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Vinblastine sensitizes leukemia cells
to cyclin-dependent kinase inhibitors, inducing
acute cell cycle phase-independent apoptosis
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The efficacy of many chemotherapeutic agents can be attenuated by expression of the anti-apoptotic proteins Bcl-2,
Bcl-X, and Mcl-1. Flavopiridol and dinaciclib are cyclin-dependent kinase 7 and 9 inhibitors that transcriptionally inhibit
expression of Mcl-1. We have investigated the ability of flavopiridol and dinaciclib to sensitize a part of leukemia cell
lines to vinblastine and paclitaxel. Both drugs acutely sensitized most of the leukemia lines to vinblastine, with 100%
apoptosis in 4 h. Furthermore, dinaciclib sensitized freshly-isolated chronic lymphocytic leukemia cells to vinblastine.
This rapid induction of apoptosis was attributed to vinblastine-mediated activation of JNK because (a) flavopiridol and
dinaciclib failed to induce apoptosis when combined with non-JNK activating concentrations of vinblastine; (b) JNK
inhibitors suppressed JNK activity and prevented apoptosis; (c) flavopiridol did not potentiate apoptosis induced by
paclitaxel which does not activate JNK in these cells; and (d) Jurkat cells failed to activate JNK in response to vinblastine
and were not sensitive to combinations of vinblastine and flavopiridol or dinaciclib. The rapid induction of apoptosis by
this combination in multiple cell systems but not in normal lymphocytes provides justification for performing a clinical

trial to assess the efficacy in patients.

Introduction

Bcl-2 proteins are the key regulators of the mitochondrial (intrin-
sic) apoptotic pathway with a balance of pro- and anti-apoptotic
proteins controlling cell survival. The anti-apoptotic family
members, Bcl-2, Bcl-X; and Mcl-1, contribute to carcinogen-
esis and resistance to anticancer drugs. For example, one of the
hallmarks in the development of chronic lymphocytic leukemia
(CLL) is an upregulation of the Bcl-2 protein. As a result there
is a drive to find new drugs that can effectively target these anti-
apoptotic Bcl-2 proteins.

The MEK inhibitor PD98059 can suppress Mcl-1 upregula-
tion and sensitize ML-1 leukemia cells to vinblastine-mediated
apoptosis.! The microtubule-dissociating drug vinblastine char-
acteristically induces apoptosis in a mitosis-dependent manner,
a process taking greater than 12-24 h depending on cell type.
However the combination of vinblastine with a MEK inhibitor
induced apoptosis in ML-1 cells in 4 h, with apoptosis occurring
in all phases of the cell cycle.? Targeting Mcl-1 with shRNA also
acutely sensitized ML-1 cells to vinblastine suggesting that other
drugs that target Mcl-1 may be synergistic with microtubule-
interfering agents in the treatment of leukemia.’> However the
MEK inhibitor did not suppress Mcl-1 in many other cells lines
and did not sensitize them to vinblastine, thus we sought alterna-
tive ways to reduce Mcl-1 protein expression.
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Cyclin-dependent kinases (CDKs) regulate cell cycle progres-
sion and their inhibition can lead to apoptosis of malignant cells.
Flavopiridol (Alvocidib, HMR-1275) is a drug derived from a
plant native to India that potently inhibits CDKs 1, 2, 4, 6, 7
and 9 with EC, | in the 20-300 nmol/L range*' and is a potent
inducer of apoptosis in CLL cells."'"® Flavopiridol inhibits global
transcription via inhibition of CDK 7 (initiation) and CDK 9
(elongation), which are responsible for the phosphorylation of
RNA polymerase II at Ser5 and Ser2 respectively. As a result, the
levels of some short-lived proteins whose mRNA is also short-
lived decreases very rapidly (e.g., Mcl-1).">!* Flavopiridol is one of
the most potent CDK 9 inhibitors to date, with phase 2 clinical
trials in relapsed CLL showing 30 partial responses, three nodu-
lar responses and one complete response.”® Flavopiridol treatment
selectively reduces Mcl-1 protein levels while Bcl-2 and Bcl-X|
protein levels are unaffected suggesting that targeting Mcl-1 is
sufficient to sensitize cells.!®!>16

As we hypothesize that the short-lived anti-apoptotic protein
Mcl-1 protects ML-1 cells from vinblastine, we tested whether
flavopiridol-mediated inhibition of Mcl-1 transcription would
also sensitize ML-1 cells to vinblastine. Here we show that flavo-
piridol potently sensitizes ML-1 cells to vinblastine, with 100%
of cell undergoing apoptosis within 4 h. Flavopiridol also reduced
Mcl-1 levels in many other leukemia cell lines sensitizing them
to vinblastine. Furthermore, dinaciclib (SCH 727965) a more
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selective inhibitor of CDKs with a reported improved thera-
peutic index over flavopiridol,"” also acutely sensitized multiple
leukemia cell lines to vinblastine at concentrations lower than
those required for flavopiridol. We also assessed the sensitivity of
freshly-isolated CLL cells to dinaciclib alone and in combination
with vinblastine.

Results

CDK inhibitor-mediated apoptosis in leukemia and lymphoma
cell lines. Individually the MEK inhibitor PD98059 and the
microtubule-interfering agent vinblastine are minimally toxic to
ML-1 leukemia cells over 24 h, however in combination they
induce greater than 70% apoptosis in 4 h.*? This sensitization
was attributed to the ability of PD98059 to suppress vinblastine-
mediated Mcl-1 induction. Here we investigated vinblastine-
mediated apoptosis in combination with other drugs that can
reduce Mcl-1 protein levels such as the CDK inhibitors flavo-
piridol and dinaciclib. Flavopiridol alone had minimal toxicity
to ML-1 cells at any concentration tested within 4 h. However
flavopiridol (at 100 nmol/L or higher) in combination with vin-
blastine induced 100% apoptosis in 4 h (Fig. 1A). Apoptosis
was observed both as chromatin condensation and cleavage of
the caspase substrate poly(ADP-ribose) polymerase (PARDP).
Dinaciclib in combination with vinblastine induced apoptosis
within 4 h at concentrations lower than those required for fla-
vopiridol (30 nmol/L dinaciclib vs. 100 nmol/L flavopiridol;
Fig. 1C). While dinaciclib appeared to have some toxicity as a
single agent as seen by PARP cleavage, it is minor in compari-
son to the apoptosis induced by the dinaciclib and vinblastine
combination. The ability of flavopiridol and dinaciclib to kill
cells in combination correlates with each drug’s ability to prevent
phosphorylation at Ser2 of RNA polymerase II (RNAP II) and
reduce levels of Mcl-1 protein. While ML-1 cells do not express
Bcl-X| protein, the levels of Bcl-2 protein did not change upon
treatment. Dinaciclib is designated as a CDK 9 selective inhibi-
tor based on in vitro assays,” yet it also inhibits CDK 7 (i.e.,
inhibits phosphoserine-5-RNAP II) at the same concentration as
CDK 9 in ML-1 cells, suggesting that in vitro inhibitor assays
are not always predictors of drug selectivity in cells. Vinblastine
had no impact on RNAP II phosphorylation. We hypothesized
that the dinaciclib-mediated apoptosis can be attributed to the
inhibition of CDKs 7 and 9 and not the other CDK targets of
dinaciclib (CDKs 1, 2). In fact concentrations of roscovitine
that effectively inhibit CDKs 1/2 had no impact on RNAP II
phosphorylation and did not sensitize cells to vinblastine (data
not shown), reiterating the importance of CDK 7/9 inhibi-
tion. The effective concentration of vinblastine when combined
with either flavopiridol or dinaciclib was also tested. ML-1 cells
showed a minimum requirement of 0.22 pwmol/L vinblastine to
undergo apoptosis in combination with either CDK inhibitor
(Fig. 1B and D).

Several leukemia cell lines appear to rely on MEK for Mcl-1
regulation (e.g., ML-1, HL60/neo and AML4) and they are
all sensitized to vinblastine by the MEK inhibitor PD98059.?
However as PD98059 did not suppress Mcl-1 in the other cells
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lines tested we could not assess the importance of Mcl-1. The
current experiments target Mcl-1 via transcriptional repression
and include the same panel of leukemia cell lines. NB4, THP-1,
U937 and HL60/neo cells all underwent apoptosis in 4 h when
exposed to vinblastine plus flavopiridol (Fig. 2). In the presence of
100-300 nmol/L flavopiridol, Mcl-1 protein levels were reduced
in all cell lines in which it is normally expressed, while Bcl-2
and Bcl-X| protein levels were unaffected. In contrast, Jurkat and
HLG0/Bcl-X| cells were not sensitized to vinblastine by either
flavopiridol (Fig. 2) or dinaciclib (data not shown) although both
cell lines showed a decrease in phospho-RNAP 1I levels.

To confirm that the loss of both Mcl-1 and phosphorylation
of RNAP II preceded apoptosis, experiments were repeated in
ML-1 cells in the presence of the pan-caspase inhibitor z-VAD-
fmk. z-VAD-fmk protected cells from apoptosis induced by the
combination of vinblastine with flavopiridol or dinaciclib, how-
ever, RNAP II phosphorylation and Mcl-1 protein levels were still
decreased (Fig. S1A). Similar results were seen in NB4, THP-1
and U937 cell lines (data not shown). Thus we conclude that
decreased Mcl-1 protein levels are not a consequence of apoptosis
induced by these drug combinations. In contrast, Mcl-1 protein
levels decrease in response to vinblastine in Mino cells, which are
acutely sensitive to vinblastine alone,® and z-VAD-fmk protects
these cells from apoptosis and Mcl-1 depletion suggesting that in
this model, loss of Mcl-1 is a consequence of apoptosis (Fig. S1B).

Role of JNK in response to vinblastine. We previously
showed that PD98059-sensitization of ML-1 cells to vinblas-
tine is JNK-dependent.?? The lowest concentration of vinblas-
tine that induced phosphorylation of JNK (0.22 wmol/L) is the
same that induced apoptosis (Fig. 1B and D) suggesting that
JNK activation also plays a role in CDK inhibitor-sensitization
of vinblastine-treated ML-1 cells. To confirm the importance
of JNK in this acute apoptosis, we showed that JNK inhibitor
VI prevented flavopiridol- or dinaciclib-mediated sensitization
to vinblastine (Fig. 3A). Similar results were also obtained with
another JNK 1/2 inhibitor SP600125 (data not shown), confirm-
ing a role for JNK activation in this acute induction of apoptosis.
JNK inhibitor VIII also prevented apoptosis in NB4, THP-1,
U937 and HL60/neo cells upon incubation with vinblastine in
combination with flavopiridol or dinaciclib (data not shown).

Flavopiridol was ineffective at sensitizing cells to paclitaxel
which correlates with the inability of this microtubule-interfering
agent to activate JNK acutely (Fig. 3B). We attempted to identify
other drugs that acutely activated JNK to test in combination
with dinaciclib. Unfortunately most of these drugs were acutely
toxic as single agents (i.e., etoposide, staurosporine) or failed to
acutely activate JNK.

Jurkat cells lack any apparent JNK activation upon treat-
ment with vinblastine (Fig. 3C) which may explain their failure
to respond. To determine whether the Jurkat cells are unable to
activate JNK, we used the protein synthesis inhibitor anisomycin
which also induces ribotoxic stress and potently activates JNK.!
Anisomycin activated JNK and induced apoptosis within 2 h
(Fig. 3D), while pretreatment with JNK inhibitor VIII prevented
apoptosis. These results show that when JNK is activated, Jurkat
cells are susceptible to apoptosis. Thus we conclude that Jurkat
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cells are resistant to combination treatment with flavopiridol or
dinaciclib because of their inability to activate JNK in response
to vinblastine.

Impact of drug removal on apoptosis induction. Incubation
with the CDK inhibitors for 8 h induced apoptosis in the absence
of vinblastine (data not shown). Meanwhile, previous reports
suggest that short exposures to CDK inhibitors are sufficient for
long-term efficacy.'®"”?” We therefore investigated the impact of
removing the inhibitor after a short period of time. When ML-1
and NB4 cells were pulsed with dinaciclib for 1 h followed by
incubation in media without drug, the levels of phospho-RNAP
II started to recover in 2 h and returned to basal levels within 4 h
(Fig. 4A). Mcl-1 levels also declined after the 1 h pulse with none
present by 2 h, but recovered within 4 h of removing dinaciclib.
ML-1 and NB4 cells also recovered fully from a 1 h pulse with
flavopiridol alone (data not shown). The leukemia cells however
did not recover from a 1 h pulse with dinaciclib followed by
incubation in media containing vinblastine; 2 h of incubation
in vinblastine is sufficient to induce apoptosis in 100% of ML-1
cells while NB4 cells are partially sensitized in 6 h (Fig. 4A).
This rapid apoptosis in ML-1 cells can be attributed to the loss
of Mcl-1 within this 2 h vinblastine incubation. Similar results
were seen in response to a flavopiridol pulse followed by incuba-
tion in vinblastine (data not shown). These results suggest that
the effects of dinaciclib and flavopiridol are reversible when used
as single agents, but even a short exposure to either drug followed
by a short exposure to vinblastine is sufficient to rapidly kill leu-
kemia cells.

Reverse experiments were also done where ML-1 and NB4
cells were pulsed with vinblastine for 1 h then incubated in either
media alone or media containing dinaciclib (Fig. 4B), or flavo-
piridol (data not shown). Incubation in media reveals that vin-
blastine-mediated JNK phosphorylation declines in 6 h with cells
remaining viable, yet incubation in dinaciclib induces apoptosis
as early as 2 h while phospho-JNK levels remain high (Fig. 4B).
Exposure to vinblastine alone leads to an increase in Mcl-1 pro-
tein in ML-1 cells as expected. Mcl-1 protein levels also increased
in response to vinblastine in NB4 cells, however these levels of
Mcl-1 are far lower than those seen in ML-1 cells.® This increase
in Mcl-1 protein is maximal 4 h after a 1 h pulse with vinblastine
in both cell lines but is prevented by post-incubation in CDK
inhibitor. These results demonstrate that short exposure to vin-
blastine prior to CDK inhibitor acutely sensitizes 100% of ML-1
and NB4 leukemia cells.

Vinblastine enhances CDK inhibitor-mediated apoptosis
in CLL. Flavopiridol has had some success in the clinic against
relapsed CLL,"?° while dinaciclib is reported to have a better
therapeutic index.?! In order to be effective in patients, dinaciclib
must inhibit RNAP II phosphorylation at therapeutically achiev-
able concentrations. In freshly-isolated CLL cells, dinaciclib con-
centrations that completely reduced phospho-RNAP II varied

from 0.01-0.05 pmol/L between patients (Fig. 5A). Loss of
phospho-RNAP II correlated with apoptosis as assessed by PARP
cleavage which appeared to be a slightly more sensitive indica-
tor of apoptosis than chromatin condensation, perhaps because
it occurred more rapidly. However, chromatin condensation pro-
vides a quantitative assessment of the number of cells undergoing
apoptosis and was therefore used to assess the sensitivity of 19
CLL patient samples (Fig. 5C). A wide range of sensitivity was
observed with 5-95% survival following a 6 h incubation with
0.1 pmol/L dinaciclib. One patient sample (CLL 18) showed
extreme sensitivity to even 0.01 pmol/L dinaciclib. The median
response at 0.1 wmol/L dinaciclib was around 60% survival, and
for presentation of results below, we have defined those above or
below the median as either resistant or sensitive to dinaciclib.

We have previously reported that CLL cells are often sensi-
tive to vinblastine alone after only a 6 h incubation.’ Vinblastine
induced JNK phosphorylation at 0.02-0.1 pmol/L in CLL (Fig.
5B). Similar to dinaciclib, the same 19 CLL samples display a
range of sensitivity to single agent vinblastine (Fig. 5C). The
median response at 1 pmol/L vinblastine induced apoptosis in
about 40% of the cells (60% survival). The patient sample highly
sensitive to dinaciclib was also the most sensitive to vinblastine.

All CLL patients are routinely characterized for ZAP70
and CD38 expression. We therefore compared these diagnostic
parameters to the observed sensitivity to dinaciclib and vinblas-
tine (Fig. S2). The majority of samples were negative for both
markers, but no correlation was observed between phenotype and
sensitivity.

Dinaciclib and vinblastine were co-incubated for 6 h, and
the results are separately expressed for those deemed sensitive or
resistant to dinaciclib alone (Fig. 5C). For the dinaciclib-resistant
cells, we observed greater than additive effects when vinblastine
was added. For example, whereas 0.1 pmol/L dinaciclib and 0.2
pmol/L vinblastine as single agents induced 23% and 14% apop-
tosis respectively, the combination induced 80% apoptosis. For
dinaciclib-sensitive samples, the combined treatment markedly
enhanced the levels of apoptosis at lower concentrations of dinaci-
clib. For example, whereas 0.1 pmol/L dinaciclib induced 72%
apoptosis alone, the same level of apoptosis could be achieved
using a 10-fold lower concentration of dinaciclib when combined
with 0.2 pwmol/L vinblastine. These results suggest that adding
vinblastine to a CDK inhibitor may increase efficacy against this
disease.

Vinblastine does not enhance CDK inhibitor-mediated
apoptosis in normal lymphocytes. The enhanced apoptosis
induced in CLL cells by combining dinaciclib and vinblastine
would have little therapeutic value if it simultaneously killed all
lymphocytes. We therefore obtained lymphocytes from individu-
als without cancer and assessed the impact of both drugs. Alone,
dinaciclib inhibited RNAP II phosphorylation and vinblastine
activated JNK (Fig. 6A and B). Dinaciclib induced variable

Figure 1 (See opposite page). CDK inhibitors in combination with vinblastine alter protein expression and induce apoptosis. ML-1 cells were concur-
rently incubated with increasing concentrations of flavopiridol (A) or dinaciclib (C) in the presence (+) or absence (-) of 2.2 pmol/L vinblastine for

4 h. Additionally, ML-1 cells were concurrently incubated with increasing concentrations of vinblastine in the presence (+) or absence (-) of 100 nmol/L
flavopiridol (B) or 100 nmol/L dinaciclib (D). Apoptosis was scored by chromatin condensation and results are expressed as the percentage of cells
undergoing apoptosis. Cell lysates were also prepared and analyzed for protein expression.

www.landesbioscience.com

Cancer Biology & Therapy

317



318

101 NB4

801 | —4= Flavo
-l Flavo + VB

60

20 1

Flavopiridol [nmol/L] o

300

Vinblastine

PARP
ERK
Mcl-1
Bcl-2
Bel-xL
RNAPII

U937

1007 Jurkat

% Apoptosis

60

40

01 HL60/neo

PARP
ERK
Mcl-1
Bcl-2

Bel-xL

RNAPII

P-RNAPII

PARP
ERK
Mcl-1
Bcl-2
RNAPII
P-RNAPII

PARP
ERK
Mcl-1
Bcl-2
RNAPII
P-RNAPII

PARP
ERK
Mcl-1
Bcl-2
RNAPII

P-RNAPII

1001 HL60/Bcl-xL

PARP
ERK

Mcl-1
Bcl-2
Bcl-xL
RNAPII

1 10 100
Flavopiridol [nmol/L]

1000

P-RNAPII

P-RNAPII|

Cancer Biology & Therapy

Volume 12 Issue 4



apoptosis in normal lymphocytes with a maximum level of about
45% whereas vinblastine did not induce apoptosis (Fig. 6C).
When combined, vinblastine had no further impact on the num-
ber of cells that underwent apoptosis (Student’s t-test, p value =
0.39). Hence the sensitivity to the combination of dinaciclib and
vinblastine appears to be unique to CLL samples.

Discussion

Resistance to currently used chemotherapeutic drugs has been
attributed to many different mechanisms including overexpres-
sion of the anti-apoptotic Bcl-2 family proteins. We have previ-
ously shown that vinblastine alone acutely kills several mantle
cell lymphoma lines and freshly-isolated CLL cells while other
leukemic cell lines could be sensitized to vinblastine by either
PDI98059 or cycloheximide, with apoptosis occurring within
4—6 h.? These results highlighted a novel mechanism of action of
vinblastine whereby cells die at all phases of the cell cycle rather
than the generally recognized mechanism of action that requires
cells first accumulate in mitosis.

The transcript for the Mcl-1 anti-apoptotic protein has a short
half-life while the protein itself is also short-lived. Thus Mcl-1
levels rapidly decrease upon inhibition of protein synthesis. An
alternate means to inhibit Mcl-1 is to use an inhibitor of CDK 7
and/or CDK 9 such as flavopiridol or dinaciclib, thereby leading
to inhibition of global transcription.”?* Here we report that these
CDK inhibitors sensitized many leukemia cell lines to vinblas-
tine with apoptosis being induced rapidly, often with 100% of
the cells dying within 4 h (Figs. 1 and 2). These CDK inhibi-
tors were ineffective at inducing apoptosis within this time frame
as single agents. Previous reports have shown that flavopiridol
can kill cells in an acute time frame, but concentrations greater
than 1 pmol/L were required,'”* whereas the sensitization we
observed occurred at 100 nmol/L.

Most of the cell lines used in this study were not sensitized
to vinblastine by PD98059 and in these cells inhibition of MEK
did not reduce Mcl-1 protein levels. The importance of Mcl-1
was further supported by shRNA knockdown of Mcl-1 protein
levels in ML-1, in which Mcl-1 reduction sensitized cells to vin-
blastine.? Although basal Mcl-1 protein levels were low in NB4
and CLL cells, the protein was still expressed and the cells were
sensitive to dinaciclib plus vinblastine. While we focused on the
loss of Mcl-1, dinaciclib and flavopiridol inhibit global transcrip-
tion resulting in the loss of several short lived transcripts, some
of which may also play a role in protecting these cells. Other
anti-apoptotic proteins such as XIAP and BAG-1 have also been
implicated as targets of flavopiridol as they also have short half-
lives.'>* Jurkat and HL60/Bcl-X| cells were not sensitive to the
combination of vinblastine plus flavopiridol or dinaciclib. We
believe the lack of sensitivity in the Jurkat cells is due to the
inability of vinblastine to activate JNK (Fig. 3), while the resis-
tance in the HL60/Bcl-X| cells is likely due to the very high level
of expression of Bcl-X .?

Although vinblastine and paclitaxel are both microtubule-
interfering agents, their effect on JNK signaling is very different;
only vinblastine is able to acutely activate JNK in these leukemia
cell models (Figs. 1 and 3). Furthermore, the CDK inhibitors
(which do not activate JNK) only sensitized cells to concentra-
tions of vinblastine that activate JNK and failed to sensitize cells
to paclitaxel. To confirm the involvement of JNK in the induc-
tion of apoptosis, two pan JNK inhibitors were utilized (JNK
Inhibitor VIII and SP600125), both of which protected the cells.
The fact that JNK appears to be involved in the apoptotic pro-
gram induced by the combination of vinblastine and CDK inhib-
itor may imply that the combination involves an alternate pattern
of signaling cascades to those required for apoptosis after G,/M
arrest. This pathway appears to involve both caspase activity and
mitochondrial disruption since sensitization was prevented by
pretreatment with z-VAD-fmk or in cells overexpressing Bcl-X .
The target of JNK in this apoptosis remains to be determined,
but is clearly not mediated by transcription which is inhibited
in the CDK combination. Most likely the target of JNK is some
member(s) of the Bcl-2 family. Several reports have shown that
JNK activation results in phosphorylation and inactivation of
Bcl-2 thus allowing for the pro-apoptotic players to prevail.*-
JNK activation in response to ionizing radiation has also been
shown to lead to the phosphorylation and inactivation of the anti-
apoptotic protein Bcl-X ,* while following exposure to oxidative
stress, JNK has been shown to phosphorylate and inactivate Mcl-
1.%° It has also been shown that JNK-mediated phosphorylation
of 14-3-3( or o leads to the dissociation of Bax or Bad permitting
translocation to the mitochondria where they can both activate
the apoprotic cascade.?*? Finally, JNK-mediated phosphoryla-
tion of BImEL on Ser-65 potentiates its pro-apoptotic function.?
Future studies will focus on the role of JNK in vinblastine-
induced cell cycle-independent apoptosis.

While most of the results here show effective apoptosis induc-
tion in 4 h of concurrent drug treatment, we also tested the
effectiveness of even shorter treatment schedules as this might
more closely mimic a bolus administration in a patient (Fig. 4).
Pulsing cells with dinaciclib followed by recovery in vinblas-
tine killed 100% of ML-1 cells, but only partially killed NB4
cells. However, pulsing with vinblastine followed by recovery in
dinaciclib induces apoptosis in 100% of ML-1 and NB4 cells.
This difference in sensitivity between the sequences is likely due
to phospho-RNAP II levels rapidly recovering after dinaciclib is
removed. As a result Mcl-1 levels remain low for only the first 2
h of recovery which is sufficient to sensitize ML-1 cells, but not
NB4 cells. Alternatively, pulsing with vinblastine and recover-
ing in dinaciclib keeps phospho-RNAP 1I levels low allowing for
Mcl-1 and other short-lived proteins to remain low and thus kill-
ing both ML-1 and NB4 cells.

Early clinical trials with flavopiridol as a single agent were
based on in vitro experiments showing that long exposures
(24-72 h) to 200-500 nmol/L flavopiridol induced apoptosis
in several cancer cell lines as well as isolated CLL cells.11114

Figure 2 (See opposite page). Multiple leukemia cells lines are sensitized by combined flavopiridol and vinblastine treatment. NB4, THP-1, U937,
Jurkat, HL60/neo and HL60/Bcl-X, cells were concurrently incubated with increasing concentrations of flavopiridol and 2.2 pmol/L vinblastine (+) or
vehicle control (-) for 4 h. Lysates were analyzed for protein expression. Apoptosis was scored by chromatin condensation.
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Figure 3 (See opposite page). INK activity is essential for sensitizing leukemia cells to CDK inhibitors. (A) ML-1 cells were pretreated for 30 min with

1 wmol/L JNK Inhibitor VIII followed by concurrent incubation with increasing concentrations of flavopiridol or dinaciclib and 2.2 wmol/L vinblastine
for 4 h. Flavopiridol treated cells were assayed for chromatin condensation while all lysates were analyzed for protein expression, with the 100 nmol/L
dose of flavopiridol and dinaciclib being shown. (B) ML-1 and NB4 cells were concurrently incubated with increasing concentrations of paclitaxel in the
presence (+) or absence (-) of 100 nmol/L flavopiridol for 4 h. (C) Jurkat cells were concurrently incubated with increasing concentrations of vinblastine
in the presence (+) or absence (-) of 100 nmol/L dinaciclib for 4 h. (D) Jurkat cells were pretreated for 30 min with 1 wmol/L JNK Inhibitor VIII followed
by incubation with increasing doses of anisomycin for 2 h. Cell lysates were analyzed for protein expression. Apoptosis was scored by chromatin
condensation.
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Figure 4. Short drug exposures are sufficient to sensitize leukemia cells to dinaciclib and vinblastine. (A) ML-1 and NB4 cells were incubated with

100 nmol/L dinaciclib for 1 h, after which the drug was removed and cells were incubated in media alone (lanes 3-5) or media containing 2.2 pmol/L
vinblastine (lanes 6-8) for 2, 4 or 6 h as indicated. Controls include lane 1: vehicle, lane 2: 1 h dinaciclib no post-incubation, lane 9: 6 h vinblastine only,
and lane 10: 6 h concurrent vinblastine and dinaciclib. (B) ML-1 and NB4 cells were incubated with 2.2 pumol/L vinblastine for 1 h, after which the drug
was removed and cells were incubated in media alone (lanes 3-5) or media containing 100 nmol/L dinaciclib (lanes 6-8) for 2, 4 or 6 h as indicated.
Controls include lane 1: vehicle, lane 2: 1 h vinblastine no post-incubation, lane 9: 6 h dinaciclib only, and lane 10: 6 h concurrent vinblastine and
dinaciclib. Cell lysates were prepared and the indicated proteins were measured by immunoblotting.
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Figure 5 (See opposite page). Freshly-isolated CLL cells are sensitive to dinaciclib and vinblastine treatment. (A) Lymphocytes freshly-isolated from
CLL were incubated with dinaciclib for 6 h. Cell lysates were prepared and analyzed for expression of P-RNAP Il (Ser2), RNAP Il and PARP with immunob-
lots from five representative CLL patients shown. (B) Cell lysates from vinblastine treated patient samples were analyzed for PARP, total JNK and
phospho-JNK protein levels with representative immunoblots shown. Apoptosis was assessed by chromatin condensation and is indicated for each
sample. (C) CLL cells isolated from 19 patients were incubated with increasing concentrations of dinaciclib (upper left) or vinblastine (upper right) for 6
h. CLL cells were also incubated with combinations of increasing concentrations of dinaciclib and vinblastine. The effect of drug combination therapy
in CLL resistant to single agent dinaciclib are shown in the lower right (n = 11) while the effect in CLL sensitive to single agent therapy are shown in the
lower left (n = 8). Apoptosis was scored by chromatin condensation and results are expressed as the percentage of cells that survived.

This concentration was sufficient to inhibit CDKs, albeit CDK
7 and 9 were not initially recognized as targets. As a conse-
quence initial clinical trials used a 72 h infusion of flavopiri-
dol and concentrations of 200-500 nmol/L were attained in
plasma.**** However, few responses were observed. Meanwhile,
acute exposures to flavopiridol also induced rapid apoptosis in
CLL cells ex vivo although concentrations of at least 1 pmol/L
were required.'®? This acute strategy (administration over only
4 h) was more recently tested in a clinical trial with remarkable
success; most notable was an acute tumor lysis syndrome that
demonstrated the efficacy of the drug but limited treatment.?’
The results described above show that very short exposures to
lower concentrations of flavopiridol or dinaciclib are sufficient to
sensitize cell lines and CLL cells to vinblastine. As these concen-
trations can be achieved in patients, and the sensitivity appears
fairly broadly applicable to many hematopoietic malignancies,
this drug combination may have more success than single agent
therapy. Importantly, vinblastine did not sensitize normal lym-
phocytes to dinaciclib suggesting selectivity of this drug com-
bination for malignant cells. While dinaciclib alone did kill a

fraction of normal lymphocytes ex vivo, this does not appear to
reflect in vivo toxicity as clinical trials indicate that this drug is
well tolerated when there is not a large tumor load that can lead
to tumor lysis syndrome.

Currently used chemotherapeutic agents have not been particu-
latly effective as single agents in models where anti-apoptotic Bcl-2
family proteins are overexpressed. Therefore the development of
novel agents with selectivity against critical targets necessary for
survival (i.e., Bcl-2, Mcl-1, Bcl-X, ) provides an attractive rationale
for combination therapy. In the current experiments, we show that
a brief inhibition of transcription with flavopiridol or dinaciclib
effectively suppressed Mcl-1. Vinblastine can then induce apopto-
sis through activation of JNK, which might be mediated by inhibi-
tion of Bcl-2. Importantly, our data provide a model whereby a cell
cycle phase-specific agent such as vinblastine can be converted to a
phase non-specific agent with the addition of the broad spectrum
CDK inhibitors. This cell cycle phase-independent death is partic-
ularly evident in the ability of this combination to kill non-divid-
ing CLL cells. This may be of particular relevance in the clinic
where tumor cells at all phases of the cell cycle may be eliminated

A Normal7 Normal 8
s o
Dinaciclib (umol/L) o o
P-RNAP
RNAP _
©
2
PARP 2
3
(72}
B X
Normal4  Normal 6
Vinblastine (umol/L) o «
P-JNK
JNK
PARP

100y Ahddh kg kk
A
90 A, A
80
A
70 - AA
60 AA
A
50 4a
A
40
30
20
10
0 ) Q@
N :
& v F ¢
64 & Qé,\é\
&
o\

percentage of cells that survived.

Figure 6. Vinblastine does not sensitize non-tumorigenic lymphocytes to dinaciclib. Freshly-isolated non-tumorigenic lymphocytes were incubated
with 0.1 pmol/L dinaciclib (A) or 1 wmol/L vinblastine (B) for 6 h and lysates were analyzed for protein expression. (C) Lymphocytes were incubated
with 0.1 pmol/L dinaciclib, 1 umol/L vinblastine or both for 6 h and apoptosis was scored by chromatin condensation, with results expressed as the
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effectively with a therapeutic strategy that only requires an acute
treatment. If this strategy can kill non-dividing tumor cells, it may
be effective in preventing tumor recurrence.

Materials and Methods

The source of cell lines, materials and antibodies, as well as pro-
tocols for chromatin condensation and immunoblotting have
been published.? Flavopiridol was provided by Dr. W. D. Figg
(National Cancer Institute). Dinaciclib was obtained from the
Cancer Therapy Evaluation Program, National Cancer Institute.
Additional antibodies included RNA Polymerase II, phospho-
RNA Polymerase II Ser2, phospho-RNA Polymerase II Ser5
(Covance, Cat# MMS-126R, MMS-129R, MMS-134R) and
phospho-Histone H3 (Cell Signaling, Cat# 9706). The phos-
pho-RNAP II antibody selective for Ser2 was used unless oth-

were maintained in media containing 500 pg/mL G418.
Lymphocytes were obtained from consented patients at the
Norris Cotton Cancer Center. Cells from 10 mL of blood were
diluted in PBS and purified by centrifugation in Ficoll-Paque
PLUS. Lymphocytes were collected, washed three times in PBS +
2 mmol/L EDTA and plated in RPMI-1640 plus 10% serum at
1 x 10° cells/mL. Cells were incubated immediately with drugs.
As required, JNK Inhibitor VIIL, SP600125, zZVAD-fmk or the
appropriate vehicle control were added to the cells 30 min prior
to the addition of vinblastine, paclitaxel or anisomycin and were
maintained in the medium for the duration of the experiment.
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