LYMPHOID NEOPLASIA

'.) Check for updates

Disruption of Src function potentiates Chk]1-inhibitor—induced apoptosis in human
multiple myeloma cells in vitro and in vivo

Yun Dai,’ Shuang Chen,! Rena Shah,! Xin-Yan Pei," Li Wang,! Jorge A. Aimenara,! Lora B. Kramer,! Paul Dent,2 and

Steven Grant!2

Division of Hematology/Oncology, Department of Medicine, Virginia Commonwealth University, and the Massey Cancer Center, Richmond, VA; and
2Department of Biochemistry, Virginia Commonwealth University, the Massey Cancer Center, and Institute of Molecular Medicine, Richmond, VA

Ras/MEK/ERK pathway activation repre-
sents an important compensatory re-
sponse of human multiple myeloma (MM)
cells to checkpoint kinase 1 (Chk1) inhibi-
tors. To investigate the functional roles of
Src in this event and potential therapeutic
significance, interactions between Src and
Chk1 inhibitors (eg, UCN-01 or Chk1i)
were examined in vitro and in vivo. The
dual Src/Abl inhibitors BMS354825 and
SKI-606 blocked Chk1-inhibitor-induced
extracellular signal-regulated kinase 1/2
(ERK1/2) activation, markedly increasing
apoptosis in association with BimEL up-
regulation, p34cdc2 activation, and DNA

damage in MM cell lines and primary
CD138* MM samples. Loss-of-function
Src mutants (K297R, K296R/Y528F) or
shRNA knock-down of Src prevented the
ERK1/2 activation induced by Chk1 inhibi-
tors and increased apoptosis. Conversely,
constitutively active Ras or mitogen-
activated protein kinase/ERK kinase 1
(MEK1) significantly diminished the abil-
ity of Src inhibitors to potentiate Chk1-
inhibitor lethality. Moreover, Src/Chk1-
inhibitor cotreatment attenuated MM-cell
production of vascular endothelial growth
factor and other angiogenic factors
(eg, ANG [angiogenin], TIMP1/2 [tissue

inhibitor of metalloproteinases 1/2], and
RANTES [regulated on activation normal
T-cell expressed and secreted]), and inhib-
ited in vitro angiogenesis. Finally, coad-
ministration of BMS354825 and UCN-01
suppressed human MM tumor growth in a
murine xenograft model, increased apo-
ptosis, and diminished angiogenesis.
These findings suggest that Src kinase is
required for Chk1-inhibitor-mediated Ras
— ERK1/2 signaling activation, and that
disruption of this event sharply potenti-
ates the anti-MM activity of Chk1 inhi-
bitors in vitro and in vivo. (Blood.
2011;117(6):1947-1957)

Introduction

Multiple myeloma (MM) is a neoplastic disorder of mature,
differentiated B lymphocytes. Whereas recent insights into MM
molecular pathogenesis prompted the introduction of effective new
agents, including the proteasome inhibitor bortezomib and the
immunomodulatory agents thalidomide and lenalidomide, MM
remains largely incurable' and new strategies are clearly needed.
DNA-damage checkpoints halt cell-cycle progression after
extrinsic DNA damage (eg, by genotoxic agents or radiation) or
intrinsic DNA-replication stress during the undisturbed cell cycle,
permitting DNA-repair machinery initiation or DNA-replication
block circumvention.? Checkpoint responses are initiated by ATM
(Ataxia telangiectasia mutated) and ATR (Ataxia telangiectasia
and Rad3-related), which induce checkpoint kinases (Chkl and
Chk?2), thus disabling Cdk1/p34¢d2 or Cdk2 by preventing dephos-
phorylation at inhibitory sites (T14/Y 15) via inhibition/degradation
of Cdc25 phosphatases, resulting in cell-cycle arrest. Genomic
instability and defective DNA-damage checkpoints are characteris-
tic of diverse human cancers, including MM.? Chkl has a critical
role in the DNA-damage-response network.? Moreover, novel
Chk1 functions in the DNA-replication checkpoint, the mitotic-
spindle checkpoint, and DNA repair have been identified,>*
stimulating clinical development of multiple Chkl inhibitors,
including UCN-01 (Kyowa), AZD7762 (AstraZeneca), LY2603618
(Lilly), SCH900776 (Schering-Plough), and PF-00477736 (Pfizer).
Whereas these efforts have focused on chemotherapy or radiation

sensitization,>>¢ recent evidence implicating Chkl in normal
cell-cycle checkpoints (eg, the DNA replication checkpoint) sug-
gests alternative therapeutic strategies.

We previously reported that Chk1 inhibitors (eg, UCN-01 or
more specific Chkl inhibitors) activate extracellular signal-
regulated kinase 1/2 (ERK1/2) in human MM and leukemia cells,
while blockade of this event by MEKI1/2 (mitogen-activated
protein kinase [MAPK]/ERK kinase 1/2) inhibitor dramatically
induces apoptosis.”® Furthermore, interruption of Ras function by
farnesyltransferase inhibitors®!? or statins!! acted similarly. Be-
cause Src plays an important role in Ras — ERK1/2 signaling
activation,'?> the possibility that Src may be involved in ChklI-
inhibitor-mediated ERK1/2 activation arose. Src family kinases
(SFKs) are up-regulated/activated in multiple human tumors.!3 Src
itself has been implicated in transformation, survival, proliferation,
adhesion, migration, invasion,'>!3 and angiogenesis.'* Src is gener-
ally activated by receptor tyrosine kinases or integrin-related
kinases (eg, focal adhesion kinase [FAK]).!3 Src signals down-
stream to multiple survival pathways, including Ras/Raf/MEK/
ERK and PI3K/Akt.!? In MM, SFKs have been linked to growth
factor (eg, interleukin-6 [IL-6])-mediated survival signaling,'> and
selective SFK inhibitors (eg, PP2) inhibit MM-cell proliferation.'®
Recently, Src inhibitors (eg, BMS354825) were shown to inhibit
angiogenesis and the proliferative/survival effects of growth fac-
tors, including vascular endothelial growth factor (VEGF) and
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platelet-derived growth factor (PDGF), in MM cells.!” Src is
involved in angiogenesis through VEGF production regulation'®
and transduction of VEGF-mediated signals in tumor-associated
endothelial cells.!” MM cells produce VEGF, which contributes to
MM progression directly by promoting tumor-cell survival (an
autocrine mechanism) and by stimulating tumor-derived angiogen-
esis.!” Interestingly, the anti-MM activities of thalidomide, lenalido-
mide, and bortezomib have been attributed to antiangiogenic
effects.?02! All of these findings provide a rationale for developing
Src inhibitors in MM.??

The relationship between Src and Ras — ERK signaling!3
suggested that disruption of Src function might potentiate Chk1-
inhibitor lethality. In this study, pharmacologic and genetic ap-
proaches demonstrated that clinically relevant Src/Abl inhibitors,
including BMS354825 (dasatinib)>® and SKI-606 (bosutinib),>*
abrogate Chk1-inhibitor—induced ERK1/2 activation in association
with multiple downstream lethal events (eg, Bim up-regulation/
activation, enhanced DNA damage, and p34°4? activation), culmi-
nating in pronounced MM-cell apoptosis in vitro and in vivo. The
present results also suggest that inhibition of angiogenesis may
contribute to the in vivo activity of Src/Chk1-inhibitor regimens.

Methods

Cells and reagents

Human MM cells (U266, RPMI 8226, H929, MM.1S, and MM.1R) were
maintained as reported previously.® All experiments used logarithmically
growing cells (3-5 X 10°cells/mL). UCN-01 was provided by the Cancer
Therapy Evaluation Program (National Cancer Institute, Bethesda, MD).
The dual Src/Abl inhibitor BMS354825 (dasatinib) was provided by
Bristol-Myers Squibb. The Chk1 inhibitor Chk1i, the dual Src/Abl inhibitor
SKI-606 (bosutinib), and the SFK inhibitor PP2 and its negative control
PP3 were purchased from Calbiochem. Agents were dissolved in dimethyl-
sulfoxide (DMSO) and stored at —20°C. Final DMSO concentrations did
not exceed 0.1%. Recombinant human VEGF 45 was from PeproTech.

Primary CD138* MM cells

Bone-marrow samples were obtained with informed consent from
3 patients with MM undergoing routine diagnostic procedures. CD138*
cells were isolated using an immunomagnetic bead separation method, as
described previously.® These studies were approved by the institutional
review board of Virginia Commonwealth University.

Plasmids and stable transfection

cDNAs for human wild-type (wt) c-Src and loss-of-function mutants
(including kinase-inactive K297R and dominant-negative K296R/Y528F),
constitutively active (CA)-H-Ras (Q61L) and -MEKI1 (serine 218 and
222 mutated to aspartic acid) were obtained from Upstate Biotechnology.
SureSilencing plasmids encoding shRNA targeting human c-Src were
purchased from SA Biosciences. U266 cells were transfected using the
Amaxa Nucleofector and Cell-line Specific Kit C (program X-005; Amaxa)
per the manufacturer’s instructions. Clones ectopically expressing Src (wt
or mutants), CA-Ras or CA-MEKI1, or down-regulated Src were selected
by G418.

Flow cytometry

Apoptosis, viability, and mitochondrial membrane potential (AWm) were
evaluated by flow cytometry after staining with annexin V/fluorescein
isothiocyanate/propidium iodide, 7-amino-actinomycin D, or DiOCg, respec-
tively, as described previously.”?
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Western blot analysis

Samples from whole-cell pellets were prepared and 30wg of protein for
each condition was subjected to Western blot analysis, as described
previously.” The stripped or parallel blots were probed with antibodies
against B-actin (Transduction Laboratories) or a-tubulin (Calbiochem) to
ensure equal loading and transfer. The following primary antibodies were
used: phospho-Src (Y418), phospho-paxillin (Y118), phospho-p130Cas
(Y410), phospho-FAK (Y576/577), FAK, phospho-PYK2 (Y402) PYK2,
phospho-p44/42 MAPK (ERK1/2, T202/Y204), p44/42 MAPK, and cleaved
poly(ADP-ribose) polymerase (PARP; Cell Signaling Technology); c-Src,
Hck, Lyn, Fyn, H-Ras, MEK1, phospho-p34°42 (Y15), p34°d2 VEGF,
angiogenin 1 (ANG1), and tissue inhibitor of metalloproteinases 1 (TIMP-1;
Santa Cruz Biotechnology); phospho-histone H2A.X (S139), phospho-Src
(Y215), and phospho-tyrosine (4G10; Upstate Biotechnology); Bim (Calbio-
chem); Bim (ProSci); and PARP (BIOMOL Research Laboratories).

Angiogenic factor array

Angiogenic factor array was performed using RayBio Human Angiogenesis
Antibody Array 1 Kit (RayBiotech) as per the manufacturer’s instructions.
One milliliter of cell culture medium per condition was analyzed using
serum-containing medium as a control.

Analysis of VEGF expression by ELISA and quantitative PCR

VEGEF levels in cell-culture media were determined using a human VEGF
enzyme-linked immunosorbent assay (ELISA) kit (Signosis) as per the
manufacturer’s instructions. Quantitative polymerase chain reaction (qPCR)
analysis using TagMan gene expression assays and the 7900HT real-time
PCR system (Applied Biosystems) were used to quantify human VEGF
expression in MM cells (supplemental Methods, available on the Blood
Web site; see the Supplemental Materials link at the top of the online
article). Reference for quantitation was human (-actin.

In vitro angiogenesis assay

The endothelial tube formation assay kit and human umbilical vein
endothelial cells (HUVECs; Invitrogen) were used to assess drug treatment
effects on angiogenesis in vitro as per the manufacturer’s instructions.

Animal studies

Animal studies were approved by the Virginia Commonwealth University
Institutional Animal Care and Use Committee, and performed in accor-
dance with current regulations and standards of the U.S. Department of
Agriculture, the U.S. Department of Health and Human Services, and the
National Institutes of Health. Female athymic NCr-nu/nu mice were
purchased from The Jackson Laboratory, and inoculated subcutaneously
with 107 MM. 18 cells into the right rear flank. Treatment was administrated
daily after tumors reached a volume of ~100 mm.> BMS354825 was
freshly prepared in a 50:50 mixture of propylene glycol (Sigma-Aldrich)
and H,O for a final dose of 50 mg/kg.”> UCN-01 in DMSO was diluted in
2% (wt/vol) Na citrate (pH 3.5) for a final dose of 0.5 mg/kg.2® Control
animals were injected with equal volumes of vehicle. Tumors were
monitored every 2 days by 3 operators. Tumor volumes were calculated
from the formula (L. X W?)/2, with L and W representing length and width,
respectively.

TUNEL and immunohistochemistry

For animal studies, after 14 days of drug treatment, tumors were removed
30 minutes after the final dose. Tissue cryostat sections were prepared for
immunohistochemical staining for the vascular endothelial marker CD31!7
using CD31 antibody (Oncogene Research Products). To assess apoptosis,
tumor sections were stained for terminal deoxynucleotidyltransferase-
mediated dUTP nick end-labeling (TUNEL) using the In Situ Cell Death
Detective Kit (fluorescein; Roche) as per the manufacturer’s instructions.?
Images were captured using an Olympus BX40 fluorescence microscope at
20%/0.50 (Olympus) and a CE digital camera (Alpha Innotech) with
RS Image software version 1.7.3 (Roper Scientific Photometrics).
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Figure 1. Src inhibitors block ERK1/2 activation in human MM cells exposed to UCN-01, in association with synergistic induction of apoptosis. (A-B) Human MM
cells were exposed (24 hours) to UCN-01 (U266, 150nM; RPMI 8226, MM.1S, and MM.1R, 100nM) + BMS354825 (0.5-2.5uM [A]) or SKI606 (U266 and RPMI 8226, 2u.M;
MM.1S and MM.1R, 1uM [B]), after which Western blot analysis was performed to detect expression of total and/or phosphorylated c-Src (Y418) and ERK1/2. (C) RPMI 8226
and U266 cells were treated as described in panel A for 24 hours and 48 hours, respectively. (D) MM.1S and MM.1R cells were exposed to 100nM UCN-01 + 1M BMS354825
for 24 hours. (E) MM cell lines were treated as described in (B) for 24 hours (RPMI 8226, MM.1S, and MM.1R) or 48 hours (U266). For C-E, after drug treatment, the percentage
of apoptotic (annexin V*) cells was determined by flow cytometry (means + SD, *P < .01 and **P < .001 vs UCN-01 alone). (C) Inset: RPMI 8226 cells were exposed to a
range of BMS354825 (0.5-1.25uM) and UCN-01 (50-125nM) concentrations alone and in combination at fixed ratio (10:1) for 24 hours. At the end of this period, the percentage
of annexin V* cells was determined for each condition. Fractional effect values were obtained by comparing results with those of untreated controls, and median dose-effect
analysis was used to characterize the nature of the interaction between these agents. Combination index values less than 1.0 denote a synergistic interaction. The results of a
representative experiment are shown; 2 additional studies yielded equivalent results. (F) CD138* cells isolated from the bone marrow of a patient (patient #2) with MM were
exposed (24 hours) to 100nM UCN-01 + 0.5 or 1.0.M BMS354825, after which the extent of apoptosis was determined by annexin V/propidium iodide (PI) staining and flow
cytometry. Values shown represent the percentage of annexin V* cells including early (annexin V*/PI~, bottom right quadrants) and late apoptosis (annexin V*/P1*, top right
quadrants). Two additional experiments yielded equivalent results.

Statistical analysis

Values represent the means * SD, and significance of differences between
experimental variables was determined using the Student 7 test. Analysis of
synergism was performed according to median dose—effect analysis using
the software program Calcusyn Version 1.1 (Biosoft).’

Results
Src inhibitors block Chk1-inhibitor-induced ERK1/2 activation

Exposure (24 hours) of U226, RPMI 8226, MM.1S, and MM.1R
cells to the Chkl inhibitor UCN-01 (100-150nM) resulted in
ERK1/2 phosphorylation/activation (Figure 1A), which is consis-
tent with previous findings.® Notably, coadministration of the dual
Src/Abl inhibitor BMS354825 substantially attenuated UCN-01-
induced ERK1/2 phosphorylation in a dose-dependent manner
(0.5-2.5pM [Figure 1A] and 50-200nM [supplemental Figure
1A]). Similar results were observed with another Src/Abl inhibitor,
SKI-606 (Figure 1B) or the selective Chkl inhibitor Chkl1i%¢
(supplemental Figure 1B).

Western blot analysis was performed to examine the effects of
exposure to Chkl and Src inhibitors alone or in combination on the
phosphorylation of Src and its substrates (eg, paxillin, FAK, and
p130Cas).”” Whereas Western blot analysis revealed variable
protein expression of SFKs, including Src, Lyn, Fyn, and Hck, in
the MM cell lines evaluated (eg, U266, RPMI 8226, MM.1S, and
MM.1R) (supplemental Figure 2A), most lines displayed relatively
low basal SFK tyrosine phosphorylation (supplemental Figure
2B-C) and Src phosphorylation at the active site Y418 (Figure 1A
and supplemental Figure 2D), that reflects both basal activity
because of autophosphorylation®* and inducible activation.!” Phos-
phorylation of the downstream targets paxillin (Y118; supplemen-
tal Figure 2D), FAK (Y576/577), and p130Cas (Y410; data not
shown) were also low. UCN-01 (Figure 1A and supplemental
Figure 2D) or Chkli (data not shown) induced little or modest
increases in SFK and Src (Y418) tyrosine phosphorylation. More-
over, UCN-01 failed to induce Src phosphorylation at other active
sites such as Y21528 (supplemental Figure 2E). Nevertheless, both
BMS354825 and SKI-606 clearly diminished SFK tyrosine phos-
phorylation and Src autophosphorylation (Y418), as well as
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Figure 2. Coexposure to Src inhibitors and UCN-01 leads to unphosphorylated BimEL accumulation, enhanced p34¢dc2 activation, and increased yH2A.X
expression. (A) MM cell lines were exposed (24 hours) to UCN-01 (U266, 150nM; RPMI 8226, MM.1S, and MM.1R, 100nM) = 1,.M BMS354825, after which phosphorylation
and expression of BImEL were assessed by Western blot analysis using a Bim antibody (Calbiochem) that is able to distinguish both the phosphorylated (p, slowly migrating)
form from the unphosphorylated (up, fast-migrating) form. Vertical lines have been inserted to indicate repositioned gel lanes. (B) After being treated with UCN-01 (U266,
150nM; RPMI 8226, MM.1S, and MM.1R, 100nM) = SKI606 (U266 and RPMI 8226, 2.M; MM.1S and MM.1R, 1.M), Western blot analysis was performed to examine
dephosphorylation/activation of p34°d<2 at the inhibitory site Y15. In parallel, total p34°dc2 was monitored for comparison. (C) Cells were exposed (24 hours) to UCN-01 (U266,
150nM; RPMI 8226, MM.1S, and MM.1R, 100nM) = the indicated concentrations of BMS354825, after which phosphorylation of the atypical histone H2A.X at S139
(designated yH2A.X) was monitored by Western blot analysis. (D) MM.1S and U266 cells were treated as described in (B) and (C) for 24 or 48 hours, respectively, after which
Western blot analysis was performed to monitor PARP cleavage. (E) Primary CD138" MM cells (Pt2) and their CD138~ counterparts were exposed (24 hours) to 100nM
UCN-01 = the indicated concentration of BMS354825, after which expression of Bim using an antibody (ProSci) that recognizes total protein levels of 3 isoforms (EL, L, and S),
T14/Y15 phosphorylated p34°d2, yH2A X, and PARP were assessed by Western blot analysis. CF indicates cleavage fragment.

phosphorylation of the downstream targets paxillin (Y118), FAK
(Y576/577), and p130Cas (Y410) in various MM cell lines (Figure
1A and supplemental Figure 2D), including U266 cells ectopically
expressing wt c-Src (supplemental Figure 2F and Figure 4D).
These findings suggest that the clinically relevant Src/Abl inhibi-
tors BMS354825 and SKI-606 block Chkl-inhibitor—induced
ERK1/2 activation in MM cells in association with SFK kinase
inhibition.

Src inhibitors synergistically potentiate lethality of Chk1
inhibitors

To assess the consequences of blockade of Chk1-inhibitor—induced
ERK1/2 activation by Src inhibitors, apoptosis was monitored by
annexin V/propidium iodide staining and flow cytometry. Coexpo-
sure of U266 (48 hours) or RPMI 8226 (24 hours) to marginally
toxic concentrations of UCN-01 (U266, 150nM; RPMI 8226,
100nM) and BMS354825 (0.5-2.5uM) induced significant dose-
dependent increases in apoptosis (Figure 1C; P < .01 or P <.001 vs
UCN-01 alone). Similar interactions occurred in other MM cells,
including MM. 1S and dexamethasone-resistant MM. 1R cells (Fig-
ure 1D, P <.001 vs UCN-01 alone), as well as H929 cells
(supplemental Figure 3A). Analogously, minimally toxic SKI-606
concentrations (1-2uM) dramatically increased UCN-01 lethality
in various MM cell lines (Figure 1E, P < .001 vs UCN-01 alone).

BMS354825 and SKI-606 also interacted with the selective Chkl
inhibitor Chk1i to induce MM-cell apoptosis (supplemental Figure
3B). Moreover, the selective SFK inhibitor PP2, but not the
inactive PP3, potentiated UCN-01 lethality in various MM cells
(supplemental Figure 3C). Finally, median dose-effect analysis
yielded combination index values < 1.0, denoting synergistic
interactions between Src and Chkl1 inhibitors (Figure 1C inset).
Coadministration of BMS354825 and UCN-01 also markedly
induced cell death in primary CD138" MM cells (Figure 1F and
supplemental Figure 3D, P < .05 vs UCN-01 alone), findings that
were confirmed by morphologic assessment (supplemental Figure
3E), but not in CD138~ bone marrow cells (supplemental Figure
3D, P > .05 vs UCN-01 alone).

Src inhibitors attenuate Chk1-inhibitor-mediated Bim
inactivation/degradation while promoting p34°9c2 activation and
DNA damage

Given evidence implicating BimEL up-regulation, p34°3? activa-
tion, and DNA damage in potentiation of Chkl-inhibitor lethality
by agents disrupting Ras — ERK1/2 signaling,” parallel studies
were performed with Src inhibitors. Exposure of MM cells to
UCN-01 (Figure 2A) or Chkli (supplemental Figure 4A) induced
phosphorylation-related BimEL degradation, manifested by dimin-
ished expression of the slower migrating phosphorylated form.
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Cells were then exposed to the indicated concentrations of UCN-01 for 24 hours, after which cells were lysed and subjected to Western blot analysis to monitor phosphorylation
of ERK1/2, expression of Bim (ProSci) and yH2A.X, and cleavage of PARP (right panels). (F) U266 cells were stably transfected with constitutively active human H-Ras (Q61L)
or MEK1 (CA-MEK1). Western blot analysis demonstrated ectopic expression of the mutant proteins and resulting phosphorylation/activation of downstream targets
(eg, MEK1/2 and ERK1/2, respectively). These cells were then exposed to 150nM UCN-01 + 2uM SKI-606 for 48 hours, after which the percentage of apoptotic (annexin V')
cells was determined by flow cytometry (means = SD, **P < .001 vs EV controls). For blots in panels A, C, E and F, vertical lines have been inserted to indicate repositioned gel

lanes.

This was substantially attenuated by BMS354825 (Figure 2A) or
SKI-606 (supplemental Figure 4A), resulting in accumulation of
the fast-migrating, unphosphorylated active BimEL form.3°
SKI-606 (Figure 2B and supplemental Figure 4A) or BMS354825
(supplemental Figure 4B) markedly enhanced dephosphorylation
(activation) of p34°d2 at inhibitory sites induced by marginally
toxic concentrations of UCN-01 or Chkli. Furthermore, coexpo-
sure of MM cells to UCN-01 and BMS354825 (Figure 2C) or
Chkl1i and SKI-606 (supplemental Figure 4A) markedly increased
yH2A.X expression, a DNA damage marker,”® and sharply in-
creased PARP degradation (Figure 2D and supplemental Figure
4C). Similar events occurred in primary bone-marrow CD138%
MM cells, but not in their CD138~ counterparts (Figure 2E).

Loss-of-function Src mutants or Src shRNA knock-down
prevents Chk1-inhibitor-induced ERK1/2 activation

To elucidate the functional role of Src kinase in response to Chkl
inhibitors, U266 cells were stably transfected with wt or loss-of-
function mutant (kinase-inactive/K297R3! or dominant-negative/
K297R/Y528F3?) forms of human c-Src (Figure 3A). In contrast to
wt Src, K297R and K297R/Y528F mutants exhibited neither
autophosphorylation of Src (eg, Y418 and Y215) nor phosphoryla-

tion of downstream targets (ie, paxillin [Y118], Figure 3B),
indicating loss of Src tyrosine kinase function. Both mutants
displayed lower basal ERK1/2 phosphorylation compared with
Src/wt and empty-vector controls (Figure 3A). Notably, UCN-01
failed to induce ERKI1/2 activation in cells expressing either
loss-of-function Src mutant (Figure 3C). This was associated
with diminished degradation of phosphorylated BimEL, in-
creased YH2A.X expression (Figure 3D), and enhanced p34¢cdc?
dephosphorylation/activation (supplemental Figure 4D), accompa-
nied by increased PARP cleavage (Figure 3C). Similar results
occurred in U266 cells with Src shRNA knock-down (24 hours,
Figure 3E), which also exhibited a marked increase in UCN-01
lethality (48 hours, supplemental Figure 4E). These findings
provide genetic evidence that Src kinase function is required for
Chk1-inhibitor—induced ERK1/2 activation in MM cells.

Constitutively active Ras or MEK1 prevents Src/Chk1-inhibitor
interactions

To define the functional role of the canonical Ras — ERK1/2
pathway in Src inhibitor—-mediated potentiation of Chkl1-inhibitor
lethality, U266 cells were stably transfected with constitutively
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Figure 4. Cotreatment with BMS354825 and UCN-01 inhibits VEGF expression in MM cells in association with disruption of Src function. (A) MM cells were exposed

(16 hours) to UCN-01 (U266, 150nM; RPMI 8226, MM.1S, and MM.1R, 100nM) *

BMS354825 (0.5.M), after which ELISA assays were performed to monitor VEGF levels,

using a standard curve (supplemental Figure 5B), in cell-culture supernatants. Numbers indicate P values versus untreated controls. (B) MM.1S and U266 cells were treated
with UCN-01 (MM.1S, 100nM; U266, 150nM) = 0.5,.M BMS354825 for 6 hours (MM.1S) or 16 hours (U266), after which total RNA was isolated and subjected to quantitative
PCR analyses to assess human VEGF-A mRNA levels, as described in the supplemental Methods. VEGF expression was expressed as the fold increase relative to values for
untreated controls (arbitrarily set at 1). (In panels A and B, results represent the means =+ SD for triplicate determinations performed on 3 separate occasions. (C) MM.1S and
U266 cells were incubated with UCN-01 (MM.1S, 100nM; U266, 150nM) =+ the indicated concentrations of BMS354825 for 16 hours, after which cells were lysed and subjected
to Western blot analysis to detect expression of VEGF. d, dimer; m, monomer. (D) U266 cells transfected with wt c-Src were treated with 150nM UCN-01 =+ the indicated
concentrations of BMS354825 for 16 hours, after which Western blot analysis was performed to monitor phosphorylation of Src (Y418) and its substrates, including FAK
(Y576/577), p130Cas (Y410), and paxillin (Y118), as well as phosphorylation of ERK1/2 and PYK2. Vertical lines have been inserted to indicate repositioned gel lanes. In
parallel, expression of intracellular VEGF was detected. In panels C and D, the blots for VEGF monomer were quantified by determining integrated density using a
densitometer. Values indicate fold changes for drug-treated cells compared with untreated cells.

active mutants of either Ras (Q61L) or MEK1 (CA-MEK1). Q61L
Ras or CA-MEKI induced a marked increase in MEK1/2 or
ERK1/2 phosphorylation (Figure 3F insets). Both mutants dis-
played significant impairment in the ability of SKI-606 to potenti-
ate UCN-01 lethality (Figure 3F, P < .01 for each case). Similar
results were obtained with other Src inhibitors (eg, PP2 [supplemen-
tal Figure 4F] or BMS354825 [data not shown]).

The Src/Chk1-inhibitor regimen reduces VEGF expression and
disrupts VEGF-mediated signaling in MM cells

MM cells produce VEGE? a growth factor important for both
MM-derived angiogenesis** and MM cell survival/growth.3* gPCR
and ELISA indicated that all tested MM cell lines expressed VEGF
mRNA (supplemental Figure 5A) and secreted VEGF (Figure 4A
and supplemental Figure 5B), respectively. Western blot analysis
demonstrated that human MM cells (eg, MM.1S and U266)
expressed both VEGF monomer (p21) and dimer (p42) (Figure
4C), a symmetric homodimeric glycoprotein.>>3 Interestingly,
UCN-01 treatment clearly reduced VEGF monomer in MM cells
(eg, U266 and MM.1S, Figure 4C), consistent with VEGF mRNA
down-regulation (Figure 4B) and reduced VEGF secretion (Figure
4A). BMS354825/UCN-01 cotreatment induced more pronounced
reductions in VEGF levels in the culture medium (Figure 4A), as
well as reductions in VEGF mRNA (Figure 4B) and protein
(monomer rather than dimer; Figure 4C) compared with effects of
individual treatment. Similar results were observed with SKI-606
(supplemental Figure 4G upper panels). Moreover, genetic disrup-
tion of Src function in loss-of-function mutants (particularly
K296R/Y528F) modestly but discernibly reduced basal levels of
VEGF monomer compared with Src/wt, while UCN-01 further
down-regulated VEGF monomers in these mutant cells (supplemen-

tal Figure 4G lower panels). Moreover, BMS354825/UCN-01
coadministration also suppressed VEGF expression (particularly
the monomer) in Src/wt-expressing U266 cells (Figure 4D). This
was associated with disruption of Src-mediated signaling pathways
by BMS354825, reflected by substantially diminished autophosphor-
ylation of Src (Y418) and phosphorylation of its substrates
(eg, FAK [Y576/577], p130Cas [Y410], and paxillin [Y118]), as
well as activation of ERK1/2. Interestingly, in Src/wt-overexpress-
ing cells, BMS354825 also inhibited phosphorylation of another
nonreceptor protein tyrosine kinase, PYK2 (Y402, Figure 4D), an
event that leads to binding of the SH2 domain of Src to Y402 of
Pyk2 and Src activation.?” Finally, Src inhibitors (BMS354825 or
SKI-606) also blocked VEGF-induced activation of Src-mediated
signaling (eg, p130Cas phosphorylation [Y410] and ERKI1/2
activation) in serum-starved MM.1S cells (supplemental Figure
4H). Interestingly, both Src inhibitors diminished UCN-01-
induced ERK1/2 activation in serum-starved cells cultured with
VEGF 45, which was associated with a clear increase in PARP
cleavage (supplemental Figure 4H).

The Src/Chk1-inhibitor regimen inhibits production of
angiogenic factors in MM cells and in vitro angiogenesis

In addition to VEGF, human MM cells also produce multiple other
angiogenic factors.?%3 Accordingly, angiogenesis antibody arrays
(supplemental Figure 5C) were performed using fetal bovine serum
(FBS)—containing medium obtained from a 24-hour culture of
MM.1S cells (MM.1S medium). Compared with control medium
(RPMI 1640 + 10% FBS), MM.1S medium robustly expressed
ANG, RANTES (regulated on activation normal T-cell expressed
and secreted), TIMP-1, and TIMP-2, and modestly expressed
monocyte chemotactic protein 1 (MCP-1) (Figure 5SA). In contrast
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Figure 5. Cotreatment with Src inhibitors and UCN-01 inhibits both production of multiple angiogenic factors by MM cells and in vitro tube formation of HUVECs.
(A) MM.18S cells were washed twice with serum-free medium and then cultured for 24 hours in fresh RPMI 1640 medium containing 10% FBS, after which the supernatants
(MM.1S medium) were prepared by centrifuging twice at 500g for 10 minutes each. Control (fresh RPMI 1640 medium with 10% FBS) and MM.1S media were then subjected to
the angiogenesis antibody array. According to the table of corresponding factors (supplemental Figure 5C), the angiogenic factors expressed in MM.1S medium, compared with
control medium, are highlighted by black squares. (B) MM.1S cells were incubated (16 hours) with 1M BMS354825 or SKI-606 = 100nM UCN-01, after which the same array
was performed to assess the effects of the drug treatments on the production of angiogenic factors. (C) In parallel, whole cells were lysed and subjected to Western blot
analysis to monitor the expression of corresponding factors. The blots were quantified by determining integrated density. Values indicate fold changes for drug-treated cells
compared with untreated cells. WCL, Whole-cell lysate; ns, nonspecific bands. (D) Primary HUVECs were preincubated with the cell-permeable dye Calcein AM, and then
seeded and incubated (2 hours) with 0.1uM BMS354825 + 100nM UCN-01 using reduced growth factor basement membrane matrix. Images were captured using an inverted
fluorescent microscope (10X magnification). Results are representative of triplicate experiments.

to the detection of VEGF in MM. 1S cell-culture medium by ELISA
(Figure 4A), of VEGF mRNA expression by qPCR (Figure 4B), or
of protein by Western blot analysis (Figure 4C), the antibody array
failed to detect VEGF in MM.1S medium (Figure 5A), possibly
because of low sensitivity of the latter assay. Whereas treatment
with agents alone had minimal effects, cotreatment of MM. 1S cells
with either BMS354825 or SKI-606 with UCN-01 substantially
diminished the production of ANG, RANTES, and MCP-1 and
modestly reduced levels of TIMP-1 and TIMP-2 (Figure 5B).
Moreover, whereas BMS354825 or UCN-01 alone had little effect,
cotreatment discernibly inhibited intracellular expression of ANGI,
TIMP-1, and MCP-1 (Figure 5C). Finally, BMS354825/UCN-01
cotreatment dramatically suppressed angiogenesis in vitro, mani-
fested by marked disruption of 3-dimensional tube formation of
primary HUVECs cultured on Geltrex Reduced Growth Factor
Basement Membrane Matrix (2 hours, Figure 5D; 4 hours,
supplemental Figure 5D), in association with diminished pro-
liferation and increased apoptosis of HUVECs (supplemental
Figure 5E).

The Src/Chk1-inhibitor regimen induces MM-cell apoptosis and
suppresses tumor growth in vivo

To assess the in vivo activity of the Src/Chkl-inhibitor strategy,
athymic nude mice were inoculated with MM.1S cells in the flank.
After the appearance of measurable tumors (5-7 days), mice were
treated daily with BMS354825 (50 mg/kg) = UCN-01 (0.5 mg/kg).
Tumor size was monitored every 2 days. Whereas BMS354825 or
UCN-01 administrated alone had modest effects, cotreatment with
both agents significantly suppressed tumor growth (Figure 6A,

P < .05 after 6-day treatment, compared with UCN-01 alone,
n = 8 per group). Weight loss for all conditions was minimal
(eg, < 8%; data not shown). After 14 days, tumors were excised
and cryosections stained by TUNEL to monitor apoptosis. Micro-
photographs were taken from superficial, central, and deep regions
within tumors (Figure 6B). BMS354825 alone modestly induced
apoptosis in the superficial region and had significantly less effect
elsewhere, whereas UCN-01 alone had little effect in each region.
Cotreatment with BMS354825 and UCN-01 dramatically in-
creased apoptosis in all regions. Figure 6C shows the correspond-
ing 4,6-diamidino-2-phenylindole, dihydrochloride images of the
tumor regions.

The Src/Chk1-inhibitor regimen diminishes angiogenesis
in vivo

The preceding in vitro studies demonstrated that Src/Chkl-
inhibitor cotreatment diminished the expression/production of
angiogenic factors in MM cells and in vitro angiogenesis of
HUVEC:sS, raising the possibility that this regimen might perturb
angiogenesis in vivo. To address this, cryosections of excised
MM tumors were stained by immunohistochemistry using antibod-
ies specifically recognizing murine CD31, an established vascular
endothelial cell marker."” Microphotographs were obtained from
superficial, central, and deep tumor regions (Figure 7). Treatment
with BMS354825 alone modestly reduced CD31* microvessels
only in the superficial region, whereas UCN-01 alone had minimal
effects. Notably, CD31* microvessels were essentially absent in all
tumor regions after coadministration of BMS354825 and UCN-01.
In addition, tumors removed from mice cotreated with BMS354825
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and UCN-01 displayed a whitish appearance, suggesting avascular-
ity (Figure 6A inset). Interestingly, regions exhibiting diminished
CD31" microvessels (Figure 7) coincided with those displaying
increased apoptosis (TUNEL positivity) (Figure 6B), raising the
possibility that that antiangiogenic effects contribute to the marked
induction of MM cell apoptosis and thus suppression of tumor
growth by the Src/Chk1-inhibitor regimen in vivo.

Discussion

Chk1, a key component of the DNA-damage—checkpoint machin-
ery, represents an important therapeutic target within the
DNA-damage-response network.> Chkl1 inhibitors, including the
prototype UCN-01 and newer, more specific inhibitors, have
primarily been developed to potentiate the activity of conventional
genotoxic agents or radiation.>>® However, new insights into the
DNA-damage checkpoint provide a mechanistic foundation for
alternative Chk1-inhibitor strategies. Recent findings indicate that
Chkl1 plays a critical role not only in checkpoints triggered by
exogenous DNA insults (eg, DNA-damaging agents or radiation),
but also those activated by endogenous DNA-replication stress.*
Chk1 inhibitors by themselves induce DNA breaks, presumably
reflecting aberrant events associated with DNA initiation and/or
elongation during DNA replication.’*#? Moreover, Chk1 inhibitors
activate compensatory mechanisms (eg, negative feedback re-
sponses through activation of the Chk1 upstream kinase ATR%),
which may limit lethality. We previously reported that Chkl
inhibitors activate the pro-survival MEK/ERK pathway, whereas
MEK1/2 inhibitors strikingly potentiate Chk1-inhibitor lethality in
human MM3 and leukemia cells.” This suggests that activation of
the Ras/Raf/MEK/ERK pathway represents an important compen-
satory, cytoprotective response to Chk1 inhibitors, and suggests an
alternative strategy for Chk1-inhibitor development.

Recent evidence indicates that Chk1 inhibitors activate ERK1/2
through a Ras-dependent mechanism.?® In this context, Src plays an
important role upstream of this signaling cascade.'>!? For example,
disruption of Src kinase function by Src inhibitors (eg, PP2 or PP1)
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Figure 6. Coadministration of BMS354825 and
UCN-01 markedly suppresses tumor growth in asso-
ciation with a striking induction of MM-cell apopto-
sis in vivo. (A) NCr-nu/nu mice were subcutaneously
inoculated with 107 MM.1S cells in the right rear flank.
After tumors were measurable, 50 mg/kg of
BMS354825 + 0.5 mg/kg of UCN-01 were adminis-
trated daily for 14 days. Tumor size was monitored every
2 days. Values represent the means = SD for 8 mice,
and numbers indicate P values vs UCN-01 adminis-
trated alone. After the final drug dose, tumors were
DAPI excised (inset). (B-C) Cryosections of the excised tu-

mors were stained by TUNEL with 4,6-diamidino-

EMS EMS+LICN

Central  Superficial

Deep

4 .'

Superficial 2-phenylindole, dihydrochloride counter-staining. Fluo-
rescent images were captured at 20x/0.50 magnifica-

— tion in the superficial, central, and deep regions within
tumors. Arrows indicate the dermal facet of tumors.
m, muscle.
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or the dominant-negative Src mutant (K296R/Y528F) blocks
ERK1/2 activation induced by various stimuli,?>*!"43 raising the
possibility that Src might be involved in ERK1/2 activation in the
present setting. Indeed, interruption of Src kinase function by either
pharmacologic (eg, Src/Abl inhibitors BMS354825 or SKI606) or
genetic (eg, loss-of-function Src mutants including kinase-inactive
K297R,*! and dominant-negative K296R/Y528F,*? or Src shRNA)
means markedly attenuated Chk1-inhibitor—induced ERK1/2 acti-
vation in MM cells. To date, at least 3 SFK members (ie, Hck, Lyn,
and Src) have been implicated in MM-cell growth; of these, Hck
and Lyn, in contrast to Src, are predominantly involved in
IL-6-induced signaling pathways. For example, exposure of hu-
man MM cells to IL-6 triggers tyrosine phosphorylation/activation
of Hck, Lyn and Fyn, but not Src.** Moreover, kinase-inactive
mutants of Hck (K269E or K269R), but not Src (K297R), prevent
IL-6—mediated activation of ERK1/2 and inhibit MM-cell prolifera-
tion.!>-16 Recently, exposure of serum-starved MM cells to VEGF 45
has been shown to induce activation of Src (manifested by Y418
phosphorylation) and ERK1/2, events abrogated by BMS354825.17
Such findings suggest that the Src — ERK1/2 signaling cascade
operates to promote survival mediated by certain growth factors
(eg, VEGF and PDGF) in human MM cells. Interestingly, exposure
of MM cells to Chkl inhibitors did not clearly induce Src
phosphorylation at its active sites (eg, Y418 and Y215). However,
disruption of Src function by pharmacologic inhibitors or specifi-
cally by genetic means (ie, loss-of-function Src mutants and Src
shRNA) dramatically blocked Chkl-inhibitor—induced ERK1/2
activation, suggesting that Src kinase is required for the compensa-
tory ERK1/2 activation induced by Chkl inhibitors. While these
results provide evidence that Src is required for ERK1/2 activation
by Chkl inhibitors, the possibility that other SFK members may
also be involved cannot be excluded.

BMS354825 has recently been shown to inhibit MM-cell
proliferation in standard culture medium containing 10% FBS,
while inducing MM-cell apoptosis in serum-deprived medium
containing VEGF,¢s or PDGF-BB.!7 The latter phenomenon may
reflect inhibition of VEGF- and PDGF-BB-mediated signaling (eg,
activation of Src and ERK1/2) by BMS354825.17 We also observed
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Figure 7. Coadministration of BMS354825 and UCN-01 inhibits angiogenesis in vivo. Following the experiments described in Figure 6, cryosections of the excised tumors
were stained by immunohistochemistry using antibodies specifically recognizing murine CD31, an established vascular endothelial marker. Images were captured at 20x/0.50
magnification in the superficial, central, and deep regions within tumors. For each region, areas marked by black squares (top panels) were amplified and shown in the bottom
panels. Dashed lines correspond to the borders between tumor and muscle (m). Arrows indicate the dermal facets of tumors.

that in 10% FBS medium, BMS354825 alone at concentrations
< 500nM only reduced MM-cell proliferation, but induced apopto-
sis at higher concentrations (eg, > 5uM) and longer exposure
intervals (eg, > 48-72 hours). However, serum-starved MM cells
cultured in the presence or absence of VEGF;cs were more
susceptible to BMS354825 or SKI-606 than cells cultured in 10%
FBS medium (Dai and Grant, unpublished observations). In
contrast, coadministration of marginally toxic concentrations of
BMS354825 or other Src inhibitors (eg, SKI-606 and PP2) with
Chk1 inhibitors strikingly induced apoptosis in MM cell lines and
in primary CD138" MM cells cultured under standard conditions.

Furthermore, 24 hours of pretreatment with lower BMS354825
concentrations (eg, 50-200nM) moderately enhanced the lethality
(reflected by increased PARP cleavage) of longer UCN-01 expo-
sures (ie, an additional 48 hours) in association with reduced
ERK1/2 activation and prevention of Bim degradation (supplemen-
tal Figure 1A). These disparate results suggest that ERK1/2-
dependent cytoprotective responses to Chkl inhibitors may be
distinct from SFK-mediated downstream actions responsible for
growth factor (eg, VEGF)-mediated proliferation/survival. In
support of this notion, in the presence of VEGF,¢5 concentrations
that induced ERK1/2 phosphorylation in serum-starved MM cells,
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UCN-01 further activated ERK1/2, whereas BMS354825 or
SKI-606 substantially diminished this event and increased apopto-
sis. Finally, constitutively active Ras (Q61L) or MEK1 markedly
attenuated interactions between Src and Chk1 inhibitors, indicating
that Src inhibitors act upstream of the Ras — ERK1/2 cascade.
These findings suggest that while Src may signal to other down-
stream survival cascades (eg, PI3K/Akt!©), interference with com-
pensatory activation of the Ras/sMEK/ERK pathway plays a critical
functional role in the potentiation of Chkl-inhibitor lethality by
Src inhibitors.

The present findings suggest that, along with inactivation of the
Ras — ERK1/2 signaling cascade, Src kinase inhibition potentiates
Chkl1-inhibitor lethality through multiple downstream mecha-
nisms. First, as observed in the case of MEKI1/2 inhibition,?
interruption of Src function by either pharmacologic (eg, Src/Abl
inhibitors) or genetic (eg, loss-of-function Src mutants, or Src
shRNA) means substantially blocked Chkl-inhibitor—induced
BimEL phosphorylation and degradation, resulting in accumula-
tion of the unphosphorylated, more active form of BimEL.%
Second, interruption of Src function markedly potentiated Chkl1-
inhibitor-induced yH2A.X expression, a DNA double-strand—
break marker.?® Finally, interruption of Src function enhanced
Chk1-inhibitor-mediated pro-death p34<d? activation (reflected by
dephosphorylation at inhibitory sites [Y15]). It is possible that
these events cooperate to kill MM cells in the setting of simulta-
neous Chk1 and Src kinase inhibition. For example, Bim accumula-
tion may lower the death threshold for MM cells, rendering them
more susceptible to the lethal consequences of DNA damage and
p34°4<2 activation.

Angiogenesis represents a critical microenvironmental factor in
MM progression.’® In MM patients, bone-marrow angiogenesis,
manifested by higher microvessel density, correlates with disease
stage and poor prognosis.*>*7 MM cells induce angiogenesis
directly through the production of angiogenic factors (eg, VEGF)!"?
and interactions with the microenvironment (eg, endothelial cells,
stromal cells, and osteoclasts).’® VEGF and bone-marrow angiogen-
esis support the survival, proliferation, and migration of MM cells
while contributing to drug resistance and MM-associated bone
disease.’®*% Consequently, angiogenesis represents a potentially
important target in MM. Src plays a critical role in tumor
angiogenesis by targeting VEGF expression/production of tumor
cells'® and angiogenesis of endothelial cells.!”#° Src inhibitors such
as BMS354825 exert antiangiogenic effects in diverse human
tumor types, including MM.!” Administration of 150 mg/kg/d of
BMS354825 significantly decreased microvessel density in an
OPM-1 murine xenograft model.!” In contrast, the relatively lower
BMS354825 dose (50 mg/kg/d) used here, when administered
alone, exhibited only modest antiangiogenic effect within the
superficial region distal to muscle tissue from which the tumor
blood supply originates. Significantly, UCN-01 coadministration
with this BMS354825 dose effectively abrogated CD31* microves-
sels throughout the tumors. Consistent with these findings, com-
bined treatment with Chk1 inhibitors and BMS354825 or SKI-606
clearly reduced production of VEGF in MM cells, in association
with diminished VEGF mRNA and protein expression. Interest-
ingly, angiogenesis antibody array and Western blot analysis
revealed that cotreatment with BMS354825 or SKI-606 and
UCN-01 also substantially decreased production of other angio-
genic factors, including ANG, RANTES, TIMP-1/2, and MCP-1,
by MM.1S cells. These findings raise the possibility that dimin-
ished ability of MM cells to produce multiple angiogenic factors
may contribute to the antiangiogenesis of this regimen. On the

BLOOD, 10 FEBRUARY 2011 - VOLUME 117, NUMBER 6

other hand, BMS354825 administrated as a single agent disrupts
VEGF- and/or PDGF-mediated signaling in vascular endothelial
cells and/or induction of endothelial cell death.!” In this context,
BMS354825/UCN-01 coadministration strikingly suppressed in
vitro angiogenesis, manifested by marked disruption of HUVEC
tube formation (2-4 hours exposure), while inhibiting the prolifera-
tion of and promoting apoptosis in HUVECs (24 hours exposure).
One caveat is that the murine subcutaneous model used here may
not fully recapitulate disease within the bone marrow. Conse-
quently, the functional significance of the observed angiogenic
effects of this regimen in human MM remains to be determined.

In summary, the present findings demonstrate that Src inhibitors
interact synergistically with Chk1 inhibitors to induce apoptosis
and to diminish angiogenesis, resulting in a dramatic increase in
anti-MM activity in vitro and in vivo. They further indicate that
intact Src kinase function is required for ERK1/2 activation—
mediated compensatory and cytoprotective responses in MM cells
exposed to Chkl1 inhibitors. Conversely, disruption of Src kinase
function blocks Chk1-inhibitor—induced activation of the Ras —
ERK1/2 signaling cascade, preventing phosphorylation/degrada-
tion of BimEL, accompanied by potentiation of DNA damage and
p34¢<deZ activation, culminating in apoptosis. Results of in vitro and
in vivo studies raise the possibility that, in addition to these events,
antiangiogenic actions may also contribute to the pronounced in
vivo anti-MM activity of the Src/Chkl-inhibitor regimen. The
therapeutic significance of these findings is highlighted by the
expanded preclinical and clinical development of new-generation,
more specific Chkl1 inhibitors,>>¢ as well as emerging evidence of
the anti-MM activity of Src inhibitors (eg, BMS354825).!7 Finally,
it is noteworthy that the Src/Chkl-inhibitor regimen selectively
targeted primary CD138* MM cells but not their normal CD138~
counterparts, as was previously observed in the case of MEK1/2
inhibitors.?® Collectively, the present findings provide a theoretical
basis for further investigation of a strategy combining Chkl and
Src inhibitors in MM and potentially other hematopoietic
malignancies.
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