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Abstract
Genetic alterations in the fibroblast growth factor receptors (FGFRs) have been described
in multiple solid tumours including bladder cancer, head and neck and lung squamous cell
carcinoma (SqCC). However, recent clinical trials showed limited efficacy of FGFRtargeted therapy in lung SqCC, suggesting combination therapy may be necessary to
improve patient outcomes. Here we demonstrate that FGFR therapy primes SqCC for cell
death by increasing the expression of the pro-apoptotic protein BIM. We therefore
hypothesized that combining BH3-mimetics, potent inhibitors of pro-survival proteins,
with FGFR-targeted therapy may enhance the killing of SqCC cells. Using patient-derived
xenografts and specific inhibitors of BCL-2, BCL-XL and MCL-1, we identified a greater
reliance of lung SqCC cells on BCL-XL and MCL-1 compared to BCL-2 for survival.
However, neither BCL-XL nor MCL-1 inhibitors alone provided a survival benefit in
combination FGFR therapy in vivo. Only triple BCL-XL, MCL-1 and FGFR inhibition
resulted in tumour volume regression and prolonged survival in vivo, demonstrating the
ability of BCL-XL and MCL-1 proteins to compensate for each other in lung SqCC. Our
work therefore provides a rationale for the inhibition of MCL-1, BCL-XL and FGFR1 to
maximize therapeutic response in FGFR1-expressing lung SqCC.
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Introduction
Lung cancer is the leading cause of cancer death worldwide with a five-year survival rate
of 16%1. Non-small cell lung cancer (NSCLC) accounts for 85% cases and can be further
divided into adenocarcinoma (ADC) and squamous cell carcinoma (SqCC). Cancer
sequencing efforts have led to the successful development of targeted therapies for
molecularly selected lung ADC, but no such targeted therapies are currently approved for
SqCC. Fibroblast growth factor receptor 1 (FGFR1) gene amplification is detected in 20%
of lung SqCC2. This observation generated a great interest in evaluating the role of FGFR1
as a driver oncogene and a possible therapeutic target. Disappointingly, results from a
recent clinical study show moderate efficacy3, indicating that better biomarkers may be
necessary to select drug-sensitive patients, and that combination therapy may be required
to improve patients’ survival outcomes4. We and others have recently shown that high
levels of FGFR1 RNA expression better predict response to FGFR tyrosine kinase
inhibitors compared to FGFR1 gene amplification1,3,5. However, we reported cytostatic
activity occurred after single agent FGFR inhibition and limited cytotoxic effects were
observed. Hence, we sought to evaluate whether combination therapy with potent inducers
of apoptosis such as BH3-mimetics may increase tumour cell death.

Apoptosis can occur through two main pathways, the cell extrinsic pathway and the cell
intrinsic pathway, which can be targeted by small molecule inhibitors to accelerate cellular
apoptosis6. The intrinsic pathway involves BH3-only proteins BID, BAD, BIM, BMF,
PUMA and NOXA, which have pro-apoptotic activity that can activate BAX and BAK.
Once activated, BAX and BAK form pores in the mitochondria, resulting in cytochrome C
release and apoptosis. Anti-apoptotic proteins include BCL-2, BCL-XL, BCL-W, A1/Bfl1
and MCL-1, which bind to BH3-only proteins as well as BAX/BAK and prevent cell death
activation6. The fine balance of pro-survival and pro-apoptotic molecules determines if
apoptosis can occur7. Interestingly, when the expression of both pro-survival and proapoptotic proteins are increased simultaneously, the cells are ‘primed’, or more susceptible,
to cell death stimuli4,8,9. A number of BH3-mimetics have been designed to induce cell
death, with the more recent synthesis of compounds that have selective activity against

4

each individual pro-survival protein of the BCL-2 family. ABT737 was one of the first
BH3-mimetics described and neutralises BCL-2, BCL-XL and BCL-W10, but the
development of ABT199, also known as venetoclax, that targets BCL-2 only11, A1331852,
a selective inhibitor of BCL-XL12 and S63845, an inhibitor of MCL-113 has enabled the
specific targeting of molecules that drive cancer cell survival and induce cancer cell
apoptosis. Recently, venetoclax has been granted approval for the treatment of certain
hematological malignancies, highlighting the efficacy of this strategy for cancer control14.
Given the cytostatic action of FGFR inhibitors in FGFR1-expressing lung SqCC, the
combination of FGFR inhibitors and BH3 mimetics to effectively cause cancer cell death
holds a great degree of promise15.

Determining the integral pro-survival factors in FGFR1-altered lung cancer is necessary to
design rational combination therapies. Both MCL1 and BCL2L1, that encodes for BCLXL, are amplified in lung cancer6,16,17. The efficacy of BCL-2/BCL-XL/BCL-W inhibition
using ABT737 or ABT263 as a single agent or in combination with targeted therapies has
been explored in preclinical and clinical trials in treating small cell lung cancer 7,18-20, yet
studies in NSCLC remain limited. The combination of EGFR and ABT737 has shown
efficacy in EGFR-mutant lung ADC21, and also demonstrated efficacy in tumours with
acquired EGFR inhibitor resistance22. A recent study identified a greater dependency on
BCL-XL for survival compared to BCL-2 of both ADC and SqCC cell lines and
demonstrated efficacious treatment of lung SqCC with single agent ABT737 therapy23.
However, there is a need to assess the efficacy of BH3 mimetics in more clinically relevant
models of lung SqCC, such as patient-derived organoids or xenografts (PDXs). In addition,
further exploration of the downstream effects of FGFR inhibition on the intrinsic apoptotic
pathway in such models will help to clarify which BH3 mimetic may be the most effective
partner in FGFR combination therapy.

In this study, using our molecularly characterised PDX models of FGFR1-expressing lung
SqCC24 and cell lines, we identified upregulation of pro-apoptotic BIM after cytostatic
FGFR inhibition. Using specific inhibitors of BCL-2 family proteins, we show that lung
SqCC cells depended on BCL-XL or MCL-1 for survival in vitro, rather than BCL-2.
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However, combination of BCL-XL and FGFR inhibition or MCL-1 and FGFR inhibition
only resulted in modest survival outcomes in vivo, despite providing a short-term increase
in tumour cell death. We hypothesized that MCL-1 may compensate for the blocking of
BCL-XL during BCL-XL inhibition and vice versa. Consistently, triple BCL-XL, MCL-1
and FGFR therapy abrogated cell survival in every model tested and genetic knock-down
of BCL-XL expression combined with FGFR and MCL-1 inhibition resulted in tumour
regression and prolonged animal survival in vivo. Our work provides a rationale for further
research into the delivery of BCL-XL and MCL-1 inhibitors to FGFR1-expressing lung
SqCC.

Results

FGFR inhibition in lung SqCC does not induce apoptosis and alters the expression of
BCL-2 family proteins
Using the FGFR1+++ lung SqCC cell line H1581, previously shown to be sensitive to FGFR
inhibition2,25, we found that treatment with BGJ39826, a pan-FGFR inhibitor (FGFRi),
induced a significant delay in tumour growth and prolonged animal survival in vivo (Figure
1a). Although tumour cell proliferation was reduced with FGFR inhibition, no significant
increase in apoptotic tumour cells was observed (Figure 1b), suggesting a cytostatic action
of FGFR inhibition in lung SqCC as previously reported using PDX models24. Tyrosine
kinase inhibitors have been shown to alter the expression of pro-survival and pro-apoptotic
proteins of the BCL2 family in cancer cell lines, increasing their sensitivity to BH3
mimetics21. Consistently, treatment with BGJ398 increased the expression of the proapoptotic protein BIM in H1581, but not in H520, a FGFRi-resistant FGFR1amp lung
squamous cell carcinoma cell line (Figure 1c and d). In SqCC PDXs, long-term treatment
with FGFRi revealed an upregulation of BCL-2, BCL-XL and BIM in the inhibitorsensitive PDX 926 (Figure 1e), although another FGFRi-sensitive PDX (PDX 788) did not
show such strong upregulation (Supplementary Figure 1a). No change in the expression of
the BCL2-family proteins was observed in the FGFRi-resistant PDX 792 (Figure 1e).
Overall, these data suggest treatment with FGFRi reduces cell proliferation and may prime
lung SqCC cells for cell death, indicating that combining BCL-2, BCL-XL or MCL-1
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inhibitors with FGFR targeted therapy may maximize tumour cell apoptosis, as well as
abrogating cell proliferation.

Expression levels of BCL-2 family proteins in patient-derived xenografts are
representative of lung SqCC
Using our SqCC PDXs, we aimed to determine whether BH3 mimetic and BGJ398
combination treatment could increase tumour cell death in addition to halting cell
proliferation. We first assessed BCL-2 family protein expression levels in four PDXs with
differing sensitivity to FGFRi. Western blot analysis showed that baseline expression
levels of BCL-2 family members varied between tumours (Figure 2a). While BIM was
expressed in all PDXs, PDX 926 expressed high levels of BCL-2 and PDXs 792 and 406
expressed greater amounts of BCL-XL. PDXs 788 and 406 expressed the highest levels of
MCL-1 (Figure 2a). Protein expression levels did not coincide with gene amplifications,
deletions or mutations in any PDXs (Supplementary Figure 2, Table S1). These results are
consistent with data from The Cancer Genome Atlas17,27 in which the pro-apoptotic protein
BIM is found upregulated in both ADC and SqCC compared with normal tissue
(Supplementary Figure 3a), whereas a range of expression levels of the pro-survival
molecules is observed. In this large cohort of samples, only 5% of FGFR1-amplified SqCC
also carried an amplification of BCL2L1 or MCL1 (Supplementary Figure 3b). We did not
observe any association between anti-apoptotic BCL-2, BCL-XL or MCL-1 RNA
expression levels and lung SqCC patient survival (Supplementary Figure 3c). These results
indicate that expression of BCL2 family proteins in our PDX panel is representative of that
observed in the larger cohort of lung SqCC from TCGA data. Expression of pro-survival
proteins in our PDXs therefore presents an opportunity for targeting them with BH3
mimetics.

Inhibition of BCL-XL or MCL-1 reduces cell viability in lung SqCC in vitro
We subjected all PDXs and cell lines to treatment with ABT737, a dual BCL-2/BCL-XL
inhibitor10; ABT199, a BCL-2 specific compound11; A1331852, a BCL-XL specific
inhibitor12; or S63845, a MCL-1 specific inhibitor13. In this short-term in vitro culture,
PDX cells proliferate minimally, explaining the modest effect of BGJ398, an inhibitor of
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cell proliferation, yet in vivo studies have further confirmed the sensitivity of these PDXs
to FGFR inhibition24. We observed variation in the response of PDXs to the different
inhibitors. PDX 406 and the H520 cell line showed limited or no sensitivity to the BH3
mimetics as single agents or in combination with BGJ398 (Figure 2b and c). Dual inhibition
of BCL-2 and BCL-XL by ABT737 had a remarkable effect on PDXs 792 and 926 in vitro,
possibly due to the low level of MCL-1 in these models (Figure 2b). Treatment with the
BCL-2 specific inhibitor ABT199 had a reduced efficacy compared with the dual BCL2/BCL-XL inhibitor in all PDXs, suggesting that BCL-XL was the molecular culprit behind
the activity of the dual inhibitor. Indeed, treatment of PDXs with the BCL-XL specific
compound A1331852 revealed the potency of the drug paralleled that of the dual inhibitor,
where combination with BGJ398 decreased cell viability in FGFRi-sensitive PDXs 788
and 926 (Figure 2b). All PDXs tested were sensitive to MCL-1 inhibition and response was
enhanced in the presence of BGJ398. Treatment of FGFR1-expressing cell lines with
ABT199, A1331852 and S63845 revealed H1581 was only responsive to MCL-1
inhibition, and this was increased when combined with FGFR therapy (Figure 2c,
Supplementary Figure 4a). MCL-1, BCL-2 or BCL-XL protein expression levels could not
be correlated with sensitivity to the different BH3 mimetics in the PDXs and cell lines,
similar to haematological cancers14. Expression levels of the pro-survival proteins of the
BCL-2 family remained constant after short-term treatment with BH3 mimetics and
BGJ398 (Supplementary Figure 4b and c). Collectively, these data establish that SqCC
have a greater reliance on BCL-XL and MCL-1 than BCL-2 for survival, and dual
inhibition of BCL-XL and FGFR, or MCL-1 and FGFR in FGFRi-sensitive tumours
reduces cell viability in vitro.

Inhibiting BCL-XL or MCL-1 in vivo results in a modest survival benefit in lung
SqCC
We then assessed the effect of A1331852 or S63845 therapy with BGJ398 in four-arm
combination studies in vivo. Single agent MCL-1 inhibition or combination FGFR and
MCL-1 targeted-therapy revealed no significant survival benefit of either treatment in PDX
788 in vivo (Figure 3a), the PDX that expresses high levels of MCL-1 and showed most
sensitivity to the combination in vitro (Figure 2b). We then treated FGFRi-sensitive PDXs
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788 and 926, which express similar levels of BCL-XL (Figure 2a), with A1331852 and
BGJ398. A modest survival benefit of combination therapy was observed in PDX 788, due
to a reduction in tumour cell proliferation driven by BGJ398 treatment, and an
enhancement of apoptosis by A1331852 therapy (Figure 3b and c). There was no survival
benefit of combination therapy in PDX 926, likely due to limited tumour cell apoptosis
with combination treatment (Supplementary Figure 5a and b). We hypothesized that high
levels of BCL-2 expression, and upregulation of BCL-2 with BGJ398 treatment, in this
PDX (Figure 1d, 2a) may allow tumour cells to escape apoptosis driven by BCL-XL
inhibition. However, treatment with the dual BCL-2/BCL-XL inhibitor ABT737 in vivo
did not result in a survival benefit as single agent or in combination with BGJ398
(Supplementary Figure 5c). To assess whether BCL-XL inhibition could improve survival
in lung SqCC that are not sensitive to FGFR inhibition, we evaluated the effect of
A1331852 with standard chemotherapy in PDX 792, a PDX sensitive to its inhibition in
vitro (Figure 2b). Combination of A1331852 with platinum-based chemotherapy did not
result in increased efficacy in vivo compared with single agents (Supplementary Figure
5d). Overall, these results demonstrate that BCL-XL or MCL-1 inhibitors do not robustly
prolong survival outcomes in SqCC as single agents or when combined with targeted or
cytotoxic therapies.

Dual inhibition of MCL-1 and BCL-XL abrogates cell survival by inhibiting
compensatory BIM association
Although we identified a dependency of lung SqCC on MCL-1 and BCL-XL for survival
in vitro, in vivo treatment with BCL-XL or MCL-1 inhibitors as single agents or in
combination with targeted or cytotoxic therapies revealed limited efficacy. We therefore
hypothesized that a compensatory mechanism may exist between BCL-XL and MCL-1
during treatment of lung SqCC with BH3 mimetics. Accordingly, co-immunoprecipitation
experiments showed a displacement of BIM to MCL-1 when BCL-XL was inhibited
(Figure 4a), thus blocking efficacy of A1331852-driven apoptosis. To block the
compensatory effect of each pro-survival protein, we assessed the effect of combining BH3
mimetics in vitro. A striking reduction in cell viability with dual BCL-XL and MCL-1
inhibition was observed in cell lines and PDXs (p<0.001, treated vs DMSO) compared with
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combination BCL-2 and BCL-XL or BCL-2 and MCL-1 inhibition (Figure 4b,
Supplementary Figure 6a). BLISS assays28 further demonstrated a strong synergy between
S63845 and A133852 in H520 and H1581 cell lines (Figure 4c), that was not observed with
the other BH3 mimetic combinations (Supplementary figure 6b and c). We therefore
concluded that inhibition of BCL-XL and MCL-1 is required to prevent compensation
between the two molecules in order for SqCC cell death to occur.

BCL-XL and MCL-1 are synthetic lethal in lung SqCC
We next interrogated if the striking reduction in cell viability with dual A1331852 and
S63845 treatment was due to bona fide synthetic lethality between BCL-XL and MCL-1
or off-target toxicities. Analysis of caspase activation showed cleavage of the intrinsic
apoptosis-specific caspase-9 after treatment with combination A1331852 and S63845,
demonstrating that the inhibitors exert their activity through activation of the intrinsic
apoptotic pathway (Figure 5a). Furthermore, loss of BAX and BAK in mouse embryonic
fibroblasts (MEFs) blocked the cell death induced by A1331852/S63845 combination
therapy, indicating that the compounds exert on-target activity through induction of
apoptosis (Figure 5b). Genetic depletion of BCL-XL with two different doxycyclineinducible CRISPR sgRNAs in H1581-Cas9-expressing cells (Figure 5c) and subsequent
treatment of cells with doxycycline/S63845 showed strong synergy (Figure 5d), mimicking
the effect of combining A1331852 and S63845 in lung SqCC. This result establishes the
dramatic effect of dual BCL-XL/MCL-1 inhibition is not due to off-target toxicities. We
therefore concluded that BCL-XL and MCL-1 are synthetic lethal in lung SqCC.

Triple inhibition of FGFR, BCL-XL and MCL-1 causes tumour regression
We then assessed if inhibition of FGFR, as well as BCL-XL and MCL-1 could further
enhance cell death in lung SqCC. Addition of BGJ398 and A1331852 to H1581 and H520
treated with S63845 showed synergistic decreases in cell viability (Figure 6a).
Interestingly, in both cell lines, treatment with S63845 induced stabilization of MCL-1
expression, as described previously13 (Figure 6b). We noticed that this stabilization was
reversed in the presence of A1331852 or BGJ398 and that, treatment with the three agents
A1331852, S63845 and BGJ398 further reduced the levels of MCL-1 expression in FGFRi-

10

sensitive H1581 cell line (Figure 6b), prompting us to evaluate whether blocking BCL-XL,
MCL-1 and FGFR would increase cell death and block tumour growth in vivo. However,
combination treatment with BCL-XL and MCL-1 inhibitors at therapeutic doses in vivo
resulted in acute liver toxicity. This observation is consistent with previous results showing
that deletion of MCL-1 in the liver induced hepatotoxicity29 and that loss of one allele of
BCL-XL and one allele of MCL-1 in the mouse liver was sufficient to induce hepatocyte
apoptosis30. We therefore used our genetically engineered CRISPR/Cas9 H1581 cell line
in which doxycycline induces knock-down of BCL-XL expression in the tumour cells in
vitro (Figure 5c) and in vivo (Supplementary Figure 6d). Single agent BCL-XL inhibition
by doxycycline or MCL-1 inhibition by S63845 showed limited survival benefit compared
with vehicle, whilst the dual combination of BCL-XL and MCL-1 inhibition significantly
slowed tumour growth (Figure 6c). BGJ398 treatment improved animal survival, and
combination BGJ398 and BCL-XL inhibition or BGJ398 and MCL-1 inhibition provided
a modest survival benefit compared with BGJ398 alone, as reported in our PDX models
(Figure 6c, Figure 3a and b). Excitingly, triple combination inhibiting BCL-XL, MCL-1
and FGFRs resulted in tumour regression and complete response to treatment, as assessed
by RECIST analysis31 (Figure 6c and d). After the end of treatment (38 days), tumours
grew rapidly in all mice except for those in the triple combination treatment group,
resulting in a mean survival of 59 days compared with BGJ398 alone (42 days), or dual
combination

(47

days

for

both

BGJ398/S63845

combination

group

and

BGJ398/doxycycline group, Figure 6c). Altogether these data suggest dual BCL-XL and
MCL-1 inhibition is necessary to prevent redundancy between the two molecules and
induce tumour cell death, with FGFR inhibition further priming cells to respond to this dual
combination and ultimately resulting in tumour regression.

Discussion
The development of efficient cancer treatment relies on the inhibition of multiple pathways
intrinsic to tumour cells such as proliferation and avoidance of apoptosis, and microenvironmental factors that promote immune evasion and angiogenesis 32. Here we show
that the FGFR tyrosine kinase inhibitor BGJ398, a cytostatic compound24, primes cells for
apoptosis in patient-derived xenograft models of lung SqCC. We identified a greater
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reliance of lung SqCC cells on BCL-XL and MCL-1 than BCL-2 for survival, yet
compensatory feedback between BCL-XL and MCL-1 prevents efficacy of in vivo
combination FGFR and BCL-XL or FGFR and MCL-1 targeted treatment. Our results
indicate that combining FGFR tyrosine kinase inhibitors with inhibitors of both BCL-XL
and MCL-1 is required to kill a significant proportion of tumour cells and prevent tumour
growth in FGFR1-expressing lung SqCC.
Amplifications of MCL1 and BCL2L1 occur in 7% and 8% of lung SqCC16,17, however
gene amplification may not be a predictor of response to BH3 mimetics. Indeed, the lung
SqCC cell line H520 harbours an amplification of BCL2L116 but did not respond to the
BCL-XL inhibitor A-133852. In our molecularly annotated PDXs, we did not detect any
amplification in the genes of the BCL2 family and no correlation was found between
protein expression levels of BCL-2 family members and response to therapy. SCLC is
reported to have the highest expression of BCL-2 family members of all lung cancers and
little efficacy is seen in using BH3 mimetic single agent therapy33. Similarly, in chronic
lymphocytic leukemia and in breast cancer, genetic alteration in BCL2 or protein
expression did not predict response to BCL-2 inhibitors14,34,35. Further investigations in
PDX models of MCL1- or BCL2L1-amplified SqCC will be necessary to evaluate whether
correlations exist between molecular alterations and sensitivity to BH3 mimetics.

Targeted therapies to inhibit oncogenic kinases have been a paradigm shift in the age of
personalized medicine, yet primary and acquired resistances frequently occur. There is
therefore a challenge in cancer therapy to identify rational combination treatment strategies
that enhance tumour cell death, as opposed to mere tumour cell growth arrest. We have
recently identified FGFR1-overexpressing lung SqCC, and not all FGFR1-amplified lung
SqCC, as sensitive to FGFR inhibition using patient-derived xenografts24. However, we
demonstrated FGFR targeted therapy results in stabilized disease, rather than tumour
regression. Pro-apoptotic molecules such as BIM and BAD have been identified as
important for mediating the activity of other kinase inhibitors21,36, yet the induction of BIM
expression after FGFR therapy did not result in a significant increase in apoptosis. Higher
levels of MCL-1 and BCL-2 have been reported in lung ADC after long-term therapy with
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EGFR or ALK inhibitors22,37,38, and co-treatment with EGFR inhibitors and ABT737
produced a more durable response in EGFR-mutant ADC. In addition, glioblastomas with
acquired resistance to EGFR inhibitors can be re-sensitized to EGFR therapy by combining
with ABT73739. However, the case in FGFR1-altered lung SqCC appears more complex,
as BCL-2/BCL-XL, BCL-XL or MCL-1 inhibition combined with FGFR inhibition failed
to produce prolonged responses compared to single agent FGFR tyrosine kinase inhibitor.
Although BH3 mimetics are able to enact short-term increases in tumour cell apoptosis,
the ability for each anti-apoptotic protein to compensate for each other prevents long-term
survival benefits with single BH3 mimetic treatment.

We demonstrate that in order to combat compensatory mechanisms of intrinsic antiapoptotic molecules, dual BCL-XL and MCL-1 inhibition is necessary to reduce SqCC cell
viability. Such compensatory mechanisms have been previously reported, where genetic
knock down of MCL-1 potentiates the response of hematological and solid cancer cells to
BCL-2/BCL-XL inhibition by ABT73740,41. Indeed, MCL-1 upregulation is associated
with acquired resistance to ABT737 in lymphoma42. However, tolerance issues prevent the
delivery of therapeutic doses of newly developed BCL-XL and MCL-1 inhibitors in vivo.
A better refinement of the therapeutic window of each agent or indirect reduction of MCL1 levels may be a possible strategy. This approach has previously been achieved using
CDK inhibitors or flavopiridol to reduce MCL-1 levels, where combination with ABT737
drastically improved cell death outcomes 41-43. Similar experiments combining FGFR, CDK
and BCL-XL inhibitors in lung SqCC may prove to be therapeutically viable. Our work
therefore provides a framework for further investigation into the in vivo delivery of dual
BCL-XL and MCL-1 inhibitors combined with FGFR-targeted therapy to produce durable
treatment responses in FGFR1-overexpressing lung SqCC.
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Methods
Human tumour collection and PDX generation
SqCC PDXs were generated as previously described 24. Briefly, human lung tumors from
surgical resections (SqCC) were implanted subcutaneously into the flanks of
NOD.SCIDprkdcIl2rγ-/- (NSG) mice before twice weekly monitoring for tumor
development, before subsequent expansion in further tumour passages. Mice were culled
at ethical endpoint (tumor volume of 600 mm3 as calculated by width*length2/2). All PDXs
were confirmed to recapitulate the primary patient tumour and characterised for their
FGFR1 RNA expression by RNA ISH. Genomic characterization of PDXs by RNAseq,
SNP array and whole exome sequencing was carried out as previously described 24. Written
informed consent was obtained from all patients by the Victorian Cancer BioBank prior to
inclusion in the study, according to protocols approved by the Human Research Ethics
Committee of the Walter and Eliza Hall Institute of Medical Research (WEHI) (approval
#10/04). NSG mice (8-12 weeks old males) were bred at the WEHI breeding facility and
maintained in our animal facilities according to institutional guidelines. All animal
experiments were approved by the WEHI Animal Ethics Committee (approval #2013.028).

PDX tumor cell preparation for in vitro sphere assays
Single cell suspensions of PDX tumor samples were prepared and cultured as previously
described24. Cells were left to recover for a minimum of 1hr, and then drugs added at the
following concentrations: BGJ398 1 μM (Active Biochemicals), ABT-737 500 nM
(Active Biochemicals), ABT-199 500 nM (Selleck), A-1331852 500 nM (synthesized by
WEHI chemists according to published methods12, (Patent WO 2013055897) or S63845
500 nM (Servier). Cells were grown for 72h at 37oC in 5% CO2 and 5% O2 before cell
viability was assessed by the MTS assay according to manufacturer’s instructions
(Promega).

PDX in vivo assays
PDXs at passage 4 were defrosted and washed with PBS before counting. 200,000 to
500,000 cells were then injected in a 50:50 PBS:matrigel mix into the flanks of NSG mice.

14

Tumors were measured twice weekly and treatment started when tumors were between 70
– 120mm3. Mice were assigned to treatment groups based on average tumor volume per
group. Mice were culled either 48h after treatment start for short term signaling
experiments or when tumors reached a volume of 600mm3 for long term survival studies.
Tumors were collected and pieces were either fixed in 10% formalin for histological
analyses or snap frozen for protein analyses. Mice were treated with either 30mg/kg
BGJ398 (Active Biochemicals) by oral gavage 5 consecutive days a week for 5 weeks in
vehicle (33% PEG300, 5% dextrose); alone or in combination with 25 mg/kg A1331852
by oral gavage 5 consecutive days a week for 5 weeks in vehicle (2.5:10:27.5:60
DMSO:ethanol:PEG400:Phospal); 50 mg/kg ABT737 by intraperitoneal injection every
day for 10 days in vehicle (4.5:5:10:27 Tween80:5% dextrose at pH 1:DMSO:propylene
glycol); 25 mg/kg S63845 by intravenous injection twice a week for 5 weeks in vehicle
(40% 2-hydroxypropyl-B-cyclodextrin, 50nM HCl). Cisplatin (Hospira) was delivered by
intraperitoneal injection once every 3 weeks at 4 mg/kg diluted in PBS in combination
with A1331852. In experiments combining A1331852 with BGJ398, BGJ398 was
dissolved in the vehicle for A1331852. Appropriate vehicle controls were included for
each experiment.

Cell line in vitro and in vivo assays
Cell lines H520 and H1581 were obtained from the American Type Culture Collection and
maintained according to the manufacturer’s instructions. WT and Bak-/- Bax-/- mouse
embryonic fibroblasts were generated from mouse embryos and then immortalized with
SV40 large T antigen as previously described40. Mycoplasma testing was performed on
passage 3 cells; passage 7-10 cells were used for all experiments. Cells were plated at a
density of 2,000 (H1581) or 5,000 (H520) cells per well in 96-well plate (BD Falcon). Cells
were left to recover 24 hrs, and then drugs added for combination studies (BGJ398 500 nM
for H520, 15 nM for H1581; ABT-199 1 μM; A-1331852 1 μM and S63845 1 μM). Cells
were grown for a further 72h at 37oC in 5% CO2 before cell viability was assessed by the
Cell Titer Glo assay according to manufacturer’s instructions (Promega). For in vitro cell
assays to assess synergy between different drugs, combination effects were determined
using the Bliss independence method28. Doxycycline was added for CRISPR/Cas9 assays
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(1 g/mL). For in vivo assays, 400,000 to 500,000 H1581 cells were injected in PBS into
the flanks of NOD;SCID;IL-2Rγ-/- mice. When tumours reached 70 – 120 mm3 in volume,
mice began treatment as listed above for PDX assays, and tumours processed at ethical
endpoint (tumour volume 600 mm3 to 1000 mm3).

Immunostaining
Samples were fixed in formalin for 24 hrs at room temperature then paraffin embedded.
Slides were dewaxed using standard histology protocols. Antigen retrieval was performed
using citrate buffer (10mM, pH 6). Sections were blocked in 10% goat serum, incubated
with antibodies overnight at 4°C followed by HRP-conjugated secondary antibodies
(Vector). Antibodies used were Ki67 (B56, BD Pharmingen) or cleaved caspase 3 Asp175
(polyclonal, Cell Signaling). For quantification of the Ki67 and cleaved caspase 3 (CC3)
immunostaining, treatment groups were first blinded. Ki67 positive or CC3 positive cells
were counted in 3 different fields of view.

Western blotting
Fresh tumors were snap-frozen and crushed in liquid nitrogen. Cell lines were centrifuged
and the pellets snap frozen. Samples were then lysed in KalbC buffer (1% Triton X-100,
50nM Tris, pH 7.5, 1mM EDTA, 150 mM NaCl, 1mM NaV, 2mM NaF, Roche complete
mini protease inhibitor cocktail, Roche PhosSTOP phosphatase inhibitor cocktail). Protein
concentration was quantified using the Pierce BCA Protein Assay Kit (Thermo Scientific)
and run on 10% Bis-Tris gels (Invitrogen) before transferring onto PVDF membranes
(Immobilon). Membranes were blocked in 10% milk for 1hr at RT. Primary antibodies
were incubated overnight at 4oC: BCL-2 (C-2, Santa Cruz), BCL-XL (54H6, Cell
Signaling), MCL-1 (D35A5, Cell Signaling), BIM (C34C5, Cell Signaling), B-actin (AC15, Sigma) and caspase-9 (polyclonal, Cell Signaling). Secondary conjugated antibodies
(Southern Biotech) were incubated for 1 hr at room temperature before developing
(Amersham).

Co-immunoprecipitation
H1581 and H520 were incubated with 5 M of S63845 or A1331852 for 5h. Cells were
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then lysed in lysis buffer (20 mM Tris.HCL, 135 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA,
1% digitonin, and 10% glycerol), and lysates were precleared by incubation with protein
G sepharose for 1 hour at 4 oC and then immunoprecipitated with 5 g of anti-MCL-1
(SC819, Santa-Cruz Biotechnology) antibody and protein G- sepharose. Beads were
washed, and immunoprecipitate was eluted in SDS-sample buffer before western blot
analysis for BIM (C34C5, Cell Signaling) and MCL-1 (D35A5, Cell Signaling).

Generation of inducible CRISPR/Cas9 sgRNA BCL-XL cell line
H1581 cells were infected with lentiviruses expressing Cas9 mCherry and doxycyclineinducible sgRNA GFP. Constitutive Cas9 and inducible guide RNA vectors targeting BCLXL have previously been described45. mCherry+ GFP+ cells were sorted by flow cytometry
using a FACS Aria (BD Biosciences). To induce expression of the sgRNA in vitro,
doxycycline was added to a final concentration of 1 g/mL. To induce expression of
sgRNA in vivo, mice had access to doxycycline food (Specialty Feeds). In triple
combination in vivo assay combining BGJ398, doxycycline feed and S63845 treatment,
S63845 dose was reduced to 25 mg/kg by intravenous injection once a week.

Analysis of TCGA RNA-seq data
We obtained raw RNA-seq subread-aligned counts for lung adenocarcinoma, squamous
cell carcinoma and normal lung from The Cancer Genome Atlas (TCGA) project, GEO
accession number GSE6294446. We annotated and filtered TCGA data. To visualise the
distribution of expression levels for genes of interest in adenocarcinoma, squamous cell
carcinoma and normal lung, log2 CPM values for a given gene were plotted as a box and
whiskers plot across all samples within each of the above groups. Kaplan Meier plots were
derived from http://kmplot.com/analysis47.
mRECIST analysis
mRECIST analysis was performed by adapting the method described by Gao et al.31. The
response was determined by comparing tumor volume change at time t to its baseline: %
tumor volume change = ΔVolt = 100% × ((Vt – Vinitial) / Vinitial). The BestResponse was the
minimum value of ΔVolt for t ≥ 10 d. For each time t, the average of ΔVolt from t = 0 to t
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was also calculated. We defined the BestAvgResponse as the minimum value of this
average for t ≥ 10 d. This metric captures a combination of speed, strength and durability
of response into a single value. The criteria for response (mRECIST) were adapted from
RECIST criteria48 and defined as follows (applied in this order): mCR, BestResponse <
−95% and BestAvgResponse < −40%; mPR, BestResponse < −50% and BestAvgResponse
< −20%; mSD, BestResponse < 50% and BestAvgResponse < 40%; mPD, not otherwise
categorized.

Statistics
Data represent mean ± SEM (standard error of the mean). Student’s t tests were performed
using GraphPad Prism software and applied to each experiment as described in the figure
legends. A p value less than 0.05 was considered significant. To determine significance in
Kaplan-Meier survival analyses, the Mantel-Cox test was used. *p < 0.05, **p < 0.01, ***p
< 0.001.
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Figure Legends
Figure 1. Treatment with FGFR inhibitors in lung SqCC does not induce apoptosis and
alters the levels of expression of proteins of the BCL-2 family
(a) In vivo drug response of mice harboring H1581 tumors (500,000 cells/mouse) to
BGJ398 (30 mg/kg, 5 days a week by oral gavage). Left panel depicts tumor volume where
data is mean ± SEM, right panel displays Kaplan Meier survival analysis. n = 10 mice
vehicle group, n = 9 mice BGJ398 group, significance determined by Mantel-Cox test.
**p<0.01. (b) Representative immunohistochemistry showing expression of Ki67 and
cleaved-caspase 3 (CC3) in mice harboring H1581 tumors 48 h after treatment with
BGJ398 (30 mg/kg every day by oral gavage). Right panel shows quantification of Ki67
and CC-3 immunostaining. Images were quantified by first blinding groups and counting
Ki67 or CC-3 positive cells in 3 different fields of view. n = 7 mice per group, data is mean
± SEM. Significance determined by Student’s t-test. Scale bar, 500 μm. (c) Cell viability
curve for FGFR1+++ H520 and H1581 cell lines after 72h of treatment with increasing
concentrations of BGJ398. Data represents mean ± SEM, n = 3 independent experiments.
(d) Western blot showing expression levels of BCL-2 family members after 24 h treatment
of lung SqCC cell lines with BGJ398 (2 μM). (e) Left panel depicts expression levels of
BCL-2, BCL-XL, MCL-1 and BIM after BGJ398 treatment in FGFR inhibitor-sensitive
and inhibitor-resistant PDXs. Tumors collected after 2 weeks of BGJ398 treatment in vivo
(14 days at 30 mg/kg by oral gavage). Right panel shows the quantification of the Western
blots by densitometry. Data represents mean ± SEM, n = 6 mice per treatment. Significance
determined by student’s t test compared to vehicle control, **p<0.01.

Figure 2. Treatment with BH3 mimetics reveals greater efficacy of BCL-XL or MCL-1
inhibition compared to BCL-2 inhibition in lung SqCC.
(a) Western blot showing expression levels of BCL-2, BCL-XL, MCL-1 and BIM in four
human lung squamous cell carcinoma PDXs. (b) Cell viability of lung squamous cell
carcinoma PDXs treated in vitro for 72 hours with ABT737 (500 nM), ABT199 (500 nM),
A1331852 (500 nM), S63845 (500 nM) as single agent or in combination with BGJ398 (1
μM). Data represents mean ± SEM, n = 4 – 8 tumours per PDX, significance determined
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by Student’s t-test between DMSO control and single agent treatment groups; or between
BGJ398 single agent and combination treatment groups. (c) Cell viability of H520 (left)
and H1581 (right) 72 h after treatment with BGJ398 (500 nM for H520 and 15 nM for
H1581), ABT199 (1 μM), A1331852 (1 μM) or S63845 (1 μM) as single agents or in
combination. Data represents mean ± SEM, n = 3 independent experiments, significance
determined by Student’s t-test.

Figure 3. Inhibiting MCL-1 or BCL-XL in vivo as single agents or in combination with
BGJ398 has a modest survival benefit in lung SqCC PDXs.
(a) In vivo drug response of PDX 788 to BGJ398 (30 mg/kg, 5 days a week by oral gavage)
or S63845 (25 mg/kg, 2 times a week, i.v.) as single agents or in combination. Left panel
depicts tumor volume where data is mean ± SEM, right panel displays Kaplan-Meier
survival analysis. n = 8 mice per group, significance determined by Mantel-Cox test.
***p<0.001. (b) In vivo drug response of PDX 788 to BGJ398 (30 mg/kg, 5 days a week
by oral gavage), A1331852 (25 mg/kg, 5 days a week by oral gavage) single agents or in
combination. Left panel depicts tumor volume where data is mean ± SEM, right panel
displays Kaplan Meier survival analysis. n = 8 mice per group for vehicle and BGJ398, n
= 7 mice per group for A1331852 and combination, significance determined by MantelCox test. **p<0.01. (c) Left panel depicts representative immunohistochemistry for Ki67
and cleaved caspase 3 (CC3) on PDX 788. Tumours collected 48 h after first BGJ398 (30
mg/kg, every day by oral gavage) and/or A1331852 (25 mg/kg, every day by oral gavage)
treatment. Scale bar, 500 μm. Right panel shows quantification of immunohistochemical
data. Images were quantified by first blinding groups and counting Ki67 or CC3 positive
cells in three different fields of view. Data represents mean ± SEM, n = 6 mice per group,
significance determined by Student’s t-test.

Figure 4. Dual inhibition of BCL-XL and MCL-1 synergizes to induce tumour cell death
in vitro.
(a) Immunoprecipitation-western blot showing the binding of BIM to immunoprecipitated
MCL-1 in H1581 treated for 5 hours with A1331852 (5 μM) or S63845 (5 μM). (b) Cell
viability of PDX 788 and 926 treated for 72 hours with S63845 (500 nM), ABT-199 (500
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nM) and A1331852 (500 nM) with and without BGJ398 (1 μM). Data represents mean ±
SEM, n = 3 – 4 tumours per PDX. (c) H520 and H1581 cells were treated with increasing
concentrations of A1331852 and S63845 for 72 hours and then subjected to viability assays
followed by BLISS score analysis. BLISS synergy values are > 0 on the vertical axis. Data
represents averages of 3 independent experiments.

Figure 5. BCL-XL and MCL-1 are synthetic lethal in lung SqCC.
(a) Western blot showing cleavage of caspase 9 in H1581 and H520 treated for the
indicated time with A1331852 (2 μM) and S63845 (2 μM) as single agents or in
combination. (b) Wild-type mouse embryonic fibroblasts (MEFs) and BAK -/-BAX-/- MEFs
were treated with increasing concentrations of A1331852 and S63845 for 72 hours and
then subjected to viability assays followed by BLISS score analysis. BLISS synergy values
are > 0 on the vertical axis. Data represents averages of 3 independent experiments. (c)
Western blot showing the reduced expression of BCL-XL after treatment with doxycycline
in CRISPR/Cas9 H1581 cells expressing two different sg-RNA targeting BCL-XL. (d) Cell
viability of BCL-XL sg-RNA H1581 cell lines (sgBCL-XL 1 and sgBCL-XL 2) treated
with doxycycline and increasing concentrations of S63845 for 72h. Data represents mean
± SEM, n = 3 independent experiments.
Figure 6. Triple inhibition of BCL-XL, MCL-1 and FGFR results in tumour regression in
FGFRi-sensitive lung squamous cell carcinoma.
(a) Cell viability of H520 and H1581 72 hours after treatment with increasing
concentrations of S63845 and A1331852, with and without BGJ398 (250 nM for H520 and
3 nM for H1581). Data represents mean ± SEM, n = 3 independent experiments. (b)
Western blot showing expression levels of BCL-2, BCL-XL, MCL-1 and BIM in H520
and H1581 24 hrs after treatment with BGJ398 (2 μM), A1131852 (2 μM) and S63845 (2
μM) as single agents or in combination. All samples were grown in the presence of a
caspase inhibitor to prevent cell death (QVD, 10 μM). (c) In vivo drug response of
doxycycline-inducible CRISPR/Cas9 BCL-XL sgRNA 1 H1581 cells to BGJ398 (30
mg/kg, 5 days a week by oral gavage), S63845 (25 mg/kg, once a week, i.v.) and
doxycycline (administered in feed once tumour reached 70 – 120 mm3) as single agents or
in combination. Black bar indicates total duration of the treatment. Data depicts tumor
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volume where data is mean ± SEM, n = 8 mice per group, significance determined by
Mantel-Cox test. ***p<0.001, **p<0.01, *p<0.05. Right panel shows Kaplan-Meier
survival curve. Black bar indicates total duration of the treatment. (d) Summary of
compound sensitivity in CRISPR/Cas9 BCL-XL sgRNA 1 H1581 cells during continuous
therapy. The best average response was used to make response calls (see mRECIST
analysis in Methods), and each square represents a mouse. A total of 8 treatment groups
were tested with 8 mice per group. Arrow (CR->PD, PR>PD, SD>PD) indicates disease
progression; -> indicates progression seen after 24 or 38 days of treatment as indicated.
CR: complete response, PR: partial response, SD: stable disease, PD: progressive disease.
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