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Chk1 inhibitor-induced DNA damage increases

BFL1 and decreases BIM but does not protect human
cancer cell lines from Chk1 inhibitor-induced apoptosis
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Abstract: V158411 is a potent, selective Chk1l inhibitor currently in pre-clinical development. We utilised RNA-
sequencing to evaluate the gene responses to V158411 treatment. BCL2A1 was highly upregulated in U20S cells
in response to V158411 treatment with BCL2A1 mRNA increased > 400-fold in U20S but not HT29 cells. Inhibitors
of Chk1, Weel and topoisomerases but not other DNA damaging agents or inhibitors of ATR, ATM or DNA-PKcs
increased BFL1 and decreased BIM protein. Increased BFL1 appeared limited to a subset of approximately 35%
of U20S cells. Out of 24 cell lines studied, U20S cells were unique in being the only cell line with low basal BFL1
levels to be increased in response to DNA damage. Induction of BFL1 in U20S cells appeared dependent on PI3K/
AKT/mTOR/MEK pathway signalling but independent of NF-kB transcription factors. Inhibitors of MEK, mTOR and
PI3K effectively blocked the increase in BFL1 following V15841 treatment. Increased BFL1 expression did not block
apoptosis in U20S cells in response to V158411 treatment and cells with high basal expression of BFL1 readily
underwent caspase-dependent apoptosis following Chk1 inhibitor therapy. BFL1 induction in response to Chkl
inhibition appeared to be a rare event that was dependent on MEK/PI3K/AKT/mTOR signalling.
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Introduction

DNA repair pathways have long been postulat-
ed as potential therapeutic targets for oncology
therapeutics. The approval of numerous inhibi-
tors of poly (ADP-ribose) polymerase (PARP;
Olaparib, Rucaparib and Niraparib) for ovarian,
fallopian tube and peritoneal cancer has vali-
dated this approach [1, 2]. One such potential
area of interest is the DNA damage response
(DDR) pathway with inhibitors of two of the cen-
tral signalling kinases (Chk1 and ATR) currently
in Phase 1 and 2 clinical trials [3].

DNA breaks arising from endogenous or exoge-
nous DNA insults (including from cytotoxic che-
motherapeutics) activate the DDR signalling
pathway. DDR activation results in a range of
cellular responses including DNA damage
checkpoint activation and cell cycle arrest, ini-
tiation of DNA repair, regulation of transcrip-
tion, and apoptosis. ATR and Chk1 kinases are
key signalling components of the DDR respon-

se and are activated in response to DNA dam-
age and replication stress. Chk1 is activated by
ATR following the generation of ssDNA-dsDNA
transitions whilst a second checkpoint kinase,
Chk2, is activated by ATM in response to DNA
breaks [4, 5].

Numerous Chk1 inhibitors have entered Phase
1 and 2 clinical trials in combination with cyto-
toxic chemotherapy, ionising radiation or as
single agents (recently reviewed in [6, 7]). As
monotherapy, Chk1 inhibitors generate S-pha-
se DNA damage and mitotic catastrophe in
human cancer cell lines. This leads to increas-
ed ATR activation (as measured by increased
phosphorylation on serine 317 and 345) and
pan-nuclear expression of yH2AX (a marker of
DNA double strand breaks [8] or replication
stress [9] with pan-nuclear yH2AX an indicator
of lethal replication stress [10]). Tumour cells
harbouring high levels of replicative stress or
underlying DNA repair defects appear particu-
larly hypersensitive to Chkl inhibition. Whilst


http://www.ajcr.us

Chk1 inhibition induces BFL1

demonstrating some initial promise, no Chk1
inhibitors have so far managed to progress into
Phase 3 registration trials with the majority
terminating after Phase 1 trials. The reasons
behind this are numerous and complex includ-
ing (but not limited to) lack of efficacy, dose lim-
iting toxicities (especially in combination), poor
pharmaceutical properties (oral bioavailability,
half-life), target patient population selection
and drug combination selection.

V158411 is a potent, selective Chk1 inhibitor
discovered using structure guided drug design
[11] that exhibits preclinical activity as a single
agent [12] and in combination with traditional
cytotoxic chemotherapy. As a monotherapy,
V158411 induces predominantly S-phase DNA
damage and apoptotic as well as hon-apoptotic
cell death in a range of human cancer cell lines
[12]. As part of an ongoing program evaluating
the pharmacology of V158411 to guide clinical
studies, we utilised RNA-sequencing (RNAseq)
to evaluate the gene responses in a cell model
that undergoes caspase-dependent apoptosis
and a second model that did not following
V158411 treatment. BFL1 was identified as
one of the most upregulated genes following
V158411 treatment and its role in cell death
responses to Chk1 inhibition further profiled.

Materials and methods
Cell lines and cell culture

Cell lines were purchased from the American
Type Culture Collection (ATCC, LGC Standards,
Teddington, UK) or the European Collection of
Authenticated Cell Cultures (ECACC, Public
Health England, Salisbury, UK), established as
a low passage cell bank and then routinely
passaged in our laboratory for less than 3
months after resuscitation. These were rou-
tinely cultured in media containing 10% FCS
and 1% penicillin/streptomycin (complete me-
dia) at 37°Cin a normal humidified atmosphere
supplemented with 5% CO,,. Cells were authen-
ticated by short tandem repeat (STR) profiling
(LGC Standards) and routinely checked for
mycoplasma contamination.

Compounds

V158411 was from Vernalis (R&D) Ltd (Cam-
bridge, UK). The other kinase inhibitors were
purchased from Selleckchem (Houston, USA).
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All were prepared as 20 mM DMSO stocks.
Cytotoxics were purchased from the indicated
suppliers and prepared as described: gem-
citabine (Apin Chemicals Ltd, Oxford, UK), 20
mM in H,0; camptothecin (LC Laboratories,
Woburn, MA), 5 mM in DMSO; etoposide (LC
Laboratories), 50 mM in DMSO; cisplatin (Sel-
leckchem), 3.33 mM in 1% NaCl; and hydroxy-
urea (Sigma Aldrich, Poole, UK), 0.5 M in HQO.
TNF-«, IL-1B and IFN-y were purchased from
R&D Systems (Abingdon, UK), and Phorbol
12-myristate 13-acetate (PMA) and Lipopoly-
saccharide (LPS) from Invivogen (Toulouse,
France).

Antibodies

The antibodies used in this study and the dilu-
tions used are listed in Table S1.

Immunoblotting

Cells were washed once with PBS and lysed in
RIPA buffer containing protease and phospha-
tase inhibitor cocktails (Sigma). Protein con-
centration was determined using a BCA kit
(Thermo Fisher Scientific, Hemel Hempstead,
UK). Equal amounts of lysate were separated
by SDS-PAGE and western blot analysis con-
ducted using the antibodies indicated above.
Image) software (NIH) was used for densito-
metric analysis.

Single cell immunofluorescent imaging

This was conducted as previously described
[12] using the antibodies listed in Table S1.

Single cell mRNA expression imaging

Single cell mRNA expression was determined
using a ViewRNA Cell Plus assay kit (Thermo
Fisher Scientific) with probes against BCL2A1
(BFL1, VA6-20602-VCP, AF647) and B2M
(Beta-2-Microglobulin, VA4-13460-VCP, AF488)
according to the manufacturer’s instructions.
Cells were imaged with an Operetta high con-
tent imager (Perkin Elmer, Sear Green, UK)
using a 40x high NA objective. Fluorescent
spots were quantified using Harmony software
(Perkin Elmer).

NF-kB reporter cell line generation

U20S cells were transfected with a NF-kB-RE-
NanoLuc reporter plasmid (N1111, Promega)
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and a stable cell line generated by Hygromycin
B selection (Invitrogen). The reporter contains
a PEST destabilized version of the NanoLuc
gene (NlucP). NlucP reporter activity was deter-
mined using a Nano-Glo luciferase assay sys-
tem (N1110, Promega) and a Victor Nivo plate
reader (Perkin Elmer).

RNAseq expression analysis

RNAseq analysis was conducted by Lexogen
(Vienna, Austria). RNA was extracted from
treated cells using a SPLIT kit, an RNA library
prepared using a QuantSeq 3° mMRNA-Seq
Library Prep Kit FWD from lllumina and then
sequenced using NextSeq 75 cycle high out-
put sequencing with v2 chemistry on a HiSeq
2500 platform (lllumina, San Diego, CA). Data
was analysed using a QuantSeq proprietary
data analysis pipeline by Lexogen. In brief,
reads were alighed using STAR aligner, RSEQC
was utilised for quality control, and DESeq2 for
differential expression analysis. Gene Ontology
enrichment analysis was conducted using
ShinyGO v0.75 (http://bioinformatics.sdstate.
edu/go/) [13].

Cell proliferation, cytotoxicity and apoptosis
assay

Cell proliferation was determined using either
sulphorhodamine B staining or CellTiter Glo
(Promega). Live cell imaging experiments were
conducted on an Operetta high content imager
essentially as previously described [12].

Statistical analysis

Data was analyzed using either a one-way
ANOVA with Dunnett's post-hoc analysis or a
two-tailed t test using GraphPad Prism soft-
ware (version 9.3.1, GraphPad Software, La
Jolla, CA). *P < 0.05; **P < 0.01; ***P < 0.001.

Results

Chk1 inhibitors increase BFL1 expression in
U20S osteosarcoma cells

To further understand the cellular response to
Chk1 inhibition, the mRNA changes following
Chk1 inhibition by V158411 in the human
colon cancer cell line HT29 and osteosarcoma
cell line U20S were determined using RNAseq.
Volcano plots of differentially expressed genes
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are illustrated in Figure S1. In U20S cells, but
not HT29 cells, the anti-apoptotic Bcl-2 family
member BCL2A1 (BFL1) (Figures S1, 1A) was
highly upregulated (> 400-fold). A small incre-
ase in Bcl-b (approximately 4-fold) but not in
any of the other Bcl-2 family members was
observed. Of the BH3-only genes, there was a
small increase in NOXA and PUMA, and a small
decrease in BIM. This increase in BCL2A1
mRNA appeared limited to a subset of U20S
cells with around 33% demonstrating incre-
ased BCL2A1 mRNA by imaging (Figures 1B,
S2). These results were confirmed by western
blotting (Figure 1C) with the Weel inhibitor
AZD1775 (Table 1) but not the ATR inhibitor
VX-970 also increasing BFL1 protein levels.
Increases in BFL1 protein by V158411 and
AZD1775 were dose dependent (Figure 1D)
correlating closely with DNA damage induction
and growth inhibition, and time dependent
(Figure 1E) with 24-hour treatment necessary
to observe increases in BFL1 expression.
Inhibition of Chk1l or Weel induced a time
dependent decrease in BIM protein levels that
mirrored the increase in BFL1 with decreased
BIM observed after 24 hours of treatment
(Figure 1D). Chk1 and Weel inhibition increa-
sed NOXA slightly whilst Weeli also increased
PUMA expression. BID, BAD and BAX expres-
sion remained relatively unchanged.

BFL1 induction following Chk1 inhibition was
not limited to V158411. Structurally distinct
Chk1 inhibitors (LY2603618, MK8776 and
PF-477736; Tables 1, S2) increased BFL1 in
U20S cells (Figure 2A) with BCL2A1 mRNA
increases again limited to a subset of U20S
cells (Figure 2B). Inhibitors of ATM (KU-60019)
or DNA-PKcs (NU7746), two additional kinases
in the DDR, did not activate BFL1 expression
(Figure 2A). This induction of BFL1 was not
just limited to Chk1 inhibitors. Treatment of
U20S cells with topoisomerase inhibitors
(camptothecin and etoposide) readily increa-
sed BFL1 expression (Figure 2A, 2B) whilst
other DNA damaging cytotoxic drugs (gem-
citabine, hydroxyurea and cisplatin) did not.

BFL1 is often co-induced with Bcl-XL [14, 15].
In U20S cells treated with V158411, little in-
crease (< 2-fold) in Bcl-XL mRNA was observed
(Figure 1A). 48-hour treatment of U20S cells
with V158411, VX-970 or AZD1775 appeared
to increase Bcl-XL protein levels (Figure 1C).
This increase in Bcl-XL protein following inhibi-
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Figure 1. Inhibition of Chk1 increases BFL1 and decreases BIM expression in U20S cells. (A) HT29 or U20S cells
were treated with 1x YH2AX EC, | of V158411 for 24 hours (yH2AX EC_, values from [12]) and gene expression de-
termined by RNAseq analysis. Values are the mean of 2 independent replicates. (B) U20S cells were treated with
3x Gl of V158411 for 24 hours (Gl , values from [12]) and BCL2A1 (BFL1) mRNA expression determined using
ViewRNA technology. Each point represents an individual cell. Data is derived from 3 independent wells. Significance
was determined by Student’s ttest (""P < 0.001). U20S cells were treated with (C) 3x Gl for the indicated times,
(D) 3x GI50 for 1-48 hours or (E) 0.1-3x GI50 for 48 hours and protein expression determined by western blotting.

tor treatment did not occur consistently with dent mechanism. We therefore evaluated the
increased Bcl-XL following V158411 not occur- effect of these three on BFL1 expression in
ring in other western blots (Figures 1D, 1E and U20S cells. TNF-a, IL-1B and PMA all induced
2C). None of the other Chk1 inhibitors or cyto- BFL1 expression with robust increases in BFL1
toxic agents induced a strong induction of Bcl- protein observed after 4-hour treatment with
XL (Figure 2C). IL-1B and PMA and 24 hours with TNF-a (Figure

S3A). Bcl-XL remained unchanged following
TNF-a, IL-13 or phorbol ester signalling in- any of the treatments. Previous work has dem-
creased BFL1 expression in U20S cells onstrated that both PMA and etoposide induce

BFL1 in the LNCaP prostate cancer cell line
Previous studies have demonstrated that [18]. Treatment of LNCaP cells with PMA for 4
TNF-« [14, 16], IL-1B [17] and PMA [18] can all hours induced BFL1 but by 24 hours the levels
induce BFL1 expression via an NF-kB depen- of BFL1 had returned to base line (Figure S3B).
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Table 1. Mechanism of action and Gl , values of agents used

Chk1li-induced BFL1 expression

appeared independent of NF-kB

Cmpd Mechanism of Action —UQOS Gly, (M) Ref transcription factor
Mean SD

V158411 Chk1 Inhibitor 0.82 0.1 [11] To further understand the me-
VX-970 ATR Inhibitor 35 077 [50] chanism by which DDR or topoi-
AZD1775 Wee1 Inhibitor 0.27 0.036 [51] somerase inhibitors increase
Gemcitabine  Chain terminator & RNR inhibitor 0.012 0.001 BFL1 expression, we evaluated
Camptothecin Topo | inhibitor 0.25 0.003 the effects of thes_e _m0|eCUIes
Etoposide Topo Il inhibitor 4.2 0.32 o.n NF._KB transcrl.ptlon factor

signalling. NF-kB is the tran-
LY2603618 Chk1 inhibitor 0.67 0.05 [52] scription factor most associat-
MK8776 Chk1 inhibitor 0.82 0.05 [53] ed with BFL1 induction [14, 16,
PF-477736 ChkZ1 inhibitor 0.717 0.06 [54] 19]. TNF-«, IL-1B and PMA all
Cisplatin DNA alkylator 7.5 0.77 induced BFL1 expression with
Hydroxyurea RNR inhibitor 2800 1100 robust increases in BFL1 pro-
KU-60019 ATM inhibitor 24 9.2 [55] tein observed after 4-hour treat-
NU7746 DNA-PKcs inhibitor 86 048 [56] ment with IL-18 and PMA and

In comparison, V158411 treatment of LNCaP
cells for 6 to 72 hours had no effect on BFL1
protein levels (Figure 3A). Likewise, treatment
of LNCaP cells with AZD1775, LY2603618,
gemcitabine, etoposide, camptothecin or cispl-
atin did not induce BFL1 protein levels (Figure
3A). Similarly, PMA treatment of Hela cells
induced BFL1 and decreased BIM protein
expression (Figure 3B) but V158411, LY26-
03618, etoposide or camptothecin had no
effect on BFL1 or BIM protein levels.

BFL1 induction is a rare response in cancer
cell lines to Chk1 inhibitor therapy

A range of additional cancer cell lines (Table
S3) were screened for BFL1 induction follow-
ing treatment with V158411 (Figure 3C-E). Of
these, three cell lines (A2058, HL60 and PANC-
1) exhibited higher basal expression of BFL1
and, of these, two (HL60 and PANC-1) had
increased BFL1 expression following V158411
treatment (Figure 3E). No discernible changes
in Bcl-2, Bel-XL or Mcl-1 were observed in cells
following V158411 treatment. As observed
with Chk1 inhibitors, no increase in BFL1 was
observed in MES-SA or SJSA-1 cells treated
with gemcitabine, camptothecin, etoposide or
cisplatin (Figure S3C) or HT29, MDA-MB-231 or
SKOV3 cells treated with gemcitabine or camp-
tothecin (Figure S3D). No induction of Bcl-XL
was observed. However, in the PANC-1 cells,
V158411 and LY2603618 strongly induced
BFL1, and all of the DNA damaging agents
moderately induced BFL1 (Figure S3E).
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24 hours with TNF-« (Figure S2).
This increase in BFL1 appeared
NF-kB dependent as PMA, TNF-a or IL-1B all
induced an NF-kB reporter stably expressed in
U20S cells (Figure 4A; Figure S4) and treat-
ment of U20S cells with TNF-a resulted in clear
nuclear translocation of p65 (Figure 4B; Figure
S4) and, to a lesser extent, phospho-p65, c-Rel
and RelB (Figure S4). Chk1, Weel or topoisom-
erase inhibitors did not induce an NF-kB report-
er stably expressed in U20S cells (Figure 4A).
V158411 treatment appeared to increase
phosphorylation of NF-kB (p65) on serine 536
(Figure 4C, 4D). Using single-cell immunofluo-
rescence, there appeared to be apparent
nuclear translocation of p65, phosphor-p65
and p50 forms of NF-kB following V158411
treatment. However, on closer inspection of the
single cell data, there appeared to be notice-
able decreases in nuclear NF-kB in a fraction of
the treated cells (Figure 4C) with the increased
nuclear NF-«kB correlating with DNA condensa-
tion and therefore cell death. Western blotting
(Figure 4D) confirmed no distinct changes in
other components of the NF-kB signalling path-
way in U20S cells treated with V158411.

We utilised the ChEA3 tool [20] to understand
which transcription factors may be respon-
sible for the observed changes in V158411
treated U20S cells. In U20S cells treated with
V158411, ChEA3 predicted a strong associa-
tion between the observed gene expression
changes between AP-1 family transcription
factors (FOSB, FOSL1, JUN, FOS and JUNB)
and stress-induced transcription factor (ATF4)

Am J Cancer Res 2022;12(5):2293-2309
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Figure 2. Structurally diverse Chk1 inhibitors or topoisomerase inhibitors induce BFL1 mRNA and protein expres-
sion in U20S cells. A. U20S cells were treated with the indicated compounds (see Table S2 for Gl values) for 48
hours. B. U20S cells were treated with 3x Gl for 24 hours and BCL2A1 (BFL1) mRNA expression determined using
ViewRNA technology. Each point represents an individual cell. Data is derived from 3 independent wells. Signifi-
cance was determined by one-way ANOVA (""P < 0.001). C. U20S cells were treated with 1x Gl of the indicated

compounds for 48 hours.

(Table S4). Interestingly, there was no overlap
in the transcription factors identified by ChEA3
in U20S and HT29 cells treated with an equi-
toxic dose of V158411. Further work is required
to understand the relevance of these transcrip-
tion factors to BFL1 protein induction.

Gene Ontology enrichment analysis was con-
ducted using ShinyGO on the differentially
expressed genes with a log2 fold change > 3
and a false discovery rate < 0.01 (Table S5). In
keeping with the above results, NF-kB signal-
ling was not identified as a pathway in which
gene expression was enriched.

MEK, mTOR/PI3K or pan-TK kinase inhibitors
abrogate V158411 induced BFL1 expression
and restore BIM expression

PMA, a potent activator of PKC, increased
BFL1 and decreased BIM expression in U20S
cells. Inhibition of PKC with sotrastaurin re-
versed these effects returning BFL1 and BIM
protein to basal levels (Figure S5A). In com-
parison, sotrastaurin had little effect on BFL1
induction or BIM reduction by V158411. At the
concentration used, sotrastaurin had no effect
of U20S cell viability (Figure S5B).
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A range of kinase inhibitors (Table S6) were
therefore screened for potential to inhibit the
induction of BFL1 by V158411. From this, the
MEK inhibitor trametinib, mTOR inhibitor AZD-
8055, PIBK/mTOR inhibitor dactolisib, the PI3K
inhibitor pictilisib, and the pan-tyrosine kinase
inhibitors ponatinib, crizotinib and dovitinib all
blocked BFL1 induction by V158411 (Figure
5A). IC,, values for inhibition of BFL1-induction
ranged from 41 nM to 1.6 uM (Figure 5B; Table
S6). None of the kinase inhibitors dramatically
affected the induction of DNA damage (as
measured by increase in nuclear yH2AX) by
V158411 (data not shown). Their effects on
U20S cell proliferation are highlighted in Table
S5. In addition to reducing BFL1 induction by
V158411, dactilosib, AZD8055, ponatinib and
trametinib blocked the reduction in BIM1
(Figure 5C). As would be predicted from their
mechanisms of action, trametinib inhibited the
phosphorylation of ERK, and dactilosib and
AZD8055 reduced AKT phosphorylation.

Inhibition of Chk1 increases AKT and ERK
phosphorylation in U20S cells

Inhibition of Chk1 in U20S cells increased AKT
and ERK phosphorylation (Figure 6A). These

Am J Cancer Res 2022;12(5):2293-2309
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Figure 3. Increased BFL1 expression following Chkli was observed only in a subset of human cancer cell lines. A.

LNCaP cells were treated with 1 or 3x Gl

100 ng/mL PMA for 4 hours, or 1 or 3x GI50

Gl
50

treated with 0-3x Gl of V158411 for 48 hours.

changes appeared time (Figure 6B) and dose
dependent (Figure 6C) with Kkinetics that
appeared similar to the induction of BFL1 with
24-hour treatment necessary to increase
pAKT. These results were confirmed by single
cell immunofluorescent imaging with V158411
treatment increasing the fraction of cells stain-
ing positive for pAKT and pERK (Figure 6D;
Figure S6A). This increase in pAKT occurred
dose dependently following V158411 and
AZD1775 treatment (Figure 6E) and correlated
with increased V158411 DNA damage (as
measured by increased nuclear yH2AX, Figure
S7A). There was some variability in the fraction
of cells that exhibited increased AKT phosphor-
ylation between experiments. V158411 induc-
es DNA damage in S-phase cells. As increased
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of V158411 for 48 hours. D. Cells were treated with 3x G,

of the indicated compounds for 48 hours. B. Hela cells were treated with
of the indicated compounds for 48 hours. C. Cells were treated with 0-3x

of V158411 or AZD1775 for 48 hours. E. Cells were

pAKT correlated with increased yH2AX, these
differences in pAKT may reflect differences in
the number of actively dividing U20S cells at
the point of V158411 addition.

Increased pAKT was only observed in U20S
cells treated with Chk1 inhibitors and not the
topoisomerase inhibitors camptothecin and
etoposide (Figures 6F, 6G, S6B, S7B). pERK
was strongly induced by DNA damaging agents
including gemcitabine, which did not induce
BFL1 (Figure 6F) and to a greater extent than
that induced by V158411. Increased AKT and
ERK phosphorylation in response to Chk1l
inhibitor treatment was observed in other cell
lines. Increased pAKT was observed in SKOV3
cells treated with V158411 (Figure S7C) whilst
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Figure 4. Chkli-induced BFL1 expression appeared independent of NF-kB transcription factors. A. U20S-NF-kB-RE
reporter cells were treated with 3x GI50 V158411, AZD1775, LY2603618, camptothecin or etoposide, or 100 ng/mL
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Figure 5. MEK, mTOR/PI3K or pan-TK kinase inhibitors abrogate V158411 induced BFL1 expression and restore
BIM expression. A. U20S cells were treated with the indicated kinase inhibitors (see Table S6 for concentrations)

in combination with 3x GI5
kinase inhibitors in combination with 3x Gl

inhibitor plus 3x Gl , V158411 for 24 hours.

increased pERK was observed in SJSA-1 cells
(Figure S7D). Gene Ontology enrichment analy-
sis of the genes with upregulated expression
identified significant fold enrichment in the
MAPK cascade with 3.4-fold enrichment and a

2301

o, V158411 for 24 hours. B. U20S cells were treated with the indicated concentrations of
50 V158411 for 24 hours. C. U20S cells were treated with 0.3 uM kinase

false discovery rate of < 0.001 (Table S6). No
differential gene expression of any of the main
signalling components of the PI3K/AKT/mTOR/
MEK pathway after V158411 treatment was
observed.
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Inhibition of BFL1 induction by trametinib was metinib reduced the high basal expression
not limited to V158411 levels of BFL1 in the DMSO treated control
PANC-1 cells.

Trametinib appeared the most consistent ki-

nase inhibitor in preventing BFL1 induction in BFL1 induction does not decrease Chk1 inhibi-
U20S cells by Chk1, Weel and topoisomerase tor induced apoptosis

inhibitors. BFL1 induction by V158411, LY260- . ] .
3618, AZD1775, camptothecin and etoposide BFL1 is a member of the Bcl-2 family of anti-
were all inhibited by trametinib and dactilosib apoptotic proteins. In the A2058 cell line, whi-
(Figure 7A). In comparison, AZD8055 failed to ch exhibits high basal levels of BFL1, V158411
block BFL1 induction by AZD1775 and, pona- induced high levels of apoptosis with around
tinib, BFL1 induction by camptothecin. As well 70% staining positive for cleaved capsase-3/7
as blocking BFL1 induction, trametinib rever- after 48 hours (Figure 8A). We have previously
sed the downregulation of BIM in U20S cells observed significant levels of apoptosis in
treated with V158411, LY2603618, AZD1775, HL60 cells, another cell line with high basal
camptothecin or etoposide (Figure 7B). These BFL1, after V158411 treatment [21]. Likewise,
effects were not limited to U20S cells. In U20S readily underwent caspase-3/7 depen-
PANC-1 cells, trametinib inhibited BFL1 induc- dent apoptosis after V158411 treatment with
tion and BIM reduction following V158411, around 63 and 67% of cells cleaved caspase-
LY2603618, AZD1775, camptothecin or etopo- 3/7 positive after 48 and 72 hours (Figure 8A).
side treatment (Figure 7C). Interestingly, tra- In the cell lines where little apoptosis was
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Figure 7. MEK, mTOR/PI3K or pan-TK kinase inhibitors abrogate Chk1i, Weeli or Topoisomerase inhibitor induced
BFL1 expression and restore BIM protein levels. A. U20S cells were treated with 0.3 uM kinase inhibitor in combi-
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Trametinib in combination with 3x Gl

of the other indicated agents for 24 hours. C. PANC-1 cells were treated with

0.3 uM Trametinib in combination with 3x Gl of the other indicated agents for 24 hours.

observed (MES-SA and SJSA-1), V158411 still
inhibited the proliferation of these cells (Figure
8B). Given that BFL1 expression was upregu-
lated in a subset of around 30% of U20S cells,
we examined BFL1 expression in attached
(live) versus detached (dead) cells after
V158411 treatment. At the earliest time point
(48 hours), BFL1 was only detected in the
adherent cells suggestive of some protective
effect from V158411-induced apoptosis. How-
ever, after 72-hour treatment with V158411,
significant amounts of BFL1 was detected in
the detached as well as the attached cell
populations (Figure 8C). These detached cells
were apoptotic as determined by the detection
of cleaved lamin A and cleaved PARP suggest-
ing that these cells were still able to undergo
caspase-dependent apoptosis despite the
increased expression of BFL1. In the A2058
cells a similar pattern of BFL1 expression was
observed with the detached, cleaved lamin A/
cleaved PARP positive population containing
high levels of BFL1 (Figure 8D).

The effects of AZD8055 and trametinib, two
kinase inhibitors that blocked BFL1 induction
by V158411, on V158411 induced apoptosis
and cell death were evaluated. In U20S cells,
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AZD8055 inhibited the induction of apoptosis
by V158411 by 2-3 fold (Figure 8E). This actu-
ally translated into a greater reduction in cell
proliferation compared to V158411 but not cell
death. In comparison, trametinib increased the
amount of V158411-induced apoptosis especi-
ally at the early time point of 24 hours and the
lower concentration of 1x Growth Inhibitory 50
(Gl,,) (Figure 8F). This translated into increased
cell death at this concentration. However, at 3x
Gl,, trametinib did not dramatically increase
the amount of apoptosis or cell death above
that observed with V158411 alone. The results
with trametinib were somewhat complicated by
the fact that trametinib as a single agent ap-
peared to induce caspase-3/7 cleavage with-
out any significant effects on cell proliferation
or death. Finally, trametinib failed to potentiate
cell killing by V158411 in PANC-1 cells. In the
absence of trametinib, the V158411 Gl , was
4.2 + 0.8 yM compared to 4.1 + 1.5 yM in
combination with 1 yM trametinib.

Discussion
Numerous Chk1 inhibitors have been describ-

ed to date and demonstrate exciting anti-tu-
mour efficacy as single agents, in combination

Am J Cancer Res 2022;12(5):2293-2309
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with cytotoxic chemotherapy, and in combina- pre-clinical results, no inhibitors have yet to
tion with novel targeted therapies (such as progress beyond Phase 2 into Phase 3 regist-
PARP inhibitors). Despite these initially exciting ration trials with the majority terminating after
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Table 2. Summary of cellular BFL1 response to Chk1 inhibition

subset of around 30-40% of the

(Chk1i) U20S cells. Three additional oste-
Cell Line BFL1 Protein Response Apoptotic Cells (%) osarcoma cell lines were evaluat-
Example Basal +Chkli  +ChkLi+MEKi +Chkdi ed (HOSTE8S, SAOS-2 and SISA-
U20S Low Increased To basal 67 1) but did not induce BFL1 protein
PANC1 High Increased Decreased cf basal ND In response to V158411-induced
A2058 High Noch ND - DNA damage. Increases were also

g o change observed in the HL60 myeloid leu-
SJSA-1 Low No change ND 25

ND, not determined; MEKi, MEK inhibitor.

Phase 1 [6, 22, 23]. The reasons behind this
are numerous and complex including (but not
limited to) lack of efficacy, dose limiting toxici-
ties (especially in combination), poor pharma-
ceutical properties (oral bioavailability, half-
life), target patient population selection and
drug combination selection.

To further evaluate the clinical potential of our
own Chk1 inhibitor, V158411 [11], we utilised
RNAseq analysis of V158411 treated cancer
cells to evaluate the genome wide changes to
inhibitor treatment. One of the most upregulat-
ed genes in response to V158411 treatment in
the U20S osteosarcoma cell line was BCL2A1
(BFL1). BFL1 is a member of the Bcl-2 family of
anti-apoptotic proteins that also includes the
much wider studied Bcl-2, Mcl-1 and Bcl-XL
members [24, 25]. BFL1 has been implicated
in the development of lymphomas and leukae-
mia’s [26-28], and increased BCL2A1 is asso-
ciated with resistance to the clinically approved
Bcl-2 inhibitor Venetoclax [29, 30]. Upregulated
BCL2A1/BFL1 has been identified in melano-
ma [31, 32] where it confers resistance to Braf
inhibitors. Like the other members of the Bcl-2
family of proteins, BFL1 binds to pro-apoptotic
Bcl-2 proteins (such as BAK and BAX) and pro-
apoptotic BH3-only proteins (such as tBID, BIM,
PUMA and NOXA) thereby preventing mitochon-
drial membrane permeability, cytochrome c¢
release and caspase activation in response to
apoptotic stimuli.

Chk1 inhibition by V158411 induces replica-
tion stress and DNA damage in a wide range of
human cancer cell lines of differing tumour
types [12, 21, 33]. Out of the 24 cell lines stud-
ied, U20S cells were the only cell line with low
basal BFL1 protein levels that were increased
by V158411. The increase in BCL2A1 mRNA
expression in response to Chkl inhibitor in-
duced DNA damage appeared restricted to a
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kaemia, and PANC-1 pancreatic
cancer cell line but these two cell
lines had high basal BFL1 expres-
sion levels. Table 2 summarises the different
BFL1 induction responses of example cell lines
to Chk1 inhibition. The reason why U20S, HL60
and PANC-1 cells were sensitive to BFL1 induc-
tion by V158411 was not immediately appar-
ent. The cells all come from diverse tissue
types (bone, blood and pancreas respectively),
have no obvious common driver mutations, and
vary widely in their sensitivity to growth inhibi-
tion by V158411 (0.82, 0.21 and 8.0 uM
respectively). Further work is ongoing to under-
stand these differences in BFL1 induction
response between different cell lines.

The increase in BCL2A1/BFL1 in U20S cells
was not limited to V158411 but was also
induced by other Chk1 inhibitors, the Weel
inhibitor AZD1775 and topoisomerase inhibi-
tors. The topoisomerase inhibitors etoposide
[18] and camptothecin [34] have both previ-
ously been demonstrated to increase BFL1.
However, other inducers of DNA damage such
as the cytotoxic chemotherapy drugs gem-
citabine, hydroxyurea and cisplatin, and inhibi-
tors of the DNA damage response proteins
ATR, ATM and DNA-PKcs did not increase BFL1
expression. The fact that not all DNA damage
resulted in BFL1 induction suggests that the
cells are responding to either a specific kind of
DNA damage and/or DNA damage induced at a
specific point in the cell cycle.

In addition to increasing BCL2A1, V158411
increased BCL2L10 (Bcl-b) mRNA though to a
much lesser extent (5.8-fold) than BCL2A1
(444-fold). Coupled to this was a decrease in
BIM mRNA and protein levels. Likewise, there
was a small increase in NOXA mRNA and pro-
tein levels. NOXA has been demonstrated to
potently bind to BFL1 [35] and therefore in-
creased NOXA expression may neutralise the
anti-apoptotic functions of BFL1, or vice versa.
Further evaluation of the effects of V158411

Am J Cancer Res 2022;12(5):2293-2309
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on NOXA expression may therefore be warrant-
ed. The mechanism by which BCL2A1 mRNA
was increased in U20S cells by V158411 so
far appears unclear. Previous studies have
demonstrated NF-kB as a significant transcrip-
tional inducer of BCL2A1 [14, 16, 19]. NF-kB
also upregulates Bcl-XL [14, 15, 36] with the
two proteins often co-induced by NF-kB ac-
tivating stimuli. Here we observed only an
increase in BFL1 and not Bcl-XL and found no
evidence for NF-kB activation in response to
Chk1i, Weeli or topoisomerasei treatment in
U20S cells. However, the U20S cells still
induced BFL1 in response to TNF-a, IL-1B or
PMA in an NF-kB dependent manner suggest-
ing that this pathway is intact and functioning
in U20S cells. In melanoma cells, BCL2A1 is
upregulated via MITF [31, 32] but as U20S are
osteosarcoma cells, it would appear unlikely
that MITF is responsible in this cell line.

In prostate cancer, BCL2A1 was induced by
both PMA and etoposide via a PKCd-depen-
dent mechanism [18]. V158411 induced BCL-
2A1 via a different mechanism as the PKC
inhibitor sotrastaurin inhibited BFL1 induction
by PMA but not that by V158411. AKT and ERK
phosphorylation were increased in V158411
treated U20S cells and the induction of BFL1
by V158411 appeared dependent on signalling
through the MEK/PI3K/AKT/mTOR dependent
pathways. Inhibitors targeting these pathways
effectively blocked BFL1 induction not only by
Chk1 inhibitors but also by topoisomerase
inhibitors as well. The MEK inhibitor Trametinib
appeared the most active inhibitor of BFL1
induction by Chk1 or topoisomerase inhibitors.
There is limited literature to date linking
BCL2A1 with either the MEK or PI3K/AKT path-
ways. BCL2A1 has been demonstrated to be
regulated by PISK/AKT to control neutrophil
survival and homeostasis [37] and eosinophil
adhesion to IMR-32 cells increased BCL2A1 in
a PIBK-MEK/ERK-NF-kB dependent mecha-
nism to protect against neuronal induced
apoptosis [38]. Clear synergy between Chk1
inhibitors and mTOR inhibitors [39-41] and
MEK inhibitors [42-44] has been demonstrat-
ed with potentially the control of anti-apoptotic
protein expression contributing to this.

A very recent study has demonstrated that
BFL1 (BCL2A1) and Bcl-b (BCL2L10) are stabi-
lised by Ubiquilin 4 (UBQLN4). UBQLN4 is a

2306

substrate of ATM and is phosphorylated (and
thereby activated) in response to ATM-activat-
ing DNA damage including that induced by the
topoisomerase inhibitor camptothecin [45].
BCL2A1 and BCL2L10 stabilisation by UBQLN4
reduced apoptosis in response to DNA damage
in a mesothelioma cell model. Chk1l and Weel
inhibitors activate ATM [12, 46, 47]. In this
study, the induction of BFL1 protein by Chk1i,
Weeli and topoisomerasei-induced DNA dam-
age appears to be via an increase in BCL2A1
mRNA with BCL2A1 mRNA increased over 400-
fold following V158411 treatment. BCL2L10
was also increased by V158411 but to a much
lesser extent (around 5.8-fold). Likewise, in-
hibition of ATM with KU-60019 did not block
increased BFL1 expression following V158411
treatment. However, increased protein stability
through UBQLN4-induced stabilisation may
contribute to increased BFL1 protein levels
through reduced protein turnover.

Whilst BFL1 was induced following V158411-
induced DNA damage in U20S cells, it did not
appear to block apoptosis in these cells with
high levels of BFL1 protein observed in apop-
totic cells. Likewise cells with high basal
levels of BFL1 (namely A2058 and HL60 [21])
appeared to readily undergo caspase depen-
dent apoptosis in response to Chk1 inhibition.
Blocking the V158411-induced induction of
BFL1 with Trametinib did not increase the frac-
tion of U20S cells undergoing caspase-depen-
dent apoptosis. There was still a subset of
around 30-40% of the cells that were resistant
to V158411-induced apoptosis. This is in direct
contrast to studies with inhibitors of other Bcl-2
family proteins. The Bcl-2 inhibitor venetoclax
(ABT-199) increased the fraction of apoptotic
AML cells when combined with a Chk1 inhibitor
[48] whilst the Bcl-2/Bcl-XL inhibitor navitoclax
sensitised pancreatic cancer cells to apoptosis
induced by the Chk1 inhibitor prexasertib [49].

This study relied on the transcriptional profiling
of cancer cells treated with V158411. Whilst
transcriptional profiling is relatively easy to per-
form, it does not give the absolute levels of pro-
tein compared to, for example, Reverse Phase
Protein Arrays (RPPA) or quantitative pro-
teomics. Another limitation of this study was
that we analysed bulk gene expression chang-
es. From the follow up studies, it was obvious
that BFL1 induction (and therefore potentially
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other observed gene changes) occurred in a
subset of treated cells. Single cell RNAseq
analysis to identify changes co-associating with
BFL1 induction would provide additional useful
information. Chk1 inhibitors induce DNA dam-
age predominantly in S-phase cells through in-
creased replication stress. Therefore, the gene
expression changes in response to V158411
treatment may be influenced by the fraction of
cells in S phase at the time of treatment and
the doubling rate of the cells.

In conclusion, DNA damage induced by Chk1,
Weel or topoisomerase inhibitors increased
BFL1 expression and downregulated BIM
via an PI3K/AKT/MEK dependent (and NF-«kB
independent) pathway in a subset of U20S
cells. This increase in BFL1 appeared to be an
attempt by the cells to block DNA damage in-
duced apoptosis. This attempt to inhibit apop-
tosis was ultimately futile as the cells still
underwent apoptosis. This strongly suggests
that BFL1 induction following Chk1 inhibitor
treatment is not a useful biomarker for stratify-
ing patient responses to Chk1 inhibitor thera-
py. Further work is ongoing to further under-
stand the mechanism of BFL1 induction in this
cell model.

Acknowledgements

We thank Emer Murphy and Theophile Regnier
for technical help in the preparation of this
manuscript.

Disclosure of conflict of interest
None.

Address correspondence to: Andrew J Massey,
Vernalis (R&D) Ltd, Granta Park, Abington, Cambrid-
ge, CB21 6GB, UK. Tel: +44-1223-895431; E-mail:
a.massey@vernalis.com

References

[1] Pilie PG, Gay CM, Byers LA, O’Connor MJ and
Yap TA. PARP inhibitors: extending benefit be-
yond BRCA-mutant cancers. Clin Cancer Res
2019; 25: 3759-3771.

[2] Yap TA, Plummer R, Azad NS and Helleday T.
The DNA damaging revolution: PARP inhibitors
and beyond. Am Soc Clin Oncol Educ Book
2019; 39: 185-195.

[3] Forment JV and O’Connor MJ. Targeting the
replication stress response in cancer. Pharma-
col Ther 2018; 188: 155-167.

2307

(4]

(5]

(7]

(8]

(10]

(11]

[12]

(13]

(14]

(16]

Niida H, Katsuno Y, Banerjee B, Hande MP and
Nakanishi M. Specific role of Chk1 phosphory-
lations in cell survival and checkpoint activa-
tion. Mol Cell Biol 2007; 27: 2572-2581.
Tapia-Alveal C, Calonge TM and O’Connell MJ.
Regulation of chkl. Cell Div 2009; 4: 8.

Dent P. Investigational CHK1 inhibitors in
early phase clinical trials for the treatment of
cancer. Expert Opin Investig Drugs 2019; 28:
1095-1100.

Pilie PG, Tang C, Mills GB and Yap TA. State-of-
the-art strategies for targeting the DNA dam-
age response in cancer. Nat Rev Clin Oncol
2019; 16: 81-104.

Rogakou EP, Pilch DR, Orr AH, Ivanova VS and
Bonner WM. DNA double-stranded breaks in-
duce histone H2AX phosphorylation on serine
139. J Biol Chem 1998; 273: 5858-5868.
Guerrero Llobet S, van der Vegt B, Jongeneel E,
Bense RD, Zwager MC, Schroder CP, Everts M,
Fehrmann RSN, de Bock GH and van Vugt
MATM. Cyclin E expression is associated with
high levels of replication stress in triple-nega-
tive breast cancer. NPJ Breast Cancer 2020; 6:
40.

Moeglin E, Desplancq D, Conic S, Oulad-Abdel-
ghani M, Stoessel A, Chiper M, Vigneron M, Di-
dier P, Tora L and Weiss E. Uniform widespread
nuclear phosphorylation of histone H2AX is an
indicator of lethal DNA replication stress. Can-
cers (Basel) 2019; 11: 355.

Massey AJ, Stokes S, Browne H, Foloppe N, Fi-
umana A, Scrace S, Fallowfield M, Bedford S,
Webb P, Baker L, Christie M, Drysdale MJ and
Wood M. Identification of novel, in vivo active
Chk1 inhibitors utilizing structure guided drug
design. Oncotarget 2015; 6: 35797-35812.
Wayne J, Brooks T and Massey AJ. Inhibition
of Chk1l with the small molecule inhibitor
V158411 induces DNA damage and cell death
in an unperturbed S-phase. Oncotarget 2016;
7: 85033-85048.

Ge SX, Jung D and Yao R. ShinyGO: a graphical
gene-set enrichment tool for animals and
plants. Bioinformatics 2020; 36: 2628-2629.
Cheng Q, Lee HH, Li Y, Parks TP and Cheng G.
Upregulation of Bcl-x and Bfl-1 as a potential
mechanism of chemoresistance, which can be
overcome by NF-kappaB inhibition. Oncogene
2000; 19: 4936-4940.

Lee HH, Dadgostar H, Cheng Q, Shu J and
Cheng G. NF-kappaB-mediated up-regulation
of Bel-x and Bfl-1/A1 is required for CD40 sur-
vival signaling in B lymphocytes. Proc Natl
Acad Sci U S A 1999; 96: 9136-9141.

Zong WX, Edelstein LC, Chen C, Bash J and Gé-
linas C. The prosurvival Bcl-2 homolog Bfl-1/
A1l is a direct transcriptional target of NF-kap-
paB that blocks TNFalpha-induced apoptosis.
Genes Dev 1999; 13: 382-387.

Am J Cancer Res 2022;12(5):2293-2309


mailto:a.massey@vernalis.com

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

Chk1 inhibition induces BFL1

Sarkar SA, Kutlu B, Velmurugan K, Kizaka-Kon-
doh S, Lee CE, Wong R, Valentine A, Davidson
HW, Hutton JC and Pugazhenthi S. Cytokine-
mediated induction of anti-apoptotic genes
that are linked to nuclear factor kappa-B (NF-
kappaB) signalling in human islets and in a
mouse beta cell line. Diabetologia 2009; 52:
1092-1101.

Caino MC, von Burstin VA, Lopez-Haber C and
Kazanietz MG. Differential regulation of gene
expression by protein kinase C isozymes as de-
termined by genome-wide expression analysis.
J Biol Chem 2011; 286: 11254-11264.

Kim MK, Jeon YK, Woo JK, Choi Y, Choi DH, Kim
YH and Kim CW. The C-terminal region of Bfl-1
sensitizes non-small cell lung cancer to gem-
citabine-induced apoptosis by suppressing NF-
kB activity and down-regulating Bfl-1. Mol Can-
cer 2011; 10: 98.

Keenan AB, Torre D, Lachmann A, Leong AK,
Wojciechowicz ML, Utti V, Jagodnik KM, Kropi-
wnicki E, Wang Z and Ma’ayan A. ChEA3: tran-
scription factor enrichment analysis by orthog-
onal omics integration. Nucleic Acids Res
2019; 47: W212-W224.,

Bryant C, Scriven K and Massey AJ. Inhibition
of the checkpoint kinase Chk1l induces DNA
damage and cell death in human Leukemia
and Lymphoma cells. Mol Cancer 2014; 13:
147.

Neizer-Ashun F and Bhattacharya R. Reality
CHEK: understanding the biology and clinical
potential of CHK1. Cancer Lett 2021; 497:
202-211.

Gorecki L, Andrs M and Korabecny J. Clinical
candidates targeting the ATR-CHK1-WEE1 axis
in cancer. Cancers (Basel) 2021; 13: 795.
Vogler M. BCL2A1: the underdog in the BCL2
family. Cell Death Differ 2012; 19: 67-74.

Li X, Dou J, You Q and Jiang Z. Inhibitors of
BCL2A1/Bfl-1 protein: potential stock in can-
cer therapy. Eur J Med Chem 2021; 220:
113539.

Piva R, Pellegrino E, Mattioli M, Agnelli L, Lom-
bardi L, Boccalatte F, Costa G, Ruggeri BA,
Cheng M, Chiarle R, Palestro G, Neri A and Ing-
hirami G. Functional validation of the anaplas-
tic lymphoma kinase signature identifies CEB-
PB and BCL2A1 as critical target genes. J Clin
Invest 2006; 116: 3171-3182.

Beverly LJ and Varmus HE. MYC-induced my-
eloid leukemogenesis is accelerated by all six
members of the antiapoptotic BCL family. On-
cogene 2009; 28: 1274-1279.

Ottina E, Grespi F, Tischner D, Soratroi C, Geley
S, Ploner A, Reichardt HM, Villunger A and Her-
old MJ. Targeting antiapoptotic A1/Bfl-1 by in
vivo RNAI reveals multiple roles in leukocyte
development in mice. Blood 2012; 119: 6032-
6042,

2308

[29]

[30]

(31]

(32]

[33]

(34]

[35]

(36]

[37]

(38]

[39]

Bisaillon R, Moison C, Thiollier C, Krosl J, Bor-
deleau ME, Lehnertz B, Lavallée VP, MacRae T,
Mayotte N, Labelle C, Boucher G, Spinella JF,
Boivin I, D’Angelo G, Lavallée S, Marinier A,
Lemieux S, Hébert J and Sauvageau G. Genet-
ic characterization of ABT-199 sensitivity in hu-
man AML. Leukemia 2020; 34: 63-74.

Zhang H, Nakauchi Y, Kéhnke T, Stafford M,
Bottomly D, Thomas R, Wilmot B, McWeeney
SK, Majeti R and Tyner JW. Integrated analysis
of patient samples identifies biomarkers for
venetoclax efficacy and combination strategies
in acute myeloid leukemia. Nat Cancer 2020;
1: 826-839.

Hind CK, Carter MJ, Harris CL, Chan HT, James
S and Cragg MS. Role of the pro-survival mol-
ecule Bfl-1 in melanoma. Int J Biochem Cell
Biol 2015; 59: 94-102.

Haq R, Yokoyama S, Hawryluk EB, Jonsson GB,
Frederick DT, McHenry K, Porter D, Tran TN,
Love KT, Langer R, Anderson DG, Garraway LA,
Duncan LM, Morton DL, Hoon DS, Wargo JA,
Song JS and Fisher DE. BCL2A1 is a lineage-
specific antiapoptotic melanoma oncogene
that confers resistance to BRAF inhibition.
Proc Natl Acad Sci U S A 2013; 110: 4321-
4326.

Bryant C, Rawlinson R and Massey AJ. Chk1
inhibition as a novel therapeutic strategy for
treating triple-negative breast and ovarian can-
cers. BMC Cancer 2014; 14: 570.

Ullmannovéa V and Haskovec C. Gene expres-
sion during camptothecin-induced apoptosis
in human myeloid leukemia cell line ML-2.
Neoplasma 2004; 51: 175-180.

Barile E, Marconi GD, De SK, Baggio C, Gam-
bini L, Salem AF, Kashyap MK, Castro JE, Kipps
TJ and Pellecchia M. hBfl-1/hNOXA interaction
studies provide new insights on the role of Bfl-
1 in cancer cell resistance and for the design
of novel anticancer agents. ACS Chem Biol
2017; 12: 444-455.

Chen C, Edelstein LC and Gélinas C. The Rel/
NF-kappaB family directly activates expression
of the apoptosis inhibitor Bcl-x(L). Mol Cell Biol
2000; 20: 2687-2695.

Vier J, Groth M, Sochalska M and Kirschnek S.
The anti-apoptotic Bcl-2 family protein A1/Bfl-1
regulates neutrophil survival and homeostasis
and is controlled via PI3K and JAK/STAT signal-
ing. Cell Death Dis 2016; 7: €2103.

Morgan RK, Kingham PJ, Walsh MT, Curran DR,
Durcan N, McLean WG and Costello RW. Eo-
sinophil adhesion to cholinergic IMR-32 cells
protects against induced neuronal apoptosis. J
Immunol 2004; 173: 5963-5970.

Massey AJ, Stephens P, Rawlinson R, McGurk
L, Plummer R and Curtin NJ. mTORC1 and
DNA-PKcs as novel molecular determinants of
sensitivity to Chk1 inhibition. Mol Oncol 2016;
10: 101-112.

Am J Cancer Res 2022;12(5):2293-2309



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

Chk1 inhibition induces BFL1

Huang TT, Brill E, Nair JR, Zhang X, Wilson KM,
Chen L, Thomas CJ and Lee JM. Targeting the
PIBK/mTOR pathway augments CHK1 inhibi-
tor-induced replication stress and antitumor
activity in high-grade serous ovarian cancer.
Cancer Res 2020; 80: 5380-5392.

Song X, Wang L, Wang T, Hu J, Wang J, Tu R, Su
H, Jiang J, Qing G and Liu H. Synergistic target-
ing of CHK1 and mTOR in MYC-driven tumors.
Carcinogenesis 2021; 42: 448-460.

Tang Y, Dai Y, Grant S and Dent P. Enhancing
CHKZ1 inhibitor lethality in glioblastoma. Can-
cer Biol Ther 2012; 13: 379-388.

Dai Y, Chen S, Pei XY, Almenara JA, Kramer LB,
Venditti CA, Dent P and Grant S. Interruption of
the Ras/MEK/ERK signaling cascade enhanc-
es Chk1 inhibitor-induced DNA damage in vitro
and in vivo in human multiple myeloma cells.
Blood 2008; 112: 2439-2449.

Pei XY, Dai Y, Youssefian LE, Chen S, Bodie
WW, Takabatake Y, Felthousen J, Aimenara JA,
Kramer LB, Dent P and Grant S. Cytokinetically
quiescent (GO/G1) human multiple myeloma
cells are susceptible to simultaneous inhibi-
tion of Chk1 and MEK1/2. Blood 2011; 118:
5189-5200.

LiuF, Pan R, Ding H, Gu L, Yang Y, Li C, Xu Y, Hu
R, Chen H, Zhang X and Nie Y. UBQLN4 is an
ATM substrate that stabilizes the anti-apoptot-
ic proteins BCL2A1 and BCL2L10 in mesothe-
lioma. Mol Oncol 2021; 15: 3738-3752.
Wang FZ, Fei HR, Cui YJ, Sun YK, Li ZM, Wang
XY, Yang XY, Zhang JG and Sun BL. The check-
point 1 kinase inhibitor LY2603618 induces
cell cycle arrest, DNA damage response and
autophagy in cancer cells. Apoptosis 2014; 19:
1389-1398.

Jin MH, Nam AR, Park JE, Bang JH, Bang YJ and
Oh DY. Therapeutic co-targeting of WEE1 and
ATM downregulates PD-L1 expression in pan-
creatic cancer. Cancer Res Treat 2020; 52:
149-166.

Zhao J, Niu X, Li X, Edwards H, Wang G, Wang
Y, Taub JW, Lin H and Ge Y. Inhibition of CHK1
enhances cell death induced by the Bcl-2-se-
lective inhibitor ABT-199 in acute myeloid leu-
kemia cells. Oncotarget 2016; 7: 34785-
34799.

Morimoto Y, Takada K, Takeuchi O, Watanabe
K, Hirohara M, Hamamoto T and Masuda Y.
Bcl-2/Bcl-xL inhibitor navitoclax increases the
antitumor effect of Chk1 inhibitor prexasertib
by inducing apoptosis in pancreatic cancer
cells via inhibition of Bcl-xL but not Bcl-2. Mol
Cell Biochem 2020; 472: 187-198.

2309

(50]

(52]

(53]

[54]

[55]

(56]

Hall AB, Newsome D, Wang Y, Boucher DM,
Eustace B, Gu Y, Hare B, Johnson MA, Milton S,
Murphy CE, Takemoto D, Tolman C, Wood M,
Charlton P, Charrier JD, Furey B, Golec J, Reap-
er PM and Pollard JR. Potentiation of tumor
responses to DNA damaging therapy by the
selective ATR inhibitor VX-970. Oncotarget
2014; 5: 5674-5685.

Hirai H, lwasawa Y, Okada M, Arai T, Nishibata
T, Kobayashi M, Kimura T, Kaneko N, Ohtani J,
Yamanaka K, Itadani H, Takahashi-Suzuki |, Fu-
kasawa K, Oki H, Nambu T, Jiang J, Sakai T,
Arakawa H, Sakamoto T, Sagara T, Yoshizumi T,
Mizuarai S and Kotani H. Small-molecule inhi-
bition of Weel kinase by MK-1775 selectively
sensitizes p53-deficient tumor cells to DNA-
damaging agents. Mol Cancer Ther 2009; 8:
2992-3000.

King C, Diaz H, Barnard D, Barda D, Clawson D,
Blosser W, Cox K, Guo S and Marshall M. Char-
acterization and preclinical development of
LY2603618: a selective and potent Chk1 in-
hibitor. Invest New Drugs 2013; 32: 213-226.
Guzi TJ, Paruch K, Dwyer MP, Labroli M, Shana-
han F, Davis N, Taricani L, Wiswell D, Seghezzi
W, Penaflor E, Bhagwat B, Wang W, Gu D, Hsieh
Y, Lee S, Liu M and Parry D. Targeting the repli-
cation checkpoint using SCH 900776, a potent
and functionally selective CHK1 inhibitor iden-
tified via high content screening. Mol Cancer
Ther 2011; 10: 591-602.

Blasina A, Hallin J, Chen E, Arango ME, Kraynov
E, Register J, Grant S, Ninkovic S, Chen P, Nich-
ols T, O'Connor P and Anderes K. Breaching
the DNA damage checkpoint via PF-00477736,
a novel small-molecule inhibitor of checkpoint
kinase 1. Mol Cancer Ther 2008; 7: 2394-
2404.

Golding SE, Rosenberg E, Valerie N, Hussaini |,
Frigerio M, Cockcroft XF, Chong WY, Hummer-
sone M, Rigoreau L, Menear KA, O’Connor MJ,
Povirk LF, van MT and Valerie K. Improved ATM
kinase inhibitor KU-60019 radiosensitizes glio-
ma cells, compromises insulin, AKT and ERK
prosurvival signaling, and inhibits migration
and invasion. Mol Cancer Ther 2009; 8: 2894-
2902.

Leahy JJ, Golding BT, Griffin RJ, Hardcastle IR,
Richardson C, Rigoreau L and Smith GC. Iden-
tification of a highly potent and selective DNA-
dependent protein kinase (DNA-PK) inhibitor
(NU7441) by screening of chromenone librar-
ies. Bioorg Med Chem Lett 2004; 14: 6083-
6087.

Am J Cancer Res 2022;12(5):2293-2309



Chk1 inhibition induces BFL1

Table S1. Antibodies used in the study

Target MWT (kDa) Supplier Prod. Code Spp. Appl. Dil.
BFL1 18 Abcam ab246319 R WB 1:1000
Mcl-1 40 SantaCruz sc-819 R WB 1:2500
Bcl-2 26 SantaCruz sc-492 R WB 1:2000
Bcel-XL 30 CST 2762 R WB 1:5000
yH2AX 15 CsT 9718 R WB 1:5000
pChk1 (S345) 56 CsT 2348 R WB 1:2500
HSP90 90 Enzo SPA-830 M WB 1:5000
Chk1 56 CsT 2360 M WB 1:2500
B-actin 45 CSsT 4970 R WB 1:5000
BIM 12,15, 23 CST 2933 R WB 1:1000
PUMA 23 CST 12450 M WB 1:5000
NOXA 10 CST 14766 R WB 1:1000
BID 15, 22 CsT 2002 M WB 1:1000
BAD 23 CsT 9239 R WB 1:1000
BAX 20 CsT 5023 R WB 1:1000
PAKT (S473) 60 CsT 4060 M WB 1:5000
IF 1:400
AKT 60 CST 9272 R WB 1:2500
pERK (T202/Y204) 42,44 CST 9101 R WB 1:5000
IF 1:250
ERK 42,44 CST 9102 M WB 1:2500
Cleaved Lamin A 28 CST 2035 R WB 1:2500
PARP 89, 116 CsT 9542 R WB 1:2500
NF-kB (p65) 65 CsT 8242 R WB 1:5000
IF 1:400
pNF-kB (p65) (S536) 65 CSsT 3033 R WB 1:2500
NF-kB (p50) 50 CSsT 13586 R WB 1:2500
IF 1:200
NF-kB (p52) 52 CST 3017 R WB 1:2500
RelB 70 Abcam ab180127 R WB 1:2500
IF 1:500
c-Rel 78 CsT 67489 R WB 1:2500
IF 1:800
plkka/B (S176/180) 85, 87 CST 2697 R WB 1:1000
KK 85 CST 11930 M WB 1:2000
KK 87 CST 8943 R WB 1:2000
plkBa (S32) 40 CST 2859 R WB 1:1000
IKBa 40 CsT 4814 M WB 1:2000
pSTAT3 (Y705) 79, 86 CsT 9145 R WB 1:2500
STAT3 79, 86 CsT 9132 R WB 1:2000
GAPDH 37 CST 2118 R WB 1:10000
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Figure S1. Volcano plots of differential gene expression. Red dots, -log (false discovery rate) > 2.
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Figure S2. Example images of BCL2A1 (red) or B2M (green) mRNA using ViewRNA technology in U20S cells treated
for 24 hours with DMSO or 3x Gl , V158411 for 24 hours. Arrows indicate example cells with increased BCL2A1
mMRNA.

Table S2. Gl values of compounds used

Cell Li Gl,, (UM)
ertine AZD1775 LY2603618 Camptothecin Etoposide Gemcitabine Cisplatin

PANC-1 0.29 7.3 0.01 1.6 0.023 6.8
MES-SA 0.003 0.21 0.016 11
SJSA-1 0.013 1.7 0.012 1.7
U20s 0.27 0.67 0.25 4.2 0.012 75
Hela 0.31 2.6 0.30 27.7 0.018 15.6
LNCaP 0.55 1.3 0.031 14.4 0.021 16.1
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Figure S3. A. U20S cells were treated with 100 ng/mL PMA, 30 ng/mL TNF-ot or 30 ng/mL IL-1 for 4 or 24 hours,
or 1 or3x Gl, V158411 for 48 hours. B. LNCaP cells were treated with 100 ng/mL PMA for 4 or 24 hours or 3x Gl
V158411 for O-72 hours. C and D. Cells were treated with 3x Gl_, of the cytotoxic chemotherapeutic agents for 48
hours. E. PANC-1 cells were treated with 3x Gl , of the indicated compounds for 48 hours. Protein expression was
determined by western blotting.

Table S3. V158411 Gl and mutation status of cancer cell lines

V158411 BFL1 Exp

Cell Line Tumour Type Key Mutations Gl (uM)  (CCLE LOG2)
U20Ss Osteosarcoma CCND2 0.82 -5.73
A2058 Metastatic melanoma BRAF, TP53 0.26 3.48
AsPC-1 Pancreatic adenocarcinoma BRAF, KRAS, TP53 1.2 -5.18
BxPC3 Pancreatic adenocarcinoma BRAF, TP53 0.13 0.10
CAPAN-1 Pancreatic adenocarcinoma KRAS 0.35 -2.64
HCT116 Colorectal carcinoma KRAS, PIK3CA 2.0 -13.00
Hela Cervical adenocarcinoma HPV+ve 0.97 -6.03
HL60 Acute promyelocytic leukaemia NRAS, TP53 0.21 2.91
HOSTE85 Osteosarcoma 0.18 ND
HT29 Colorectal adenocarcinoma BRAF, PIK3CA, TP53 0.65 -4.26
LNCaP Prostate carcinoma PTEN 0.27 -4.71
LoVo Colorectal adenocarcinoma KRAS, BRAF, CRAF 0.16 -6.11
MCF-7 Breast adenocarcinoma PIK3CA 2.0 -4.20
MDA-MB-231  Breast adenocarcinoma KRAS, BRAF, TP53 0.40 -4.40
MES-SA Uterine sarcoma CRAF, PTEN 0.29 -13.00
MiaPaCa-2 Pancreatic carcinoma KRAS, TP53 0.16 -6.81
MV4;11 Biphenotypic B myelomonocytic leukaemia FLT3 0.063 -1.67
NCI-H1975 Non-small cell lung adenocarcinoma EGFR, PIK3CA, TP53 12.0 -2.12
PANC-1 Pancreatic adenocarcinoma KRAS, TP53 8.0 2.73
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SAOS-2 Osteosarcoma RB1 0.37 -13.00
SJSA-1 Osteosarcoma KRAS, NRAS, TP53 0.61 -2.85
SKBr-3 Breast adenocarcinoma TP53 0.022 -6.07
SKOV3 Ovarian adenocarcinoma PIK3CA, TP53 0.28 -5.06
THP-1 Acute monocytic leukaemia NRAS 0.22 -3.14

ND, not determined.

DMSO 1x Glgy 3x Glgg DMSO 1x Glgg 3x Glgg
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p50
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RelB Nuclei

cRel

Nuclei
Nuclei
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Figure S4. U20S cells were treated with 1 or 3x Gl , V158411 for 24 hours and the nuclear intensity of the indicated
proteins determined by single cell IF.

Table S4. Transcription factor analysis using ChEA3

U20s HT29
Rank TF Score Rank TF Score
1 CSRNP1 2.5 1 MEIS3 9
2 FOSB 7.333 2 KCNIP3 14.5
3 NR4A3 7.667 3 HEYL 20.67
4 ATF3 11.5 4 CSRNP3 22
5 SNAI1 12.33 5 DPF1 38
6 FOSL1 12.6 6 FOXS1 47.33
7 JUN 14.5 7 CENPA 52
8 FOS 16.4 8 MYT1 54.67
9 EGR2 17 9 SP7 60
10 JUNB 18.75 10 FOXG1 64
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Table S5. Gene Ontology enrichment analysis

Pathway Fold Enrichment nGenes Pathway  Enrichment

Genes FDR
Cell surface receptor signalling pathway 2.29 57 3363 1.75E-06
Cell differentiation 1.89 65 4637 5.24E-05
Animal organ development 2.01 58 3893 5.24E-05
Cellular developmental process 1.85 65 4731 8.65E-05
MAPK cascade 3.43 24 944 9.88E-05
Response to lipopolysaccharide 5.31 15 381 9.88E-05
Regulation of response to stimulus 1.83 64 4707 9.88E-05
Anatomical structure morphogenesis 2.16 46 2871 1.06E-04
Cell activation 2.60 32 1658 1.45E-04
Response to molecule of bacterial origin 5.01 15 404 1.45E-04
Regulation of localization 2.10 46 2951 1.45E-04
Leukocyte activation 2.74 30 1475 1.45E-04
Cellular response to molecule of bacterial origin 6.35 12 255 1.45E-04
Response to bacterium 3.64 20 741 1.70E-04
Positive regulation of signal transduction 2.54 31 1644 2.93E-04
Cellular response to biotic stimulus 5.78 12 280 2.93E-04
Tissue development 2.28 37 2190 3.06E-04
Cellular response to chemical stimulus 1.91 52 3680 3.08E-04
Anatomical structure formation involved in morphogenesis 2.85 25 1183 4.15E-04
Cellular response to lipopolysaccharide 6.06 11 245 4.15E-04
Response to external stimulus 1.93 48 3352 5.22E-04
Circulatory system development 2.87 24 1127 5.22E-04
Positive regulation of cell communication 2.35 32 1835 6.74E-04
Response to oxygen-containing compound 2.36 32 1832 6.74E-04
Positive regulation of signalling 2.34 32 1842 7.00E-04
Cell migration 2.46 29 1590 7.76E-04
Regulation of molecular function 1.91 47 3321 7.76E-04
Myeloid leukocyte activation 3.26 19 785 8.03E-04
Response to lipid 2.92 22 1017 8.28E-04
Cellular response to organic substance 1.95 44 3045 9.11E-04
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Figure S5. A. U20S cells were treated with 100 ng/mL PMA for 4 or 24 hours, or 3x Gl , V158411 (V411) in the
absence or presence of 1 uM sotrastaurin. B. Effects of sotrastaurin on U20S cell viability following 72-hour incuba-
tion.
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Table S6. Kinase Inhibitor screen-list of kinase inhibitors used

Inhibitor ~ Kinases Inhibited CO”(CHI;T)Sted '”T;%Ezgo‘: (?;Ll B?th'bl'é';rzuol\;) 72(;TMG)I5O
KU-60019 ATM 3 9.5
NU7441 DNA-PKcs 3 2.2
Dactolisib PI3Ka/B/d/y, mTOR, ATR 1 91.9 0.041 0.017
AZD8055 mTOR 1 83.4 0.15 0.055
Gefitinib EGFR 1 4.0
Dasatinib Abl, Src, c-Kit 1 45.6
Sunitinib VEGFR2, PDGFR, c-Kit 1 19.7
Imatinib Abl, c-Kit, PDGFR 1 -24.9
Ponatinib Abl, PDGFRa, VEGFR2, FGFR1, Src 1 88.9 0.070 0.58
Selumetinib  MEK1/2 1 33.0 1.6 13.8
Trametinib  MEKZ1/2 1 96.6 0.066 0.23
Sorafenib c-Raf, B-raf, VEGFR2 1 -4.0
PF 3644022 MAPKAPK2 3 -21.8
SB 202190 p38 MAPKo/3 3 -17.9
Selicilib CDK1, CDK2, CDK5 3 15.1
Neratinib HER2, EGFR 1 30.8
Crizotinib c-Met, ALK, Ros 3 66.3 1.0 2.6
Buparlisib PI3Ka/B/8/y 3 61.6
Dovitinib FLT3, c-Kit, FGFR1-3, VEGFR1-4 3 93.0 0.56 1.6
(InsR, EGFR, c-Met, EphA2, Tie2,
IGFR1, HER2)
Linsitinib IGF-1R, InsR 3 -4.6
Pictilisib PI3Ka/d 3 73.3 >3 0.59
ND-2158 IRAK4 3 38.4
Tofacitinib JAK1/2/3 3 17.0
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Figure S6. A. Example images of U20S cells treated with O or 3x Gl , V158411 for 24 hours and protein expression
determined by single cell immunofluorescent imaging. B. U20S cells were treated with 3x Gl , of compound for 24
hours. Example IF images of U20S cells are shown.
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Figure S7. A. Dot plot of mean nuclear yH2AX versus mean nuclear pAKT (S473) following 24-hour treatment of
U20S cells with 3x Gl V158411. Each dot represents a single cell. B. U20S cells were treated with 1x Gl of the
indicated compounds for 48 hours. C. Cells were treated with 3x Gl , of the indicated compounds for 48 hours. D.
Cells were treated with 0-3x Gl V158411 for 48 hours.




