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Abstract

PARP1/2 are required for single-strand break repair, and their
inhibition causes DNA replication fork collapse and double-
strand break (DSB) formation. These DSBs are primarily
repaired via homologous recombination (HR), a high-fidelity
repair pathway. Should HR be deficient, DSBs may be repaired
via error-prone nonhomologous end-joining mechanisms, or
may persist, ultimately resulting in cell death. The combined
disruption of PARP and HR activities thus produces synthetic
lethality. Multiple myeloma cells are characterized by chromo-
somal instability and pervasive DNA damage, implicating
aberrant DNA repair. Cyclin-dependent kinases (CDK),
upstream modulators of HR, are dysregulated in multiple
myeloma. Here, we show that a CDK inhibitor, dinaciclib,

impairs HR repair and sensitizes multiple myeloma cells to
the PARP1/2 inhibitor ABT-888. Dinaciclib abolishes ABT-888–
induced BRCA1 and RAD51 foci and potentiates DNA damage,
indicated by increased gH2AX foci. Dinaciclib treatment
reduces expression of HR repair genes, including Rad51, and
blocks BRCA1 phosphorylation, a modification required for HR
repair, thus inhibiting HR repair of chromosome DSBs. Cotreat-
ment with dinaciclib and ABT-888 in vitro resulted in synthetic
lethality of multiple myeloma cells, but not normal CD19þ B
cells, and slowed growth of multiple myeloma xenografts in
SCID mice almost two-fold. These findings support combining
dinaciclib with PARP inhibitors for multiple myeloma therapy.
Mol Cancer Ther; 15(2); 241–50. �2015 AACR.

Introduction
Multiplemyeloma is ahematologicmalignancy characterizedby

clonal plasma cell proliferation in the bone marrow (1), and
widespread chromosomal instability in those cells (2). Although
the mechanisms underlying genomic instability in multiple mye-
loma are not clearly defined, deranged DNA repair mechanisms
have been implicated (3–5). Cells employ several DNA repair
mechanisms to withstand genotoxic stress. The most lethal DNA
lesions, double-strand breaks (DSB), are repaired by one of two
majorpathways,nonhomologous end-joining (NHEJ)andhomol-
ogous recombination (HR). The mechanism of NHEJ is simpler
(direct ligation ofDSB ends), but the process ismore error prone in
the absence of sequence homology to guide repair (6). HR repair
insteaduses a sister chromatid ormore rarely, a nonsister homolog,
as template for high-fidelity repair, and thus occursmainly in the S
and G2 cell-cycle phases when a sister chromatid is available (7).

During HR repair, DSBs can be detected by the MRE11–RAD50–
NBS1 (MRN) complex, which recruits and activates ATM (8).
Activated ATM phosphorylates multiple proteins involved in ini-
tiating repair and checkpoint arrest, includingH2AX,MDCI,CHK2,
and BRCA1 (8–10). Cyclin-dependent kinase (CDK)-mediated
phosphorylation activates CtIP, enabling it to interact with BRCA1
to promote resection of DSB termini, thus generating 30-single-
strandDNA (ssDNA) tails (11, 12).With the aid of BRCA2, RAD51
binds to ssDNA to formRAD51nucleofilaments, whichorchestrate
a homology search on a template (e.g., a sister chromatid), strand
invasion, and repair of the DSB (13).

SSBs in DNA are repaired via the base or nucleotide excision
repair pathway and require PARP1, and PARP2 to some extent
(14). Inhibition of PARP1/2 therefore leads to accumulation of
SSBs that cause collapse of DNA replication forks and formation
of lethal DSBs (15). These replication-associated DSBs are pri-
marily repaired via HR, the high-fidelity repair pathway for DSBs
(16). In the absence of HR, the DSBs persist, unless repaired by
error-prone NHEJ mechanisms, ultimately resulting in cell death
(14, 17, 18). Synthetic lethality thus exists betweenPARP1andHR
functions, which has been exploited to selectively kill cells that
harbor HR deficiencies due to mutations in their BRCA genes
(15, 18). Expression of PARP1 and the frequency of HR are
both elevated in multiple myeloma cells (3, 19), whereas defec-
tive DNA repair mechanisms, including NHEJ (4, 20) and mis-
match repair (MMR; ref. 5), have been reported. Unlike normal
bonemarrow plasma cells and normal B cells, multiple myeloma
cell lines and patient plasma cells exhibit pervasive DNA damage
and rearrangements (21). Thus, multiple myeloma cells may
be highly dependent on PARP1 and HR functions to survive
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oncogene-induced replication stress and the DNA damage that
ensues. We recently reported synergy between DNA-damaging
agents and HR inhibitors in their toxicity to myeloma cells (see
Discussion), which may be mechanistically related to contextual
synthetic lethality shown for simultaneous inhibition of HR and
proteasomal degradation (19).

Recent studies have revealed critical roles for CDKs in regulating
HR; however, CDK dysregulation is a hallmark of multiple mye-
loma cells and CDKs have been designated as therapeutic targets
(22–24). CDK1 and CDK2 phosphorylate BRCA1 on serine 1497
(S1497; refs. 25, 26) and inaddition,CDK1phosphorylates BRCA1
on S1189/1191 (26). These posttranslational modifications are
important for formation of BRCA1 and RAD51 foci in response to
DNA damage andHR repair (26, 27). Also, CDK5 and its activator,
CDK5R/p35, are overexpressed in multiple myeloma cells relative
tonormal somatic tissue (28,29). ThisCDKcanphosphorylate and
activateATM,which is critical for activationof the intra-S andG2–M
checkpoints following DNA damage (28, 30). Consequently, can-
cer cells depletedof eitherCDK1orCDK5becomehypersensitive to
PARP inhibitors (28, 31), whereas upregulation of CDK5 can
mediate chemoresistance (32). Because of the critical roles CDKs
play in DNA repair by HR, CDK inhibitors such as flavopiridol,
AG024322, andAZD5438have been shown to impairHR function
and sensitize cancer cells toDNA-damaging agents, includingPARP
inhibitors (33–35).

Dinaciclib is a potent small-molecule inhibitor of CDKs 1, 2, 5,
and 9 (36). It has shown promising results in early-phase clinical
trials formultiplemyeloma (24). In this study, we postulated that
dinaciclib could disrupt HR repair in multiple myeloma cells,
leading to a contextual synthetic lethality if combined with
PARP1/2 inhibition. We here provide evidence that dinaciclib
does impair HR repair efficiency in multiple myeloma cells and
sensitizes them to PARP inhibition both in vitro and in vivo.

Materials and Methods
Cell culture and treatments

The human multiple myeloma cell lines NCI-H929, RPMI-
8226, and MM.1S were purchased from ATCC and authenticated
by them; all were used within 6 months of cultivation, post-
receipt. Cells were maintained in RPMI1640 medium with L-
glutamine and NaHCO3 (ATCC) containing 10% FBS (ATCC),
100 U/mL of penicillin, and 100 mg/mL of streptomycin (Sigma
Aldrich). MM.1S-DR.GFP cells (kindly provided by Dr. Nizar
Bahlis, University of Calgary, Calgary, Alberta, Canada), derived
from the MM.1S line but not authenticated by us, were main-
tained in the same medium but supplemented with 2 mg/mL
puromycin (Sigma Aldrich). Normal human peripheral blood
CD19þ B cells (ZenBio) were cultured in ZenBio Lymphocyte
medium.

ABT-888 (Santa Cruz Biotechnology, Inc.), doxorubicin-HCl
(Sigma Aldrich), and dinaciclib (SCH727965; ChemieTek) were
dissolved in DMSO. The stock drug concentrations were diluted in
cell culturemediumprior to cell treatment. For in vivo studies, dina-
ciclibwasdissolvedin15%Captisol(LigandPharmaceuticals, Inc.).

Flow cytometry analysis of cell-cycle distributions,
bromodeoxyuridine incorporation, and histone H3 (S10)
phosphorylation

After the indicated treatments, cell-cycle distribution was ana-
lyzed, and phosphorylated histoneH3 (pHH3; phosphorylated at

residue S10) was visualized by immunostaining as previously
described (37).

For propidium iodide (PI) and bromodeoxyuridine (BrdUrd)
dual staining, cells were incubated with 10 mmol/L BrdUrd
(Sigma) at 37�C for 1 hour, fixed in 70% ethanol, denatured in
2 mol/L HCl, and neutralized in 0.1 mol/L sodium borate. Cells
were then stained with FITC-labeled antibody to BrdUrd (BD
Pharmigen), resuspended in 500 mL PBS containing 25 mg/mL PI
and 1.25 mg/mL RNase A, and incubated at 37�C for 30 minutes
in the dark. Nuclear staining was then quantified by flow cyto-
metry (FACScan), using FlowJo 4.4.4 software for DNA content
analysis.

RT-qPCR
Total RNA was extracted from cells after the indicated treat-

ments using RNAeasy Mini Kit (Qiagen). Total RNA (1 mg) was
used to reverse transcribe cDNA using SuperScript First Strand
cDNA Synthesis Kit (Invitrogen). The cDNA was amplified by RT-
qPCR using an ABI Prism 7900 HT Sequence Detection System
(Applied Biosystems). The amplified PCR products were detected
using SYBR Green Master Mix (Roche). PCRs of the Gapdh gene
served as internal controls; thus, the threshold cycle number (Tc)
for each sample was normalized to Tc for GAPDH. The mRNA
levels in treated samples were standardized against samples
exposed to DMSO control. The forward (F) and reverse (R)
primers used for amplification were:

Rad51: 50-CAATGCAGATGCAGCTTGAA-30 (F) and 50-CCTTG-
GCTTCACTAATTCCCT-30 (R).

Rad51b: 50-TTTCCCCACTGGAGCTTATG-30 (F) and 50-CTTCGT-
CCAAAGCAGAAAGG-30 (R).

Rad51c: 50-AGACGTTCCGCTTTGAAATG-30 (F) and 50-GGAGTT-
CCTCAGCAGTCTGG-30 (R).

Rad51d: 50-AGTGGTGGACCTGGTTTCTG-30 (F) and 50-CCAAGT-
CCTGCCTTCTTCAG-30 (R).

Xrcc2: 50-TAGTGCCTTCCATAGGGCTGA-30 (F) and 50-TGGGA-
AGTATACATCGTGGTG-30 (R).

Xrcc3: 50-AAGAAGGTCCCCGTACTGCT-30 (F) and 50-CTGTCA-
CCTGGTTGATGCAC-30 (R).

Brca1: 50-TAGGGCTGGAAGCACAGAGT-30 (F), 50-AATTTCCT-
CCCCAATGTTCC-30 (R).

Gapdh: 50-GTCCACTGGCGTCTTCACCA-30 (F), 50-GTGGCAGT-
GATGGCATGGAC-30 (R).

Western blots
After the indicated treatments, whole-cell lysates were prepared

in cell lysis buffer (Cell Signaling Technology) supplemented
with protease and phosphatase inhibitor cocktails (Thermo Sci-
entific). The supernatants were collected after centrifugation at
14,000 rpm at 4�C for 10 minutes. Protein concentrations were
determined using the BCA Assay Kit (Thermo Scientific). Equal
protein loads, from all samples in an experiment, were heated
for 5 minutes at 95�C in Laemmli buffer (Bio-Rad), resolved by
SDS-PAGE, transferred to a polyvinyl difluoride membrane
(Millipore), and probed with antibodies recognizing RAD51
(mousemonoclonal IgG,Millipore) and p-BRCA1 (S1497, rabbit
polyclonal IgG, Santa Cruz Biotechnology). Membranes were
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washed in TBST, incubated for 1 hour at 22�C with horseradish
peroxidase–conjugated anti-mouse IgG or anti-rabbit IgG
(Santa Cruz Biotechnology), and washed again. Protein signals
were detected by chemiluminescence using an ECL Detection
Reagent (Bio-Rad). After removing antibodies in stripping buffer
[2% w/v SDS; 62.5 mmol/L Tris-HCl pH 6.8; and 0.7% (w/w)
b-mercaptoethanol] for 15 minutes at 50�C, the membrane was
reprobed with primary antibodies to BRCA1 and b-actin (Santa
Cruz Biotechnology) and detected as above. RAD51 and pBRCA1
protein band densities were quantified using Quantity One soft-
ware (Bio-Rad) and the values expressed relative to actin and total
BRCA1, respectively (controls for loading and transfer). The
protein levels in treated samples were standardized against con-
trols exposed only to DMSO. At least two independent experi-
ments were performed for each comparison.

Immunofluorescence cell staining and confocal microscopy
Immunofluorescence cell staining and confocal microscopy

were carried out as previously described (37). Cells were incu-
bated with primary antibodies against gH2AX (ser139; 1:1,000
mouse monoclonal IgG, clone JBW301, Millipore) and either
RAD51 (goat polyclonal IgG; Santa Cruz Biotechnology) or
BRCA1 (1:1,000 rabbit polyclonal IgG, Santa Cruz Biotechno-
logy) at 4�Covernight. After three 5-minutewasheswith PBS, cells
were incubated for 1 hour at 22�C in the dark, with appropriate
secondary antibodies at 1:1,000 dilutions [bovine anti-goat IgG
Alexa Fluor 488 for RAD51 or donkey anti-rabbit IgG FITC and
goat anti-mouse IgG Alexa Fluor 594 for gH2AX (Jackson
Immuno-Research)]. Cells were washed three times in PBS and
mounted under coverslips with Prolong Antifade reagent contain-
ing DAPI. Images were acquired with an LSM 510 Zeiss confocal
laser-scanning microscope with a 63� oil objective. For quanti-
tative analysis, �100 cells from each group were chosen at
random and nuclei were (i) counted manually to determine the
percent positive for BRCA1 or RAD51 or gH2AX, based on a
threshold of�5 discrete foci per nucleus; and (ii) quantified from
fluorescence images to obtain the total integrated pixel intensity,
from which the background was subtracted (perimeter signal per
pixel multiplied by total area pixels). Results were averaged from
at least three biologic replicates.

HR repair assay
The effect of dinaciclib on HR repair was assessed as previously

described (37).

Cell proliferation and colony formation assays
Cell proliferation/viability and colony formation assays were

performed as previously described (37). The percent viability of
cells was calculated relative to vehicle treatment (set as 100%
viability for dose–response curves).

Myeloma xenograft mouse model
The animal study was approved by the Animal Use and Care

Committee of the University of Arkansas for Medical Sciences
(Little Rock, AR). The xenograft model used here has been
described previously (38). Briefly, CB-17/SCID male mice
(Harlan Laboratories Ltd.) were subcutaneously inoculated
with 5.0 � 106 MM.1S cells in 50% Matrigel (Corning) in
serum-free RPMI1640 cell culture medium. Approximately 2
weeks after cell inoculation, when tumors became measurable
(100–150 mm3), mice were assessed for initial tumor size,

randomized into four groups (each N ¼ 10), and treated as
follows:

1. DMSO [6%, v/v, intraperitoneally (i.p.) twice per week]
2. Dinaciclib (35 mg/kg i.p. twice per week; ref. 36)
3. ABT-888 (50 mg/kg by oral gavage, twice daily, 5 days per

week; ref. 19)
4. The combination of (2) and (3).

The long-axis (a) and short-axis (b) diameters of tumors were
measured by caliper every third day to estimate tumor volume
using the formula: V ¼ 0.5a � b2 (19). For survival analysis,
survival time was defined as time required for tumor volume to
reach a set endpoint, that is, tumor growth exceeding 2 cm across
the long axis, or causing major distress to the mice. Differences in
tumor volume among treatment groups were tested for signifi-
cance by one-way ANOVA with Tukey post hoc tests. Survival was
determined from Kaplan–Meier curves, as the time from the first
day of treatment until mice were sacrificed (based on the above
criteria). Statistical significance of survival differences was deter-
mined by a log-rank (Mantel–Cox) test.

Statistical analysis
GraphPad Prism software (Prism ver. 6) and Microsoft Excel

were used for statistical analysis. Statistical significances of differ-
ences between groupswere calculatedby the Fisher t test, requiring
P < 0.05 for nominal significance.

Results
Cotreatment with the CDK inhibitor dinaciclib and the PARP1/
2 inhibitor ABT-888 causes synthetic lethality of human
myeloma cell lines, but not of normal peripheral B cells

Treatment of multiple myeloma cells with the PARP1/2 inhib-
itor ABT-888 has been shown to induce DNA DSBs that are
effectively repaired viaHR, and therefore donot affect cell viability
(19). Because we hypothesized that the CDK inhibitor dinaciclib
would impair HR repair and hence sensitize multiple myeloma
cells to PARP inhibition, we first assessed cell viability under
growth conditions, and clonogenic survival at low density, of
multiple myeloma cells treated with ABT-888 or dinaciclib as
single agents versus their combination. As shown in Fig. 1A–C, E,
and F, treatment with ABT-888 (2.5–20 mmol/L) alone had no
significant effect (less than 10%; each P > 0.05) on cell viability in
either assay, for any of the multiple myeloma cell lines tested.
Dinaciclib was also tested across a dose range (5–40 nmol/L) but
data are shown here only for 20 nmol/L (a dose slightly above the
IC50, which produced maximum sensitization to the PARP inhib-
itor). Dinaciclib caused significant inhibitions of both viability
and colony formation, which were similar (47%–55% reduction;
each P � 0.01) for all of the multiple myeloma cell lines tested.
The combination of dinaciclib with ABT-888, however, produced
synergistic effects on cell survival (synthetic lethality), similarly
dependent on ABT-888 dose for every multiple myeloma cell line
(Fig. 1A–C). A statistical criterion for synergy, that the viable
fraction for dual treatment must be significantly lower (at P <
0.05) than the product of viable fractions after individual treat-
ments, was met for 9 of the 12 non-zero ABT-888 treatments
(Fig. 1A–C) in mass culture conditions, and for both combined
treatments under clonal growth conditions (Fig. 1E and F). We
observed similarly pronounced synergistic effects when dinaciclib
was combined with low doses of doxorubicin (20–160 nmol/L),
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which induces DSBs (Supplementary Fig. S1A and S1B). More-
over, a small-molecule inhibitor of RAD51, B02, which blocksHR
repair inmultiplemyeloma cells (37), also sensitizedMM.1S cells
to ABT-888 (Fig. 1G), demonstrating that HR suppression (rather
than a direct drug interaction) is responsible for synthetic lethal-
ity. In contrast, untransformed CD19þ B cells, isolated from
normal human peripheral blood, evinced no dose-dependent
rise in cell killing by ABT-888 (at 2.5–20 mmol/L) in the presence
of 20 nmol/L dinaciclib), with the viable fraction staying very
close to 75%; thus, there was no indication of synergy between
these drugs in normal B cells (Fig. 1D).

Dinaciclib impairs recruitment of BRCA1 and RAD51 proteins
to DSB sites and reduces HR repair of chromosome DSBs in
multiple myeloma cells

As noted above, ABT-888 alone induces DSBs in multiple
myeloma cellDNA, but these are efficiently repaired (19). Because
CDKs 1, 2, and 5 (inhibited by dinaciclib) are known to play key
roles in DSB repair, we asked whether dinaciclib might owe its
synthetic lethality in combination with ABT-888, to blockage of
HR repair allowing persistence of ABT-888–inducedDSBs. To this
end, we used immunofluorescence detection and confocal
microscopy to assess the levels of nuclear BRCA1 and RAD51
foci, which are indicators of HR repair, and of gH2AX foci (a
marker of DSBs), after treatment of multiple myeloma cells with
DMSO control, dinaciclib, ABT-888, or dinaciclib plus ABT-888.
As shown in Fig. 2B, dinaciclib prevented repair of ABT-888–
induced DNA damage, thus significantly reducing the fraction of
cells with �5 nuclear BRCA1 foci from 47% to 6% (P < 0.0001)
and �5 nuclear RAD51 foci from 46% to 4% (P < 0.0001), while
causing a marked increase in the fraction of cells with�5 nuclear

gH2AX foci from 19% to 52% (P < 0.0001). The integral of
fluorescence signal per nucleus paralleled quite well the fraction
of cells exceeding an arbitrary threshold (Fig. 2). It is also note-
worthy that dinaciclib treatment alone induced significant DNA
damage, increasing the basal levels of cells with �5 nuclear
gH2AX foci from 20% to 35% (P < 0.05). This could be due to
inhibition of CDK2, which is known to activate components of
DSB repair signaling, including formationof gH2AX foci (39–41).

We next assessed the direct impact of dinaciclib on the repair of
chromosome DSBs via HR. The MM.1S cell line has robust HR
repair capability (3, 37) and so we used MM.1S cells bearing a
chromosomally integrated DR-GFP reporter construct tomeasure
HR repair as we described previously (19, 37). Typical results,
shown in Fig. 3, indicate 19% GFPþ cells (cells with HR repair
events following induction of a target-specific DSB) in control
cells, but only 3% in dinaciclib-treated reporter cells, an 84%
decrease in HR repair after dinaciclib treatment (P < 0.0001).
Taken together, these findings demonstrate that dinaciclib
impairs the recruitment of BRCA1 and RAD51 to DNA DSB sites,
and subsequently inhibits HR repair of chromosomal DSBs.

Dinaciclib lowers the mRNA levels of Rad51, its paralogs, and
Brca1, and reduces the protein levels of RAD51 and damage-
induced phosphorylated BRCA1

The RAD51 complex plays a central role in HR repair; RAD51
paralogs (RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3) and
BRCA1 promote RAD51 function during DSB repair (13). CDK
inhibitors can induce p53-mediated downregulation of RAD51 at
both the mRNA and protein levels, resulting in HR impairment
and hypersensitivity of cells to DNA-damaging agents (42, 43).
CDK-mediated phosphorylation of BRCA1 on S1497 is required
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Figure 1.
Synthetic lethality of multiple myeloma
(MM) cells, but not normal B cells,
cotreated with the CDK inhibitor
dinaciclib and the PARP1/2 inhibitor
ABT-888. Multiple myeloma cell lines
(A–C) or CD19þ B cells from normal
peripheral blood (D) were treated with
dinaciclib (SCH), ABT-888 (ABT), or the
two combined (SþA), or B02 � ABT
(G), at the indicated doses. Cell viability
was measured by WST-1 assay after 72
hours. Clonogenic survival assays were
also run for MM.1S (E) and H929 (F)
myeloma cells treated with 20 nmol/L
SCH, 20 mmol/L ABT, or their
combination. Mean survival or colony
formation � SEM are shown for three
replicate experiments normalized to the
untreated controls. � , �� , and
��� , P < 0.05, 0.01, and 0.001,
respectively, for two-tailed paired
t tests against SCH treatment alone
(i.e., contrasting each marked bar
to the leftmost open bar, doxorubicin
¼ 0 nmol/L), with the exception of
treatment with SCH alone, which was
compared with its vehicle-only control
(i.e., contrasting thefilled vs. openbar at
doxorubicin ¼ 0 nmol/L).
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for the formationof BRCA1andRAD51 repair foci followingDNA
damage (26, 27). We therefore assessed transcript levels of
RAD51, its paralogs, and BRCA1 using RT-qPCR, and we mea-
sured protein levels of RAD51 and pBRCA1 (S1497) on immu-
noblots before and after drug treatments. As shown in Fig. 4A,
dinaciclib alone ("SCH") significantly reduced mRNA levels of
Rad51, Xrcc3, and Brca1, whereas ABT-888 alone had at best a
marginal effect, only on Rad51d transcripts. The combination of
dinaciclib and ABT-888, in contrast, strongly and very significant-
ly suppressed transcripts of Rad51 (92%), Rad51b (66%), Rad51c
(87%) Xrcc2 (83%), Xrcc3 (89%), and Brca1 (98%; each P <
0.0001).Only the effect onRad51dwas insignificant and relatively
modest (57%), apparently no different from that of ABT-888
alone (Fig. 4A). Consequently, dinaciclib caused a significant and
dose-dependent decrease in RAD51protein levels (Fig. 4B andC).
Doxorubicin, a topoisomerase II inhibitor that induces DNA
DSBs, caused a 5-fold increase in pBRCA1 (S1497) levels relative
to vehicle treatment. However, this effect was completely blocked
by dinaciclib treatment (Fig. 4D and E). Taken together, we have
demonstrated that dinaciclib treatment reduces the mRNA levels
of Rad51, its paralogs, and Brca1 as well as the protein levels of
RAD51 and DNA damage–induced pBRCA1 (S1497). H929
myeloma cells responded to dinaciclib treatment quite similarly
to MM.1S cells, with significant declines in transcripts for Rad51,
its paralogs, and Brca1 (data not shown).

Dinaciclib induces S-phase accumulation and reduces G2–M
phase arrest

Cell-cycle regulation is a major role of CDKs (44), which could
in turn influence the expression of DNA repair genes and the
choice of DNA repair pathways. Because we have demonstrated
that dinaciclib disrupts HR repair, which occurs predominantly

during the S- and G2 cell-cycle phases, we wanted to rule out
possible preclusion of HR repair due to G1 arrest. We therefore
used PI staining to assess the cell-cycle distribution after exposure
to dinaciclib, and/or doxorubicin, which causes multiple myelo-
ma cell-cycle arrest in S and G2 (37). Treatment with doxorubicin
for 24 hours caused cells to arrest in the S- and G2 phases, as
expected (Fig. 5A), with very few cells in G1. Treatment with
dinaciclib (SCH) alone caused moderate increases of cells in S-
phase (from20%to30%), andG1 (from50% to58%), but amuch
more pronounced decrease (from 31% to 12%) in G2–M phase
cells. This effect was observed for all of the multiple myeloma cell
lines tested (SupplementaryFig. S2AandS2B).As the total decrease
of cells in the sum of S and G2 phases together was just 8% to 9%,
this would not account for the >5-fold impairment of HR by
dinaciclib. The doxorubicin-induced G2–M accumulation was
completely reversed by dinaciclib, which restored SCHþ doxoru-
bicin-treated cells to nearly the same distribution as SCH treat-
ment alone, for example, G2–M shifted from 63% to 16% (Fig.
5). We also assessed the cell-cycle effects of ABT-888 with or
without dinaciclib. Compared with control DMSO treatment,
ABT-888 caused an increase in G2–M phase (from 31% to 45%)
and a corresponding decrease of cells in G1 phase (from 50% to
33.6%). The G2 phase accumulation was similarly reversed
when dinaciclib was added to ABT-888 (data not shown), just
as when it was combined with doxorubicin (Fig. 5).

Because dinaciclib caused cells to accumulate in S-phase, with a
marked decrease in G2–M cells, but abrogated doxorubicin-
induced G2–M phase accumulation, we assessed the degree of
S-phase arrest by BrdUrd incorporation, and stained cells for
phospho-histone H3 (pHH3, phosphorylated at Ser10) to deter-
mine whether the G2 checkpoint was abrogated. In fact, very few
cells treated with dinaciclib and/or doxorubicin underwent DNA
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synthesis (i.e., the BrdUrd-positive fraction of cells in S-phase was
<2%; Fig. 5D and F). Thus, the S-phase checkpoint was apparently
not inactivated by dinaciclib. Phospho-histone H3 is a marker of
mitotic cells, and often used to distinguish cells in G2 and M
phases and thus to determine G2 checkpoint abrogation. Cells
treated with dinaciclib and/or doxorubicin showed very little
pHH3 staining (<0.015%), indicating that cells in the G2–M
phase were almost entirely arrested in G2. Thus, there was little
G2 checkpoint abrogation.

We thus conclude from our cell-cycle data that the impairment
of HR by dinaciclib could not be explained by G1 arrest. On the
contrary, accumulation of cells in S-phase could enhance drug
cytotoxicity as cells are most vulnerable to killing by cytotoxic
drugs such as anthracyclines (e.g., doxorubicin) during the S-
phase (45).

Cotreatment with dinaciclib and ABT-888 delays tumor growth
and significantly prolongs survival of SCID mice bearing
multiple myeloma xenografts

We next evaluated the effects of ABT-888 (50 mg/kg by oral
gavage twice daily, 5 days per week) and/or dinaciclib (35 mg/kg

i.p., twiceperweek) on the growthofMM.1S cells as subcutaneous
tumors, after subcutaneous inoculation in male SCID mice. On
the third week of treatment, tumor volume had increased 20-fold
inmice exposed only to vehicle (6%DMSO), and19-fold for ABT-
888, but 9-foldwith dinaciclib (P <0.01 comparedwith untreated
controls or ABT-888 treatment), and just 1.7-fold for cotreatment
with dinaciclib and ABT-888 (P � 0.012, compared with either
single agent; Fig. 6). The in vivo effects were thus in line with the in
vitro data. Log-rank tests for Kaplan–Meier survival curves also
showed a significant increase in premorbid survival (P �
0.004; Fig. 6) for the dinaciclib plus ABT-888 cotreated group
relative to either single agent. Althoughweobservedmilddiarrhea
and slight weight loss in mice treated with dinaciclib, they were
overall very healthy and active and did not show signs of dis-
comfort. To further assess whether the downregulation of DNA
repair genes after dinaciclib treatment also occurs in vivo, when
tumors had reached the predetermined size limit (2,000 mm3),
we repeated the drug treatments for 24 hours, then excised the
tumors and preserved them in RNAlater for RT-qPCR analyses on
total RNA. We observed significant downregulation of mRNA
levels forRad51,Xrcc3, andBrca1 in groups treatedwith dinaciclib
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alone or combined with ABT-888 (Supplementary Fig. S3). The
reductions in transcript levels for Rad51b, Rad51c, Rad51d, and
Xrcc2 were not statistically significant after dinaciclib, and ABT-
888 treatment had no significant impact on the expression of any
of the genes tested.

In summary, our in vivo data on tumor growth and transcript
levels were entirely consistent with the in vitro data (although
somewhatmore variable), lending further support to our hypoth-
esis that contextual synthetic lethality to multiple myeloma cells
can be achieved with the combination of dinaciclib and ABT-888.

Discussion
Unlike normal bone marrow plasma cells and normal B cells,

multiple myeloma cell lines and patient plasma cells display
marked chromosomal instability (2) and pervasive DNA damage
(21). These implicate aberrant DNA repair pathways in the
disease. We have previously reported that HR frequency is ele-
vated inmultiplemyeloma and contributes to genomic instability

and disease progression (3), while other studies have shown that
PARP1 is overexpressed and correlates with shortened survival
(19). Elevated HR and PARP1 activities may compensate for
certain defects in components of the DNA damage response
machinery common to myeloma cells, such as NHEJ (4) and
MMR (5, 46); thusmyeloma cellsmay be especially dependent on
PARP1 andHR for survival (19, 46). Recent studies have identified
critical roles for CDKs in HR repair, and specific depletion of
CDK1 or CDK5 has been shown to cause hypersensitivity of
tumor cells to PARP inhibitors (26–28). We have demonstrated
in this study that the CDK inhibitor dinaciclib disrupts HR
function and causes a contextual synthetic lethality of multiple
myeloma cells when combined with the PARP1/2 inhibitor ABT-
888, while sparing normal peripheral blood CD19þ B cells.

We demonstrated that the survival of multiple myeloma cell
lines is not significantly impaired by treatment with the PARP
inhibitor ABT-888 alone. This is not surprising, considering the
elevated state of HR in multiple myeloma cells (3). Moreover,
previous studies demonstrated that ABT-888 does not affect

Figure 4.
Dinaciclib reduces the mRNA levels of
RAD51, its paralogs, and BRCA1, and
reduces the protein levels of RAD51 and
phosphorylated BRCA1 (ser1497). A,
reduction in the quantity of mRNA for
Rad51, its paralogs, and Brca1 as
determined by RT-qPCR. B and C, dose-
dependent decrease in RAD51 protein
levels and blockage of doxorubicin
(DOX)-induced phosphorylation (D and
E) of BRCA1 on S1497, as shown in
Western blots. Data were combined
from at least two independent
experiments (with n ¼ 3 per group in
each experiment), shown as means �
SEM. �, ��, ��� , and ���� , indicateP<0.05,
0.01, 0.001, and 0.0001, respectively, by
two-tailed t tests for the significance of
differences between each treatment
and its control (DMSO).
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multiplemyeloma cell survival because theirHRefficiently repairs
the induced DSBs (19). Although we found that dinaciclib alone
significantly decreased multiple myeloma cell viability, a syner-
gistic lethal effect ensues when it is combined with the PARP
inhibitor ABT-888, leading to a significantly greater loss of via-
bility relative to these agents given singly, and even relative to the
product of their individual effects. This synthetic lethal effect was
recapitulated in multiple myeloma xenografts in SCID mice,
where tumor growth was significantly delayed and survival pro-
longed for the combination compared with individual agents.
Intriguingly, a synthetic lethal effect was not observed in normal B
cells. As mentioned above, multiple myeloma cells have ongoing

DNA damage and defects in DNA repair pathways, leading
to especially high dependence on HR and PARP activities. In
contrast, normal cells have intact DNA repair pathways and
accumulate little or no unrepaired DNA damage. Thus, inhibiting
PARP and HR would be expected to show preferential toxicity for
multiple myeloma cells. This provides a good rationale for com-
bining dinaciclib andABT-888 inmultiplemyeloma treatment, as
this would widen the therapeutic window. With regard to the
differential sensitivity to dinaciclib, of multiple myeloma cell
lines relative to normal B cells, deregulation of the cell cycle and
the high proliferation of multiple myeloma cell lines could
increase their sensitivity toCDK inhibitors comparedwithnormal
cells. In addition to PARP inhibition, we found that dinaciclib
produced synergistic effects in combination with doxorubicin, a
topoisomerase II inhibitor. Previous studies have shown that
dinaciclib enhances the antitumor effects of gemcitabine, an agent
known to cause replication fork collapse and DSB formation,
which requires HR repair (47). Also, Raje and colleagues reported
that seliciclib (a CDK inhibitor with targets similar to dinaciclib),
produced synergistic toxicity for multiple myeloma cells when
combined with doxorubicin (48). These studies are consistent
with our observations that dinaciclib potentiates the anti-multi-
ple myeloma effects of ABT-888, which causes replication fork
collapse and subsequent DSB formation, and doxorubicin, which
induces DSBs.

We posited that HR deficiency and the consequent increase in
DNA damage are the basis for dinaciclib-induced sensitivity of
multiple myeloma cells to PARP inhibition. In keeping with this,
we demonstrated that ABT-888 treatment induced BRCA1 and
RAD51 foci, which are indicative of proficient HR repair, thereby
resulting in very little DNA damage or few gH2AX foci. On the
contrary, upon combining ABT-888 with dinaciclib, the reverse
was true: fewer BRCA1 and RAD51 foci and increased gH2AX foci
were observed. The inhibition of HR repair was further supported
by our GFP-based HR assays, which showed that dinaciclib
directly blocks HR repair of chromosomal DSBs. To pursue this,
we examined the basis for reduced BRCA1 and RAD51 foci
induced by dinaciclib, and found that dinaciclib impairs phos-
phorylation of BRCA1 on ser1497, the expected CDK phosphor-
ylation site (25, 26). Thismodification is required for BRCA1 focus
formation and RAD51-mediated HR repair, whereas inhibition of
this phosphorylation sensitizes cancer cells to PARP inhibitors
(26, 33).Dinaciclib also decreased bothRad51mRNAandprotein
levels of RAD51, a core protein essential for HR repair whose
depletion sensitizes tumor cells to PARP inhibition (49). In
addition, the transcript levels of Rad51 paralogs as well as Brca1
were reduced by dinaciclib. These genes encode proteins that
promote RAD51-mediated HR repair. The decrease in RAD51
transcripts and protein was in line with previous findings that
CDK inhibitors mediate p53-dependent downregulation of
RAD51 at both the transcript and protein levels, and sensitize
cancer cells to DNA-damaging agents (42, 43). We therefore
conclude that these effects of dinaciclib led to the impaired HR
function and the subsequent sensitivity ofmultiplemyeloma cells
to PARP inhibition as well as doxorubicin. Moreover, we have
previously reported that disruption of RAD51 expression, via
siRNA,peptidenucleic acid, or a small-molecule inhibitor, impairs
HR function and sensitizes multiple myeloma cells (37, 50).

Wealsonote thatCDK1/2-mediatedphosphorylationofCtIP is
required for HR repair, and inhibition of these CDKs via triapine
has been demonstrated to compromise HR repair and sensitize

Figure 5.
Dinaciclib induces S-phase accumulation and reduces G2–M phase
accumulation. MM.1S cells were treated as indicated for 24 hours, and cell-
cycle distributionwas determinedbypropidium iodide (PI) staining (AandB).
C and D, BrdUrd incorporationwas assessed to determine the percent of cells
with S-phase DNA content (as determined by PI staining) that are BrdUrd-
positive or negative. E and F, after the indicated treatments, cells were
costained for DNA content with PI, and for phospho-histone H3 (S10) with
Alexa Fluor 488–conjugated antibody to phospho-histone H3 (S10). E,
representative flow cytometry scatter plots. F, averaged results are shown
from independent experiments. Each treatment differed from the DMSO
control by two-tailed t test at least P < 0.001. DOX, doxorubicin.
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ovarian cancer cells to inhibitors of PARP and topoisomerases
(51). It is therefore possible that dinaciclib also acts through CtIP

to reduce HR repair in addition to the pathways we investigated.
Finally, we have demonstrated that the HR repair–inhibitory
effects of dinaciclib are not cell-cycle related, as dinaciclib did
not induce cell-cycle phase arrest inG1,which, if it occurred, could
preclude HR repair. It remains to be determined which specific
CDK(s) inhibited by dinaciclib account for its HR-inhibitory
effects in multiple myeloma cells.

To summarize, we have used a CDK inhibitor, dinaciclib, to
disrupt BRCA1 and RAD51 functions, which impaired the ability
of multiple myeloma cells to repair chromosome DSBs via HR.
This approach selectively sensitizes multiple myeloma cells to the
PARP1/2 inhibitor ABT-888, in a manner that (based on similar
synthetic lethality for other drug combinations) appears to be
mediated by dinaciclib's disruption of HR repair. As CDKs,
PARP1, and HR are deregulated in multiple myeloma and have
been designated as therapeutic targets, our findings provide a
strong rationale for combining dinaciclib with PARP inhibitors in
targeting multiple myeloma cells, and a basis for further inves-
tigations of their safety and efficacy inmultiplemyelomapatients.
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