Chronic Lymphocyic Leukemia
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ABSTRACT

ntroduction of small-molecule inhibitors of B-cell receptor signaling and
IBCLZ protein significantly improves therapeutic options in chronic lym-

phocytic leukemia. However, some patients suffer from adverse effects
mandating treatment discontinuation, and cases with 7P53 defects more
frequently experience early progression of the disease. Development of
alternative therapeutic approaches is, therefore, of critical importance. Here
we report details of the anti-chronic lymphocytic leukemia single-agent
activity of MUS380, our recently identified potent, selective, and metaboli-
cally robust inhibitor of checkpoint kinase 1. We also describe a newly
developed enantioselective synthesis of MU380, which allows preparation
of gram quantities of the substance. Checkpoint kinase 1 is a master regu-
lator of replication operating primarily in intra-S and G,/M cell cycle check-
points. Initially tested in leukemia and lymphoma cell lines, MU380 signif-
icantly potentiated efficacy of gemcitabine, a clinically used inducer of repli-
cation stress. Moreover, MU380 manifested substantial single-agent activity
in both TP53-wild type and TP53-mutated leukemia and lymphoma cell
lines. In chronic lymphocytic leukemia-derived cell lines MEC-1, MEC-2
(both TP53-mut), and OSU-CLL (TP53-wt) the inhibitor impaired cell cycle
progression and induced apoptosis. In primary clinical samples, MU380
used as a single-agent noticeably reduced the viability of unstimulated
chronic Iymphocytic leukemia cells as well as those induced to proliferate
by anti-CD40/IL-4 stimuli. In both cases, effects were comparable in sam-
ples harboring p53 pathway dysfunction (TP53 mutations or ATV muta-
tions) and TP53-wt/ATAM-wt cells. Lastly, MU380 also exhibited significant
in vivo activity in a xenotransplant mouse model (immunodeficient strain
NOD-scid IL2Ry"") where it efficiently suppressed growth of subcutaneous
tumors generated from MEC-1 cells.

Introduction

Significant progress has been achieved in the therapy of chronic lymphocytic
leukemia (CLL) with the introduction of small-molecule inhibitors targeting the B-cell
receptor (BCR) signaling'” and BCL2 protein.® Drugs like ibrutinib, idelalisib or vene-
toclax are currently changing clinical practice in CLL treatment. The most extensive
data are related to the BCR inhibitor ibrutinib, and besides many positive aspects
revealed also that: (i) the drug possesses a specific toxicity profile enforcing treatment
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discontinuation in a proportion of patients;' (ii) some
patients progress during therapy to the stage of highly
adverse diffuse large B-cell lymphoma (Richter transforma-
tion);” and (iii) relapsed/refractory patients harboring 17p
deletion (TP53 defect) experience relatively short progres-
sion-free survival and overall survival after the single-agent
ibrutinib treatment.”” Nevertheless, the clinical efficacy of
ibrutinib is substantially better compared to chemoim-
munotherapy, which has been found to be unsuitable for
TP53-defective patients.’

Replication is a vital process for each cancer cell, and the
proteins controlling its course represent interesting targets
for anti-cancer therapy. The checkpoint kinase 1 (CHK1)
supervises replication through the intra-S and G/M cell
cycle checkpoints, where it stabilizes stalled replication
forks after DNA damage and participates in DNA repair by
homologous recombination process.”® CHK1 is an impor-
tant member of the DNA damage response (DDR) path-
way, which represents a fundamental anti-cancer barrier."!
Central to DDR are two signaling cascades: ATR—CHK1
and ATM—CHK2—-p53. While the latter is frequently
mutated in tumors, the activity of ATR and CHEK1 genes is
essential for cell survival.*® In line with this, CHEK1 was
found to be an essential gene for 557 out of 558 cancer cell
lines, according to the DepMap database (depmap.org)
(Online Supplementary Figure S1).

Numerous structurally diverse CHK1 inhibitors have
been developed as potentiating agents, i.e. for combination
with chemotherapy. Nevertheless, some of them showed
interesting pre-clinical single-agent activity against diverse
cancer types, including breast and ovarian cancer," small-
cell lung cancer,” colorectal cancer, neuroblastoma,”
melanoma,”® MYC driven lymphoma,” and leukemia.””
Currently, several CHK1 inhibitors are undergoing evalu-
tion in clinical trials focusing on solid tumors and hemato-
logic malignancies. In CLL, CHK1 inhibition represents a
potentially attractive concept for the following reasons: (i)
CHK1 is essential for normal B-cell development and lym-
phomagenesis;” (ii) leukemia and lymphoma cells are par-
ticularly vulnerable to CHK1 depletion;” and (iii) CLL cells
are sensitive to manipulation with the level of replication
stress (RS), as shown in experiments inhibiting ATR; a
CHK1 upstream kinase.”

In our previous study,” we employed one of the most
selective CHK1 inhibitors, SCH900776,” and showed that
it significantly potentiates activity of fludarabine in TP53-
mutated CLL cells, as well as in a CLL TP53-wt mouse
model. Subsequently, we developed compound MU380, a
non-trivial analog of SCH900776 which contains unusual
N-trifluoromethylpyrazole moiety protecting the molecule
from oxidative dealkylation and thus improving its meta-
bolic stability.” With our current study, we present a robust
enantioselective synthesis of MUS380, and demonstrate its
single-agent efficacy in lymphoid cancer cells. Significantly,
to the best of our knowledge, we have for the first time
demonstrated the potential for CHK1 inhibition to affect
high-risk CLL cells with TP53 defects.

Methods

CHK1 inhibitors

Compound SCH900776 (Merck; MK-8776) was prepared in-
house using previously described procedure.” Compound
MU380 was also prepared in-house using our newly developed

enantioselective synthesis (see Results section and Omnline
Supplementary Appendix). These inhibitors were stored at room
temperature as 10 mM stock solutions dissolved in DMSO.

Cell lines and primary chronic lymphocytic leukemia cells

Leukemia and lymphoma cell lines were obtained from the
German Collection of Microorganisms and Cell Cultures
(DSMZ) and cultured in accordance with DSMZ recommenda-
tions. TP53 mutation status was verified by sequencing, and was
in accordance with the International Agency for Research on
Cancer database.” The origin of non-cancerous cell lines is pro-
vided in Omnline Supplementary Appendix. Primary CLL samples
consisting of peripheral blood mononuclear cells (PBMNC) with
>90% leukemic cells were obtained from patients treated at the
Department of Internal Medicine, Hematology and Oncology of
the University Hospital Brno. Written informed consent was
signed by all patients, and the study was approved by the Ethics
Committee of the University Hospital Bmo (Project n. 15-
33999A). After thawing, CLL cells were cultured in RPMI-1640
medium with 10% FBS and penicillin/streptomycin. Genetic
characterization of the samples is described in Omnline
Supplementary Table S3.

Pro-proliferative stimulation of chronic lymphocytic
leukemia cells

Pro-proliferative stimulation of CLL cells was made using the
anti-CD40 + IL-4 system developed by Patten e al.*® and used by
us previously.” Here we made the following modifications: the
ratio of CLL cells to murine fibroblasts (irradiated by 50 Gy) was
20:1 and length of stimulation was ten days; fresh medium (half
volume), and fresh mAb anti-CD40 and IL-4 (full doses of 200
ng/mL and 10 ng/mL, respectively) were added on days 3 and 7.
On day 10, CLL cells were gently removed and cultured for an
additional three hours (h) to allow residual fibroblasts to attach.
For viability testing, CLL cells were transferred to 96-well plates
and treated with MU380 or DMSO (mock control).

Transfection of chronic lymphocytic leukemia cells

The cells were transfected by electroporation using Neon
Transfection System (Thermo Fisher Scientific) according to the
manufacturer s instructions. Detailed information is provided
in the Online Supplementary Appendix.

Cell viability assays, immunoblotting, real-time
polymerase chain reaction, analyses of cell cycle,
apoptosis and mitotic cells

Detailed information on all methodologies is provided in the
Online Supplementary Appendix.

Xenograft experiments

Experiments were approved by the Ethics Committee of the
Faculty of Medicine of Masaryk University (n. 47499/2013-8)
and performed in accordance with the international ARRIVE
guidelines.” Localized tumors were established in immunodefi-
cient NOD-scid IL2Ry™" mice strain® (Charles River Laboratories,
Cologne, Germany) using a subcutaneous injection of MEC-1
cell line (5x10° cells per animal). Mice were matched according
to initial tumor size and randomized to treatment with MU380
in 20% aqueous Kolliphor solution (single inhibitor dose 20
mg/kg) or 20% Kolliphor alone. Additional information is
included in the Online Supplementary Appendix.

Statistical analyses
Significance level was set as: *P<0.05; **P<0.01; ***P<0.001; =:
not significant. The standard level of statistical significance was
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P<0.05. Detailed information is available in the Ounline

Supplementary Appendix.

Results

Enantioselective synthesis of MU380

In order to prepare sufficient quantities of MUS380 for in
vivo studies, we developed its enantioselective synthesis
from commercially available N-Boc-(R)-nipecotic acid 1
(Figure 1). Briefly, acid 1 was converted into the Weinreb
amide 2, whose treatment with deprotonated acetonitrile
at low temperature afforded the required f-ketonitrile 3
with high optical purity [99% ee, determined by high per-
formance liquid chromatography (HPLC) on chiral sta-
tionary phase]. Subsequent cyclization of 3 with 3-
aminopyrazole proved to be quite challenging when,
under a variety of reaction conditions including alcoholic
solvents used in analogous synthesis of the CHKI1
inhibitor SCH900776,” we observed significant loss of
stereochemical integrity. Finally, we found neat acetic acid
to be the optimal solvent: cyclization was rapid and pro-
vided the desired pyrazolo[1,5-a]pyrimidine intermediate

4 in high yield (95%) and optical purity (96% ee). Using
part of the sequence we had previously reported,” com-
pound 4 was converted into advanced intermediate 11,
utilizing the in-house prepared boronate 9. Optical purity
of 11 (96% ee) was again determined by HPLC on chiral
stationary phase, confirming that no loss of stereochemi-
cal integrity was associated with the post-cyclization
steps of the sequence. Subsequent Boc-protection fol-
lowed by regioselective bromination and deprotection
provided the target compound MUS380 (overall yield 33%
over 10 steps). Final recrystallization from acetonitrile
afforded optically pure MU380 (> 99% ee) on gram scale.
For detailed procedure see the Ownline Supplementary
Appendix.

MU380 effectively inhibits CHK1 kinase and sensitizes
lymphoid tumor cells to gemcitabine

Our novel inhibitor showed satisfactory target-specific
effects in a pilot study using cell lines established from
solid tumors.” Herein, we first explored whether MU380
also efficiently inhibits CHK1 in lymphoid tumor cells.
We treated NALM-6 and MEC-1 cell lines with gemc-
itabine, a potent inductor of RS, and analyzed impact of
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Figure 1. Scheme of enantioselective synthesis of MU380. A brief description is pro-
vided in the Results section; detailed procedures and structural characterizations

are provided in the Online Supplementary Appendix.
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the inhibitor on CHK1 protein. MU380 effectively
blocked CHK1 activation (autophosphorylation pS296),
while at the same time enhancing signaling from (presum-
ably) ATR kinase towards the CHK1 (pS317 and pS345)
reflecting RS potentiation (Figure 2A). MU380 also
impacted the CHK1 downstream activity, which was
demonstrated by reduced level of total CDC25A and
CDC25C, one pS216 CDC25C isoform, pY15 CDK1,
cyclin B1, and cyclin E1 (Figure 2B). The effect was more
pronounced when MU380 was combined with gemc-
itabine.

Since effective CHK1 inhibitors should sensitize cancer
cells to RS inductors, we tested the potential of MU380 in
combination with gemcitabine using 10 cell lines harbor-
ing TP53 gene disruption and 7 TP53-wt cell lines. MU380
(100 nM) significantly potentiated gemcitabine’s efficacy
in all tested cell lines (median half-maximal inhibitory
concentration (ICs) = 20.5 nM for gemcitabine vs. 6.5 nM
for gemcitabine + MUS380) (Table 1, Figure 2C, Online

Supplementary Table S1 and Ouline Supplementary Figure
S2). As expected, MU380 enhanced the chemotherapy-
induced DNA damage level, as evidenced by pS139 H2AX
(YH2AX) accumulation (Figure 2D). Altogether, MU380
effectively inhibited CHK1 in lymphoid cancer cells.

MU380 manifests single-agent activity in both p53-wt
and p53-mutated cell lines

Certain cancer cell lines including those of hematopoiet-
ic origin have been shown to be sensitive to single-agent
CHK1 inhibition.** Along these lines, we tested MU380
alone in 10 leukemia and 9 lymphoma cell lines; an addi-
tional four non-cancerous cell cultures were also tested.
The cancer cell lines responded with concentration-depen-
dent viability decrease, which was similar in the TP53-wt
(n=8) and TP53-mutated (n=11) samples (median 1C;, =
330 and 392 nM, respectively) (Table 1 and Figure 3A).
Interestingly, leukemia cell lines were significantly more
sensitive than lymphoma lines (median ICs, = 238 and 401
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Figure 2. MU380 is effective in lymphoid tumor cells. (A) Effects on the phosphorylation status of CHK1. The cells were treated for the indicated time with MU380
(200 nM), gemcitabine (MEC-1 cell line: 10 ng/mL; NALM-6 cell line: 5 ng/mL) or combination of the agents. (B) Blocking of CHK1 downstream targets after 24
hours (h) treatment with MU380. Gemcitabine: 10 ng/mL. (C) Synergy with gemcitabine. The combined treatment of MU380 (100 nM) with gemcitabine affected
viability (measured by WST-1) of the cell lines significantly more than gemcitabine alone (P<0.001). Note: the graph does not involve the JEKO-1 cell line, in which
IC;, for gemcitabine alone was not reached. ***P<0.001. (D) MU380 (200 nM; 24 h) potentiates DNA damage in MEC-1 cells treated with nucleoside analogs.
Fludarabine (Flu): 5 ug/mL; gemcitabine (Gem): 5 ng/mL; cytarabine (Cyt): 100 ng/mL; CTR: untreated control.
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®
nM, respectively) (Figure 3B). Four cell lines were tested marrow/stromal fibroblasts (HS-5 cell line) (ICs, = 3.7 wM),
within the project of DepMap and lethal phenotype with  primary skin fibroblasts (ICs, = 3.7 uM), and primary skin
the CHEK1 elimination using CRISPR was noted (Online  fibroblasts from a patient with ataxia telangiectasia har-
Supplementary Figure S1). Although some cell lines mani-  boring complete AT gene inactivation (ICs > 10 uM)
fested a high baseline RS level (see phosphorylated CHK1  (Online Supplementary Figure S3).
isoforms and/or YH2AX in Ounline Supplementary Figure To elucidate MU380 mechanistic effects, we analyzed
S3A), we did not observe an apparent correlation to the cell cycle profile and apoptosis in six selected cell lines.
viability decrease (Online Supplementary Figure S3B). The inhibitor (400 nM, 24 h treatment) significantly affect-
Essentially, non-cancerous cells were much less sensitive  ed the cell cycle profile in CLL-derived cell lines: TP53-
to MU380, specifically: immortalized epithelial cells (RPE- mutated MEC-1 and MEC-2 exhibited profound S-phase
1 cell line) (ICs5 > 10 wM), immortalized bone accumulation together with G,/M phase decrease, while
Table 1. Effects of MU380 in cancer cell lines and non-cancerous cells.
Cancer TP53 status Other Synergy Single-agent
genetics with Gem MU380 (IC;;; M)
MEC-1 CLL/PL ¢.949dupC NA +++ 0.20
p.Q317fs
MEC-2 CLL/PL ¢.949dupC NA +++ 041
p.Q317fs
BL-41 BL c.743G°A t(8;14) +++ 0.38
pR248Q (MYCAGH)
SU-DHL-4 DLBCL c817CT t(14;18) o+ 0.40
pRITSC (IGH/BCL?)
JEKO-1 MCL c.173delC t(11;14) ++++ 0.39
p.P58X (CCNDVIGH)
NALM-16 ALL ¢.868_869insTC p.R290fs NA ++++ 0.20
RAJI BL c.638GA; pR213Q (8;14) ot 0.50
¢700T°C; p.Y234H (MYCAGH)
REC-1 MCL ¢.734G™A; p.G245D t(11;14) +++ 048
¢.949C°T: p.Q317X (CCNDI/IGH)
REH ALL cH41CT t(12;21) ND 0.25
pRISIC (TELAMLI)
MAVER-1 MCL c.843CG t(11;14) ++++ 0.25
p.D28IE (CCNDV/IGH)
MINO MCL cA40T°G t(11;14) +++ 0.46
pVI4TG (CCNDIGH)
OSU-CLL CLL WT NA +++ 0.22
JVM-2 B-PLL WT t(11;14) +++ 0.22
(CCNDVIGH)
JVM-3 B-PLL WT NA +++ 0.34
WSU-NHL DLBCL WT t(14,18) ++++ 0.32
(IGH/BCLY)
DOHH-2 J#lly WrT t(8;14;18) +++ 043
(MYCIGH/BCL2)
NALM-6 ALL WT {(5:12) ot 0.38
(ETV6/PDGFRB)
GRANTA-519 MCL WT t(11;14) ot ND
(del 17p) (CCNDV/IGH)
OCI-AML3 AML WT NA ND 0.34
MOLM-13 AML WT (MLL/AF9) ND 0.14
RPE-1 Non-cancerous NA NA ND >10
HS-5 Non-cancerous NA NA ND 3.7
Fibroblasts normal ~ Non-cancerous NA NA ND 3.7
Fibroblasts AT Non-cancerous NA NA ND >10
Genetic characteristics of the cell lines were adopted from the German Collection of Microorganisms and Cell Cultures (DSMZ). Statistical evaluation of the synergy between
MU380 and gemcitabine (Gem) was done by Chou-Talalay test; ++++ very strong synergism; +++ strong synergism; ++ synergism. NA: not applicable; ND: not determined.
CLL/PL: chronic lymphocytic leukemia in prolymphocytoid transformation; BL: Burkitt lymphoma; DLBCL: diffuse large B-cell lymphoma; MCL: mantle cell lymphoma;ALL: acute
lymphoblastic leukemia; B-PLL: B-cell prolymphocytic leukemia; FL: follicular lymphoma; AML: acute myeloid leukemia. Characterization of the non-cancerous cells and cell
lines is provided in Online Supplementary Appendix.
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Figure 3. Effects of MU380 (single-agent) on leukemia and lymphoma cell lines. (A) Cell viability was reduced similarly in the TP53-wt and TP53-mutated cell lines
(P=0.257) after 72 hours (h) treatment. (B) Distribution of IC50 values in leukemia and lymphoma cell lines (P=0.004). (C) MU380 (400 nM; 24 h) significantly
changed the cell cycle profile in MEC-1 (P<0.001), MEC-2 (P=0.010) and OSU-CLL (P<0.001) cell lines; the other three cell lines showed insignificant differences.
(D) MEC-1 cells treated with MU380 (400 nM; 24 h) exhibited significantly reduced DNA synthesis rate compared to control untreated cells (lower EdU incorporation,
P=0.001) and consequently manifested extensive apoptosis as evidenced by the PARP protein cleavage (P=0.001). The cell death was also confirmed using labeling
with Live/Dead Red agent (P=0.002). Graph summarizes results of three independent experiments. (E) MU380 (400 nM; 48 h) elicited apoptosis in all tested cell
lines as evidenced through the cleaved PARP (C-PARP) and caspase-3 (C-Caspase-3) proteins. Note: the cell lines were exposed individually on UVITEC detection
instrument; hence, intensity of the bands among the cell lines cannot be mutually compared. (F) The time-dependent yH2AX accumulation reflects gradually increas-
ing RS after treatment with MU380 (400 nM); the cells were harvested at indicated time points. (G) MU380 (400 nM; 24 h) does not change the p53 protein level
in p53-wt NALM-6 cell line, in contrast to fludarabine (2.7 uM; positive control). (H) MU380 (400 nM; 24 h) induces negligible expression of p53 target genes BAX,
PUMA, GADD45A, and CDKN1A (p21), in contrast to fludarabine (2.7 uM; positive control). The fold change is related to the untreated control (CTR). The graph sum-
marizes results of two independent real-time polymerase chain reaction analyses. Error bars represent standard deviation. **P<0.01; ***P<0.001.
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TP53-wt OSU-CLL cells manifested extensive sub-G1
peak (Figure 3C and Ounline Supplementary Figure S5). In
MEC-1 cells, we also recorded greatly reduced DNA syn-
thesis rate and concurrently apparent apoptosis induction
(cleavage of PARP protein) after MU380 treatment (Figure
3D and Ounline Supplementary Figure S6). Apoptosis was
also detected in all other tested cell lines using western
blot analysis of cleaved PARP and Caspase-3 proteins
(Figure 3E). In contrast, no significant apoptosis induction
was observable in non-cancerous human cell lines and pri-
mary fibroblasts (Online Supplementary Figure S7). Cell
death was likely a consequence of enhanced DNA damage
as evidenced by YH2AX accumulation in MU380-treated
cells (Figure 3F).

All aforementioned results indicate that MUS380 activity
is not dependent on p53 status, which is further supported
by absence of p53 protein accumulation after treating the
p53-wt NALM-6 cell line with MUS380 (Figure 3G), as well
as by negligible induction of p53-downstream target genes
CDKN1A (p21), PUMA, BAX, and GADD45 in this cell
line; interestingly, the inhibitor further increased the
expression elicited by fludarabine (Figure 3H).

MU380-mediated CHK1 inhibition affects transition
of MEC-1 cells into mitosis

CHK1 protein inhibition abrogates the intra-S and
G2/M cell cycle checkpoints.®* In p53-deficient cells lack-
ing a functional G1/S checkpoint, CHK1 suppression can
result in premature mitosis involving unrepaired DNA
damage.* We hence employed a TP53-mutated MEC-1
cell line, in which MUS380 significantly affected the cell
cycle profile, and analyzed mitoses, specifically mitotic
index (MI) and integrity of mitotic chromosomes. In addi-
tion to CHK1 inhibition, we also examined parallel block-
ing of ATR to assess contribution of this closely co-oper-
ating kinase to the studied phenotypes; in a recent study;,
ATR/CHKI1 co-inhibition exhibited a surprising synergy in
cancer cells, which was attributed to accentuated replica-
tion collapse.” For ATR depletion, we used selective
inhibitor VE-821,* which blocked ATR-mediated CHK1
phoshorylations (pS317/pS345) in MEC-1 cells (Online
Supplementary Figure S8).

The results of two independent experiments are sum-
marized in Table 2. After treatment with MU380 alone,

Table 2. Cytogenetic analysis in MEC-1 cell line.

Experiment 1 Mitotic Analyzed Cells
index (%) mitoses  with breaks
Control 115 50 0
CHKIi 3.0 50 7
ATRi 108 50 7
CHKIi + ATRi 5.7 50 19
Experiment 2 Mitotic Analyzed Cells
index (%) mitoses  with breaks
Control 18.0 50 0
CHKIi 2.2 54 4
ATRi 18,5 55 19
CHKIi + ATRi 39 52 27

The cells were treated for 24 hours with the following agents: Experiment 1: 200 nM
MU380 (CHKI1i); 1 uM VE-821 (ATRi); respective combination. Experiment 2: 400 nM
MU380, 2 uM VE-821; respective combination.

the MI sharply decreased, and a proportion of mitotic cells
manifested chromosome damage in some cells resembling
pulverization  (Omnline  Supplementary — Figure — S9).
Remarkably, with cells co-treated by CHK1 and ATR
inhibitors we measured a higher MI compared to the
CHK1 inhibitor alone. In line with this observation, we
also recorded a higher proportion of cells with chromo-
some damage.

MU380 induces cell death in dividing and non-dividing
primary chronic lymphocytic leukemia lymphocytes

We subsequently tested MU380 single-agent activity in
primary CLL cells using vitally frozen clinical samples.
Since CLL lymphocytes obtained from patient peripheral
blood manifest only weak ATR/CHKI1 pathway activi-
ty,”** we initially stimulated proliferation of CLL cells
using the anti-CD40/IL-4 system.**® This stimulation
shifted a significant part of the CLL cells to post-G1 phas-
es of the cell cycle, which was apparent from both the
DNA content analysis and enhanced expression of prolif-
eration markers, VKi67 and BIRC5 (coding survivin)
(Online Supplementary Figure S10). The stimulation also
results in upregulation of activated CHK1 protein as we
previously reported” and in enhanced anti-apoptotic sig-
naling.”

In the stimulated CLL cells, MU380 effectively elicited
RS (pS345 CHK1) and abrogated CHK1 activation (pS296)
(Figure 4A). The impact on cell viability was tested in 13
stimulated CLL cultures harboring adverse genetic fea-
tures including TP53 mutations, AT/ mutations, and/or
complex karyotype (Omnline Supplementary Table S2).
Notably, MU380 reduced viability of these samples with
different genetic background to a similar extent; the ICs,
value was approximately 1 uM in all but one sample
(Figure 4B). Cell death mechanism included apoptosis as
evidenced by the PARP protein cleavage (Figure 4C).

Consequently, we investigated non-stimulated primary
CLL cells, which manifest a low but detectable CHK1 pro-
tein level (Figure 5A). Historically, the ATR pathway was
considered to be inactive in quiescent lymphocytes,®such
as those from CLL patients. However, a recent study®
reported that ATR is active in primary CLL cells, and
accordingly we detected a rise in pS345 CHK1 level after
treatment with fludarabine (Figure 5B). We also confirmed
that MU380 leads to blockade of CHK1 autophosphoryla-
tion at S296 (Figure 5C). Moreover, we noticed reduction
of the CDC25C protein level; however, it was not
detectable in all tested samples (Online Supplementary
Figure S11).

To address MU380 impact on cell viability, we tested 96
non-stimulated CLL cultures (Online Supplementary Table
S3). A vast majority of these non-dividing CLL cells
responded to the inhibitor (100-400 nM) by clear concen-
tration-dependent viability decrease, with insignificant
differences among studied genetic groups: TP53-mutated
samples, mean ICs, = 337 nM; AT/V-mutated samples 385
nM; 11qg- deleted samples (the other AT allele intact) 355
nM; and ATAM-wt/TP53-wt samples 414 nM; healthy
PBMNC cultures were virtually inert to MU380 (Figure
5D). Apoptosis induction was already apparent at 100 nM
MU380 (Figure 5E). We also recorded similar response
when our CLL cultures were clustered according to the
presence of SF3B1 mutations, NOTCH1 mutations, [GHV
status, complex karyotype presence, or their therapy sta-
tus (Online Supplementary Figure $12).

Single-agent CHK1 inhibition in CLL e
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Importantly, we also confirmed a decrease in viability in
CLL cells after transfection with siRNA targeting CHEK1
(Figure 5F and Online Supplementary Figure S13). Moreover,
to rule out the possibility of compound-specific MU380
effects, we confirmed a decrease in viability in non-stimu-
lated CLL cells using structurally different CHK1 inhibitor
CHIR-124% (Online Supplementary Figure S14). The mecha-
nism of cell death caused by MUS380 treatment included
apoptosis (PARP protein cleavage was detected in 19 of 22
tested samples), which was probably a consequence of
DNA damage accumulation (YH2AX rise in 8 of 10 sam-
ples). Concerning MUS380 impact on apoptosis-associated
proteins, we noted a frequent decrease in MCL1 (7 of 9
samples) and NF-kB (7 of 12 samples), whilst there was no
change in the level of BCL2 (12 samples tested). MU380
also reduced the MYC protein level in 4 of 6 samples and
total CHK1 level in 17 of 23 samples. Western blots for all
proteins listed above are presented in Online Supplementary
Figure S15.
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72-h treatment with MU380 reduced viability
of all tested samples; TP53-mutated (n=7),
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(n=3). The effect was similar (IC,, approx. 1
uM) with the exception of sample CLL-75 har-
boring complete ATM inactivation (viability
66% at 1 uM MU380). Error bars represent
standard deviation. (C) The 48 h treatment
with 1 uM MU380 led to cleavage of PARP
protein (C-PARP) in the tested samples.

—

Similarly to cell lines, we observed no accumulation of
pS3 protein or its downstream target genes after treatment
of primary (p53-wt) CLL samples with MU380; in con-
trast, inhibitor did not further increase the expression
elicited by fludarabine (Figure 5G and H).

MU380 suppresses growth of TP53-mutated
subcutaneous tumors in vivo

Finally, we also tested the activity of MU380 in vivo
using immunodeficient mice strain NOD-scid IL2Ry""with
subcutaneous tumors generated from MEC-1 cells similar-
ly as reported by Attianese et al.* In line with our previous
study,” subcutaneous tumors were readily visible on day
+14 post transplant; the tumors consisted of proliferating
MEC-1 cells (Ki-67- and CD20-positive) (Figure 6A). In
experiment I, we administered seven doses of MU380
between days +14 and +28 post transplant, and the
sequential measurement of tumor volume revealed signif-
icantly suppressed growth in the inhibitor group (n =7
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Figure 5. CHK1 protein level and effects of MU380 in non-stimulated chronic lymphocytic leukemia (CLL) cells. (A) The CHK1 protein was detectable in all tested
CLL samples using the sensitive detection kit. (B) The treatment with fludarabine [10 uM; 24 hours (h)] resulted in phosphorylation of the CHK1 protein on Ser345
residue indicating its activation. (C) Reduction of pS296 autophosphorylation after MU380 treatment (400 nM, 24 h). (D) The 72 h treatment with MU380 (100-400
nM) decreased viability of most CLL samples, with insignificant differences among the studied samples; wt-ATM/wt-TP53 (wt) versus TP53-mut P=0.199; versus
ATM-mut P=0.964; versus 11g- (the other ATM allele intact) P=0.849. The healthy peripheral blood mononuclear cell samples (n=3) were substantially less affected
(P<0.001). (E) MU380 elicited apoptosis as evidenced by the cleaved PARP (C-PARP) protein. The values indicate densitometric analysis set to 1.0 in control. (F, left)
Viability decrease in CLL cells transfected with siRNA targeting CHEK1. (F, right) Decrease in the CHK1 protein level after transfection with siRNA targeting CHEK1.
(G) MU380 (400 nM; 24 h) did not change the p53 protein level in TP53-wt samples, in contrast to fludarabine (10 uM; positive control). (H) MU380 (400 nM; 24 h)
did not induce expression of p53-downstream target genes BAX, PUMA, GADD45A, and CDKN1A (p21), in contrast to fludarabine (10 uM; positive control). The fold
change is related to untreated control (CTR). The graph summarizes results of real-time polymerase chain reaction analyses in three samples (CLL-58, CLL-77, CLL-
83). Error bars represent standard deviation. ***P<0.001; **P<0.01.
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mice) compared to control animals (n = 8 mice) on average
by approximately 44% (Figure 6B and C). In experiment
II, we administered ten doses of MU380 between days
+14 and +25 post-transplant (inhibitor group n = 15 mice;
control group n = 8 mice), which again resulted in pro-
nounced tumor growth suppression on average by ~ 61%
in this case (Figure 6D).

The tumor cells from mice treated with MUS380 exhib-
ited a significantly increased RS level as evidenced by
accumulation of yH2AX (Figure 6E and F) and pS345
CHK1 (Figure 6F), while also manifesting moderately
increased apoptosis (Figure 6E).

No apparent adverse effects were observed in either
experiment.

Discussion

Chronic lymphocytic leukemia has long been consid-
ered a disease caused by gradual accumulation of malig-
nant B lymphocytes with disabled apoptosis induction.
However, this static view changed dramatically when
Messmer et al.” reported data on CLL cell kinetics in vivo,
revealing that malignant cell turnover is much higher than
appreciated, and may reach over 1% of a total clone per
day. Lymph nodes are the primary site of CLL cell prolif-
eration in vivo;*** approximately one-fourth of leukemic
cells in this compartment possess proliferative potential.*
Beside a simple cell renewal, proliferation is a prerequisite
for clonal selection of new genetic variants, and this phe-
nomenon is currently well-documented in CLL.*
Furthermore, CLL genome is characterized by deregulat-
ed expression of genes involved in DNA replication,
repair and recombination.” Taking these observations
into account, we surmised that targeting dividing
leukemic cells may represent a therapeutic strategy in
CLL and therefore hypothesized that CHK1 kinase,
which is essential for DNA replication and recombina-
tion-based repair, can be a suitable target.

We initially focused on obtaining sufficient quantities
of the metabolically robust CHKI inhibitor MUS380.
Although  structurally related clinical candidate
SCH900776 can certainly be considered one of the most
specific CHK1 inhibitors with excellent selectivity for
CHK1 over CHK2 or cyclin-dependent kinases,”” its
metabolic profile may not be optimal. Specifically,
SCH900776 contains the N-methylpyrazole motif, which
undergoes oxidative demethylation resulting in the for-
mation of significantly less selective metabolite and a
rapid decrease of active concentration in plasma.” In con-
trast, MUS380 contains highly unusual N-trifluo-
romethylpyrazole pharmacophore, which provides sub-
stantially better metabolic robustness and pharmacoki-
netic profile.”

The newly developed enantioselective synthesis of
MUS380 described here provides access to gram quantities
of enantiomerically pure substance, which enables thor-
ough in vivo testing of the compound.

In our in vivo experiments with xenotransplanted MEC-
1 cells, MU380 elicited strong and reproducible tumor
growth suppression that was accompanied by an ade-
quate molecular phenotype, namely the RS accumulation.
Although the induction of apoptosis was rather modest,
encouraging n vivo activity of MU380 opens up further
opportunities to test more intense administration of the

compound and/or its combination with additional appro-
priate agents.

MUS80 exhibited interesting single-agent activity in
tested leukemia and lymphoma cell lines that responded
via viability decrease with ICs, values between 142 and
500 nM. By virtue of this relatively uniform good reac-
tion, we were not able to find determinants that would
further stratify the response, except that leukemia cell
lines were more sensitive than lymphoma ones. Although
we hypothesized that a distinct RS level could justify this
observation, baseline CHK1 phosphorylations and
YH2AX, standard markers of RS, did not correlate with
the leukemia/lymphoma status.

Throughout our study, we focused on MU380 effects in
TP53-mutated lymphoid cells. Hypothetically, CHK1
inhibition should be effective in a p53-deficient back-
ground due to dysfunction of all major cell cycle check-
points and consequently complete impairment of cell
cycle control potentially resulting in mitotic catastrophe.
Nevertheless, our study indicates that this concept of
“inducing death by releasing the breaks”* may not be
completely straightforward. Initially, certain p53 mutated
cells surprisingly manifest G1-phase accumulation upon
CHK1 inhibition, which we consistently observed, for
example, in SU-DHL-4 cell line. Moreover, even the cells
responding to CHK1 inhibition by more forthcoming S-
phase accumulation and G2/M phase decrease are proba-
bly equipped with relevant mitotic entry control. This
was apparent from the co-inhibition of ATR with CHKI,
which resulted in increased MI and chromosome damage
compared to the sole CHK1 inhibition. In this respect,
recently recorded synergy between CHK1 and ATR inhi-
bition may not only be a consequence of more pro-
nounced replication collapse,” but of increased mitotic
damage as well.

Beside the proliferative fraction, the CLL cell popula-
tion also consists of non-dividing cells arrested either at
the G, (quiescent cells) or G, phase of the cell cycle.”
Intuitively, such cells might not respond to CHK1 inhibi-
tion due to low ATR** and CHK1 levels."* Nevertheless,
a recent study” reported apoptosis induction in non-
dividing CLL cells caused by treatment with a dual
CHK1/CHK2 inhibitor AZD7762. Moreover, we found
that CHEK is targetable in CLL cells using siRNA trans-
fection. Another recent work by Beyaert e al.* concluded
that ATR, despite its low level, is active in quiescent CLL
cells and phosphorylates downstream targets upon DNA
damage induction. Here, to our knowledge for the first
time, we document that non-stimulated CLL cells also
phosphorylate CHK1 upon DNA damage, despite the fact
that their CHK1 level is low. Notably, we also observed
significant MUS380 single-agent activity in non-dividing
CLL cells. Although the set of samples was enriched by
those with therapeutically unfavorable genetics, only a
few were resistant to our inhibitor. In fact, only 5 of 96
samples showed viability = 80% after 72 h treatment.
Interestingly, 3 of 5 samples harbored complete ATAM
inactivation (2 others were ATAM-wt/TP53-wt). Thus,
although the ATAl-mutated samples on average did not
manifest resistance, some of them were particularly
refractory. It is intriguing that non-cancerous cells with
ATM inactivation (fibroblasts from ataxia-telangiectasia
patient) also manifested strong resistance to MU380.

Overall, our results support the concept that CHK1 is a
critical protein for B-cell lymphomagenesis and that even
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Figure 6. MU380 suppresses tumor growth in vivo. (A) Immunohistochemical analysis of tumors. The tumors consisted dominantly of MEC-1 cells expressing the B-
cell specific antigen CD20. The cells were proliferating showing the high Ki-67 positivity. Bars represent 50 um. (B) Growth of the tumors in experiment . Mean tumor
volume at day (D)+29 was 1897 mm? in the control group (CTR) and 1072 mm? in the inhibitor group (P<0.001). Arrows mark the administration of MU380 (20
mg/kg) or 20% aqueous Kolliphor alone (mock control). (C) The tumors extracted at D+29 post transplant in Experiment . MU380: tumors from mice treated with
the inhibitor; CTR: tumors from control mice. (D) Growth of the tumors in experiment Il. Mean tumor volume at D+28 was 1771 mm? in the control group and 695
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cation stress was significantly increased in tumor cells from mice treated with MU380 compared to those from control animals (CTR) (P<0.001). (E, bottom left) In
the same comparison, apoptosis increase was modest. Samples were collected 24 h after the last administration of MU380. Bars represent 50 um. (E, right)
Quantitative evaluation of the immunohistochemical analysis. (F) Western blot analysis of replication stress markers in tumors from control and treated mice.
Samples were collected 24 h after the last administration of MU380. Tumors from two control (CTR) and two treated (MU380) mice are shown. Error bars represent
standard deviation. ***P<0.001; **P<0.01.
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