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Background: The BCL-2-specific BH3-mimetic ABT-199 (venetoclax) has been reported to be principally active against favourable-
risk multiple myeloma (MM) cells, prompting efforts to extend its activity to include more resistant, higher-risk MM subsets.

Methods: Effects of the CDK9 inhibitor flavopiridol (FP; alvocidib) on responses to ABT-199 were examined in MM cells. Cell
death and protein expression were evaluated by western blot and immunofluorescence. Xenograft models were used to study
combination effects in vivo.

Results: FP synergistically increased ABT-199 lethality in both ABT-199-sensitive and insensitive MM cells. FP blocked CDK9
activation/positive transcription elongation factor B phosphorylation, downregulated MCL-1, increased BCL-2/MCL-1 ratios, and
upregulated BIM. MCL-1 ectopic expression or knockdown in MM cells significantly diminished or increased ABT-199 sensitivity,
respectively. CDK9 knockdown triggered MCL-1 downregulation and increased ABT-199 activity, whereas BIM knockdown
significantly reduced FP/ABT-199 lethality. FP also enhanced ABT-199 lethality in unfavourable prognosis primary MM cells. HS-5
cell co-culture failed to protect MM cells from the FP/ABT-199 regimen, suggesting circumvention of microenvironmental signals.
Finally, FP/ABT-199 significantly increased survival in systemic xenograft and immune-competent MM models while exhibiting
minimal toxicity.

Conclusions: These findings argue that CDK9 inhibitors, for example, FP may increase the antimyeloma activity of ABT-199,
including in unfavourable-risk MM minimally responsive to ABT-199 alone.

Multiple myeloma (MM) is a lymphoproliferative neoplasm
involving mature plasma cells that afflicts 430 000 patients per
year in the United States (Siegel et al, 2016) and considerably more
worldwide. Despite advances, for example, novel proteasome
inhibitors (PIs; Muchtar et al, 2016), immunomodulatory agents
(Dimopoulos et al, 2014), and antibodies (for example, CD38; van
de Donk et al, 2016), resistance invariably supervenes (Lauring

et al, 2008), and most patients die of their disease. Currently, major
challenges include intrinsic, pre-existing high-risk disease (Usmani
et al, 2015) and acquired resistance (Zhu et al, 2014; Dolloff, 2015).
Recently, the International Myeloma Working Group (IMWG)
developed MM risk stratification schemes that predict therapeutic
responses and survival (Chng et al, 2014). For example, patients
with t(11;14) translocations have a favourable prognosis (for
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example, survival X6 yrs), whereas patients with t(4;14) or
del(17p), plasma cell leukaemia (PCL), or who are PI-refractory do
worse (for example, survival p2 yrs), although patients with
t(4;14) are currently considered intermediate risk because of
bortezomib responsiveness (Palumbo et al, 2015). Consequently,
more effective treatments are clearly needed for higher-risk groups.

MM, like other neoplastic diseases, exhibits deregulation of the
BCL-2 family of apoptotic regulatory proteins, prompting devel-
opment of BH3-mimetics against B-cell malignancies such as CLL
and MM. ABT-199 (venetoclax), a selective BCL-2 inhibitor, has
recently been approved for relapsed del17p CLL. In contrast to
ABT-737, which inhibits both BCL-2 and BCL-XL, ABT-199 is
platelet-sparing, affording a wider therapeutic index
(Schoenwaelder and Jackson, 2012). However, preclinically, ABT-
199 is primarily active against karyotypically lower-risk MM
subtypes, for example, t(11;14) with high BCL-2/MCL-1 ratios, and
less effective against subtypes with relatively low BCL-2/MCL-1
ratios, for example, t(4;14) (Gong et al, 2016), consistent with the
role of MCL-1 in intrinsic resistance. Very recently, this finding
has been extended to the clinic (Kumar et al, 2017; Punnoose et al,
2016). This observation raises the possibility that interventions that
increase the BCL-2/MCL-1 ratio might potentiate ABT-199 activity
in the setting of intrinsically resistant, high-risk MM cells.

Cell cycle deregulation in neoplastic cells spurred the develop-
ment of cyclin-dependent kinase inhibitors (CDKIs), for example,
the pan-CDKI flavopiridol (FP; alvocidib), the first to enter the
clinic (Ambrosini et al, 2008). However, CDKIs exhibit ‘‘off-target’’
effects, including DNA repair disruption (Chao et al, 2000).
Moreover, inhibitors of CDK7 and 9, components of the positive
transcription elongation factor B, which phosphorylates the
carboxy-terminal domain of RNA Pol II, repress transcription
(Gojo et al, 2002). Such CDKIs downregulate multiple short-lived
proteins implicated in MM cell survival and proliferation,
including MCL-1 and cyclin D1 (Hofmeister et al, 2014). CDKIs
have limited MM single-agent activity (Hofmeister et al, 2014),
although in a phase I FP trial a confirmed minimal response was
observed in a patient with high (IMWG)/intermediate (mSMART)
risk t(4;14) MM (Hofmeister et al, 2014).

Previously, we reported that FP increased lethality of the BCL-2/
BCL-XL inhibitor navitoclax in AML cells through a mechanism
involving MCL-1 downregulation (Chen et al, 2012). However, as
ABT-199 does not target BCL-XL, another determinant of ABT-
199 sensitivity (Punnoose et al, 2016; Touzeau et al, 2014), it is
uncertain whether it would interact similarly with FP. In addition,
the activity of a transcriptional inhibitory CDKI/ABT-199 strategy
has not yet been evaluated in MM models, particularly in less
favourable MM subtypes intrinsically resistant to ABT-199 alone.
Here we report that FP markedly enhances ABT-199 activity in
multiple MM models in vitro and in vivo, as well as in primary
MM cells, including those insensitive to ABT-199 alone. Our
results also demonstrate that FP circumvents resistance to ABT-
199 through MCL-1 downregulation and BIM upregulation, and
overcomes cytoprotective microenvironmental factors.

MATERIALS AND METHODS

Cell lines and reagents. Human NCI-H929 (t(4;14)),
U266(t(11;14)), OPM2 (t(4;14)), KMS11 (t(4;14), t(8;14) and
t(14;16)), and RPMI8226 (t(14;16) and t(8;22)) cells were from
ATCC and were maintained as described previously (Chen et al,
2009). Bortezomib-resistant cells (PS-R) were generated by
continuously culturing U266 cells in increasing concentrations of
bortezomib, beginning at 0.5– 20 nM, and maintained in a medium
containing 15 nM bortezomib. Another bortezomib-resistant
RPMI8226 (8226/V10R) subline was similarly established and

maintained in 10 nM bortezomib. A revlimid-resistant RPMI8226
(8226/R10R) cell line was maintained in 10mM revlimid (Dai et al,
2002). Melphalan-resistant RPMI8226 (8226/LR5) subline was
maintained as before (Dai et al, 2002). KMS-28PE (t(4;14)) was
purchased from the JCRB cell bank (JCRB1191). U266/MCL-1 cells
were established by stably transfecting full-length human MCL-1
cDNA (Chen et al, 2009).

All experiments utilised logarithmically growing cells (3–5� 105

cells per ml). MycoAlert (Lonza, Allendale, NJ, USA) assays were
performed to demonstrate the absence of mycoplasma
contamination.

ABT-199 was a gift from AbbVie (Chicago, IL, USA). The pan-
CDK inhibitor FP was purchased from Selleck (Houston, TX,
USA). The caspase inhibitor Z-VAD-FMK was obtained from
Enzo Life Sciences Inc., Farmingdale, NY, USA. All drugs were
dissolved in DMSO, aliquoted, and stored at � 80 1C. Final DMSO
concentrations did not exceed 0.1%.

Stromal cell co-culture of MM. The human stromal cell line HS-5
was obtained from ATCC. HS-5 cells were maintained in the
RPMI1640 medium containing 10% FBS and were subcultured
twice weekly by trypsinisation at a subculture ratio of 1 : 5. For co-
culture experiments, HS-5 cells were cultured for 6 h before seeding
MM cells.

RNA interference, CRISPR/cas9 plasmids, immunoblotting
analysis, immunofluorescence, and analysis of cell death. See
Supplementary Materials and Methods.

Isolation of primary MM cells. Bone marrow samples from MM
patients undergoing diagnostic aspirations at the VCU Health
Massey Cancer Center were obtained with informed consent and
approval of the VCU IRB (protocol #HM3340). CD138þ cells
were separated using a MACS magnetic separation technique
(Miltenyi Biotech, San Diego, CA, USA) as per the manufacturer’s
instructions. The purity (490%) of CD138þ and viability (495%)
were determined with flow cytometry and trypan blue exclusion,
respectively. Normal CD34þ haematopoietic progenitor cells were
isolated from cord blood (CB) samples similarly. Isolated cells were
cultured in RPMI1640 medium containing 10% FBS.

Animal studies. All animal studies were performed under
protocol AD10000035, approved by our local IACUC, and
regulated by VCU’s Animal Care and Use Program, which is
AAALAC-accredited (#000036), USDA-registered (#52-R-0124),
and has an approved PHS Assurance on file (#A3281-01). The two
models employed included an orthotopic murine model (NOD/
SCID-g mice (Jackson Laboratories) injected intravenously via tail
vein with 5� 106 PS-R (bortezomib-resistant U266) stably
transfected with a construct encoding luciferase) and an immuno-
competent model (C57BL/KaLwR1 mice injected intravenously via
tail vein with 5� 106 murine MM 5TGM1 cells stably expressing
luciferase, provided by Dr. Babatunde O Oyajobi, UT Health San
Antonio; Oyajobi et al, 2003). C57BL/KaLwRijHsd breeding pairs
were originally obtained from Harlan Europe (now Envigo, Horst,
Netherlands), and a specific pathogen-free colony is maintained at
VCU by Dr Jolene Windle.

Treatment was administered by gavage after luciferase activity
was detected. ABT-199 was formulated in 10% EtOH/30%
polyethylene glycol 400/60% phosal 50 propylene glycol PG; v/v/
v). FP in DMSO was diluted in 0.9% saline and administered via
intraperitoneal (i.p.) injection. Control animals were injected with
equal volumes of vehicle.

Mice were monitored for tumour growth with an IVIS 200
imaging system (Xenogen Corporation, Alameda, CA, USA).
Measurement of animal body weight was performed Q.O.D.
throughout the study to monitor toxicity.
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Statistical analysis. Values represent the means±s.d. for at least
three independent experiments performed in triplicate. The
significance of differences between experimental variables was
determined using the Student’s t-test or One-way ANOVA with
Tukey–Kramer multiple comparisons test. The significance of P-
values are *Po0.05, **Po0.01, or ***Po0.001 wherever indicated.
Analysis of synergism was performed by Median Dose Effect
analysis using the software Calcusyn (Biosoft, Ferguson, MO,
USA). Kaplan–Meier analysis of mouse survival performed with
GraphPad Prism 6 software (La Jolla, CA, USA).

RESULTS

FP/ABT-199 co-administration induces apoptosis in unfavour-
able-risk MM cells. As reported (Touzeau et al, 2014), primary
MM cells with either no FISH anomalies or favourable FISH
profiles (for example, t(11;14)) underwent marked apoptosis
following exposure to ABT-199 (200 nM), whereas little cell death
was observed in cells with unfavourable karyotypes (del 13, del
17p; Supplementary Figure 1). Co-exposure (24 h) of intermediate
risk H929 cells (t(4;14)) to minimally toxic FP concentrations (75–
100 nM) significantly increased subtoxic ABT-199 concentration
lethality (Figure 1A). These interactions were synergistic by
median dose effect analysis with CI values o1.0 in both H929
and OPM-2 (t(4;14)) cells (Figure 1B). Combined treatment
increased caspase activation and PARP cleavage in H929 cells
(Figure 1C). Synergism was also observed in U266 cells, which
despite the t(11;14) karyotype, are relatively insensitive to ABT-199
(Gong et al, 2016). Synergistic interactions or markedly enhanced
lethality were also observed in multiple other intermediate or high-

risk models (for example, KMS11(t(4;14)), OPM2(t(4;14)),
RPMI8226 (t(14;16) and t(8;22)), and KMS28-PE (t(4;14);
Bergsagel and Kuehl, 2001; Supplementary Figure 2).

FP downregulates MCL-1 and upregulates BIM, events that
contribute functionally to potentiation of ABT-199 lethality. FP
downregulated MCL-1 expression in ABT-199-insensitive U266
cells 6 h after exposure but had little effect on BCL-2 expression
(Figure 2A, upper panel). Consequently, ratios of BCL-2 to MCL-1
protein levels were sharply increased following FP exposure
(Figure 2A, lower panel). Parallel results were observed in H929
cells (Supplementary Figure 3A). To assess the functional
contribution of MCL-1 expression, U266 cells transiently expres-
sing MCL-1 shRNA were employed (Figure 2B, upper panel).
U266/shMCL-1 cells were significantly more sensitive to ABT-199
than their empty-vector counterparts (Figure 2B, lower panel).
Parallel results were observed in H929 cells (Supplementary
Figure 3B). Conversely, U266 cells ectopically expressing MCL-1
displayed less MCL-1 downregulation after FP/ABT-199 exposure,
and significantly reduced apoptosis (Supplementary Figure 3C), as
well as caspase-3 cleavage (Supplementary Figure 3D). Finally, a
CRISPR-Cas9 gene-editing technique was employed to target
CDK9 in both U266 and H929 cells. Notably, CDK9 knockdown
diminished p-CTD(S2) phosphorylation, downregulated MCL-1,
and increased caspase activation following ABT-199 exposure in
both U266 and H929 cells (Figure 2C and Supplementary
Figure 3E). In addition, CTD phosphorylation was inhibited by
FP after 12 h treatment of U266 cells (Figure 2D) and H929 cells (6
and 9 h; Supplementary Figure 4A), arguing that MCL-1 is a client
of the CDK9/RNA Pol II pathway. Finally, the pan-caspase
inhibitor Z-VAD-FMK blocked PARP and caspase-3 cleavage but
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Figure 1. ABT-199 interacts synergistically with FP to induce apoptosis in unfavourable risk multiple myeloma cells. (A) NCI-H929 cells were
incubated with ABT-199±FP for 24h, after which cell death was analysed by flow cytometry after staining with 7-AAD. **Po0.01; (B) H929 and OPM-2
cells were exposed (24 h) to varying concentrations of FP±ABT-199 at a fixed ratio (1 : 5), after which the percentage of Annexin Vþ cells was
determined. Combination Index (CI) values less than 1.0 denote a synergistic interaction. The results are representative of three separate experiments;
(C) H929 cells were treated with 500 nM ABT-199±100 nM FP for 24 h, after which slides were prepared and stained with antibodies against activated
caspase-3, followed by Alexa Fluor 594-conjugated secondary antibody with DAPI counterstaining (left panels, �200 magnification). Upper panel:
activated caspase-3 (red); lower panel: activated caspase-3 and DAPI (blue) merged. H929 cells were incubated with ABT-199±FP for 24 h, after which
cleavage of caspase-3 and PARP was monitored by immunoblotting analysis (right panel). CF¼ cleaved fragment. a-tubulin was assayed to ensure
equivalent loading and transfer. A full colour version of this figure is available at the British Journal of Cancer journal online.
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not CTD phosphorylation or MCL-1 downregulation, arguing
against the caspase dependence of MCL-1 downregulation
(Supplementary Figure 3F). Collectively, these findings indicate
that CDK9 inhibition and MCL-1 downregulation by FP
contribute functionally to potentiation of ABT-199 lethality.

Our studies with pan-BH3-mimetics (for example, obatoclax)
suggested that upregulation of BIM contributed to enhanced
lethality with FP (Chen et al, 2012). Consistently, FP sharply
downregulated MCL-1 in H929 cells at early intervals, for example,
6 and 9 h (Supplementary Figure 4A). Moreover, administration of

FP alone or with ABT-199 triggered BIM upregulation (particu-
larly BIM-L) in both H929 and U266 cells (Figure 2D and
Supplementary Figure 4B). Notably, shRNA knockdown of BIM in
U266 cells largely abrogated apoptosis (Supplementary Figure 4C)
as well as PARP and caspase-3 cleavage (Figure 2E). Multiple other
BCL-2 family members were monitored in response to the FP/
ABT-199 regimen, including NOXA, PUMA, MBF, HRK, and
BCL-XL, and BIK (Figure 2D). However, no major changes were
observed in the expression of these proteins following treatment in
U266 and H929 cells (Figure 2D and Supplementary Figure 4A).
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Figure 2. FP downregulates MCL-1 expression and upregulates BIM that contributes functionally to potentiation of ABT-199 lethality. (A) U266
cells were treated with ABT-199±FP for 6 h, after which immunoblotting analysis was performed to monitor the levels of MCL-1 and BCL-2 (upper
panel). The ratio of BCL-2/MCL-1 was quantified by densitometry (lower panel). The results are representative of three separate experiments; (B)
U266 cells were infected with shMCL-1 lentivirus particles to target MCL-1 (shMCL-1#1 using one viral dose, shMCL-1#2 using two viral doses) or
control particles (shNC) according to the manufacturer’s instructions. Following 48 h infection, MCL-1 protein levels were assessed by
immunoblotting (upper panel), and cells were further treated with ABT-199 (500 and 750 nM) for further 24 h. Cell death was analysed by flow
cytometry after staining with 7-AAD, with knockdown cells showing MCL-1 downregulation and significantly greater death than control cells (lower
panel). The results are representative of three separate experiments; (C) U266 cells were infected with lentivirus encoding Cas9 and sgRNA
targeting GFP or CDK9. Following 48 h infection, cells were treated with ABT-199 (500 and 750 nM) for 24 h. Immunoblotting analysis was carried
out to monitor p-CTD(S2), p-CTD(S5), CDK9, MCL-1, BCL-2, and cleaved PARP; (D) U266 cells were incubated with varying concentrations of ABT-
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(left panel). Meanwhile, NOXA, PUMA, BMF, HRK, BCL-XL, and three isoforms (EL, L, and S) of BIM were monitored (right panel); (E) U266 cells
were stably transfected with constructs encoding shRNA targeting BIM (shBIM) or scrambled sequence as a negative control (shNC). Cells were
treated with ABT-199 (750 nM)±FP (150 nM) for 12 h. Immunoblot analysis was carried out to monitor the three isoforms (EL, L, and S) of BIM,
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transfer.
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These findings argue that FP-mediated BIM upregulation con-
tributes functionally to potentiation of ABT-199 lethality.

The FP-ABT-199 combination circumvents various forms of
MM-related drug resistance and microenvironment-driven
resistance. The activity of the FP/ABT-199 regimen was then
tested against various drug-resistant MM cells. Highly bortezomib-
resistant PS-R cells (Kuhn et al, 2009) were as sensitive to FP/
ABT-199 as their bortezomib-sensitive U266 counterparts
(Figure 3A). The FP/ABT-199 regimen was also equally effective
in bortezomib-resistant V10R (Dai et al, 2002), revlimid-resistant
R10R (Dai et al, 2002), and melphalan-resistant LR5 8226 (Dai
et al, 2002) cells compared to their sensitive 8226 counterparts
(Figure 3B; P40.05 in each case). Of note, MCL-1 downregulation
and BIM upregulation were also observed in bortezomib-resistant
V10R 8226 cells (data not shown).

HS-5 co-culture studies were performed to determine whether
stromal factors ameliorated FP/ABT-199 lethality. Co-culture of
luciferase-labelled U266 cells with HS-5 cells failed to prevent
diminished viability following FP/ABT-199 24 h exposure
(Figure 3C, upper panel). Fluorescence microscopy revealed a
marked increase in red staining (7-AAD uptake) after drug
treatment in GFP-labelled U266 cells (Figure 3D, upper panel).
Parallel results were obtained with luciferase- or GFP-labelled
bortezomib-resistant PS-R cells co-cultured with HS-5 cells (lower

panels, Figure 3C and D), suggesting that the FP/ABT-199 regimen
can circumvent stromal cell-related forms of resistance.

The FP/ABT-199 regimen is active against unfavourable
prognosis primary cells. The ability of the FP/ABT-199 regimen
to induce cell death in primary CD138þ cells was then examined.
Exposure (24 h) to 75 nM FPþ 200 nM ABT-199 robustly induced
apoptosis (green staining; activated caspase-3) in primary cells
without FISH abnormalities or favourable aberrations (t(11;14);
Figure 4A). It also effectively induced apoptosis in primary
specimens with unfavourable risk features (for example, del17p,
PCL, Figure 4B). Notably, four of five specimens were obtained
from patients with relapsed/refractory disease.

The FP/ABT-199 regimen is active against primary CD138þ

MM cells and primitive progenitor cell-enriched CD138� /
CD19þ /CD20þ /CD27þ populations but not normal CD34þ

cells. The effects of ABT-199±FP were investigated in a larger
number of primary specimens (N¼ 23). Those with unfavourable
karyotypic features (Supplementary Table 1) are colour-coded in
Figure 5A. Combined treatment very significantly reduced the
survival of cells compared to single-agent treatment (24 h;
Po0.0001 and 0.0016; Figure 5A). In the subset of specimens in
which primitive progenitor cells could be identified (CD138� /
CD19þ /CD20þ /CD127þ ; N¼ 18), combined treatment signifi-
cantly reduced survival (Po0.0074 and 0.0001; Figure 5B). In
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750 nM ABT-199±100 nM FP for 24 h. Cells were stained with 7-AAD to monitor MM (GFPþ ) cell death (� 200 magnification). Veh, vehicle; BF,
bright field. P-values indicate no significant difference between groups. The results are representative of three separate experiments. A full colour
version of this figure is available at the British Journal of Cancer journal online.
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contrast, FP did not increase ABT-199 lethality in normal CD34þ

CB cells (Figure 5C).

The FP/ABT-199 regimen is active in an intravenous BM-
homing murine model. To assess the in vivo relevance of these
findings, NOD/SCID-g mice were inoculated with fluorescently
labelled PS-R cells. After luciferase signals became visible, FP
(3 mg kg� 1, i.p.)±ABT-199 (100 mg kg� 1, p.o.) was administered
daily for 7 days, followed by FP (5 mg kg� 1, i.p)±ABT-199
(100 mg kg� 1, p.o.) 5 days a week for an additional 4 weeks.
Combined treatment sharply reduced tumour burden (Figure 6A)
and significantly prolonged survival compared to single-agent
treatment (Po0.0001). The median survival was 79 days for
animals in the combined treatment group, vs 62, 63, and 71 days
for those in vehicle, ABT-199, or FP groups, respectively
(Figure 6B). Combined treatment did not induce weight loss
(Figure 6C) or other toxicities, for example, behavioural changes,
fur loss and so on.

Finally, parallel studies were performed in an immunocompe-
tent model. C57BL/KaLwR1 mice were injected intravenously with
murine MM 5TGM1 cells stably expressing luciferase. FP
(3 mg kg� 1, i.p.)±ABT-199 (100 mg kg� 1, p.o.) were adminis-
tered daily 5 days a week for 4 weeks. As shown in Supplementary
Figure 5A, combined administration suppressed tumour growth,
manifested by clearly diminished intensity and significantly
prolonged survival compared to single agents (Po0.001,
Supplementary Figure 5B), but did not lead to increased toxicity,
for example, weight loss (Supplementary Figure 5C). Specifically,
the median survival was 69 days for animals in the combined
treatment group, vs 39, 49, and 53 days for those in vehicle, ABT-
199, or FP groups, respectively (Supplementary Figure 5B;
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Po0.001). These findings, along with those indicating sparing of
normal cells (Figure 5C), raise the possibility of selective lethality of
BCL-2 and MCL-1 disruption towards MM cells.

DISCUSSION

Apoptosis is strictly regulated by BCL-2 family members,
consisting of pro- and anti-apoptotic proteins. The former contain
activator (for example, BIM, PUMA, and BID) or sensitiser (for
example, BAD) BH3-only proteins as well as multidomain effectors
(for example, BAK and BAX; Chipuk et al, 2008), which trigger
mitochondrial membrane permeabilisation, cytochrome c release,
and initiator caspases (for example, caspase-3, -7, and -9)
activation (Green and Kroemer, 2004). Multidomain anti-apopto-
tic proteins (for example, BCL-2, BCL-XL, MCL-1, A1 and so on)
neutralise sensitiser, activator, and/or effector pro-apoptotic
proteins. Both relative levels and direct interactions between these
pro- and anti-apoptotic proteins determine cell fate (Morales et al,
2011). Apoptotic signalling pathways include the intrinsic
(mitochondrial) and extrinsic (death receptor) pathways. MM
has been associated with deregulation of both the intrinsic and
extrinsic pathways (Oancea et al, 2004). Notably, the short-lived
(2–3 h) anti-apoptotic protein MCL-1 plays a particularly impor-
tant role in MM cell survival (Zhang et al, 2002), and cooperates
with BCL-XL to tether/inactivate pro-apoptotic BAK. Moreover,
BCL-2 family deregulation (for example, BCL-2 and MCL-1) may
be particularly relevant to less favourable-risk MM.

Structure-based fragment design spurred development of BH3
mimetics, which neutralise multidomain anti-apoptotic proteins.
These include the pan-BH3-mimetic obatoclax (Nguyen et al,
2007), no longer in clinical use, and the BCL-2/BCL-XL antagonist
navitoclax (ABT-263; Tse et al, 2008). However, thrombocytopae-
nia and other toxicities have focused attention on ABT-199, a
specific BCL-2 antagonist, which is relatively platelet-sparing
(Souers et al, 2013). Significantly, ABT-199 has recently received
FDA and EMA approval in a B-cell malignancy (del(17p) CLL;

Cang et al, 2015) and breakthrough therapy designations with
rituximab in relapsed CLL and in combination with 5-azacytidine
in AML. Notably, ABT-737 (a navitoclax precursor) variably
inhibited MM cell survival in preclinical studies (Bodet et al, 2011),
although susceptibility correlated strongly with favourable prog-
nostic subtypes (for example, t(11;14)) and high BCL-2/MCL-1
ratios (Bodet et al, 2011), reflecting BCL-2 addiction and ABT-737
inactivity against MCL-1. Despite its lack of BCL-XL-inhibitory
activity, ABT-199 was as or more potent against MM cells
(cultured or primary) than ABT-737 (Touzeau et al, 2014).
However, like ABT-737 (Bodet et al, 2011), it exhibited activity
against favourable prognosis (for example, t(11;14)) cells with high
BCL-2/MCL-1 ratios, but limited activity against less favourable or
intermediate prognostic category cells (for example, t(4;14)) with
relatively low BCL-2/MCL-1 or BCL-XL ratios (Punnoose et al,
2016; Touzeau et al, 2014). This suggests that favourable prognosis
MM (for example, t(11;14)) may represent a biomarker for ABT-
199 susceptibility in MM (Touzeau et al, 2014). In fact, early
clinical results reveal some single-agent activity in this setting,
although initial encouraging results have been reported for ABT-
199 with bortezomib/dexamethasone in non-t(11;14) MM (Kumar
et al, 2016), suggesting a role for combination strategies (Hebraud
et al, 2015). More recently, results from a single-agent venetoclax
study revealed that patients with the t(11;14) translocation are
most more likely to respond to this regimen (Kumar et al, 2017).
However, as favourable prognosis subtypes are likely to respond to
multiple other regimens (Albershardt et al, 2011), efforts to
enhance ABT-199 activity in less favourable subtypes appear
justified.

The results of the present study indicate that FP markedly
increases the antimyeloma activity of ABT-199 in MM cells,
including higher-risk subtypes that display limited single-agent
ABT-199 sensitivity, due, at least in part, to higher MCL-1
expression. The mechanisms underlying this phenomenon seem
likely to be multifactorial, including MCL-1 downregulation and
BIM upregulation in cooperation with disabling of BCL-2.
Furthermore, analogous mechanisms appear to be operative in
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Figure 6. The FP/ABT-199 regimen is active in an intravenous BM-homing murine model. (A) NOD/SCID-g mice were injected intravenously via
tail vein with 5�106 PS-R cells stably expressing luciferase. After signals were visible (for example, 10 days after injection of tumour cells), FP
(3 mg kg� 1, i.p.)±ABT-199 (100 mg kg� 1, p.o.) was administered daily for the first 7 days, followed by FP (5 mg kg� 1, i.p)±ABT-199
(100 mg kg� 1, p.o.) 5 days a week for an additional 4 weeks; n¼ 5 per group. Control animals were administered equal volumes of vehicle.
Tumour cells were monitored every other day after i.p. injection with 150 mg kg� 1 luciferin using the IVIS 200 imaging system. Veh, vehicle;
(B) Survival of the animals was determined by Kaplan–Meier analysis. Inset, median survival days. P-value indicates significant difference between
groups; (C) Mice did not display significant body weight loss (X20% of initial weight) or other signs of toxicity due to the treatment. A full colour
version of this figure is available at the British Journal of Cancer journal online.
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bortezomib-resistant cells. In this context, a strong rationale exists
for employing transcriptional repressor CDKIs, to improve the
anti-MM activity of BH3 mimetics, including in less responsive
subtypes. For example, we (Chen et al, 2007) and other groups
(Touzeau et al, 2011) have shown that CDKIs, for example, FP,
roscovitine, among others, interact synergistically with the BCL-2/
XL antagonist ABT-737 in various tumour cells, including AML
and NHL (Yecies et al, 2010). This process involves down-
regulation of MCL-1, mimicking NOXA (Gomez-Bougie et al,
2007), combined with BCL-XL inhibition, mimicking BAD, thus
releasing pro-apoptotic BAK from both anti-apoptotic proteins. In
addition, FP sharply increased the anti-MM activity of the pan-
BH3-mimetic obatoclax both in vitro and in vivo (Chen et al,
2012). However, whether such findings could be extended to a
selective, clinically relevant BCL-2 antagonist such as ABT-199,
which does not target BCL-XL, particularly in MM cells
intrinsically resistant to ABT-199 or to agents such as bortezomib
has not been determined. In this context, potentiation of ABT-199
activity by another CDKI (dinaciclib) in a NHL model has been
reported (Phillips et al, 2015). The observations that FP down-
regulated MCL-1 and that MCL-1 knockdown or ectopic
expression reciprocally modified ABT-199 sensitivity argues that
MCL-1 neutralisation plays a significant mechanistic role in the
combination. This interpretation is corroborated by the finding
that CDK9 knockdown phenocopied the effects of FP by
diminishing MCL-1 expression and increasing ABT-199 lethality.

Aside from downregulating MCL-1, CDKIs like FP may act
through other mechanisms to potentiate MM cell killing. These
include upregulation of pro-apoptotic proteins (for example, BIM
and Bik; Chen et al, 2014), and disruption of the cytoprotective
IRE-1a arm of the unfolded protein response (UPR; Nguyen and
Grant, 2014). The mechanism by which CDKIs upregulate pro-
apoptotic proteins such as BIM is currently unknown. However,
the ability of BIM shRNA knockdown to protect cells from FP/
ABT-199 lethality supports an important functional contribution
of BIM upregulation to synergistic interactions. In addition to the
absolute levels of pro- and anti-apoptotic proteins like BIM and
MCL-1, their subcellular distribution and interactions may also
determine cell fate (Morales et al, 2011). Finally, we recently
reported that CDK9 knockdown or transcriptional repressor
CDKIs converted ABT-737-treated MM cells to an autophagy-
inefficient state by blocking induction of the cargo-loading protein
p62/SQSTM1, leading to cell death (Chen et al, 2014). As
disruption of BCL-2/beclin-1 binding triggers autophagy
(Marquez and Xu, 2012), the possibility exists that similar
mechanisms contribute to FP/ABT-199 interactions. Studies
designed to test this possibility are currently underway.

Microenvironmental factors represent an important contributor
to drug resistance in numerous tumour types, including MM
(Podar et al, 2009). In particular, the transcription factor Stat3 has
been strongly linked to stromal cell resistance in MM (Loffler et al,
2007). Interestingly, downstream cytoprotective targets of Stat3
include BCL-2, BCL-XL, and MCL-1, among other proteins.
Significantly, stromal cells (for example, HS-5 cells were unable to
protect MM cells, including highly bortezomib-resistant cells, from
the FP/ABT-199 regimen. Moreover, this regimen was highly
active against multiple drug-resistant sublines and cells intrinsically
resistant to ABT-199, for example, unfavourable-risk subtypes.
Such findings suggest that mechanisms involved in FP/ABT-199
synergism are potentially relevant to multiple forms of intrinsic
and adaptive drug resistance.

Importantly, the FP/ABT-199 regimen was active against
primary CD138þ cells, including those expressing higher-risk
features and which displayed minimal sensitivity to ABT-199
alone. In marked contrast, identical regimens were relatively non-
toxic to normal haematopoietic cells. The basis for this selectivity is
uncertain, but may reflect the addiction of MM cells to MCL-1 for

survival (De Veirman et al, 2015). In any event, FP/ABT-199
regimen activity in both immune-deficient and immunocompetent
MM models with minimal toxicity argues that this strategy may
preferentially target MM cells.

In summary, the present results indicate that the CDKI FP
sharply increases ABT-199 killing of MM cells, including those
with less favourable prognostic features exhibiting minimal
sensitivity to ABT-199 alone. This regimen involves downregula-
tion of MCL-1 accompanied by BIM upregulation, is active in the
presence of multiple resistance mechanisms (including stroma-
mediated), and targets primary MM cells but not normal
haematopoietic cells. Importantly, the regimen is well tolerated
and significantly improves survival in several preclinical animal
MM models. Given the promise of ABT-199 in another B-cell
malignancy (CLL; Bojarczuk et al, 2016), efforts to improve its
efficacy in MM, particularly higher-risk MM, through CDK9
inhibition appear warranted.
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