CCND1 alone was observed in 57% of OSCC, 33% of HNSCC
and 19% of LUSCC (figure 1A). We then evaluated the impact of
CDK4/6 inhibition, using palbociclib, across a panel of OSCC cell
lines. We used 13 OSCC cell lines, HNSCC line BICR6, LUSCC
line HARA and two OR+ breast cancer cell lines, MCF7 and T47D,
as positive controls,” and a CCNE1 (Cyclin E1) amplified gastric
cancer cell line (GCIY) as a negative control, as cyclin E1 is an estab-
lished resistance mechanism for CDK4/6 inhibition.'® As shown in
figure 1B and online supplemental figure S1A, 12 out of 13 OSCC
lines showed a range of response to palbociclib, with an IC50 from
150 nM to 1 uM. Both BICR6 and HARA lines showed sensi-
tivity to palbociclib, with IC50 of 740 nM and 58 nM. We defined
seven OSCC cell lines with comparable IC50 as T47D and MCF7
as ‘palbociclib sensitive’ and five other lines as ‘palbociclib inter-
mediate sensitive’. By contrast, only the TE1 OSCC line showed
marked resistance.

We next investigated if differences in response are associated with
genomic features. The resistant cell line TE1 harbours an RB1 dele-
tion, explaining its resistance. On initial evaluation, our palbociclib
sensitive and intermediate cell line models showed similar genomic
features, including amplification of CCND1, often co-occurring
with inactivation of CDKN2A (figure 1C). To further assess predic-
tive biomarkers, we compared our pharmacological data with the
results of CRISPR screening data from these cell lines from the
Broad Institute Dependency Map effort. We found that palbociclib
sensitivity is correlated strongly with CCND1 and CDK6 but not
CDK4 dependency in OSCC (online supplemental figure S1B). A
more detailed assessment of genomic copy number and expression
of cell cycle regulators relative to palbociclib revealed correlation
with CCND1 copy number (online supplemental figure S1C), but
not with copy number of CDK4, CDK6, CDK2, CDKN2A or
RB (online supplemental figure S1C). We did not find significant
associations between expression of queried cell cycle factors with
palbociclib sensitivity except for CCNE1, where higher expression
correlates with resistance (online supplemental figure S1C). We also
observed a trend towards greater sensitivity with higher CCND1
expression levels, suggesting the degree of expression may impact
this dependency (online supplemental figure S1C).

We next evaluated signalling changes in cell line models with
palbociclib. As shown in figure 1D, we found that although 100 nM
and 200 nM palbociclib can attenuate phosphorylated retinoblas-
toma protein (pRB)RB and total retinoblastoma protein (RB), 500
nM palbociclib more potently blocks pRB and total RB. We further
queried the longer term efficacy of palbociclib monotherapy in SCC
lines in vitro. As opposed to the 96-hour studies demonstrated in
figure 1B, we evaluated growth here with 7-10 days treatment of
500 nM palbociclib (with media and drug replenished every 3 days)
(figure 1E, online supplemental figure S1D,E). Although there was
more stable attenuation of growth of the breast cancer models,
we observed substantial outgrowth in each intermediate sensitive
OSCC and four of seven sensitive models. We also evaluated an
intermediate sensitive cell line, KYSE140, following flank implan-
tation in mice into with 50 mg/kg palbociclib. We observed atten-
uated growth, but there was clear progression of the tumour with
palbociclib (figure 1F). While these data support a role for CDK4/6
inhibition in OSCC, they are consistent with our hypothesis that
development of combination therapy is critical.

ERBB family of kinases emerge as strong dependencies across
0SscC

We next asked if identifying essential genes/targets within OSCC
could enable combination strategies. We queried candidate
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Figure 1 CDK4/6 inhibitors as a putative target for oesophageal squamous cell carcinoma (0SCC). (A) Frequencies of cell-cycle gene alterations
(CDKN2A, CCND1, CDK4, CDK6, CCNET and RBT) in OSCC/HNSCC/LUSCC from The Cancer Genome Atlas. Deletion is depicted in blue and
amplification is depicted in red. (B) Palbociclib drug sensitivity half maximal inhibitory concentration (IC50) values (nm). Cell lines are coloured as
follows: grey: OR positive breast cancer; light red: palbociclib sensitive 0SCC; red: palbociclib intermediate sensitive 0SCC; dark red: palbociclib
resistant OSC line TE1 and gastric line GCIY; black: LUSCC line HARA and HNSCC line BICR6. (C) Annotations of cell-cycle gene alterations in cell
lines shown in figure 1B. (D) Inmunoblot analysis of genes involved in cell-cycle pathway in OSCC cell lines TE9, TE11 and KYSE180 cells treated with
palbociclib (100 nM, 200 nM and 500 nM), or with water control. Protein lysates were collected after drug treatment for 24 hours. Immunoblots from
one representative experiment (n=2) are shown. (E) Images showing crystal violet staining of cell lines listed in figure 1B, after 500 nM palbociclib
treatment for 7-10 days. Data from one representative experiment are presented (n=3). (F) Growth curve for KYSE140 xenograft tumours (n=6—10)
treated with palbociclib (50 mg/kg) by daily gavage. Data are mean+SEM, and p value was calculated by t-tests at 28 days. OR, oestrogen receptor.
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vulnerabilities using two large-scale cancer dependency datasets with
673 cancer cell lines with a genome-scale CRISPR-Cas9 library and
647 cell lines with RNAi screening.'” *® To enhance statistical power,
we pooled OSCC and HNSCC cell lines given the published simi-
larity of these cancer types across multiple genomic features.’ > We
queried genes selectively essential in OSCC and HNSCC compared
with other cancers. We found 234 genes that were consistently
preferential dependencies in OSCC plus HNSCC compared with
other non-squamous solid tumour independently across both func-
tional genomic datasets (figure 2A). Among these genes were two
members of the ERBB family of receptor tyrosine kinases: EGFR
and ERBB3.

To investigate these targets, we focused on the Achilles genome
wide CRISPR dataset given the greater size and the greater selec-
tivity of CRISPR reagents. We found that the squamous transcrip-
tion p63 was an outlier selective dependency in HNSCC and OSCCs
(figure 2B). Furthermore, we identified EGFR, ERBB2 and ERBB3
as preferentially dependencies compared with non-squamous solid
tumours (figure 2B). When we broadened our analysis to all SCCs,
we also observed EGFR, ERBB2 and ERBB3 were highly preferen-
tially dependencies in both SCCs compared with non-SCC (online
supplemental figure S2A). We evaluated the dependency profiles
of ERBBs in each SCC dataset and found ERBB3 dependence
to be enriched in each SCC type (figure 2C). ERBB2 and EGFR
showed the greatest overall dependence in HNSCC. We then used
the CRISPR data across SCC models to explore the relationship
between dependence on the different ERBB members. While we
observed only modest correlations of EGFR with either ERBB2 or
ERBB3, we found a strong (R=0.69, p<2.2e-16) correlation of
ERBB2 and ERBB3 dependence (figure 2D). We then evaluated for
correlates of ERBBs dependencies. As shown in online supplemental
figure S2B,C, for each of the three ERBBs, higher mRNA expression
is associated with greater dependence. None of the three receptors
had dependence that correlated with their copy number.

To investigate further the preferential dependence on ERBB
family members in SCCs, we first compared the mRNA expression
between SCC and non-SCC cell lines. EGFR expression is higher
in SCC compared with non-SCC (figure 2E). However, ERBB2
and ERBB3 expression are comparable (online supplemental figure
S2D). Wilson et al'’ previously demonstrated that elevated expres-
sion of the ligand NRG1 activates ERBB3 and promotes pan-ERBB
inhibitor afatinib sensitivity. Therefore, we evaluated NRG1 mRNA
expression, finding significantly higher levels in SCC (figure 2F).
Within SCC NRGT1 expression was modestly correlated (R=—-0.29,
p=0.0051) with ERBB3 dependency but not with ERBB2 depen-
dency (figure 2G).

We then queried two pharmacological screening screen datasets
for agents with greater efficacy in SCC and found a strong enrich-
ment of sensitivity to pan-ERBB inhibitors such as afatinib and lapa-
tinib in SCCs (figure 2H and online supplemental figure S2E-G),
consistent with functional genomic data. We next evaluated afatinib
in OSCC cell lines and found that over half showed sensitivity to
afatinib (figure 2I and online supplemental figure S2H). However,
the sensitivity to afatinib is not associated with sensitivity to palboci-
clib. To assess predictors of sensitivity, we compared pharmacolog-
ical data to CRISPR screening data. We found that afatinib sensitivity
is correlated with EGFR and ERBB3 but not ERBB2 dependency in
SCCs (online supplemental figure S2I). A more detailed assessment
of genomic copy number status and expression of ERBB members
relative to afatinib sensitivity revealed correlation with EGFR gene
expression across the cell lines but not with copy number levels or
gene expression levels of ERBB2 and ERBB3 (online supplemental
figure S2I). We next evaluated the target engagement of afatinib
in OSCC models and found that 20 nM afatinib can significantly

block activity of pERBBs as well as downstream signalling pathways
(figure 2J). We also evaluated a 7-10 day growth experiment and
observed outgrowth in the majority of models (figure 2K, online
supplemental figure $2J,K), arguing against pan-ERBB inhibitors as
monotherapy.

Pan ERBB and CDK4/6 pathway dual inhibition demonstrates
efficacy in 0SCC

We next addressed our overarching hypotheses, that targeting a
basal dependency, such as ERBB signalling, which act cooperatively
with CDK4/6 inhibitors. We tested this hypothesis using afatinib,
palbociclib and combination treatment in several OSCC models,
one HNSCC and one LUSCC, with two OR+ breast lines as
controls. We found that across SCC models with a range of sensi-
tivity to monotherapy against either agent that combination therapy
prolonged growth inhibition excepting models KYSE510 and TE1,
the latter with RB1 loss. By contrast, no enhanced growth inhibition
was observed in two OR+ breast lines (figure 3A, online supple-
mental figure S3A,B). We further tested more dose combinations
by crystal violet staining and performed a synergy analysis based on
the quantification of the signalling using Zero Interaction Potency
(ZIP) model.*® As shown in online supplemental figure S3C, we
found that in TE9, TE10 and TE11, the interaction between palbo-
ciclib and afatinib is likely to be synergistic (ZIP synergy score >10),
whereas the interaction in KYSE140, KYSE180 and KYSE410 is
likely to be additive (ZIP synergy score between —10 and 10). We
next performed biochemical studies to confirm target engagement,
finding that afatinib at 20 nM attenuated pERBB2, pEGFR and
p-ERBB3 and reduced activation of the MAPK and PI3-K pathways,
as measured by phosphorylation of AKT and ERK. While addition
of 500 nM of palbociclib did not markedly impact the activity of
PI3-K or MAPK markers, the addition of afatinib augmented the
effects of palbocilib on inhibition of pRb and total RB (figure 3B).
We also observed elevated protein levels of CDK4, CDK6 and cyclin
D1 with palbociclib, perhaps indicating why blockade of mitogenic
signalling enhances the ability of CDK4/6 therapy to block Rb
phosphorylation. Also, in contrast to our earlier studies of EGFR
inhibition in EGFR-amplified OSCC, we did not observe substan-
tial adaptive reactivation of the MAPK pathway with sustained
ERBB inhibition. The palbociclib and afatinib combination signifi-
cantly induces GO/G1 arrest compared with either monotherapy in
multiple SCC cell lines following both 24 and 48 hours of treatment
(figure 3C). The sole exception was the KYSE410 model in which
we did not observe a significant difference between the combination
and palbociclib therapy at the 24-hour timepoint. However, we did
not observe reproducible induction of apoptosis following combi-
nation therapy, suggesting that blockade of proliferation to be the
primary effect (online supplemental figure S3D).

To evaluate mechanisms of combination therapy, we performed
gene expression analysis in KYSE180 following 20 nM afatinib and
500 nM palbociclib either alone or in combination for 72 hours.
Gene Set Enrichment analysis (GSEA) identified that HALLMARK
E2F TARGETS are consistently downregulated in both single agent
and combination treatments (online supplemental figure S3E). In
line with figure 3B, our gene expression analysis also demonstrated
that the combination therapy resulted in stronger repression of the
RB-E2F target genes than either mono-drug treatment, consistent
with a role of cooperative cell cycle inhibition (figure 3D).

To further evaluate ERBBs and CDK4/6 blockade, we evaluated
the single agent or combination therapies in vivo in nude mice
harbouring xenografts of palbociclib sensitive cell line KYSE410
and palbociclib intermediate sensitive cell line TE11. Single agent
afatinib (5 mg/kg) or palbociclib (50 mg/kg) delayed tumour growth,
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Figure 2  ERBB family of kinases emerge as strong dependencies across OSCC. (A) Venn diagram showing the overlap of genes that are significantly
more essential in 0SCC and HNSCC cell lines than other non-squamous solid tumour cell lines from Broad Institute Achilles RNAi screen and

Broad Institute Achilles CRISPR screen datasets. (B) Broad Institute Achilles CRISPR screen data (DepMap 20q2 public) analysis showing selective
dependency genes in 0SCC and HNSCC versus non-squamous carcinoma cell lines, as illustrated in volcano plot. Each dot represents a gene, and the
effect size explains the mean difference of gene dependency score between the two groups. (C) The dependency score (CERES) of EGFR, ERBB2 and
ERBBS3 in different squamous cell carcinomas subtypes and non-squamous carcinoma cells. Wilcoxon test was performed to compare CERES values in
two groups. (D) Pearson correlation of EGFR, ERBB2 and ERBB3 gene dependency score in squamous cell carcinoma cell lines based on Broad Institute
Achilles CRISPR screen data (DepMap 20Q2 public). (E) mRNA expression of EGFR in squamous carcinoma cell lines and non-squamous carcinoma
cell lines based on Broad Institute Cancer Cell Line Encyclopedia data (DepMap 20Q2 public). Wilcoxon test was performed for two group comparison.
(F) mRNA expression of NRG1 in squamous carcinoma cell lines and non-squamous carcinoma cell lines based on Broad Institute Cancer Cell Line
Encyclopedia data (DepMap 20Q2 public). Wilcoxon test was performed for two group comparison. (G) Pearson correlation of NRG1 expression and
ERBB2 (left) or ERBB3 (right) gene dependency score in squamous cell carcinoma cell lines. (H) CTRP CTDZdrug sensitivity area under the curve (AUC)
data mining showing selective drug sensitivity in genes in squamous carcinoma cell lines and non-squamous carcinoma cell lines. Each dot represents
a drug, and the effect size explains the mean difference of drug sensitivity AUC between the two groups. (1) Afatinib drug sensitivity half maximal
inhibitory concentration (IC50) values (nM). Cell lines are colour coded as shown in figure 1B. (J) Immunoblot analysis of genes involved in ERBBs and
downstream pathway in TE9, TE11 and KYSE180 cells treated with afatinib (5 nM, 10 nM, 20 nM, 40 nM and 80 nM) or with DMSO control. Protein
lysates were collected after drug treatment for 24 hours. Immunoblots from one representative experiment (n=2) are shown. (K) Images showing
crystal violet staining of cell lines are listed in figure 21, after 20 nM afatinib treatment for 7-10 days. Data from one representative experiment are
presented (n=3). 0SCC, oesophageal squamous cell carcinoma.
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Figure 3 Pan ERBB and CDK4/6 pathway dual inhibition demonstrated efficacy in OSCC. (A) Images showing crystal violet staining of representative
squamous carcinoma cell lines on treatment with afatinib (20 nM), palbociclib (500 nM), the combination or with DMSO control for 7-10 days.

Data from one representative experiment are presented (n=2). (B) Immunoblot analysis of genes involved in ERBB signalling pathway and cell-cycle
pathway in TE9, TE11 and KYSE180 cells treated with afatinib (20 nM), palbociclib (500 nM), the combination or with DMSO control. Protein lysates
were collected after drug treatment for 24 hours, 48 hours and 72 hours. Immunoblots from one representative experiment (n=2) are shown. (C) The
frequency of GO/G1 cells of squamous carcinoma cell lines on treatment with afatinib (20 nM), palbociclib (500 nM), the combination or with DMSO
control for 24 hours (top) and 48 hours (bottom). Following treatment, the cells were harvested, stained with propidium iodide and assayed with
flow cytometry. Data are shown as mean+SD and NS, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 as calculated by the two-way analysis
of variance (ANOVA) test followed by post hoc test with Benjamini-Hochberg correction. (D) Heatmap showing the expression of common E2F target
genes in KYSE180 on treatment of DMSO, 20 nM afatinib, 500 nM palbocilib or combination. (E) Top: growth curve for KYS410 xenograft tumours
(n=6-10) treated with vehicle, afatinib (5 mg/kg), palbociclib (50 mg/kg) or the combination. Data are shown as mean+SEM and ****p<0.0001 as
calculated by the two-way ANOVA test followed by post hoc test with Benjamini-Hochberg correction on day 31. Bottom: waterfall plot showing the
tumour volume change (at day 31) relative to baseline volume (at day 1). Each bar represents one xenograft tumour. (F) Top: growth curve for TE11
xenograft tumours (n=6-10) treated with vehicle, afatinib (5 mg/kg), palbociclib (50 mg/kg) or the combination. Data are shown as mean+SEM and
**p<0.01, ***p<0.001 and ****p<0.0001 as calculated by the two-way ANOVA test followed by post hoc test with Benjamini-Hochberg correction
on day 31. Bottom: waterfall plot showing the tumour volume change (at day 31) relative to baseline volume (at day 1). Each bar represents one
xenograft tumour. NS, not significant; 0SCC, oesophageal squamous cell carcinoma.
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but progression still occurred. Only combination showed consistent
reduction in tumour volume (figure 3D-E). Further analysis by two-
way analysis of variance analysis showed there is a significant inter-
action between afatinib treatment and palbociclib treatment in vivo.

KLF5 facilitates ERBB activation and promotes ERBB
dependency

We next evaluated the aetiology of dependence on distinct ERBBs
within SCC, especially the selective importance of ERBB3 within
SCCs. A previous study?! revealed that squamous lineage transcrip-
tion factors TP63 and SOX2 regulate EGFR expression by binding
to the super-enhancers of EGFR, thereby promoting expression.
We hypothesised that not only EGFR but perhaps also ERBB2 and
ERBB3 may be regulated by a squamous transcription factor. We
therefore evaluated ERBB2 and ERBB3 dependence relative to the
expression of TP63 and SOX2 and KLF3, the latter recently identi-
fied to act as part of a complex with the other squamous factors.”
We first performed an unbiased analysis of genes whose expression
level predicts ERBB gene dependencies in 89 SCC and 367 non-
SCC cell lines. Interestingly, we observed that among the three squa-
mous transcription factors, KLFS expression is more correlated with
ERBB3 gene dependency in SCC (R=—-0.34, p=0.0012) than in
non-SCC (R=0.024, p=0.65). We also found a correlation between
KLFS5 gene expression and ERBB2 gene dependency (R=-0.39,
p=0.00017) in SCC and, to a less extent, in non-SCC models
(R=-0.18, p=0.00063). KLF5 expression was correlated with
EGFR gene dependency in both SCC (R=-0.36, p=0.00055) and
non-SCC (R=-0.36, p=1e-12) (figure 4A, online supplemental
figure S4A). In addition, KLF5 gene expression was also shown
to strongly correlates with ERBB3 but not ERBB2 mRNA expres-
sion in SCC lines, further suggesting that KLF5 may be selectively
important in ERBB3 regulation (online supplemental figure S4B). To
further identify the gene dependency between squamous transcrip-
tion factors and ERBBs, we confirmed that TP63 and EGFR were
codependent in SCC (online supplemental figure S4C). However,
no significant correlation was observed with TP63 and ERBB2/3
dependency or with SOX2 and EGFR/ERBB2/ERBB3 dependency.
Intriguingly, KLES was modestly codependent with EGFR, ERBB2
and ERBB3 in SCC (online supplemental figure S4C).

To further evaluate the function of KLF5 in ERBB regulation,
we performed H3K27ac ChlP-seq (figure 4B) and KLFS ChIP-seq
(figure 4C) in order to identify active enhancers and sites of KLES
binding in OSCC models with KLF5 and ERBB3 codependency
(TE11 and KYSE180). We identified multiple KLF5 binding sites
with transcriptional regulatory activity, as defined by H3K27AC
signal at the EGFR, ERBB2 and ERBB3 loci, suggesting KLF5
directly promotes ERBB activation (figure 4B,C). Furthermore,
silencing KLF5 attenuated p-EGFR, p-ERBB2 and p-ERBB3
protein expression (figure 4D) and EGFR, ERBB2 and ERBB3 total
mRNA expression (figure 4E), as well as reduced cell proliferation
(figure 4F). We also found silencing KLFS5 can significantly add to the
antiproliferative effect of palbociclib in OSCC cell lines (figure 4F).
These data support KLF5-mediated regulation of ERBBs function
in OSCC, nominating KLF5 expression as a candidate biomarker to
guide the use of these agents in conjunction with markers that guide
the use of CDK4/6 inhibitors (eg, CCND1 amplification and lack of
RB1 inactivation).

DISCUSSION

Despite our understanding of genomic features of SCCs, we lack
effective targeted therapy. While genomic data point to the poten-
tial to introduce CDK4/6 inhibition, single agent therapy lacks effi-
cacy, suggesting that combination therapy will be critical. Here, we

demonstrate the potential for CDK4/6 inhibitors with ERBB family
inhibitors as a combination strategy in SCCs based on data from
unbiased RNAi and CRISPR genome-wide loss-of-function screens
and pharmacological profiling.

We and others have observed efficacy with CDK4/6 inhibition in
SCCs preclinical models,'? especially with short-term in vitro prolif-
eration assays. However, translation has been limited, especially in
OSCC. A phase II clinical trial demonstrated limited single-agent
activity of palbociclib in five OSCC patients with intact nuclear RB
expression, with median PFS of 1.8 months and median overall
survival (OS) of 3 months (NCT:01037790)."" Similar results
were also observed in another phase II trial (NCT02154490) in
lung SCC.* Trials to evaluate these drugs in HNSCC are in prog-
ress (NCT03088059).** Other than retention of Rb1 expression,
clear biomarkers of response to palbociclib treatment have yet to
be identified, and neither amplification of CCND1 or loss of p16
were definitively linked to response in breast cancer.” *® One paper
predicted CDKN2a or 2B loss as a potential biomarker for CDK4/6
inhibitor sensitivity.”” Our data suggested a possible correlation of
CCND1 amplification and palbociclib sensitivity. However, despite
these correlations, our results in vivo and longer term in vitro growth
caution against the potential of monotherapy. We also observed
a decrease expression of total RB after palbociclib treatment in
our OSCC cell lines in both dose-dependent and time-dependent
manner. These results mirror results in other studies."”” The mecha-
nism of CDK4/6-induced modulation of Rb protein levels requires
further investigation.

Cancer cells harbour specific features that render them vulner-
able to particular agents. Especially, when these targets promote the
cell cycle, blockade may augment efficacy of CDK4/6 therapy. For
example, in OR-positive breast cancer, OR blockade inhibits activa-
tion of CCND1. Preclinical studies and clinical trials have confirmed
that addition of CDK4/6 inhibition to endocrine therapy in OR+/
HER2— breast cancer has marked efficacy.” ** Mechanistically,
CDK4/6 inhibitors have been most effective when used with agents
that promote growth arrest or cell death.”” Here, we took advantage
of the power of large-scale cancer profiling efforts and advanced
clinical sequencing technologies to uncover SCC vulnerabilities and
biomarkers. We identified ERBB family members, EGFR, ERBB2
and ERBB3 as preferentially dependencies and ERBB family kinase
inhibitors as having efficacy across SCC models. ERBB family
members directly activate MAPK and PI3K pathways, thus feeding
directly into the downstream cyclin D1/CDK4/6 axis, making phar-
macological blockade of this axis an attractive therapeutic strategy
to complement cell cycle therapy in OSCC.

Anti-EGFR antibodies such as cetuximab and panitumumab
have been evaluated in OSCC, either in combination with radio-
therapy or chemotherapy. So far, most studies demonstrated non-
additional benefit of EGFR antibodies in non-selected OSCC,
and no biomarkers were reported to predict tumour response to
EGFR antibodies (SCOPE1,*° *! RTOG0436,>> EORTC power
trial),” except the only phase II study reported a modest increase
in response rate with cetuximab.>* Signs of efficacy of cetuximab in
EGFR amplified positive lung SCC are encouraging® and this drug
has been approved in advanced HNSCC.*® %7 Apart from targeting
EGFR, cetuximab also stimulates antibody-dependent cellular cyto-
toxicity. The extent to which these antibodies blocking downstream
signalling pathway relative to enzymatic tyrosine kinase inhibitors
(TKIs) is not clear. For EGFR TKIs, four small clinical phase III
trials reported the objective response rate in unselected patients
with advanced OSCC of 2.8%-16.7%.***! Since our data revealed
a broader dependency on the ERBB family in SCC, pan-ERBB
inhibitors may have greater efficacy. One phase II study of afatinib
(NCT02353936) demonstrated modest efficacy with manageable
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Figure 4  KLF5 facilitated ERBBs activation and promoted ERBBs dependency. (A) Modified hockey-stick plot representing the rank of Pearson
correlation coefficient difference between EGFR (left), ERBB2 (middle), ERBB3 (right) gene dependencies and gene expression in squamous
carcinoma cell lines (n=89) and non-squamous carcinoma cell lines (n=367). Pearson correlation was performed between target gene dependency
score and gene expression. Correlation coefficient difference was calculated by subtracting Pearson R of squamous carcinoma group from Pearson

R of non-squamous carcinoma group. Bigger value represents that a gene whose expression level correlates with gene dependency more strongly

in squamous cell carcinoma than non-squamous cell carcinoma. Smaller value represents that a gene whose expression level correlates with gene
dependency more strongly in non-squamous cell carcinoma than squamous cell carcinoma. (B) Representative H3K27ac ChIP-Seq tracks showing
enhancer elements at EGFR, ERBB2 and ERBB3 locus in OSCC cell lines TE11 and KYSE410. (C) Representative KLF5 ChIP-Seq tracks showing KLF5
binding sites at EGFR, ERBB2 and ERBB3 locus in OSCC cell lines TE11 and KYSE410. (D) Inmunoblot analysis of protein levels of phospho-EGFR,
total-EGFR, phospho-ERBB2, total-ERBB2, phospho-ERBB3, total-ERBB3 and KLF5 in OSCC cell line TE11 on shRNA-mediated KLF5 knockdown.
Immunoblots from one representative experiment (n=2) are shown. (E) mRNA expression of EGFR, ERBB2 and ERBB3 in OSCC cell lines TE9, TE11
and KYSE180 on shRNA-mediated KLF5 knockdown. Data are presented as mean=SD of three technical replicates per group. *P<0.05, **p<0.01,
***p<0.001 and ****p<0.0001 as calculated by the one-way analysis of variance followed by post hoc test with Benjamini-Hochberg correction.
NS indicates non-significant. (F) Cell viability of OSCC cell lines TE9, TE11 and KYSE180 was assessed by ATP bioluminescence 5 days after control or
KLF5 knockdown with shRNA with/without palbociclib (500 nM) treatment. Two independent biological replicates were performed for each cell line.
ATP bioluminescence values were normalised to the value of day 0 and shNT. Data are shown as mean+SD and *p<0.05, **p<0.01, ***p<0.001 and
****n<0.0001 as calculated by the two-way analysis of variance followed by post hoc test with Benjamini-Hochberg correction. NS, not significant;
0SCC, oesophageal squamous cell carcinoma.
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toxicity in platinum-resistant OSCC. Afatinib was also reported to
improve PFS versus methotrexate (2.6 vs 1.7 months) in HNSCC
and is FDA approved*” ® in HNSCC and lung SCC following
progression on platinum-based chemotherapy. Biomarker studies
showed that EGFR gene copy number aberrations (polysomy or
amplification) and overexpression might potentially be used in
predicting the efficacy in patients treated with EGFR TKIs.**** Our
study also found a positive correlation between afatinib response
in OSCC and EGFR/ERBB3 dependency as well as ERBB mRNA
expression.

Clinical trials are currently testing combination treatment with
EGFR and CDK4/6 inhibitor in HNSCC. Phase VI clinical trials
have demonstrated that ribociclib® or palbociclib*® in combi-
nation with cetuximab is safe (NCT02429089) and resulted in a
robust tumour response rate and prolongation of PFS and OS
(NCT02101034).*” However, another randomised phase II trial
failed to demonstrate a statistically significant benefit in PFS and
OS of the palbociclib/cetuximab combination over cetuximab alone
in unselected patients with human papillomavirus (HPV)-negative
HNSCC (NCT02499120) (JCO 2019, 37:15 suppl 6013). These
two phase II trials underscored the potential clinical value of
biomarkers to select patients most likely to benefit NCT02101034;
NCT02499120). In addition, single-agent antibodies may not be
sufficient to block ERBB2-mediated activation of cell cycle signal-
ling. Pan-ERBB inhibitor lapatinib has recently been shown to syner-
gise with CDK inhibition in HER2-associated malignancies.*® Until
now, only one case was reported in an advanced lung SCC patient
with EGFRL861Q and CDK4 amplification responding to afatinib
combined with palbociclib treatment.** Our in vivo experiments
showed a significant interaction between afatinib and palbociclib
treatment. Mechanistically, our gene expression analysis suggested
that the degree of repression of the cell cycle/E2F pathway is greater
with the combination than monotherapy. As such, the success of this
combination may be best attributed to the cooperative effects on the
same pathway leading to more substantial blockade. As such, this
combination shows analogy to combinations such as those targeting
BRAF and MEK in melanoma and colorectal cancer in order to
enhance effective blockade of a single cellular pathway.****

One potential challenge with combination therapy is the toler-
ability of regimens, particular with similar classes of TKIs. For
examples, the combination of dabrafenib with trametinib in mela-
noma had an increased incidence of adverse events compared with
dabrafenib plus placebo.’* Similarly, a recent study investigating
combined BRAF, EGFR and MEK inhibition in BRAFY****-mutant
colorectal cancer observed greater adverse events with triplet treat-
ment group than doublet group, necessitating dose reductions and
interruptions/delays.’® The most commonly reported adverse events
(AEs) with ERBB TKIs are GI and dermatological in nature and
include diarrhoea, skin rash, mucosal inflammation (eg, stomatitis
and mucositis) and paronychia.*® In contrast, the most common
AEs of palbociclib includes neutropenia, leucopenia, anaemia and
fatigue.”® Evaluation of the tolerability of these combinations will
need to be evaluated prospectively.

The data supporting dependence on multiple ERBBs across the
SCC lineage raised the potential question of lineage-specific tran-
scriptional regulators that may promote ERBB activation. Previous
studies reported that squamous lineage factors TP63 and SOX2
promote SCC progression in part by binding to the super-enhancers
of EGFR.?"** W identified a function relationship between KLFS,
recently established to act as part of a core regulatory circuit that
controls epigenetic and transcription patterns in OSCC,** and ERBBs
in OSCC and other SCCs. We found that KLF5 localises to several
loci at EGFR, ERBB2 and ERBB3 with evince of H3K27ac signal-
ling in several OSCC cancer models. Coupled to our experimental

data with KLF5 targeting, these data suggest that KLFS expression
could help identify patients where pan-ERBB therapy could act as
part of an effective combination

In summary, our study provides compelling evidence that
combination treatment with ERBB and CDK4/6 in squamous
cell cancer may benefit OSCC. KLF5 could be considered as a
potential biomarker to predict the sensitivity to ERBBs inhibitors.
We encourage clinical investigation of combination treatment in
oesophageal and other SCCs.
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Discovery and Development dataset (CTD2- https://ocg.cancer.gov/ programs/ctd2/
data- portal), and PRISM repurposing screen 20Q2 release (PRISM). Those datasets
can be accessed from Broad Institute DepMap web portal (https://depmap.org/
portal/download/).
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