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Pharmacological inactivation of CDK2 inhibits MYC/BCL-XL-driven leukemia in 
vivo through induction of cellular senescence
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ABSTRACT
Deregulated expression of the MYC oncogene is a frequent event during tumorigenesis and 
generally correlates with aggressive disease and poor prognosis. While MYC is a potent inducer 
of apoptosis, it often suppresses cellular senescence, which together with apoptosis is an impor-
tant barrier against tumor development. For this latter function, MYC is dependent on cyclin- 
dependent kinase 2 (CDK2). Here, we utilized a MYC/BCL-XL-driven mouse model of acute 
myeloblastic leukemia (AML) to investigate whether pharmacological inhibition of CDK2 can 
inhibit MYC-driven tumorigenesis through induction of senescence. Purified mouse hematopoietic 
stem cells transduced with MYC and BCL-XL were transplanted into lethally irradiated mice, 
leading to the development of massive leukemia and subsequent death 15–17 days after trans-
plantation. Upon disease onset, mice were treated with the selective CDK2 inhibitor CVT2584 or 
vehicle either by daily intraperitoneal injections or continuous delivery via mini-pumps. CVT2584 
treatment delayed disease onset and moderately but significantly improved survival of mice. Flow 
cytometry revealed a significant decrease in tumor load in the spleen, liver and bone marrow of 
CVT2584-treated compared to vehicle-treated mice. This was correlated with induced senescence 
evidenced by reduced cell proliferation, increased senescence-associated β-galactosidase activity 
and heterochromatin foci, expression of p19ARF and p21CIP1, and reduced phosphorylation (activa-
tion) of pRb, while very few apoptotic cells were observed. In addition, phosphorylation of MYC at 
Ser-62 was decreased. In summary, inhibition of CDK2 delayed MYC/BCL-XL-driven AML linked to 
senescence induction. Our results suggest that CDK2 is a promising target for pro-senescence 
cancer therapy, in particular for MYC-driven tumors, including leukemia.
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Introduction

The MYC family oncogenes (MYC, MYCN, and 
MYCL) encode transcription factors that regulate 
genes involved in a variety of fundamental cellular 
processes, including cell proliferation, metabolism, 
apoptosis, differentiation, stemness, and senescence 
in normal as well as neoplastic cells [1–3]. Recent 
findings suggest that MYC not only functions 
through cell-intrinsic mechanisms, but also plays 
an important role in communication with the micro-
environment, including the immune system [4,5]. 
Deregulated expression of MYC family genes has 
been implicated in the development of over half of 

all human cancers, and often correlates with aggres-
sive disease and poor prognosis [6,7]. This is com-
monly due to amplification or translocation of MYC 
family loci, as often observed in lymphoma, neuro-
blastoma, breast cancer, ovarian cancer, and lung 
cancer. Deregulated expression of MYC can also be 
caused by aberrant upstream signaling involving, 
e.g., RAS, PI3K, WNT, EGF, or mTOR pathways. 
In hematological malignancies, the most well-known 
example of MYC deregulation is the translocation of 
MYC into the immunoglobulin loci, which is an 
obligatory event in Burkitt´s lymphoma but also 
occurs at a lower frequency in other B-cell type 
lymphoma, leukemia, and myeloma [8,9]. MYC 
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translocation or amplification is quite rare in mye-
loid malignancies, however, gain of MYC can occur 
through trisomy of chromosome 8, and MYC expres-
sion is frequently deregulated as a consequence of the 
BCR/ABL activation and other translocation events 
in chronic myeloid leukemia (CML) and in acute 
myeloblastic leukemia (AML). As a consequence, 
MYC expression is linked to tumor progression 
and poor prognosis in different types of leukemias 
[10–14].

While aberrant MYC expression fuels excessive 
cell proliferation and tumorigenesis, it is simul-
taneously a potent trigger of apoptosis. During 
MYC-induced tumor development, events deac-
tivating the apoptosis machinery, such as p53 
mutation/loss or activation of BCL-2 family 
members, are therefore selected for. An example 
of this is the so-called double-hit B-cell lym-
phoma (DHL) harboring activating transloca-
tions for both MYC and BCL-2, which displays 
an exceedingly poor prognosis [15].

An alternative approach to target tumors with 
a defective apoptosis machinery exploits the concept 
of pro-senescence therapy [16–18]. Cellular senes-
cence is defined as a state of irreversible cell cycle 
arrest, where cells do not respond to growth signals 
but remain metabolically active [19–21]. Alongside 
with apoptosis, senescence represents a major barrier 
against tumor development, but is also involved in 
normal processes such as aging, wound healing and 
embryonic development [22]. Senescence can be 
triggered by stress signals including DNA damage 
and oncogenic stress (so-called oncogene-induced 
senescence, OIS) and usually engages the p53/p21 
and p16/pRb pathways [19–21,23]. Typical features 
of senescence include elevated senescence-associated 
β-galactosidase (SA-β-Gal) activity, increased cell 
size, and formation of senescence-associated hetero-
chromatin foci containing trimethylated histone 3 at 
lysine 9 (H3K9me3). Furthermore, senescence is also 
characterized by secretion of a large number of che-
mokines and cytokines, defining the senescence- 
associated secretory phenotype (SASP) which mod-
ulates the immune surveillance of the senescent cells 
[19–21].

Like apoptosis, the senescence pathway requires 
to be inactivated or suppressed during tumor 

development, commonly through p53/p21 and/ 
or the p16/pRb pathway impairment. The latter 
is controlled by cyclin-dependent kinases 
(CDKs), primarily CDK2 and CDK4/6, and inac-
tivation of these CDKs have been shown to trig-
ger senescence in tumor cells [24–28].

A large body of evidence also indicates that MYC 
plays an important role in suppressing senescence 
[26,27,29–35]. While MYC is an upstream regulator 
of CDK expression and/or activity, there is an inter-
esting interplay between MYC and CDK2. We pre-
viously reported that MYC-mediated repression of 
RAS-induced senescence is dependent on CDK2 
activity, and requires phosphorylation of MYC at 
Ser-62 by CDK2. In addition, depletion or pharma-
cological inhibition of CDK2 could restore RAS- 
induced senescence [26], suggesting a potentially 
useful strategy to target MYC in tumors, in particular 
those where the ability of MYC to induce apoptosis 
have been crippled.

Here, we utilized a previously established 
mouse model of AML driven by the concomitant 
overexpression of MYC and BCL-XL [36] to 
investigate the potential of CDK2 inhibition for 
induction of senescence in AML cells and explore 
how that would affect tumor development. 
Among the available more selective CDK2 inhi-
bitors, CVT313 and its analog CVT2584 [37] 
have shown good activity and selectivity in inhi-
biting CDK2 based on our previous work on 
senescence, where their activities did not overlap 
significantly with those of selective CDK1 and 
CDK9 inhibitors at active concentrations 
[25,26]. CVT2584 was chosen for this study due 
to its more optimal efficacy in vivo compared 
with CVT313, and we wanted to avoid pan- 
CDK inhibitors due to their broader range of 
activities, and their reported toxicity in 
patients [38].

Our results show that daily treatment with 
CVT2584 reduced the leukemic load in all ana-
lyzed tissues and significantly improved mice sur-
vival linked to the induction of cellar senescence. 
Taken together, our data provide a rationale for 
the treatment of MYC-driven neoplasia by exploit-
ing CDK2 inhibition as a strategy to inhibit tumor 
development through promotion of senescence.
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Materials and methods

Cell lines and mice

The human retroviral packaging cell line Phoenix- 
Eco (kindly provided by Dr. G. P. Nolan, Stanford 
University, CA, USA) was grown as described [39]. 
Female age-matched (6–8 weeks) inbred BALB/c 
and C57BL/6 mice were purchased from the animal 
facility at the Department of Microbiology, 
Tumor and Cell Biology, Karolinska Institutet. 
All mouse experiments were performed under 
the ethical guidelines of the Swedish Board of 
Agriculture and were approved by the animal 
ethics committee of North Stockholm.

Production of retroviral particles

Ten micrograms of the plasmids pMSCV-BCL-XL 
-IRES-EGFP (enhanced green fluorescent pro-
tein) (BCL-XL-GFP) and pMSCV-MYC-IRES- 
EYFP (enhanced yellow fluorescent protein) 
(MYC-YFP) expression vectors were used to tran-
siently transfect the Phoenix-Eco packaging cell 
line using LipofectAMINE 2000 Reagent 
(11668019, Invitrogen). Supernatants containing 
recombinant viral particles were harvested 48 and 
72 hours after transfection, passed through 
a 0.45 μm membrane, and kept in aliquots at 
−80°C until viral transduction.

Hematopoietic stem cell enrichment and 
retroviral transduction

Bone marrow was extracted from the femur and tibia 
of 10–12 week old BALB/c female mice 48 hours 
after intraperitoneal (i.p.) injection of 100 µl 
5-fluorouracil (30 mg/ml) (Mayne Pharma Pic, 
Warwickshire, UK) to expand the stem cell compart-
ment. Bone marrow cells were enriched for hemato-
poietic progenitors and stem cells (HSCs) by 
negative selection using the StemSep kit (13309, 
StemCell Technologies) according to the manufac-
turer’s specifications. Cells were cultured for 
24 hours in OPTIMEM (31985070, Invitrogen) sup-
plemented with 10% FCS, 2 mM L-glutamine, 1 mM 
sodium pyruvate, 50 U/ml penicillin, 50 mg/ml 
streptomycin, 1% IL-6, 3% IL-3 and 3% SCF 

containing supernatants [40]. Next, HSCs were co- 
transduced by two rounds of spin infection with 
combinations of BCL-XL-GFP and MYC-YFP retro-
viral particles in the presence of 10 mg/ml polybrene 
(TR-1003, Sigma-Aldrich). This procedure was 
repeated for three consecutive days and the cells 
were then cultured for an additional three days. 
The percentage of GFP and YFP positive cells was 
measured by flow cytometry prior to 
transplantation.

In vitro analysis of MYC/BCL-XL transduced HSCs

1 × 105 cells were seeded, in triplicates, in the 
presence of 1 μM CVT2584 or in DMSO at day 
0. Absolute cell numbers were counted in a Bürker 
chamber at 1, 3 and 5 days post-seeding. For 
measurement of SA-β-gal activity and apoptosis 
in vitro, see below.

Animal experiments, treatments and ex-vivo 
analyses

Transplantation was performed by tail vein injection 
of 1 × 106 cells into lethally irradiated (800 rad) 
syngeneic recipient BALB/c mice. Doxycycline 
(20 mg/ml, J01AA02, Merckle GmbH) was supple-
mented in the drinking water, and mice were kept in 
filter top cages and monitored for survival. In the 
case of the reintroduced MYC-YFP/BCL-XL-GFP 
leukemic cell experiments, 3 × 105 cells were injected 
intravenously into sub-lethally irradiated (650 rad) 
C57BL/6 mice.

Transplanted BALB/c or C57BL/6 mice were 
treated on a daily basis via i.p. injection with 
vehicle DMSO, CVT2584 (generously provided 
by J. Zablocki, CV Therapeutics, Inc.) at 
0.16 mg/kg body weight (bw), 1.6 mg/kg bw or 
16 mg/kg bw. In some experiments, vehicle and 
CVT2584 were administered through an osmotic 
mini-pump (Alzet, Cupertino, CA, USA) trans-
planted intraperitoneally with a release rate of 
2.5 mg/kg/hour. Doxorubicin (D2975000, Sigma- 
Aldrich) was administered via single i.p. injection 
at a concentration of 5 mg/kg bw. The treated 
mice were monitored daily for signs of disease by 
palpation as well as observation and were judged 
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as terminally ill when they displayed signs of 
paralysis in limbs or persistently hunched posture 
and slow movements. Mononuclear cell suspen-
sions of spleen, liver, and bone marrow were 
obtained by straining tissues through nylon mesh 
cell strainers (352340, BD Biosciences). Portions of 
the spleen and liver tissues were fixed overnight 
(O/N) in 4% paraformaldehyde (PFA) in PBS, and 
further processed for paraffin embedding. The 
remaining spleen and liver tissues were embedded 
in OCT medium, snap-frozen, and stored at 
−80°C.

Flow cytometry analysis

Single-cell suspensions from spleen, femoral 
bone marrow and liver were incubated with 
monoclonal antibodies (MAb) against Gr1- 
APC (560599, BD Biosciences) and pacific blue- 
labeled anti-CD11b (clone M1/70.15). The latter 
MAb were prepared in our laboratory according 
to standard procedures. Biotinylated samples 
were then incubated with streptavidin-APC 
(554067, BD Biosciences) before being analyzed 
on a Cyan ADP flow cytometer (Beckman 
Coulter). EGFP and EYFP were detected using 
510/21-nm and 550/30-nm band pass filters 
separated by a dichroic 525-nm mirror. Flow 
cytometric data were analyzed with FlowJo 
(Tree Star).

Histochemical detection of SA-β-gal activity

SA-β-gal activity was evaluated in splenic tissue 
of vehicle- and CVT2584-treated mice using 
Biovision’s senescence detection kit (K320-250, 
Biovision) according to the manufacturer's spe-
cification. For in vitro analysis of MYC/BCL-XL 
transduced HSCs, SA-β-gal activity was moni-
tored at day 5 after treatment. For quantifica-
tion of SA-β-gal positive cells, 100 cells were 
counted, in three randomly selected fields, for 
each experimental condition. Statistical signifi-
cance was calculated through a two-tailed 
unpaired students t-test. *p < 0.05, **p < 0.01.

Immunofluorescence staining

Five μm thick sections of formalin-fixed paraffin- 
embedded splenic tissues were blocked and per-
meabilized in PBS supplemented with 0.05% tween 
(PBS-T) and 3% BSA. Primary antibodies against 
Ki67 (GA626, Dako) and H3K9me3 (07–523, 
Millipore) as well as fluorophore-conjugated sec-
ondary antibodies AlexaFluor 488 and AlexaFluor 
555 (A32731 and A32773, Invitrogen) were added 
in blocking solution, O/N, at 4°C. Extensive wash-
ing of the samples was performed between anti-
body incubations with PBS containing 0.1% triton 
X-100. The slides were mounted using Invitrogen 
antifade mounting medium containing DAPI 
(P36934, Thermoscientific). The samples were 
analyzed using an Axiovert 200M fluorescence 
microscope (Zeiss).

Protein analysis

Splenic tissue (200 mg) was ground in 400 µl of 
protein lysis buffer (1% NP-40, 0.1 M Tris pH 8, 
150 mM NaCl, 5 mM EDTA, 2 µg/ml aprotinin) 
supplemented with a cocktail of protease and phos-
phatases inhibitors (5892970001 and 4906837001, 
Roche). The protein lysate was sonicated and centri-
fuged at 13,000 rpm for 10 minutes at 4°C. 50 µg of 
total protein was denatured in sample buffer for 
10 minutes at 95°C, loaded onto a 4–12% Bis-Tris 
precast gel and run at 115 mA for 1 hour 
(NP0321BOX, Invitrogen). The gel was further trans-
ferred to a PVDF membrane using the iBlot dry 
system blotting (Invitrogen). The membrane was 
blocked in blocking buffer (PBS-T, 5% BSA) on 
a shaking platform for 30 minutes at RT, after which 
it was incubated with primary antibody O/N, with 
constant rotation/tilting at 4°C. The membranes were 
washed in PBS-T for 1 hour at RT, followed by 
incubation with a secondary-HRP-conjugated sec-
ondary antibody in blocking buffer as above, washed 
in PBS-T 3 times and developed with chemilumines-
cent HRP substrate. Antibodies used for immuno-
blotting were anti-p19ARF (ab80, Abcam), anti- 
p21CIP1 (sc-397, Santa Cruz), anti-Rb (558385, BD 
Pharmingen), cyclin A1 (sc-239, Santa Cruz), anti- 
MYC (sc-764, Santa Cruz), phospho-Ser-62 MYC 
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(A300-206A, Bethyl Laboratories), anti-BCL-XL 
(2764S, Cell Signaling), anti-rabbit HRP-conjugated 
(ab97080, Abcam), anti-mouse HRP-conjugated 
(ab97046, Abcam).

Apoptosis assays

Apoptosis in splenic sections was assessed by using 
the In Situ Cell Death Detection Kit (11684795910, 
Roche), according to the manufacturer instruc-
tions (TUNEL assay). The stained sectioned were 
imaged and quantified using ImageJ software. 
Apoptosis in cell cultures was assessed using 
Annexin V-PE staining (559763, BD Biosciences), 
according to the manufacturer's instructions. 
Following annexin staining, the cells were analyzed 
using flow cytometry (FACSCalibur, BD 
Biosciences) and the percentage of apoptotic cells 
was calculated using CellQuest Pro software (BD 
biosciences).

Statistics

Quantifications of positive staining were per-
formed using ImageJ. Statistical analysis was per-
formed in GraphPad. Bar graphs are represented 
as mean with standard deviation. Statistical signif-
icance was determined by the Student t-test, 
ANOVA Brown-Forsythe (for multiple compari-
sons). Kaplan-Meier survival curves were analyzed 
using the Gehan-Breslow-Wilcoxon test for signif-
icance. *P < 0.05; **P < 0.01; ***P < 0.001.

Results

Inhibition of CDK2 delays MYC/BCL-XL-driven 
acute myeloblastic leukemia in vivo and 
improves survival

To determine whether pharmacological inhibition of 
CDK2 affects MYC/BCL-XL-driven leukemia devel-
opment in vivo, we used an AML model based on the 
transplantation of MYC and BCL-XL expressing mur-
ine HSCs into lethally irradiated syngeneic host mice 
as described previously [36] and further outlined in 
Figure 1. Murine lineage-negative (Lin−) HSCs were 
enriched from the bone marrow and transduced with 
replication-incompetent retroviral expression vectors 

containing MYC and BCL-XL together with YFP and 
GFP, respectively. We first evaluated if CDK2 inhibi-
tion affected cell growth and senescence of 
MYC/BCL-XL-transformed HSC cells in culture. 
MYC/BCL-XL-transduced HSCs were treated with 
the selective CDK2 inhibitor CVT2584, which is an 
analog of CVT313 [37], or DMSO for 5 days. 
Treatment with CVT2584 resulted in a significant 
reduction in cell growth compared to DMSO 
(Figure 2(a)). SA-β-gal assay revealed a significant 
increase in cells positive for SA-β-gal activity com-
pared to the control DMSO-treated MYC/BCL-XL 
HSCs at day 5 (Figure 2(b)). In contrast to the DNA- 
damaging agent ellipticine, exposure to CVT2584 did 
not induce apoptosis in MYC/BCL-XL-transformed 
HSC cell cultures (Figures S1(a,b)), suggesting that 
CDK2 inhibition by CVT2584 inhibited proliferation 
and triggered senescence in MYC/BCL-XL transduced 
HSCs in culture.

Based on the results in cultured cells, we next 
determined whether CVT2584 inhibits MYC/BCL- 
XL-driven leukemia development in vivo. MYC/BCL- 
XL-transduced HSCs were transplanted into lethally 
irradiated syngeneic recipient BALB/c mice. The first 
signs of disease were observed 3 days after transplan-
tation, as determined by the quantification of the 

Figure 1. The MYC/BCL-XL-driven acute myeloid leukemia 
model and outline of the experimental setup. Hematopoietic 
stem cells (HSC) purified from bone marrow cells of BALB/c 
mice are transduced with lentiviral vectors containing MYC and 
BCL-XL cDNA and then transplanted into lethally irradiated 
BALB/c mice. Upon disease onset mice are treated with the 
CDK2 inhibitor CVT-2584 or vehicle and monitored for survival, 
tumor load, and markers of senescence, proliferation and 
apoptosis.
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presence of leukemic blasts in histological smears 
from peripheral blood (Figure S1(c)). The mice were 
treated with CVT2584 (0.16 mg/kg bw or 1.6 mg/kg 

bw) or DMSO vehicle, which were administered daily 
via intraperitoneal (i.p.) injections starting from 
day 6 after transplantation. The vehicle-treated 

Figure 2. Pharmacological treatment with CDK2 inhibitor CVT2684 delays tumor development and improves overall survival of 
mice with MYC/BCL-XL-induced leukemia. (a and b) CVT4584 treatment of MYC+BCL-XL-transduced HSCs in culture induces 
growth arrest and senescence. (a) MYC/BCL-XL-transduced HSCs in culture were treated with CVT2584 (1 μM) after which cell 
number was counted. (b) SA-β-Gal staining of MYC/BCL-XL HSCs in culture after CVT2584 treatment for 5 days. (c–f) Kaplan- 
Meier survival analysis of vehicle- and CVT2584-treated mice after transplantation with (c–e) HSCs over-expressing MYC and 
BCL-XL or (f) purified MYC/BCL-XL leukemic cells (c). The mice were treated from day 6 after transplantation with either 0.16 
(blue, N = 4) or 1.6 mg/kg bw (red, N = 3) CVT2584 or vehicle (N = 2) via daily i.p. injections. Vehicle vs. 1.6 mg/kg bw 
CVT2584: p-value 0.0019, vehicle vs. 0.16 mg/kg bw CVT2584: p-value 0.0158. (d) The mice were treated from day 6 after 
transplantation with either 16 mg/kg bw CVT2584 (red) or vehicle (black) via daily i.p. injections. N = 10 for all. Vehicle vs. 
CVT2584: p-value 0.0001. (e) The mice were first treated with 0.16 mg/kg bw (day 3–5 after transplantation) and thereafter 
16 mg/kg bw CVT2584 (blue) or vehicle (black) via daily i.p. injections or continuous administration of 2.5 mg/kg/hour CVT2584 
(purple), 2.5 mg/kg/hour vehicle (green) via an osmotic mini-pump, or a single injection of (5 mg/kg bw) doxorubicin (DOX) 
(red). N = 4 for each cohort. Vehicle i.p. vs. DOX: p-value 0.004, vehicle i.p. vs. CVT2584 i.p.: p-value 0.0116, vehicle mini-pump 
vs. CVT2584 mini-pump: p-value 0.0084. (f) The mice were injected with purified MYC/BCL-XL leukemic cells, and then treated 
from day 10 after transplantation with either 16 mg/kg bw CVT2584 (red) or vehicle (black) via daily i.p. injections or 100 mg/ 
kg bw palbociclib (red) via oral gavage. N = 8 for all. Vehicle vs. CVT2584: p-value 0.0372, vehicle vs. palbociclib: p-value 0.012.
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hosts rapidly displayed signs of disease such as ruffled 
fur, wasting, and slow movements that developed into 
hind limb paralysis, in line with our previous observa-
tions [36]. The median survival for DMSO-treated 
mice was 15.5 days after transplantation (Figure 2 
(c)). The progression of the disease was significantly 
delayed in mice exposed to either 0.16 or 1.6 mg/kg 
bw of CVT2584, and the median survival of the mice 
was prolonged with 2 and 3 days to 17.5 and 19 days 
post-transplantation, respectively, in comparison with 
vehicle-treated mice, correlating with the escalating 
dose of CVT2584 (Figure 2(c)). Next, we aimed to 
improve the survival of the mice by increasing the 
concentration of CVT2584 to 16 mg/kg/bw and eval-
uated the effect on overall survival. The median sur-
vival for vehicle-treated animals was 17 days, which 
was prolonged to 21 days with CVT2584 (16 mg/kg 
bw) (Figure 2(d)), providing a median survival benefit 
of 4 days. We next tested whether an earlier treatment 
and a different modality of administration could 
increase the therapeutic benefit of CVT2584. In 
order to avoid potential interference with the bone 
marrow reconstitution process, the mice were initially 
given i.p. injections with the lower dose of 0.16 mg/kg 
bw of CVT2584 or vehicle from 3 days after trans-
plantation. The dose was then increased to 16 mg/kg 
bw of CVT2584 and maintained for the daily i.p. 
treatment. The median survival for vehicle-and 
CVT2584-treated animals was now 17 and 20 days, 
respectively (Figure 2(e)). Considering the rapid turn-
over of CVT2584 in vivo, estimated half-life 1.2 hours 
in serum (pers. communication J. Zablocki), we 
decided to try to maintain active drug concentration 
through application of osmotic mini-pumps (minia-
ture infusion systems for continuous dosing), which 
were implanted into the animals and delivered a fixed 
dose of CVT2584 (2.5 mg/kg/hour) or vehicle at 
a constant rate. The mice receiving CTV2584 through 
mini-pumps showed a marginally improved median 
survival to 20.5 days, compared to 20 days when 
CVT2584 was administered i.p., improving the overall 
survival by 4 days compared with vehicle (16.5 days) 
(Figure 2(e)). We also compared the efficiency of the 
CVT2584 with the well-established anti-cancer com-
pound doxorubicin (DOX), a chemotherapeutic agent 
commonly used in a wide range of cancers, including 
leukemia. DOX-treated mice showed a median 

survival of 21 days after transplantation, i.e. a similar 
improvement of survival as the administration of 
CVT2584 (20.5 days) (Figure 2(e)).

Considering the aggressiveness of the disease, 
we proceeded to titrate the numbers of trans-
planted cells in hopes of slowing down the 
kinetics of tumor development and further 
allowing for a wider window of opportunity for 
the treatment. We, therefore, switched from 
a pool of transduced HSCs to defined numbers 
of purified MYC/BCL-XL leukemic cells. 
MYC/BCL-XL-overexpressing leukemic cells 
were harvested from the spleens of moribund 
mice and reintroduced into sub-lethally irra-
diated recipient mice. After injection of 3 × 105 

AML cells, leukemic blast cells were readily 
detectable in blood smears at day 7, compared 
to day 3 in the HSCs-based model (data not 
shown). Treatment with vehicle or CVT2584 
(16 mg/kg bw) administrated daily via i.p injec-
tions started at day 10. As a reference com-
pound, the FDA-approved selective CDK4/6 
inhibitor palbociclib [41] was administered 
(100 mg/kg bw) via oral gavage for 10 days 
(5 days treatment, 2 days rest, 5 days treatment 
in total). The median survival recorded was 
25 days, 30 days and 32 days after transplanta-
tion for DMSO, CVT2584, and palbociclib, 
respectively (Figure 2(f)). Therefore, although 
there was a significant extension in the survival 
following CVT2584 treatment (as compared with 
vehicle) by 5 days (Figure 2(f)), the median 
survival was not significantly improved in com-
parison to CVT2584 treatment in the previous 
experiments (Figure 2(c–e)). The effect of palbo-
ciclib on survival was not significantly enhanced 
in comparison to CVT2584 despite administered 
at a sixfold higher concentration. Notably, body 
weights of CVT2584-treated mice remained rela-
tively stable throughout the experiment, while 
the body weights of vehicle-treated animals 
declined steadily from day 18 onwards as 
a result of AML development (Figure S1(d)). 
This suggests that CVT2584 at the given con-
centration (16 mg/kg bw) was well tolerated.

Taken together, these data suggest that pharma-
cological targeting of CDK2 by CVT2584 leads to 
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delayed MYC/BCL-XL-driven leukemia develop-
ment and a moderate yet significant improvement 
of survival of the mice.

Pharmacological inhibition of CDK2 in vivo 
results in significant reduction in tumor load
We set out to determine whether pharmacological 
CDK2 inhibition by CVT2584 affected the expan-
sion and accumulation of the MYC/BCL-XL- 
overexpressing leukemic population. Necropsy of 
CVT2584- and vehicle-treated AML-bearing mice 
showed that leukemic cells disseminated through-
out the hematopoietic tissues with extensive invol-
vement of spleen, bone marrow and infiltration of 
the liver. To quantitate the effect on tumor load, 
spleen, bone marrow and liver cell suspensions 
from CVT2584- and vehicle-treated animals were 
stained for CD11b+/Gr1+ AML cells [36] and ana-
lyzed by flow cytometry. The AML cell population 
was significantly reduced in the spleen and liver of 
CVT25854-treated compared with vehicle-treated 

animals (Figure 3(a–c)). A similar trend was also 
observed in the bone marrow of CVT25854- 
treated animals, although this did not reach 
significance.

Similarly, there was a significant reduction in 
the weight of the spleens in the CVT2584-treated 
cohort (mean weight: 440 mg) compared to vehi-
cle-treated mice (mean weight: 680 mg) (Figure 3 
(d)). Further, flow cytometry analysis of YFP 
+/GFP+ cells, i.e. cells expressing MYC and 
BCL-X, in the bone marrow and spleen of mice 
transplanted with purified MYC/BCL-X leukemic 
cells according to the experiment in Figure 2(f), 
also showed a significant reduction in the leuke-
mic cell population following CVT2584 treatment 
Figure 3(e,f)), which is in line with the results 
presented in Figure 3(a–c). However, hematoxy-
lin/eosin staining revealed no overt differences in 
spleen morphology between vehicle- and 
CVT2584-treated AML-bearing animals (Figure 
S1(e)).

LLFigure 2(f Figure 3(eFigure 3(a–c)

Figure 3. Treatment with CDK2 inhibitor CVT2684 results in a reduction of the leukemic tumor load. (a–c) Flow cytometry analysis of 
CD11b+Gr1+ AML cell populations isolated from (a) spleen, (b) liver and (c) bone marrow, from vehicle- (N = 8) or CVT2584-treated 
(16 mg/kg bw, N = 7) mice (harvested at the end point). (d) Spleen weights of CVT2584- (16 mg/kg bw) or vehicle-treated AML- 
bearing animals (N = 10 in each group) at the time of sacrifice. This experiment corresponds to Figure 2(d). (e, f) Flow cytometry 
analysis of YFP+/GFP+(i.e. MYC/BCL-XL) leukemic cell population in (e) bone marrow and (f) spleen of mice at the endpoint after 
CVT2584 (16 mg/kg bw) and vehicle treatment. N = 8 in each group. These mice were transplanted with purified MYC/BCL-XL 

leukemic cells as in Figure 2(f).

30 W. BAZZAR ET AL.



Collectively, these results suggest that pharma-
cological inhibition of CDK2 activity reduces the 
expansion of the MYC/BCL-XL-driven leukemic 
population.

Inhibition of CDK2 reduces proliferation in 
leukemic cells invading the spleen in MYC/BCL-XL 

mice
To evaluate whether the pharmacological inhi-
bition of CDK2 affected proliferation, senes-
cence, or apoptosis in MYC/BCL-XL–induced 
AML cells in vivo, splenic tissue from 
CVT2584- and vehicle-treated mice were 
stained with markers representative of these 
states. First, we co-immunostained for the pro-
liferation marker Ki67 and histone H3 phos-
phorylated at Ser 10 (P-H3S10), which is 
a marker of cells in mitosis [42]. A significant 
decrease in Ki67+ as well as P-H3S10+ cells was 
observed in spleen samples from CVT2584- 
treated compared to vehicle-treated animals 
(Figure 4(a,b)), as quantified in Figure 4(d,e). 
In agreement with these results, immunoblot 
analysis of cyclin A expression, which occurs 
in S- and G2 phases of the cell cycle, was 
notably reduced in all CVT2584-treated com-
pared to vehicle-treated animals (Figure 4(f)). 
Taken together, these results are indicative of 
reduced leukemic cell proliferation in response 
to CDK2 inhibition.

Immunoblot analysis further showed that the pro-
tein levels of MYC and BCL-XL were unchanged in 
all analyzed animals independent of CVT2584 dose 
relative to vehicle (Figure 4(f)). We have previously 
reported that CDK2 mediates phosphorylation of 
MYC at Ser-62, and that this phosphorylation is 
important for suppression of senescence by MYC 
[26]. To evaluate whether CDK2 inhibition reduced 
MYC Ser-62 phosphorylation in vivo, the spleen 
protein lysates were probed with antibodies recog-
nizing MYC phosphorylated at Ser-62. In agreement 
with our previous report [26], reduced MYC Ser-62 
phosphorylation was observed in CVT2584-treated 
compared with vehicle-treated animals, both at 
lower and higher doses of CVT2584 (Figure 4(f)), 

supporting the notion that CDK2 regulates MYC 
phosphorylation in vivo.

Inhibition of CDK2 induces senescence in 
leukemic cells invading the spleen in MYC/BCL-XL 

mice

To inquiry whether the reduced cell proliferation 
observed in these specimens was due to the induc-
tion of cellular senescence, spleen sections were 
scored for SA-β-gal activity. Although samples 
from both CVT2584- and vehicle-treated mice 
showed a certain degree of positivity, the SA-β- 
gal staining was significantly increased in spleens 
from CVT2584-treated mice (Figure 5(a)), as 
quantitated in Figure 5(e). We also examined the 
presence of senescence-associated heterochroma-
tin foci (SAHF), using an antibody directed against 
H3K9me3. Immunofluorescence staining of spleen 
tissue from CVT2584-treated mice showed 
a strong increase in SAHF formation compared 
to the vehicle-treated mice (Figure 5(b,f)). To 
investigate an additional marker of senescence, 
immunohistochemical staining for p19ARF was 
performed. Nuclear p19ARF-positive cells were 
readily detected in sections of CVT2584-treated 
animals but found virtually absent in the analyzed 
specimens from vehicle-treated animals (Figure 5 
(c,g)). In addition, immunoblot analysis showed 
increased p19ARF protein levels as well as elevated 
levels of p21CIP1, another marker of senescence, 
upon CDK2 inhibition compared to vehicle- 
treated animals (Figure 5(i)). In addition, since 
pRb is a CDK2 substrate as well as a senescence 
regulator, we analyzed changes in Rb phosphory-
lation status. Immunoblot analysis demonstrated 
an increase in the faster migrating hypopho-
sphorylated active form of Rb in spleen of 
CVT2584-treated animals (Figure 5(i)), with the 
strongest signal deriving from hosts receiving 
higher concentration of CVT2584.

Both CVT2584- and vehicle-treated animals 
showed very few apoptotic cells, as examined by 
TUNEL staining (Figure 5(d,h)). In sharp contrast, 
control tissue obtained from untreated mice trans-
planted with HSCs transduced with MYC and RAS 
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in the absence of BCL-XL showed abundant 
TUNEL staining (Figure 5(d,h)).

In summary, the above results suggest that phar-
macological inhibition of CDK2 by CVT2584 
reduced leukemic cell proliferation and induced cel-
lular senescence, but did not trigger apoptosis, in 
spleen tissue from MYC/BCL-XL AML-bearing 
mice. Further, reduced phosphorylation of two 

CDK2 substrates, pRb, and MYC, in AML- 
infiltrated spleen tissue confirms CDK2-inhibitory 
CVT2584 activity in vivo at applied concentrations.

Discussion

Here we utilized the MYC/BCL-XL AML mouse 
model [36], where MYC-induced apoptosis is blocked 

Figure 4. Inhibition of CDK2 by CVT2584 reduces the proliferation rates of the leukemic cells and reduces MYC Ser-62 phosphoryla-
tion in spleen tissue. Representative images of (a) Ki67 (red), (b) phospho(P)-H3S10 (green) and (c) DAPI (blue) immunofluorescence 
analysis of spleen tissues from vehicle- and CVT2584-treated (16 mg/kg bw) MYC/BCL-XL mice as indicated. 5X magnification. (d, e) 
Quantification of (d) Ki67 and (e) P-H3S10 stainings. (f) Immunoblot analysis of indicated proteins isolated from spleens from AML- 
bearing mice treated with vehicle or CVT2584 at indicated concentrations.
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by BCL-XL, to explore the potential of CDK2 as 
a promising druggable target for the potential induc-
tion of senescence as an alternative strategy to combat 

MYC-driven tumors. This was based on previous 
findings on the interplay between MYC and CDK2 
in senescence regulation [25,26].

Figure 5. Inhibition of CDK2 by CVT2584 induces senescence in leukemic cells in spleen tissue. (a–d) Analysis of senescence markers 
in spleen samples from CVT2584- (16 mg/kg bw) and vehicle-treated AML-bearing mice. (a) SA-β-gal staining of fresh frozen spleen 
samples. 20X magnification. (b–d) Staining of PFA-fixed spleen samples. (b) SAHFs. Immunofluorescence staining using antibodies 
against H3K9me3. 60X magnification. (c) Immunohistochemical staining of p19 expression using anti-p19 antibodies. 40X magnifica-
tion. (d) Apoptosis. TUNEL (green) and DAPI (blue) staining. 5X magnification. (e–h) Quantification of (e) SA-β¯gal positive areas, (f) 
percentage of H3K9me3+ cells, (g) p19+ cells per field and (h) TUNEL+ cells per field, from the experiments in (a–d), respectively. (i) 
Immunoblot analysis of indicated proteins isolated from spleens from AML-bearing mice treated with vehicle or CVT2584 at 
indicated concentrations.
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Prior to the in vivo studies, we showed that 
CVT2584 led to a robust senescence induction in 
purified MYC/BCL-XL AML cells ex vivo (Figure 2 
(a,b)). A series of in vivo experiments were then 
performed to corroborate these results in vivo. 
Administration of CVT2584 led to a significant 
reduction in leukemic tumor load in all affected 
tissues at the endpoint of the experiment com-
pared with vehicle. While vehicle-treated animals 
died from leukemia within 16–17 days post- 
injection of MYC/BCL-XL-expressing HSCs, 
CVT2584-treatment significantly improved mice 
survival with additional 3–4 days (Figure 2(c,e)). 
A similar response was also observed after treat-
ment with the conventional anti-cancer topoi-
somerase inhibitor doxorubicin, which is similar 
to daunorubicin, used in human AML treatment. 
A drawback with doxorubicin and other topoi-
somerase inhibitors is that they cause DNA 
damage, while selective targeting of CDK2, which 
is a non-essential gene, is likely to cause less severe 
side effects in a clinical setting. The FDA-approved 
CDK4/6 inhibitor palbociclib, which was used as 
a reference, did not show a significant difference in 
efficiency compared with CVT2584, despite being 
used at a sixfold higher concentration (Figure 
2(f)).

At the biological and molecular levels, our study 
corroborates a clear induction of senescence fol-
lowing treatment with CVT2584, as determined by 
upregulation of the senescence markers SA-β-gal, 
H3K9me3-containing SAHFs, p19ARF and p21CIP1, 
as well as reduced expression of the proliferation 
markers Ki67, cyclin A and phospho-H3S10 
(Figures 4 and 5). In addition, exposure to 
CVT2584 led to decreased levels of phosphoryla-
tion of pRb and MYC at Ser-62, both of which are 
reported substrates for CDK2 as well as senescence 
regulators [26,43], thereby confirming that 
CVT2584 indeed inhibits CDK2 in vivo at the 
given doses. Concomitantly, the absence of activa-
tion of the apoptotic cascade suggests that inhibi-
tion of CDK2 favored a senescence response via 
the p53/p19ARF/p21CIP1 and pRb pathways. This is 
consistent with our previous report from rodent 
fibroblasts, leukemia cell cultures and EμMyc mice 
[25,26], and shows that CDK2 inhibition induces 

a similar senescence program in MYC/BCL-XL- 
driven AML in vivo.

Using a MLL-AF9–NRASG12D-driven leukemia 
mouse model, Baker and colleagues showed that 
the pan-CDK inhibitor dinaciclib was a potent 
inducer of apoptosis and significantly prolonged 
survival of these mice [44]. Tumors with MLL 
translocations are dependent on transcription 
elongation, which render them sensitive to CDK9 
inhibition. While CDK9 was the suggested key 
target for dinaciclib in this case, dinaciclib, how-
ever, also inhibits CDK1, CDK2, and CDK5 at 
similar concentrations as CDK9, so the involve-
ment of these CDKs in response to this drug 
cannot be ruled out. Nevertheless, the study high-
lights the potential of CDK inhibitors as promising 
treatment for hematological malignancies.

In light of the results presented in this report, it 
may seem surprising that the overall survival 
improvement, albeit significant, was quite moder-
ate, extending the life of experimental mice of 
3–5 days in different settings. However, one 
should bear in mind the very aggressive nature of 
this AML model, leading to a median survival of 
15–17 days, which is comparable to what has been 
reported from MLL/ENL+NRAS- and MLL/AF9 
+ NRAS-driven leukemia transplantation systems 
(2–3 weeks). Of note, administration of che-
motherapy or targeted therapies (such as BET or 
HDAC inhibitors) to mice carrying any of these 
MLL-driven AMLs was reported to provide the 
same magnitude of survival benefits as those 
observed after CVT2584 treatment in this study 
[45–47]. Another consideration is the rapid turn-
over of CVT2584 in vivo (1.2 hours, data not 
shown), which limits the efficacy of the treatment. 
We tried to solve this issue by continuous supply 
of CVT2584 via implantation of osmotic mini- 
pumps, but the maximum concentration of the 
compound that can be loaded in these devices 
represents a limiting factor. A further limitation 
with our experimental model is that the reconsti-
tution of the bone marrow following the trans-
plantation of the transduced HSCs requires lethal 
irradiation of recipient mice, which puts con-
straints on the harshness of the treatment due to 
the vulnerability of the mice. We, therefore, tried 
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to circumvent this restriction by transplanting 
a smaller amount of purified leukemic cells into 
sub-lethally irradiated mice, which slowed down 
the progression of the disease but nevertheless did 
not substantially improve survival after CVT2584 
treatment compared with the other experimental 
setups (Figure 2(f)).

It is also worth noting that the CVT2584- 
treated animals displayed a lower tumor load 
than the vehicle-treated animals at the experi-
mental endpoint. The rapid onset and progres-
sion of the disease is likely causing organ 
failure in the spleen, liver and bone marrow of 
the hosts. We speculate that a sharp decline in 
functionality of these organs may cause difficul-
ties to cope with the accumulation of senescent 
tumor cells, including the production of SASP 
factors, thereby limiting the survival benefit of 
the treatment. This relates to the subject of 
safety with pro-senescence therapy, and war-
rants further investigation.

Our results also raise the question whether 
a subpopulation of leukemic cells escaped the 
effects of CVT2584, eventually leading to death 
of these mice. In a study by Campaner and collea-
gues, genetic depletion of CDK2 resulted in 
a delay in the development of Eµ-myc-driven lym-
phomas, which was overcome by acquired muta-
tions in p53 and/or other senescence effector 
genes [25]. A similar escape mechanism seems 
less likely to occur in our AML model due to the 
short time required for mice to reach an ethical 
endpoint. Another explanation is that CDK2 inhi-
bition is not sufficient for a complete senescence 
response. It may be necessary to combine CDK2 
inhibition with molecules targeting other senes-
cence regulators such as CDK4, p53, SKP2, or 
PTEN. This may be one of the reasons why 
increasing CVT2584 concentrations beyond 
1.6 mg/kg did not improve the outcome, although 
more trivial explanations such as decreased solu-
bility at higher concentrations are also conceiva-
ble. Another possibility is that CDK2 inhibition 
may trigger epigenetic changes that will compen-
sate for loss of CDK2 activity. Recent studies sug-
gest that tumor cells escaping senescence can 
reprogram into stem cell–like cells that are intrin-

sically less responsive to therapy [48]. 
Furthermore, SASP factors secreted by senescent 
cells can play an adverse role by promoting angio-
genesis and suppression of the immune system 
depending on the context [49]. To prevent this 
scenario, different ways of eliminating senescent 
tumor cells are under development. For instance, 
so-called senolytic drugs, such as the 
BCL2/BCL-XL inhibitor Navitoclax, have been 
shown to clear senescent cancer cells through 
apoptosis [50]. Such drugs could potentially be 
used in combination with CDK2 inhibitors for 
cancer treatment in the future.

The present study adds to previous studies 
from our lab as well as other groups suggesting 
that CDK2 is an interesting alternative target for 
cancer therapy, in particular in MYC-driven 
tumors such as MYCN-amplified neuroblastoma, 
MYC-driven B lymphoma, MYC/MYCN-driven 
medulloblastoma and triple-negative breast can-
cer [25–27,51–54]. Other candidates for CDK2 
therapy are breast and ovarian cancer with ampli-
fication and overexpression of its activating part-
ner cyclin E, but also prostate and colorectal 
cancer, glioblastoma, Ewing’s sarcoma and hema-
topoietic malignancies, including diffuse large 
B-cell lymphoma and AML have been suggested 
[54–56]. Of note, CDK2 has been implicated in 
drug resistance development to CDK4/6 inhibi-
tion in breast cancer [57], and CDK2 targeting 
could therefore be a treatment option for such 
patients.

In summary, the present work demonstrates 
that pharmacological CDK2 inhibitor CVT2584 
significantly delays MYC/BCL-XL-driven leuke-
mia through induction of cellular senescence. 
Together with other reports, this work suggests 
that CDK2 is a promising target for cancer ther-
apy, in particular for MYC-driven tumors, war-
ranting the development of new, more potent, 
and selective CDK2 inhibitors in the future.
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