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ABSTRACT: DNA damage activates the checkpoint protein
CHKI1 to arrest cell cycle progression, providing time for repair
and recovery. Consequently, inhibitors of CHK1 (CHKIi)
enhance damage-induced cell death. Additionally, CHK1i elicits
single agent cytotoxicity in some cell lines. We compared three
CHKIi that have undergone clinical trials and exhibited different
toxicities. Each CHKIi inhibits other targets at higher concen-
trations, and whether these contribute to the toxicity is unknown.
We compared their sensitivity in a panel of cell lines, their efficacy
at inhibiting CHK1 and CHK2, and their ability to induce DNA
damage and abrogate damage-induced S phase arrest. Published in

=N
\'L}rgy\‘\mwn
MK-8776 N g ] CDK2 2
A
‘“vj ] CDK1 ?

S/G2 progression
on damaged DNA

HN/\W

o
SRA737 Hﬂj/

oAy —i DNA damage —3» "..
PN )
R inhibitionof ¥
/_fNHz CHK2 2 protein synthesis
LY2606368 Q%: o
(prexasertib)o{ )= Q ] RSK ?
;N/AN

H

vitro kinase analyses were a poor predictor of selectivity and potency in cells. LY2606368 was far more potent at inhibiting CHK1
and inducing growth arrest, while all three CHKIi inhibited CHK2 at concentrations 10- (MK-8776 and SRA737) to 100-
(LY2606368) fold higher. MK-8776 and SRA737 exhibited similar off-target effects: higher concentrations demonstrated transient
protection from growth inhibition, circumvented DNA damage, and prevented checkpoint abrogation, possibly due to inhibition of
CDK2. Acquired resistance to LY2606368 resulted in limited cross-resistance to other CHKIi. LY2606368-resistant cells still
abrogated DNA damage-induced S phase arrest, which requires low CDK2 activity, whereas inappropriately high CDK2 activity is
responsible for sensitivity to CHKIi alone. All three CHKIi inhibited protein synthesis in a sensitive cell line correlating with cell
death, whereas resistant cells failed to inhibit protein synthesis and underwent transient cytostasis. LY2606368 appears to be the
most selective CHK1i, suggesting that further clinical development of this drug is warranted.
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heckpoint kinase 1 (CHKI1) is a major intermediary
protein in the DNA damage response pathway.' Single-
strand regions in DNA activate ATR (ataxia telangiectasia and
RAD3-related), which in turn phosphorylates and activates
CHKI1. Alternately, DNA double-strand breaks activate ATM
(ataxia telangiectasia mutated), leading to resection of DNA at
the break, creating single-strand DNA that also activates ATR/
CHKI1. CHK1 is responsible for arresting cell cycle progression
permitting time for DNA repair and cell survival, thereby
preventing the DNA damage from becoming lethal. A second
checkpoint kinase, CHK2, is also activated directly by ATM,
and may play a role in signaling to the p53 tumor suppressor.”
Many anticancer drugs function by inducing DNA damage,
either by alkylating or cross-linking DNA, or indirectly by
starving cells for deoxyribonucleotides thereby stalling
replication. The checkpoint pathways protect the cells until
they can repair the damage and thereby impede the desired
therapeutic action. Consequently, inhibitors of CHKI
(CHKI1i) have been developed because they can sensitize
cells to DNA damaging drugs by inducing replication and
mitosis before DNA repair is complete." While this CHKi-
mediated abrogation of cell cycle arrest occurs in most if not all
cell lines, we have demonstrated hypersensitivity to CHK1i as
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a single agent in about 15% of cell lines.* Our goal is to define
the mechanisms of the single agent activity so that clinical trials
can be targeted to appropriate patients.

Our recent research used the CHK1i MK-8776,*7 but
Merck discontinued its development. Furthermore, it may have
limited in vivo stability due to demethylation.” Hence, we
sought a different CHKIi that might still have clinical
potential. Clinical trials with most CHKIi have been
terminated for toxicity, lack of efficacy, or for business
reasons.” LY2606368 (prexasertib; Lilly) was the most
advanced with 14 clinical trials listed on www.clinicaltrials.
gov either as a single agent or in various drug combinations,
but its development has recently been terminated due to
neutropenia. SRA737 (Sierra Oncology), previously known as
CCT245737,"" has completed Phase I trials as a monotherapy
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Figure 1. Sensitivity of cell lines to CHKI inhibitors. (A) Each cell line was incubated with MK-8776 (top), SRA737 (middle), or LY2606368
(bottom) for either 24 h (blue) or 48 h (red); then, drug was removed, and cells were incubated in fresh media for an additional S—6 days.
Alternately, cells were incubated in drug continuously for 6—7 days (green). Cells were lysed, stained for DNA, and the concentration that inhibited
growth by 50% was recorded. The cell lines are ordered based on the 24-h drug exposure to MK-8776, then 48-h exposure, and finally continuous
exposure. The same order of cell lines is then retained for SRA737 and LY2606368. Values for many of these lines reflect 2—4 determinations; all
values are tabulated in Table S1. Values for MK-8776 are similar to those previously reported in an independent analysis but whose highest
concentration was 10 uM.* (B) Representative growth curves are shown for four cell lines incubated with SRA-737. The biphasic curves rarely
resulted in two possible GISO values, but when this did occur, the higher value was used in panel A.

731 https://dx.doi.org/10.1021/acsptsci.0c00201

ACS Pharmacol. Transl. Sci. 2021, 4, 730—743


https://pubs.acs.org/doi/10.1021/acsptsci.0c00201?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.0c00201?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.0c00201?fig=fig1&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsptsci.0c00201/suppl_file/pt0c00201_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsptsci.0c00201?fig=fig1&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://dx.doi.org/10.1021/acsptsci.0c00201?ref=pdf

ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

and in combination with gemcitabine, and limited neutropenia
was observed.'”'” Clinical activity of this combination was
observed in tumor types such as anal, cervical, and rectal."
Furthermore, SRA737 is orally bioavailable, which should
permit more continuous treatment schedules than LY2606368
that requires intravenous administration.

Each CHKIi has been reported to inhibit additional targets,
albeit usually at considerably higher concentrations. These
targets were identified from in vitro kinome-wide assays and
whether they inhibit these targets in cells has generally not
been reported. Furthermore, kinome-wide assays do not assess
the potential for nonkinase targets. These off-target effects
could also impact efficacy in a patient because it is difficult to
limit the drug at the tumor to the concentration that inhibits
only a single target. Here, we compared MK-8776, LY2606368,
and SRA737 in a variety of cell-based assays. We conclude that
MK-8776 and SRA737 have very similar activities, but both
exhibit an off-target effect at concentrations a little above those
that inhibit CHKI. This off-target effect appears to protect
cells from inhibition of CHK]1, at least over a short time frame,
and therefore might provide protection from neutropenia in
patients. In contrast, LY2606368 appears much more selective
for CHKI1, thereby suggesting that the observed neutropenia in
patients may be due to on-target activity. The impact of these
observations on further clinical development is discussed.

B RESULTS

Comparison of Growth Inhibition by CHK1i. The
primary goal of these experiments was to compare and contrast
the effects of three CHK1i as an explanation for the different
experiences observed in patients. Initially, the growth
inhibitory activity of the three CHKIi as single agents was
tested in a panel of cell lines selected from a larger panel of
known sensitivity to MK-8776." Cells were incubated with
drug for either 24 or 48 h, then the drug was removed and
incubation continued for another 5 or 6 days. Alternately, cells
were incubated with drug continuously for 6 or 7 days. At the
time of harvest, the untreated cells were usually close to
confluence. Wells were then scored for the amount of DNA as
a surrogate for cell number, and results are expressed as the
concentration that inhibits growth by 50% (GISO0). This
provides data on both the time and concentration required to
inhibit growth.

There is a significant difference in the potency of the three
CHK1i. While the cells most sensitive to MK-8776 and
SRA737 exhibited a GIS0 of 0.1—1 uM, LY2606368 was about
100-fold more potent (Figure 1A). Another major difference
between the CHKIi is the range of GISO concentrations that
discriminate the most sensitive from the most resistant cell
lines, with MK-8776 and SRA737 exhibiting ~500-fold
difference in response, as opposed to only 50-fold for
LY2606368 (with the exception of UACC62 that are very
resistant to LY2606368).

Intriguingly, some cells lines exhibited a biphasic growth
curve when incubated with MK-8776 or SRA737 but not
LY2606368. This was most evident for cell lines with
intermediate sensitivity; several examples are shown in Figure
1B. This only occurred after short drug exposure. The biphasic
response was not previously observed as the maximum
concentration of MK-8776 tested was 10 uM." As discussed
below, this appears to be due to an off-target effect of MK-
8776 and SRA737 that limits damage after a short drug
exposure. Even after continuous exposure to CHK1i, most cell
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lines were still 20—50-fold less sensitive to MK-8776 and
SRA737 than the hypersensitive subset of cells (U20S, CAKI-
1, AsPC-1, and OVCAR3), whereas LY2606368 elicited a
much smaller differential. These results suggest that while
LY2606368 may be the more potent drug, the other two
CHKI1i exhibit a greater differential between cell lines.
Potential reasons why LY2606368 did not discriminate a
hypersensitive subset of cells include drug instability or serum
binding, either of which might have greater impact at low
concentrations of drug. To test these possibilities, we
incubated AsPC-1 cells with LY2606368 for 24 h and then
removed the drug and added it to a second set of cells. The
sensitivity of the cells remained the same, as shown in Figure 1.
Cells were also incubated with LY2606368 for 6 h, and then
the media was added to other cells and assessed for yH2AX (as
discussed below). Again, the levels of yH2AX did not change.
These observations rule out inactivation of the drug by
metabolism or serum protein binding as an explanation for the
limited discrimination of the hypersensitive population.
Inhibition of CHK1 in Cells. In cell-free protein kinase
assays, the three CHKIi all compete for ATP binding.
Published inhibitory concentrations for MK-8776,""
LY2606368,'* and SRA737'®"> are presented in Table 1.

Table 1. Summary of the Efficacy of Each CHKIi in Various
Assays

MK-8776 SRA737 LY2606368
in vitro kinase inhibition (IC50; as published)
CHK1 3 nM 1.4 nM <1 nM
CHK2 1.5 uM 2.4 uM 8 nM
CDK1 9 uM >10 uM
CDK2 160 nM 3.85 uM >10 uM
RSK1 361 nM 9 nM
kinase inhibition in cells (ICS0; Figures 2 and 3)
CHKI (AsPC-1) 0.3 uM 1 uM 3 nM
CHKI (SW620) 0.3 uM 3 uM 3 nM
CHK2 (H322M) 5 uM 10 uM 250 nM
CHK?2 after SN38 (AsPC-1) 10 uM S uM 40 nM
GISO in AsPC-1 cells (Figure 1)
24h 0.5 uM 0.3 uM 5 oM
48 h 03 uM 02 uM 3.5 M
7 day 02 uM 02 uM 3.5 nM
GISO in MDA-MB-231 cells (Figure 1)

24 h 12 uM 14 uM 13 nM
48 h 4 uM 4 uM 8 nM

7 day 1 uM 2 uM 8 nM

lowest concentration giving maximum yH2AX (Figure 4)

AsPC-1 1 uM 3 uM 30 nM

abrogation of S phase arrest (minimum cells in S; Figure S)

MDA-MB-231 0.3 uM 0.3 uM 3 nM
MDA-MB-231-LY-R 0.3 uM 1 uM 10 nM
AsPC-1 0.03 uM 0.1 uM 1 nM
AsPC-776-R 0.3 uM 1 uM 10 nM
AsPC-LY-R 0.3 uM 1 uM 10 nM

The inhibition of CHK1 occurs in the low nanomolar range for
all three inhibitors, but they each inhibit other kinases at
different concentrations. MK-8776 was compared against a
limited panel of kinases, and ICS0 values were compared only
for CHK1, CHK2, and CDK2 (Table 1). For LY2606368, 6
additional kinases were found to have an IC50 < 100 nM, but
only CHK2 and the RSK family kinases had IC50s of less than

https://dx.doi.org/10.1021/acsptsci.0c00201
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Figure 2. Inhibition of CHKI and induction of DNA damage markers by CHK1i. ASPC-1 and SW620 cells were incubated with the indicated
concentrations of each CHK1i for 6 h and then analyzed by Western blotting using the indicated primary antibodies and fluorescent secondary
antibodies. All images were generated using a fluorescent scanner. Dual-color images represent multiplexed total and phospho-proteins on the same
membrane. Single color images represent individual channels split from the multiplexed images. The lower panel shows the quantitation of pS296-

CHKI1.

10 nM."* SRA737 was at least 93-fold selective for CHK1
compared to 124 kinases tested.'’ One limitation of comparing
these values is that they were performed in different
laboratories with different assay conditions, yet these are the
published values commonly referred to in many investigations
and by commercial suppliers. Other limitations of these kinase
assays are that they were only tested in a partial kinase panel,
the kinase activities are not in a biological context (e.g.,
necessary binding partners or activation status), and there are
many potential targets that are not kinases. Consequently, we
investigated the effects of these three CHK1i on various targets
in cells.

AsPC-1 cells exhibit constitutive activation of CHKI as
reflected in autophosphorylation on serine 296. Following a 6
h incubation, 50% inhibition of pS296-CHK1 was observed at
0.3 uM MK-8776, 1 uM SRA737, and 3 nM LY2606368
(Figure 2A). These values are close to the concentrations that
inhibit growth of these cells. Phosphorylation of CHK1 by
ATR on serine-345 is observed, either because of the
concurrent appearance of DNA damage (as indicated by
yH2AX), or because of a feedback loop in which CHKI
phosphorylates and activates PP2A thereby limiting pS345-
CHK1."° These data demonstrate that LY2606368 is almost as
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potent in cells as in in vitro kinase assays, whereas MK-8776
and SRA737 require about 100-fold higher concentrations to
inhibit CHK1 in cells.

At higher concentrations of MK-8776 and SRA737 but not
LY2606368, both pS345-CHK1 and yH2AX decrease. These
data are consistent with pS345-CHKI1 being a consequence of
DNA damage activating ATR that then phosphorylates CHK1,
and with the self-limiting, off-target effect of MK-8776 and
SRA737 that limits the DNA damage.

This experiment was repeated in SW620 cells that are
relatively resistant to CHK1i (Figure 1), yet all three CHK1i
were as potent at inhibiting pS296-CHK1 (Figure 2B). Hence,
the ability to inhibit CHKI is not the sole determinant for
growth inhibition and DNA damage. Other events downstream
of CHKI inhibition such as activation of CDK2 determine
whether a cell will die.* The SW620 cells also exhibited
biphasic phosphorylation and then inhibition of pS345-CHK1
at higher concentrations of MK-8776 and SRA737, although
they induced little yH2AX, suggesting the initial increase in
pS345-CHKI1 is more likely a result of the feedback regulation
of PP2A in these cells. The decrease in pS34S at higher
concentrations appears to be an off-target effect. In contrast,
high yH2AX occurs in response to LY2606368 and correlates

https://dx.doi.org/10.1021/acsptsci.0c00201
ACS Pharmacol. Transl. Sci. 2021, 4, 730—743
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Figure 3. Inhibition of CHK2 by CHKIi. (A) H322M cells were incubated with the indicated concentrations of each CHK1i or a CHK? inhibitor
(CHK2i) for 3 h. Cell lysates were analyzed by Western blotting using the indicated primary antibodies and fluorescent secondary antibodies. (B)
AsPC-1 cells were incubated with 30 ng/mL (7S nM) SN38 for 24 h and then with each CHK1i or CHK2i for 30 min and analyzed as in panel A.

(C) Quantitation of pS516-CHK2 from panels A and B.

with the persistence of pS345-CHK1; whether this is due to
DNA damage or the feedback loop (or both) is unknown.

Impact of CHK1i on CHK2 in Cells. LY2606368 is well-
recognized as a CHK2 inhibitor from in vitro kinase assays,
while MK-8776 and SRA737 are ~1000-fold less potent
against CHK2 than CHKI1 (Table 1). To assess the inhibition
of CHK2 in cells, we used H322M cells that exhibit
constitutive CHK2 activation as reflected in autophosphor-
ylation on S$516. Surprisingly, MK-8776 and SRA737 inhibited
CHK2 at 10 and 30 uM respectively, whereas LY2606368
inhibited CHK2 at 300 nM (Figure 3A). Importantly, there
was no change in basal pT68-CHK2, a site phosphorylated by
ATM, suggesting the effects of CHK1i were directly on CHK2.
As a positive control, we also demonstrated the efficacy of a
CHK2i at selectively inhibiting pS516-CHK2.

Given this unexpected observation regarding inhibition of
CHK2, we repeated the analysis in AsPC-1 cells following
induction of DNA damage with the topoisomerase I inhibitor
SN38 (Figure 3B; “X” shows an undamaged sample). Selective
inhibition of pS516-CHK2 was again seen with all three
CHK1j, at similar concentrations to those observed in H322M
cells. Hence in cells, MK-8776 and SRA737 exhibit only 10—
20-fold selectivity for CHK1 over CHK2, whereas LY2606368
demonstrates 100-fold selectivity (Table 1).

CHK1i-Mediated Induction of DNA Damage. DNA
damage, reflected in }/HZAX occurs rapidly in cell lines
hypersensitive to CHK1i.* Prior experiments using the neutral
comet assay have demonstrated that this damage is consistent
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with DSB." AsPC-1 cells were incubated with each CHK1i for
6 h and then analyzed by flow cytometry. YH2AX was only
induced in S phase cells and comparable levels (30—40%)
occurred at 0.3 uM MK-8776, 1 uM SRA737, and 10 nM
LY2606368 (Figures 4A, S1). These concentrations were
comparable to the concentrations of each drug that inhibited
both cell growth and pS296-CHKI.

At higher concentrations of MK-8776 and SRA737 (30—100
#M) but not LY2606368, there was a clear decrease in yH2AX.
A plausible explanation for this observation is that MK-8776
and SRA737 also inhibit CDK2. We have previously
demonstrated that inhibition of yH2AX can be elicited by
inhibition of CDK2,* which is a reported off-target substrate of
MK-8776 at 50-fold higher concentrations than inhibit CHK1
(Table 1). The potential inhibition of CDK2 by SRA737 was
unexpected as in vitro kinase data suggested a 1000-fold higher
concentration would be required.

It has been suggested that sensitivity to CHKIi is due to
premature mitosis of S phase cells,"”'® but we detected
minimal phosphorylation of histone H3 (pHH3; a common
marker of mitosis), except in M phase, and not in the yH2AX-
positive cells (Figures 4, S1). However, we noted an increase of
pHH3 in G2/M cells at 10 uM MK-8776 and 30 M SRA737.
This increase has previously been seen with the CDK1/2
inhibitor R0o3306" and may occur when CDKI is partially
inhibited such that cells can enter but not complete mitosis. At
higher concentrations of MK-8776 and SRA737, pHH3 was
dramatically reduced. These results are consistent with

https://dx.doi.org/10.1021/acsptsci.0c00201
ACS Pharmacol. Transl. Sci. 2021, 4, 730—743
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Figure 4. Induction of yH2AX by CHKIi. (A) ASPC-1 cells were incubated with the indicated concentrations of MK-8776 for 6 h and then
analyzed by flow cytometry for DNA content, yH2AX, and pHH3. The percentage of cells positive for yH2AX or pHH3 is indicated. The
percentage of YH2AX-positive cells from replicate experiments is presented. (B) MDA-MB-231, SW620, and H322M cells were incubated with the
indicated concentrations of each CHKIi for 6 or 24 h and analyzed as in panel A. The flow cytometry data for these analyses are presented in

Figure S1.

inhibition of CDK1 and/or CDK2 at the higher concentrations
of these two CHKIi.

We next assessed yH2AX induced by SRA737 and
LY2606368 in relatively resistant cells. Higher concentrations
of both CHK1i were required to induce yH2AX (Figures 4B,
S1). For SRA737, there was little increase between 6 and 24 h,
and inhibition was again observed at the highest concen-
trations. The decrease in yH2AX was associated with S phase
progression and accumulation in G2/M, the latter of which
might be attributable to inhibition of CDKI. In contrast, upon
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incubation with LY2606368, YH2AX continued to increase up
to 24 h as more cells entered S phase.

Replication protein A (RPA) is recruited to single-strand
DNA and phosphorylated on several sites, including S4/S8,
resulting in a significant electrophoretic band shift. In AsPC-1
cells, pRPA was observed at concentrations of CHKIi that
correlated with the appearance of yH2AX (Figure 2). pRPA
was inhibited at higher concentrations of MK-8776 and
SRA737, but not LY2606368, correlating with the inhibition of
yH2AX. However, little if any pRPA was observed in SW620
cells, even following incubation with LY2606368, despite the
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Figure S. Abrogation of DNA damage-induced cell cycle arrest by CHK1i in constitutive and acquired-resistant cell lines. (A) MDA-MB-231 cells
were incubated with the 10 ng/mL SN38 (25 nM) for 24 h; then, SN38 was removed, and cells were incubated with the indicated concentrations
of CHKIli from 24 to 30 h. Cells were fixed and analyzed by flow cytometry for DNA content. The percentage of cells in S phase are presented, and
replicate experiments are graphed. (B) ASPC-1 cells and their resistant derivatives, as well as MDA-MB-231 cells selected for resistance to
LY2606368 were analyzed as in panel A. The data for these analyses are presented in Figure S2.

high level of yH2AX (Figure 2). This may be attributed to the Abrogation of DNA Damage-Induced Cell Cycle
observation that yH2AX in these cells occurs at late S or G2 Arrest. MDA-MB-231 cells were incubated with SN38 for
phase, rather than in early to mid-S phase, and suggests single- 24 h to arrest the cells in mid-S phase. Upon removal of SN38,
strand DNA is not essential for yH2AX (Figure S1C). cells were incubated with each CHK1i for 6 h. All three CHK1i
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Figure 6. Impact of CHK1i on CDK1/2 substrates. MDA-MB-231 cells were incubated with 50 nM gemcitabine for 18 h, removed, and CHK1i
added for another 6 h. Cells were lysed and analyzed by Western blotting for the indicated antigens. For the pTPXK blot, the size of molecular
weight markers are shown on the left. The molecular weights on the right refer to the target proteins previously observed, together with the
concentration of CVT-313 that inhibited their appearance by 50%.>
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Figure 8. Inhibition of protein synthesis by CHKIi. (A) ASPC-1 and SW620 cells were incubated with each CHK1i for 24 h. During the final hour,
1 M puromycin was added to label proteins being synthesized. Cells were analyzed by Western blotting using an antibody to puromycin, followed
by fluorescent secondary antibody. Images were generated using a fluorescent scanner. A Coomassie blue stained membrane of the same lysates is
shown in Figure S3. (B) AsPC-1 and SW620 cells were incubated with the indicated concentrations of LY2606368 for either 24 h, 48 h, or 8 days.
Cells were harvested every 2 days and stained for DNA. A decrease below the starting inoculum reflects cell death.

abrogated arrest, driving the cells into G2 (Figure SA).
Maximum abrogation occurred at approximately 0.3 M MK-
8776,0.3 uM SRA737, and 3 nM LY2606368. These values are
similar to those required to inhibit CHKI in cells (Figure 2,
Table 1).

At the higher concentrations of all three CHKI1i, checkpoint
abrogation was completely inhibited. In the case of MK-8776
and SRA737, the failure to abrogate arrest is likely due to their
off-target effect and is consistent with the possible inhibition of
CDK?2 that is required for S phase progression. However, for
LY2606368, failure to abrogate arrest is likely due to the high
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level of yH2AX induced as a single agent, which then impedes
S phase progression.

To further dissect the inability to abrogate S phase arrest at
higher drug concentrations, we repeated the experiment in
cells with different sensitivity to CHK1i. In CHK1li-sensitive
AsPC-1 cells, low concentrations of CHK1i abrogated S phase
arrest, but at slightly higher concentrations, the cells remained
in S phase (Figures 5B, S2A). These concentrations correlated
with the induction of yH2AX by single agent CHKIj,
suggesting this contributed to the inhibition of checkpoint
abrogation. As discussed below, we generated various cell lines
with resistance to each CHKIi. AsPC-1 cells selected for
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resistance to MK-8776 were able to abrogate S phase arrest up
to all but the highest concentrations (Figures 5B, S2B). Similar
results were observed in AsPC-1 cells selected for resistance to
LY2606368, with high concentrations of MK-8776 and
SRA737 inhibiting abrogation. Importantly, abrogation still
occurred at high concentrations of LY2606368 (Figures SB,
$2C). Similarly, in MDA-MB-231 cells selected for resistance
to LY2606368, S phase abrogation was still prevented at high
concentrations of MK-8776 and SRA737, but not at high
concentrations of LY2606368 (Figures SB, S2D). These
observations are consistent with resistance to the monotherapy
activity of LY2606368 occurring at these high concentrations,
while response to the other two CHKIi is impeded by the off-
target effect.

The Off-Target Effect of MK-8776 and SRA737
Involves Inhibition of CDK2. CDK1/2 can phosphorylate
threonine when followed by proline. Some of these target
proteins can therefore be detected using a phospho-specific
antibody to the sequence pTPXK. Using this approach, we
have previously demonstrated that target proteins can be
variably sensitive to CVT-313, which inhibits CDK2 at low
concentrations, and CDKI at higher concentrations.'”*’ The
current experiment used MDA-MB-231 cells as in our prior
studies. Cells were initially incubated with gemcitabine which
activates CHK1 and reduces the existing phosphorylation of
these target proteins. The addition of CHK1i to gemcitabine-
arrested cells does not induce S phase progression due to the
lack of dN'TPs, nor does it induce premature mitosis.”’ The
cells were then incubated with each of the three CHKIi for 6 h
(Figure 6). There was a clear induction of at least 6 bands at
concentrations that activate CHKI1, consistent with activation
of CDK2. Importantly, the induction of these bands was
inhibited at high concentrations of MK-8776 and SRA737 but
not LY2606368. Previously, when using CVT-313 to inhibit
these bands, we noted the effective concentration ranged from
12 to >80 uM;*° the lower values were consistent with
inhibition of CDK2. The fact that all of the bands are inhibited
at the same concentrations of MK-8776 and SRA737 suggests
that the off-target effects are likely due to inhibition of both
CDK1 and CDK2.

One target of CDK2 is cyclin E; active CDK2 phosphor-
ylates cyclin E leading to its degradation.”’ We also probed the
above lysates for cyclin E (Figure 6). Incubation with
gemcitabine resulted in accumulation of cyclin E which was
then repressed at effective concentrations of each CHKIi. At
high concentrations of MK-8776 and SRA737 but not
LY2606368, partial recovery of cyclin E occurred, consistent
with inhibition of CDK2. Overall, these results strongly suggest
that inhibition of CDK2 (and probably CDK1) is the cause of
the off-target effects.

Development of Resistance to CHK1i. To further
compare the three CHKIi, we developed resistance by slowly
increasing the drug concentration over 3—6 months (“acquired
resistance”). ASPC-1 cells initially exhibited about 10-fold
resistance to the drug of selection and this remained stable for
several months after removal of drug. Further selection
resulted in an increase in resistance to only LY2606368
(Figure 7). The primary question was whether these cells are
cross-resistant to the other CHK1i, thereby suggesting a similar
target is impacted. Cross-resistance was observed for all three
CHKI1i. However, AsPC-1 cells selected for resistance to
LY2606368, while being cross-resistant to MK-8776 and
SRA737, exhibited much greater resistance to LY2606368.
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We subsequently attempted to raise resistance to SRA737
and LY2606368 in MDA-MB-231 and H322M cells.
Interestingly, selection with SRA737 for 6 months failed to
increase resistance. These cell lines were relatively resistant to
SRA737 at the outset, and we suspect the cells have difficulty
circumventing off-target mediated toxicity. In contrast, MDA-
MB-231 and H322M cells selected on LY2606368 developed
very high levels of resistance with negligible cross-resistance to
the other two CHKIi. This suggests that LY2606368 is
selective for CHK1, but higher resistance to the other CHK1i
is difficult as concurrent resistance to two critical targets would
have a low probability of developing.

To determine whether resistance might be mediated by drug
uptake, efflux or inactivation we determined whether each
CHKI1i can still abrogate SN38-mediated S phase arrest. There
was little change in the concentration of each CHKIi required
to abrogate arrest in the resistant cells, confirming that the
drugs still inhibit CHK1 at low concentrations (Figure SB).
These results demonstrate that acquired resistance is due to
inhibition of the single agent activity of each CHKIi, but has
no impact on their efficacy in combination with a DNA
damaging agent.

Inhibition of Protein Synthesis. LY2606368 has also
been reported to inhibit RSK1 in an in vitro kinase assay
(Table 1), but this was ruled out as a target in cells as no
inhibition of the RSK1 substrate pS6 (S235/S236) was
observed."* However, S6 is not a unique target of RSK and
thus may not adequately report on its inhibition.”” Since the
consequence of RSK inhibition is decreased protein synthesis,
we assessed the potential inhibition of protein synthesis by
adding puromycin 1 h before harvest of cells. The incorporated
puromycin was detected by Western blotting.”’ AsPC-1 cells
revealed a dramatic inhibition of protein synthesis 24 h after
addition of all three CHKIi that correlated with the
concentrations that inhibited growth and induced yH2AX
(Figure 8A). There was no overall change in protein levels
during this drug treatment (Figure S3A). Furthermore, the
decrease in protein synthesis occurred ~12 h after the
appearance of yH2AX (Figure S3B). Partial protection from
inhibition of protein synthesis occurred at intermediate
concentrations of MK-8776 and SRA737 consistent with the
self-limiting off-target effect of these two drugs. That inhibition
of translation was observed with all three compounds at
concentrations that inhibited CHKI1 suggests this is likely a
consequence of the on-target inhibition of CHKI, albeit a late
event.

This experiment was repeated in SW620 cells that are more
resistant to CHKIi. Protein synthesis was only inhibited at
high concentrations of each drug, although MK-8776 and
SRA737 exhibited little yH2AX at any concentration (Figure
8A). In contrast, the more pronounced appearance of yH2AX
elicited by LY2606368 correlated with growth inhibition.

Growth inhibition and cell death are not synonymous end
points and may explain the poor correlation between yH2AX
and inhibition of protein synthesis. While GIS0 values only
reflect growth inhibition (Figure 1), we have previously
demonstrated that AsPC-1 cells can be killed after incubation
with ~1 uM MK-8776.”' This analysis requires that experi-
ments start with ten times more cells such that a decrease from
starting inoculum can be assessed.”” This strategy was used
here to compare the impact of LY2606368 in AsPC-1 and
SW620 cells.
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Cells were exposed to LY2606368 for either 24 h, 48 h, or
continuously and harvested every 2 days (Figure 8B).
Following a 24 h drug exposure, the AsPC-1 cells were dying
by day 2 at concentrations in excess of 12 nM. This
concentration is about 4-fold higher than the GISO (Figure
1). In contrast, the SW620 cells, which had a GISO of 18 nM
(Figure 1), appeared to remain viable throughout, even at high
concentrations. Hence, it appears that YH2AX may correlate
with growth inhibition in SW620 cells but does not predict
that the cells will die.

B DISCUSSION

CHK1 inhibitors were initially developed to sensitize cancer
cells to DNA damaging agents. While the combination of
gemcitabine plus CHKI1i became the predominant combina-
tion tested clinically, the discovery of a large range of
sensitivity to single agent CHK1i stimulated research to define
the underlying mechanism so patients could be appropriately
stratified for clinical trials. This goal has still not been realized
with many mechanisms of sensitivity having been proposed.’
We noted in our recent review that the proportion of cells
considered sensitive to CHK1i varied with the drug as well as
the threshold defining sensitivity in each publication.” In
addition, different toxicities have been observed in patients,
and whether this is due to on-target or off-target effects
remains unknown. Here, we compared three CHK1i selected
because of their clinical experience.

MK-8776 and SRA737 had very similar activities in all the
assays used, and both appeared to have an off-target effect at
30—100-fold higher concentrations than those that inhibited
CHKI1. While very sensitive cells were not impacted by this off-
target effect, it became important for more resistant cells as it
appeared to protect them from CHKI1 inhibition, at least for a
limited time period. This was evident in the biphasic growth
curves, and the increased growth inhibition observed following
longer drug exposures. However, the short exposures are more
relevant to the administration schedule in patients (see ref 24
for critique).

Cells sensitive to all three CHK1i were insensitive to the
time of exposure to drug, with extensive yH2AX detected in S
phase cells within 6 h. However, cells that were slightly more
resistant to LY2606368 were significantly more resistant to
MK-8776 and SRA737. We surmise that this difference relates
to the off-target effect that protects cells from MK-8776 and
SRA737. Whether the protective effect elicited by these drugs
could provide an advantage in limiting toxicity to a patient
while still killing a very sensitive tumor remains to be
established.

Inhibition of CHKI results in active CDK2 that is required
for progression through S phase, both to initiate firing of
replication forks, and to restart replication forks that have
stalled on damaged DNA. However, this mechanism does not
appear critical for the single agent activity of CHKIi. For
example, cells resistant to CHKIi (both constitutive and
acquired resistance) still abrogated S phase arrest. The
sensitivity to single agent CHK1i requires high CDK2 activity
that is erroneously activated in S phase. The resulting YH2AX
can be inhibited by low concentrations of the CDK2 inhibitor
CVT-313 and by suppression of cyclin A."'” In contrast, S
phase progression on damaged DNA is only inhibited at high
concentrations of CVT-313. Hence, the different response to
single agent versus combination activity depends on different
activity thresholds of CDK2 and hence different CDK2
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substrates.” These different thresholds likely depend on the
different cyclin (A or E) to which CDK2 is complexed.
Resistant cells prevent the hyperactivity of CDK2 while in S
phase but permit low activity CDK2, presumably complexed to
cyclin E, that is required for ongoing replication.

Considering that higher concentrations of both MK-8776
and SRA737 inhibited yH2AX, it is possible that the off-target
effect observed is through inhibition of CDK2. MK-8776
reportedly inhibits CDK2 at 50-fold higher concentrations
than inhibit CHKI1,"® and this is consistent with the
concentration difference that inhibits yH2AX. These higher
concentrations also inhibited S phase abrogation which can
also be attributed to inhibition of CDK2. Concurrent
inhibition of pHH3 also suggests inhibition of CDKI. Most
CDK1/2 inhibitors elicit little selectivity for CDK1 or CDK2
so it is possible that MK-8776 inhibits both at these higher
concentrations.

In contrast, SRA737 was reported to require 2000-fold
higher concentrations to inhibit CDK2 and CDKI1 compared
to CHK1," yet in all the assays presented here, it performed
like MK-8776, suggesting that it also inhibits CDK2 at only 50-
fold higher concentrations. This conclusion is clearly
supported by the observed inhibition of phosphorylation at
the CDK2 consensus site TPXK (Figure 6). Furthermore,
CDK1/2 phosphorylates S286/S301-CHKI1 facilitating phos-
phorylation at 345-CHK1.” This could explain the decrease in
p345-CHKI1 observed at high concentrations of MK-8776 and
SRA737. There may be a second off-target effect at the highest
concentrations as inhibition of CDK1/2 can no lon%er protect
the cells, albeit inhibitors of CDK1/2 also kill cells;* perhaps
the difference between protection and killing relates to the
same target but different drug exposure times.

The development of acquired resistance provided additional
information on the off-target effects. We were able to develop
low levels of resistance to MK-8776 and SRA737 in the
sensitive AsPC-1 cells but not in the constitutively resistance
MDA-MB-231 and H322M cells. In contrast, high levels of
resistance to LY2606368 were obtained in all three cell lines.
Importantly, this resistance was only to single agent CHK1j,
and did not impede sensitivity to the drug combination,
demonstrating that CHKIi still accessed its target. The
relatively facile development of resistance to LY2606368
suggests only a single target is involved, whereas it is
presumably more difficult to generate resistance to multiple
targets, as seems to be the case with MK-8776 and SRA737.

Two recent papers have also addressed resistance to
LY2606368. Nair et al.”’ suggested that resistance occurs
through decreased expression of cyclin B and thereby
decreased CDKI1 activity in G2, preventing mitotic catas-
trophe. Unfortunately, this explanation does not explain the
dramatic accumulation of cells they observe in S phase upon
incubation with LY2606368 (as we show in Figures 4 and S1),
nor how this is circumvented in their resistant cells. Li et al.**
performed a CRISPR screen that identified loss of FAM122A
as a mediator of resistance to LY2606368. FAM122A is an
inhibitor of protein phosphatase 2A which, when phosphory-
lated by CHK]1, leads to active PP2A, dephosphorylation and
stabilization of WEEL, thereby preventing CDKI activity.
While they did not address the impact of this pathway on
CDK2, it may be relevant to our observations on the critical
role of CDK2/cyclin A in eliciting sensitivity to CHKIi.

One important lesson from this study is that the published in
vitro kinase assays are poor predictors of concentrations that
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inhibit a kinase in cells. For example, while all three CHK1i
exhibited similar potency in vitro, when added to cells, MK-
8776 and SRA737 required 100-fold higher concentrations to
inhibit CHK1, while LY2606368 is almost as potent in cells as
in vitro; this could be due to different cell permeability for each
drug or differences in the vitro kinase assays performed in
different laboratories. In addition, only MK-8776 was
predicted to inhibit CDK2, yet our data suggest that
SRA737 may also inhibit CDK2. Kinase assays also suggested
that LY2606368 had the least selectivity for CHKI1 over
CHK2, yet all three drugs inhibited CHK2 in cells, and
LY2606368 exhibited the greater selectivity for CHKI. The
fact that LY2606368 also inhibits CHK2 but does not impede
sensitivity to the CHKIi effect suggests CHK2 is not the
source of the off-target effects observed.

Intriguingly, all three CHK1i inhibited protein synthesis in a
sensitive cell line at concentrations that induced yH2AX and
killed cells. However, in a constitutively resistant cell line
(SW620), yH2AX was still induced by LY2606368 but with
little inhibition of protein synthesis, and the cells underwent
cytostasis rather than cell death. Perhaps continuing protein
synthesis facilitates DNA repair and survival. Hence for a cell
to die, perhaps protein synthesis needs to be inhibited in
addition to the induction of DNA damage. Inhibition of
protein synthesis does not appear to be simply a consequence
of DNA damage but whether it is a cause or consequence of
cell death will be the subject of future studies.

One important observation here and in prior studies®’ is
that the ability to enhance the cytotoxicity induced by DNA
damaging agents is independent of the sensitivity to the single
agent activity of CHK1i. A recent report has demonstrated that
gemcitabine plus SRA737 has clinical efficacy in some
tumors.'” Whether the off-target effect of SRA737 limits the
toxicity of the combination may be worth considering.

When administered to patients, all three compounds are
reported to achieve a plasma concentration that exceeds that
predicted to be effective from preclinical models (S pM MK-
8776;*° 6 uM SRA737;'' 1-2 uM LY2606368°). However,
these concentrations decrease rapidly to 0.5 yuM MK-8776 by 6
h, 1 yuM SRA737 by 24 h, and 20 nM LY2606368 by 24 h.
More important are the concentrations in the tumor. This was
assessed in one murine model with SRA737 where 10—25-fold
higher concentrations were observed.'” Considering the
lipophilic nature of all three CHK1j, it is likely that the tissue
concentrations are much higher than the plasma concen-
trations. Hence, it is possible that both the on-target and off-
target effects reported here can be engaged in patient tumors.

Preclinical experiments in xenografts have shown impressive
single agent activity in some tumors.”"*” The fact that the
development of LY2606368 was terminated due to toxicity is
unfortunate because it suggests the recommended phase II
dose was too high. Additionally, further analysis of the
schedule may improve outcome. The best xenograft regression
resulted from LY2606368 administered twice daily for 3 days.
Such scheduling may be difficult unless an oral CHKIi is
available. SRA737 has the advantage of being oral and may still
have therapeutic activity if administered in repeated low dose
to patients with sensitive tumors. Unfortunately, further
development of SRA737 is currently on hold. We have noted
recent clinical development of another oral CHKIj,
LY2880070 (www.clinicaltrials.gov), although no preclinical
data are available. It will be important to ensure this novel
drug, and any future CHKIi, have undergone extensive
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analyses similar to that presented here to define on-target
and off-target effects.

B METHODS

Cell Culture. Most cell lines were obtained from the
Developmental Therapeutics Program, National Cancer
Institute, as part of the NCI60 cell line panel. Other cell
lines were obtained from the American Type Culture
Collection. Cells were expanded and stored at low passage
number and cultures were replaced approximately every 3
months. Cells were maintained in RPMI1640 (Corning/
Mediatech), 10% fetal bovine serum (Hyclone), and 1%
antibiotic/antimycotic (Gibco). Cell lines were tested for
mycoplasma using the MycoAlert Mycoplasma Detection Kit
(Lonza).

Chemicals. MK-8776 (Merck) and SRA737 (Sierra
Oncology) were stored at 10 and 100 mM solutions in
DMSO. LY2606368 (Selleckchem) was stored at 0.1 and 1
mM in DMSO. CHK?2 inhibitor II was obtained from Sigma.
When added to cell cultures, there was no indication of drug
precipitation at the high concentrations used.

Growth Inhibition. Cells (100 yL) were plated at S00—
2000/ cells per well of a 96-well plate (depending on growth
rate). The following day, drugs were added at 2-fold dilutions
(8 wells per concentration). After 24 or 48 h, drug was
removed; wells were washed with phosphate buffered saline,
and fresh media was added. Alternately, drugs were left on the
cells until harvest. Cells were harvested on day 6 or 7 when
close to confluence. Plates were washed in phosphate buffered
saline and stored at —80 °C. Cells were lysed and DNA was
stained with Hoechst 33258 as previously described.””*’
Fluorescence was read on a microplate spectrofluorometer.
Values for each concentration were averaged (technical SD ~
10% of the average) and graphed in Excel. Results were
expressed as the concentration that inhibited growth by 50%
(GI50), derived from the values that bisect the 50% point of
each curve. For MK-8776, this screen replicated a prior study
but with concentrations extended to 100 uM.* SRA737 was
also tested up to 100 uM, while LY2606368 was tested up to 1
UM. As the starting cell number in this assay is low, an
observation of no growth can not distinguish cytostasis from
cytotoxicity. To assess true cytotoxicity, cells were plated at
10000 cells/well and followed for 8 days. This facilitated
assessment of the decrease in cell number below the starting
inoculum and therefore scores cell death.”* In this modified
assay, cells incubated at low concentrations of drug will
saturate each well limiting or even decreasing the apparent
growth.

Cell Cycle. Cell cycle analysis was conducted by flow
cytometry using propidium iodide.” As required, cells were
labeled concurrently with Alexa 488-conjugated anti-yH2AX
and Alexa 647-conjugated anti-pHH3 (Cell Signaling Tech-
nology). Cells were analyzed on a Becton Dickinson Gallios
flow cytometer.

Acquired Resistance to Chk1 Inhibitors. Cells were
incubated in T25 flasks with a range of concentrations of each
CHKIi above the GI50. After 72 h, the drugs were removed
and the cells recovered in fresh media. This incubation time
was selected to ensure that the surviving cells were not simply
those that had not entered S phase during the incubation time.
After cells recovered (3—14 days), they were replated and
incubated at the same or higher drug concentrations. This
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process was repeated over 3—4 months with increasing
concentrations as the cells became more resistant.

Western Blotting. Cells were rinsed in PBS, lysed in
Laemmli lysis buffer, and boiled for 5 min. Proteins were
separated by SDS-PAGE and transferred to polyvinylidene
difluoride membranes. Western blotting was performed with
the following primary and secondary antibodies: Cell Signaling
Technology: pS296-CHK1 (2349S), pS345-CHK1 (2348S),
pT68-CHK2 (2197S), pS516-CHK2 (2669S), yH2AX
(9718S), pTPXK (14371S), cyclin E (20808S), mouse IgG-
DyLight 800 (5257), rabbit IgG-DyLight 800 (5151), mouse
IgG-DyLight 680 (5470). Santa Cruz Biotechnology: CHK1
(sc8408), vinculin (sc073541). EMD Millipore: CHK2 (05-
649), puromycin (MABE343). Abcam: RPA (ab2175). Images
were generated using a Licor Odyssey imager and processed
using Image Studio Lite.
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