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Cyclin-dependent kinases (CDKs) mediate cell cycle progression, 
regulating transition from G1 to S phase and G2 to M phase. CDK 
activity is tightly controlled throughout the cell cycle by posttran-
scriptional modifications as well as the expression of cyclins and 
CDK inhibitors. There are four proliferative CDKs: CDK1, 

which predominantly regulates the transition from G2 to M phase, 
and CDK2/4/6, which regulate the transition from G1 to S phase 
(1,2). Recent work has shown that there is considerable redun-
dancy among the CDKs that regulate the transition from the  
G1 to S phase, and many proliferating cells can use any of these 
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 Background Cyclin-dependent kinases (CDKs) regulate cell proliferation and coordinate the cell cycle checkpoint response to 
DNA damage. Although inhibitors with varying selectivity to specific CDK family members have been devel-
oped, selective CDK4/6 inhibitors have emerged as the most attractive antineoplastic agents because of the 
importance of CDK4/6 activity in regulating cell proliferation and the toxic effects associated with inhibition of 
other CDKs (eg, CDK1 and CDK2).

 Methods FVB/N wild-type mice (n = 13) were used to evaluate carboplatin-induced myelosuppression in bone marrow by 
complete blood cell counts after treatment with the CDK4/6 inhibitor PD0332991. Genetically engineered murine 
models of retinoblastoma (Rb)-competent (MMTV-c-neu) and Rb-incompetent (C3-TAg) breast cancer (n = 16 
MMTV-c-neu mice in the carboplatin plus vehicle control group, n = 17 MMTV-c-neu mice in the carboplatin plus 
PD0332991 group, n = 17 C3-TAg mice in the carboplatin plus vehicle control group, and n = 14 C3-TAg mice in 
the carboplatin plus PD0332991 group) were used to investigate the antitumor activity of PD0332991 alone or in 
combination with chemotherapy. All statistical tests were two-sided.

 Results Coadministration of PD0332991 with carboplatin compared with carboplatin alone in FVB/N wild-type mice 
increased hematocrit (51.2% vs 33.5%, difference = 17.7%, 95% confidence interval [CI] = 226.7% to 28.6%, 
P < .001), platelet counts (1321 vs 758.5 thousand cells per µL, difference = 562.5 thousand cells per µL, 95% 
CI = 2902.8 to 2222.6, P = .002), myeloid cells (granulocytes and monocytes; 3.1 vs 1.6 thousand cells per µL, 
difference = 1.5 thousand cells per µL, 95% CI = 22.23 to 20.67, P < .001), and lymphocytes (7.9 vs 5.4 thousand 
cells per µL, difference = 2.5 thousand cells per µL, 95% CI = 24.75 to 20.18, P = .02). Daily administration of 
PD0332991 exhibited antitumor activity in MMTV-c-neu mice as a single agent. However, the combination of 
carboplatin plus PD0332991 decreased antitumor activity compared with carboplatin alone in Rb-competent 
mice (mean percent change in tumor volume at day 21 = 252.6% vs 3.7% for carboplatin and carboplatin plus 
PD0332991, respectively, difference = 56.3%, 95% CI = 2109.0% to 23.6%, P = .04). In contrast, Rb-deficient 
tumors in C3-Tag mice were resistant to PD0332991, and coadministration of PD0332991 plus carboplatin had 
no effect on in vivo tumor growth (mean percent change in tumor volume at day 21 = 118.8% and 109.1%  
for carboplatin and carboplatin plus PD0332991, respectively, difference = 9.7%, 95% CI = 2183.5% to 202.9%, 
P = .92). Finally, in tumor-bearing mice, coadministration of PD0332991 with carboplatin provided statistically 
significant protection of platelets (P = .04).

 Conclusion We believe that the present data support a possible role for CDK4/6 inhibitors in a majority of patients with 
advanced cancer: to either inhibit tumor growth in CDK4/6-dependent tumors or ameliorate the dose-limiting 
toxicities of chemotherapy in CDK4/6-indepdendent tumors. Our data also suggest CDK4/6 inhibitors should not 
be combined with DNA-damaging therapies, such as carboplatin, to treat tumors that require CDK4/6 activity for 
proliferation.
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kinases. However, certain cells in the developing and adult 
mammal (eg, hematopoietic stem and progenitor cells [HSPCs] 
and pancreatic beta cells) absolutely require the activity of 
CDK4/6 for proliferation (3–10).

Inactivation of the G1 to S phase checkpoint through several 
events such as deletion of Rb or cyclin-dependent kinase inhibitor 
2A (CDKN2A), CDK4 point mutation, or cyclin D1 (CCND1) 
amplification is a characteristic feature of human malignancy (11). 
Several of these lesions specifically activate CDK4 and/or CDK6, 
suggesting a subset of these tumors may require CDK4/6 activity 
for proliferation. Alternatively, some cell cycle regulatory events 
such as loss of Rb or human papillomavirus E7 expression would be 
predicted to obviate a cancer cell’s need for CDK4/6 activity for 
G1 to S traversal (11–15). Therefore, in general terms, cancers can 
be defined as either CDK4/6-dependent or CDK4/6-independent 
on the basis of molecular events that compromise the G1 check-
point in a given tumor. Because so many diverse human cancers 
harbor genetic events that activate CDK4/6, it has been hypothe-
sized that selective CDK4/6 inhibitors may have broad antitumor 

activity in human malignancies. The finding that most normal 
proliferating cells can use CDK2 or CDK4/6 for proliferation 
(4,5,9,16) also suggests that selective CDK4/6 inhibitors will not 
exhibit toxic effects, such as myelosuppression and enteropathy, 
which are induced by agents that nonspecifically inhibit the cell 
cycle such as pan-CDK inhibitors (17).

There have been extensive efforts to specifically target 
CDK4/6 (18,19), which have led to the development of an array 
of small-molecule CDK inhibitors of varying selectivity. These 
studies have led to the recent development of a few potent and 
selective CDK4/6 inhibitors. One of these agents, PD0332991 
(15,20), has entered human clinical testing in estrogen receptor–
positive breast cancer, myeloma, and other cancers likely to be 
CDK4/6 dependent (21,22). Two trials of other CDK4/6 inhibi-
tors (NVP-LEE011 and LY2835219) have begun enrolling  
cancer patients for phase I clinical testing. The selective CDK4/6 
inhibitors have demonstrated statistically significant antitumor 
activity in preclinical models of melanoma, glioblastoma, and 
breast cancer (eg, Rb-competent cell lines and xenografted 
tumors), with only minimal toxic effects during long-term treat-
ment in rodents. As predicted, these agents have not exhibited 
activity in cell lines harboring genetic deletion of the CDK-target 
Rb (8,23–26). Although these data have suggested a role 
for selective CDK4/6 inhibitors as antineoplastic agents, we  
recently showed that murine melanomas characterized by a loss 
of CDKN2A were not dependent on CDK4/6 activity (8). 
Therefore, neither intact Rb function nor the presence of 
CDK4-activating lesions such as CDKN2A loss necessarily predicts 
CDK4/6 dependence.

Although targeted agents have transformed clinical oncology, 
traditional cytotoxic drugs and ionizing radiation remain the main-
stay of curative cancer therapy. Myelosuppression continues to 
represent the major dose-limiting toxic effect of these cytotoxic 
treatments, resulting in considerable morbidity and mortality, and 
frequent reductions in chemotherapy dose intensity, which may 
compromise disease control and patient survival (27). To address 
this need, the US Food and Drug Administration has approved 
drugs for chemotherapy-induced anemia (ie, epoetin-a and 
darbepoetin-a) and neutropenia (ie, filgrastim and pegylated 
filgrastim), but these injectable biological agents are associated with 
substantial costs and morbidity (28–34). Therefore, myelosuppres-
sion is a major problem in cancer care and will remain a challenge 
even in the era of targeted therapies.

We have recently shown that selective CDK4/6 inhibitors 
could afford marked hematopoietic protection from lethal doses  
of ionizing radiation through the induction of “pharmacological 
quiescence” in early HSPCs (8). Because of these observations, we 
hypothesized that pharmacological quiescence might also protect 
the bone marrow from myelosuppression induced by cytotoxic 
chemotherapy. However, this strategy may also result in tumor 
protection, which has limited the use of other agents like amifos-
tine and dexrazoxane as antitumor agents (35). In our study, we 
sought to combine pharmacological quiescence induced by the 
CDK4/6 inhibitor PD0332991 with effective cytotoxic chemo-
therapy in two well-defined autochthonous murine models of 
breast cancer with a compromised G1 checkpoint caused by 
different genetic events.

CONTEXT AND CAVEATS

Prior knowledge
Cyclin-dependent kinases (CDKs) are key regulators of the cell 
cycle, and studies have indicated that selective CDK4/6 inhibitors 
may have antitumor activity without the toxic effects observed 
when pan-CDK inhibitors are used. The CDK4/6 inhibitor, PD0332991, 
has been previously shown to protect hematopoietic cells from 
ionizing radiation.

Study design
The ability of PD0332991 to protect hematopoietic cells from  
cytotoxic chemotherapy was investigated in wild-type mice and 
tumor-bearing genetically engineered mice. Two genetically engi-
neered mouse models of breast cancer were used to investigate 
the antitumor effects of combining PD0332991 with chemotherapy.

Contribution
The CDK4/6 inhibitor protected hematopoietic cells from carboplatin-
induced cytotoxicity and had antitumor activity as a single agent  
in a HER2-positive mouse model of breast cancer (MMTV-c-neu) 
but did not in a retinoblastoma (Rb)-deficient model of human 
basal-like breast cancer (C3-TAg). However, when combined with 
chemotherapy drugs, PD0332991 decreased antitumor activity in 
Rb-competent mice compared with chemotherapy alone.

Implications
Tumors can be either CDK4/6-dependent or independent, and some 
patients may benefit from treatment with a CDK4/6 inhibitor either as 
an anti-neoplastic agent or as a chemoprotectant. However, selective 
CDK4/6 inhibition may decrease the efficacy of chemotherapeutic 
drugs whose mechanism is dependent on cell cycle activity for 
proliferation in tumors that are CDK4/6-dependent.

Limitation
For this study, genetically engineered mouse models of breast 
cancer were used, which do not fully represent the genetic hetero-
geneity observed in the regulation of the cell cycle in different 
cancers.

From the Editors
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Materials and Methods
Compounds
PD0332991 (15,20) was synthesized by the Center for Integrative 
Chemical Biology and Drug Discovery at the University of North 
Carolina (Chapel Hill, NC). Carboplatin (Hospira Inc, Lake 
Forest, IL), doxorubicin (Bedford Laboratories, Bedford, OH), 
etoposide (Teva Parenteral Medicines Inc, Irvine, CA), paclitaxel 
(Ivax Pharmaceuticals Inc, Doral, FL), camptothecin (Sigma-
Aldrich, St Louis, MO), and staurosporine (Sigma-Aldrich) were 
obtained from their respective manufacturers and handled accord-
ing to the manufacturer’s recommendations.

Cell line
Telomerized human diploid fibroblasts (tHDFs), a human foreskin 
fibroblast line immortalized with expression of human telomerase 
(36,37), were grown in an incubator at 37°C in a humidified 
atmosphere of 5% CO2 and cultured in Dulbecco’s modified Eagle 
media containing 10% fetal bovine serum, 100 U/mL penicillin/
streptomycin (Invitrogen, Carlsbad, CA), and 1× Glutamax 
(Invitrogen). The tHDF cells were previously engineered with a 
retrovirus encoding E2F-1 fused to a modified hormone-binding 
domain from the estrogen receptor, which upon 4-hydroxy tamoxifen 
treatment induces ARF (36). On receipt of the tHDF cells on 
November 14, 2007, they were authenticated by treatment with 
4-hydroxy tamoxifen as previously described (36), and ARF induction 
was verified by real-time polymerase chain reaction (data not shown).

Assessment of DNA Damage and Apoptosis by g-H2AX 
Flow Cytometry and Caspase Activation
For the g-H2AX assay, 30 000 cells were plated per well in 12-well 
plates. For the caspase 3/7 assay, 1000 cells were plated per well in 
96-well white wall clear bottom plates. Cells were incubated at 
37°C in a humidified atmosphere of 5% CO2 for 24 hours. Cells 
were then incubated at 37°C in a humidified atmosphere of  
5% CO2 with 10, 30, 100, or 300 nM PD0332991 or dimethyl 
sulfoxide (Sigma-Aldrich) vehicle control for 16 hours. Cells were 
then treated with chemotherapy (100 µM carboplatin, 1 µM 
doxorubicin, 5 µM etoposide, 156 nM camptothecin, or 250 nM 
paclitaxel) or 1.5 nM staurosporine. For g-H2AX, cells were 
harvested for analysis 8 hours after exposure to chemotherapy or 
staurosporine.

For the g-H2AX assay, tHDF cells were fixed and stained using 
the H2A.X Phosphorylation Assay Kit (Flow Cytometry; Millipore, 
Temecula, CA) by the manufacturer’s instructions. g-H2AX-
positive tHDF cells were then quantified using a CyAn ADP 
Analyzer (Beckman Coulter, Indianapolis, IN) and FlowJo analysis 
software (Version 7.2.2; Tree Star, Ashland, OR). For the in vitro 
caspase 3/7 assay, tHDF cells were analyzed directly in the 96-well 
plates 24 hours after chemotherapy or staurosporine treatment. 
Caspase 3/7 activation was measured using the Caspase-Glo 3/7 
Assay System (Promega, Madison, WI) by following the manufac-
turer’s instructions.

Mice
All mouse experiments, treatments, and housing were done in the 
University of North Carolina Mouse Phase I Unit (Chapel Hill, 

NC) with the approval of the University of North Carolina 
Institutional Animal Care and Use Committee. No more than five 
mice were housed per cage with ad libitum access to standard chow 
and water. All mice were drug and procedure naive before the 
start of the studies described here. All mice were killed by CO2 
inhalation followed by cervical dislocation.

For studies of wild-type mice, 8- to 12-week-old FVB/N female 
mice (The Jackson Laboratory, Bar Harbor, ME) were used. To 
evaluate whether pharmacological quiescence would protect mice 
from chemotherapy-induced myelosuppression, we first used wild-
type non–tumor-bearing FVB/N mice to minimize potential com-
plexities resulting from the impact of a tumor on the health of the 
mice. In addition, for these initial analyses in non–tumor-bearing 
FVB/N mice (n = 13 mice per group), we used a single dose of 90 
mg/kg carboplatin to illicit pancytopenia to  
minimize non-hematological complications from the cumulative 
exposure to carboplatin seen in the lower 75 mg/kg carboplatin 
regimen given weekly for 3 weeks that was used in our efficacy 
studies.

The C3-TAg transgenic mouse model (The Jackson Laboratory) 
of basal-like breast cancer (BBC) (38) and the MMTV-c-neu 
mouse model (The Jackson Laboratory) of luminal breast cancer 
(39) were both on the FVB/N background. These mice were used 
because they represent models of Rb-competent (MMTV-c-neu 
model) and Rb-incompetent (C3-TAg model) breast cancer. Also, 
they have been extensively characterized in previous studies,  
including expression profiling, which have shown that they repre-
sent their human breast cancer subtype (40). The MMTV-c-neu 
model of breast cancer expresses c-neu (the mouse ortholog of 
human HER2) driven by the mouse mammary tumor virus 
(MMTV) promoter. Previous reports in murine (41–44) and human 
HER2-positive breast cancer (45–47) suggest that these tumors 
require CDK4 and CCND1 for progression and maintenance. 
The C3-TAg model expresses the simian virus 40 large T antigen 
under the control of the rat prostatic steroid binding protein C3 
(1) promoter. Previous expression profiling studies suggest the 
C3-TAg model is the best known murine model of human BBC 
(40,48). The molecular genetics between this model and its human 
counterpart are similar, as the T-antigen binds and inactivates Rb 
and p53 (12–14), and human BBC is frequently deficient for both 
Rb and p53 (14,48–52).

To evaluate myelosuppression, peripheral blood was collected 
by tail vein nick for complete blood cell analysis, which was per-
formed using a HEMAVET HV950 multispecies hematology 
system (Drew Scientific, Waterbury, CT) by following the manu-
facturer’s instructions. C3-TAg (11 mice in the control group,  
seven mice in the PD0332991 group, 17 mice in the carboplatin 
plus vehicle control group, and 14 mice in the carboplatin plus 
PD0332991 group) and MMTV-c-neu (19 mice in the control 
group, seven mice in the PD0332991 group, 16 mice in the carbo-
platin plus vehicle control group, and 17 mice in the carboplatin 
plus PD0332991 group) mice were examined weekly to assess 
tumor development by palpation. Mice were enrolled in the study 
when tumor volumes were approximately 50–60 mm3 by caliper 
measurement. Following enrollment, tumor response was assessed 
by weekly caliper measurement. Data were normalized to tumor 
size at the time of therapy initiation, and volumes were calculated 

 at U
niversity of N

orth C
arolina at C

hapel H
ill on February 12, 2012

http://jnci.oxfordjournals.org/
D

ow
nloaded from

 

http://jnci.oxfordjournals.org/


4   Article | JNCI Vol. 104, Issue 6  |  March 21, 2012

by the formula volume = [(width)2 × length]/2. Tumor-bearing 
mice were killed, as described above, at the indicated times because 
of morbidity, tumor ulceration, or a tumor size of more than 1.5 cm 
in diameter.

Irradiation Study
To investigate PD0332991 and/or erythropoietin (Epo; Amgen, 
Thousand Oaks, CA)-mediated hematological protection around 
the time of myelosuppressive radiation, mice were pretreated  
with 150 mg/kg PD0332991 or vehicle control by oral gavage  
30 minutes before exposure to 6.5 Gy of total body irradiation 
(TBI) (seven mice for the control group, eight mice for the Epo 
group, eight mice for the PD0332991group, and six mice for the 
PD0332991 plus Epo group). Seventy-two hours after irradiation, 
mice received daily subcutaneous injections of Epo or normal 
saline control for three consecutive days. For these experiments,  
TBI (6.5 Gy) was used to cause bone marrow damage rather than 
chemotherapy because of its ability to induce pronounced anemia, 
which is the therapeutic indication for Epo.

Bone Marrow and Tumor Cell Proliferation by Flow 
Cytometry and Bone Marrow Caspase Activation
For HSPC proliferation experiments, young adult female FVB/N 
mice were treated with a single dose of 150 mg/kg PD0332991 by 
oral gavage. Mice were then killed at 0, 24, 36, and 48 hours  
following PD0332991 administration, and bone marrow was  
harvested (n = 3 mice per time point), as previously described (8). 
Four hours before the bone marrow was harvested, mice were 
treated with 100 µg of EdU by intraperitoneal injection 
(Invitrogen). Bone marrow mononuclear cells were harvested and 
immunophenotyped using previously described methods (8). In 
brief, HSPCs and myeloid progenitors were identified by expres-
sion of lineage markers (L), Sca1 (S), and c-Kit (K). HSPCs express 
the L2K1S1immunophenotype, whereas myeloid progenitors 
express the L2K1S2immunophenotype.

For tumor proliferation experiments, tumor-bearing MMTV-
c-neu and C3-TAg mice (n = 3 mice per group) were treated with 
a single dose of 150 mg/kg PD0332991 by oral gavage, followed by 
three doses of 100 µg of EdU by intraperitoneal injection at 16, 
19, and 22 hours after PD0332991 treatment. Mice were then 
killed 24 hours after PD0332991 administration, and tumors were 
excised for further analysis. Single cell suspensions were prepared 
from the excised tumors using the GentleMacs Tissue Dissociator 
(Miltenyi Biotec, Auburn, CA) per the manufacturer’s protocol. 
The HSPCs and tumor cells were processed using the Click-iT 
EdU Alexa Fluor-647 Flow Cytometry Kit (Invitrogen). Flow cy-
tometry was performed using a CyAn ADP Analyzer (Beckman 
Coulter) and FlowJo analysis software (Version 7.2.2; Tree Star).

To measure caspase activation following chemotherapy expo-
sure, young adult female FVB/N mice were studied. Four groups 
of mice (n = 3 mice per group) were treated with vehicle control or 
150 mg/kg PD0332991 by oral gavage, 90 mg/kg carboplatin by 
intraperitoneal injection, or 150 mg/kg PD0332991 by oral gavage 
plus 90 mg/kg carboplatin by intraperitoneal injection. Twenty-
four hours after treatment, mice were killed, and the bone marrow 
was harvested. Total bone marrow cells were counted and then 
20 000 cells per well were plated in quadruplicate in 96-well plates. 

Apoptosis was measured by using the Caspase-Glo 3/7 Assay 
System (Promega) as per the manufacturer’s recommendations.

Statistical Analysis
Comparisons between two treatment groups were made using 
student t test, and comparisons between more than two treatment 
groups were made using one-way analysis of variance with 
Bonferroni correction for multiple comparisons, when appro-
priate. To analyze the g-H2AX flow cytometry data, x2 test was 
used. Log-rank tests were used in Kaplan–Meier analyses, and 
hazard ratios (HRs) with corresponding 95% confidence intervals 
(CIs) were calculated. Nonlinear regression analysis was done to 
determine whether there was a statistically significant difference 
between tumor growth curves for mice that were administered 
different treatments. P values of less than .05 were considered 
statistically significant. All statistical analyses and calculations were 
performed using GraphPad Prism 5 (GraphPad Software Inc, La 
Jolla, CA). All statistical tests were two-sided. We decided that a 
10% effect would be clinically relevant and determined that groups 
of mice of the size described above would be large enough to 
detect this effect. Ultimately, the effect was larger than expected, 
and the P values were statically significant.

Results
Effect of Pharmacological Quiescence Induced by CDK4/6 
Inhibition at the Time of Exposure to DNA-Damaging 
Agents
To determine if pharmacological quiescence afforded resistance to 
chemotherapeutic agents with differing mechanisms of action, we 
developed an in vitro model using tHDFs (a human foreskin fibro-
blast line immortalized with expression of human telomerase). 
These cells are highly CDK4/6 dependent for proliferation as 
demonstrated by their complete G1 arrest following treatment 
with PD0332991 (8). Treatment with PD0332991 to affect a cell 
cycle arrest before treatment with several DNA-damaging agents 
(eg, carboplatin, doxorubicin, etoposide, and camptothecin) or an 
antimitotic agent (paclitaxel) attenuated DNA damage as measured 
by the level of phosphorylated forms of the H2AX histone 
(g-H2AX), a marker of DNA double-strand breaks (Figure 1, A). 
Treatment with staurosporine, a pan-kinase inhibitor, did not 
result in appreciable g-H2AX formation (Figure 1, A). Additionally, 
treatment of tHDF cells with PD0332991 before carboplatin, 
doxorubicin, etoposide, camptothecin, and paclitaxel exposure 
elicited a robust decrease in caspase 3/7 activation in a dose-
dependent manner (Figure 1, B). These data indicate that a tran-
sient cell cycle arrest, induced by CDK4/6 inhibition, protects 
CDK4/6-senstive cells from the toxicity of a variety of commonly 
used cytotoxic chemotherapy agents that are associated with 
myelosuppression.

Effect of Pharmacological Quiescence on Chemotherapy-
Induced Myelosuppression In Vivo
On the basis of the finding that pharmacological quiescence of 
HSPCs in vivo provides protection from a lethal dose of TBI (8), 
we sought to determine if pharmacological quiescence would also 
protect mice from chemotherapy-induced myelosuppression. For 

 at U
niversity of N

orth C
arolina at C

hapel H
ill on February 12, 2012

http://jnci.oxfordjournals.org/
D

ow
nloaded from

 

http://jnci.oxfordjournals.org/


jnci.oxfordjournals.org   JNCI | Article 5

these experiments, a detailed understanding of the temporal effects 
of pharmacological quiescence on HSPCs was required to ensure 
that the cell cycle remained arrested throughout the period of 
chemotherapy exposure. We measured the kinetics of pharmaco-
logical quiescence induction and reversal in HSPCs from 8- to  
12-week-old female FVB/n mice after a single dose of 150 mg/kg 
PD0332991 administered by oral gavage (Figure 2, A). 
Hematopoietic progenitors were determined by the LKS immun-
ophenotype. EdU incorporation was reduced after CDK4/6 inhib-
itor treatment (EdU incorporation at baseline, 24 hours, and  
36 hours = 60.4%, 17.8%, and 22.5%, respectively; difference at 24 
hours = 42.6%, 95% CI = 28.8% to 56.4%; difference at  
36 hours = 37.9%, 95% CI = 26.8% to 49.0%) and resulted in a 
robust suppression of proliferation in early HSPCs (L2K1S1) 
(Figure 2, A). Differentiated myeloid progenitors (L2K1S2) were 
similarly sensitive to CDK4/6 inhibition (EdU incorporation at 
baseline, 24 hours, and 36 hours = 49.4%, 14.9%, and 14.9%,  
respectively; difference at 24 hours = 34.5%, 95% CI = 19.7% to 
49.3%; difference at 36 hours = 34.5%, 95% CI = 25.6% to 43.4%) 
(Figure 2, A). EdU incorporation in both fractions returned to 
baseline levels by 48 hours after oral gavage with PD0332991 
(Figure 2, A). These data show that a single oral dose of a potent 
and selective CDK4/6 inhibitor can produce reversible pharmaco-
logical quiescence in HSPCs and myeloid progenitors that lasts 
longer than 36 hours.

To directly measure the effect of transient pharmacological 
quiescence on chemotherapy-induced bone marrow toxicity, we 
determined the ability of CDK4/6 inhibitors to prevent carboplatin-
induced myelosuppression. We chose carboplatin for in-depth  
in vivo analysis because of its widespread clinical use; propensity  
to cause dose-limiting myelosuppression, including thrombocyto-
penia; and evidence of antitumor activity in several breast cancer 
genetically engineered murine models (GEMMs). Consistent with 
the literature (53), we established that a single dose of 90 mg/kg 

carboplatin in 8- to 12-week-old female FVB/n mice resulted in 
measurable pancytopenia 14 days after administration after testing 
several dosing regimens (data not shown). Pharmacokinetic pa-
rameters for carboplatin were unchanged when coadministered 
with PD0332991 (Supplementary Figure 1 and Supplementary 

Figure 1. Ability of pharmacological quiescence to protect against 
chemotherapy-induced g-H2AX formation and apoptosis. The tHDF cells 
were treated with varying concentrations of PD0332991 (PD) before treat-
ment with 100 µM carboplatin, 1 µM doxorubicin, 5 µM etoposide, 156 
nM camptothecin, 250 nM paclitaxel, or 1.5 nM staurosporine. The tHDF 
cells were then assayed for A) g-H2AX formation and B) caspase 3/7 
activation. g-H2AX formation data measured by flow cytometry represent 

at least 20 000 gated events. Caspase 3/7 data are presented as the  
average ratio from a single experiment of 1000 cells per well in quadru-
plicate. P values were calculated by a two-sided x2 test (g-H2AX forma-
tion data) or one-way analysis of variance (caspase 3/7 data) with 
Bonferroni correction for multiple comparisons. All data are representa-
tive of three independent experiments. *P < .05, **P < .01, ***P < .001. 
RLU = relative light units; tHDF = telomerized human diploid fibroblast.

–

Figure 2. Pharmacodynamic assessment of CDK4/6 inhibition in the 
bone marrow. A) FVB/N mice (n = 3 mice per group) were treated with 
a single dose of 150 mg/kg PD0332991 by oral gavage to assess the 
temporal effect of transient CDK4/6 inhibition on bone marrow arrest 
and was quantitated by EdU incorporation at the indicated times. Four 
hours before bone marrow harvest, mice were treated with 100 µg of 
EdU. After the mice were killed by CO2 inhalation followed by cervical 
dislocation, bone marrow was harvested and sorted by expression of 
lineage markers (L), c-KIT (K), and Sca1 (S) to evaluate the temporal 
impact of CDK4/6 inhibition on specific cell populations of the bone 
marrow: hematopoietic stem and progenitor cells (L2K1S1) and myeloid 
progenitors (L2K1S2). Error bars represent 95% confidence intervals. B) 
To assess the effect of transient CDK4/6 inhibition on carboplatin-
induced apoptosis in the bone marrow, FVB/N mice (three mice per 
group) were treated with vehicle control, 150 mg/kg PD0332991 by oral 
gavage, 90 mg/kg carboplatin by intraperitoneal injection, or 150 mg/kg 
PD0332991 oral gavage plus 90 mg/kg carboplatin by intraperitoneal 
injection. Twenty-four hours after treatment, mice were killed, bone 
marrow was harvested, and apoptosis was measured by caspase  
3/7 activation. Results shown represent a single experiment, in which 
each mouse represents a unique biological replicate and four technical 
replicates from each mouse were analyzed. Error bars represent 95% 
confidence intervals. Two-sided P values were calculated by student 
t test. Carbo = carboplatin; CDK = Cyclin-dependent kinases; PD = 
PD0332991; RLU = relative light units.
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Table 1, available online). Mice treated with carboplatin alone had 
a statistically significant increase in apoptosis, whereas coadminis-
tration of PD0332991 completely inhibited carboplatin-induced 
apoptosis in HSPCs (L2K1S1) (carboplatin alone = 4185 relative 
light units [RLU], carboplatin plus PD0332991 = 2884 RLU, 
difference = 1301 RLU, 95% CI = 615.4 to 1985, P = .001) 
(Figure 2, B). These data indicate that transient pharmacological 
quiescence provided direct protection of HSPCs from the cyto-
toxic effects of DNA-damaging chemotherapy in vivo.

We next evaluated whether this acute protection of HSPCs 
measured 24 hours after carboplatin exposure would translate into 
reduced myelosuppression post-chemotherapy in FVB/n mice. 
Using the single-dose 90 mg/kg carboplatin regimen, we found 
coadministration of PD0332991 with carboplatin provided marked 
quadrilineage hematopoietic protection at day 14 post-chemotherapy 
(Figure 3, A–D). Specifically, coadministration of PD0332991 
with carboplatin compared with single-agent carboplatin treat-
ment resulted in increased hematocrit (51.2% vs 33.5%, difference = 
17.7%, 95% CI = 26.7% to 8.58 %, P < .001), platelet counts (1321 
vs 758.5 thousand cells per µL, difference = 562.5 thousand cells 
per µL, 95% CI = 902.8 to 222.6, P < .002), myeloid cells (granu-
locytes and monocytes; 3.1 vs 1.6 thousand cells per µL, difference = 
1.5 thousand cells per µL, 95% CI = 2.23 to 0.67, P < .001), and 
lymphocytes (7.9 vs 5.4 thousand cells per µL, difference = 2.5 
thousand cells per µL, 95% CI = 4.75 to 0.18, P = .02). As the 
kinetics of cell count recovery differ for each lineage after a  
DNA-damaging exposure, it is likely that even more pronounced 
protection would have been observed for the individual lineages at 
other time points after chemotherapy. These data show that phar-
macological quiescence protects HSPCs from carboplatin-induced 

DNA damage and leads to accelerated count recovery 
post-chemotherapy.

An important consideration is how pharmacological quiescence 
compares with existing approaches to reduce myelosuppression. 
Therefore, we tested the hematological protection afforded by 
PD0332991 and/or Epo. Consistent with a previous report (54), 
three daily doses of Epo administered by subcutaneous injection 
starting 3 days post-TBI did not produce a statistically significant 
effect on red blood cell (RBC) recovery at 21 days post-TBI (mean 
RBC count after control = 3.36 million cells per µL vs mean RBC 
count after Epo treatment = 2.82 million cells per µL; difference = 
0.54 million cells per µL, 95% CI = 21.49 to 2.55) (Supplementary 
Figure 2, available online). As reported previously (8), however, 
single-agent PD0332991 led to higher RBCs after ionizing radia-
tion, as was observed in our study. In addition to affording quadri-
lineage rather than RBC-specific protection, the combined 
treatment of PD0332991 at the time of TBI and Epo post-TBI, 
provided the greatest effect on RBC recovery (mean RBC count 
after PD0332991 and Epo treatment = 5.99 million cells per µL vs 
mean RBC count after treatment with vehicle = 3.36 million cells 
per µL; difference = 2.63 million cells per µL, 95% CI = 0.46 to 
4.80, P = .02) (Supplementary Figure 2, available online). This 
observation suggests that CDK4/6 inhibition around the time of 
TBI increases RBC progenitor number and/or function and that 
these surviving erythroid progenitors are then the substrate for 
the erythropoiesis-stimulating effects of Epo. These data indicate 
that pharmacological quiescence synergizes with established 
cytokine-based approaches to reduce myelosuppression after a  
DNA-damaging event.

Efficacy of CDK4/6 Inhibitors in HER2-Driven Breast 
Tumors
We next studied the effects of pharmacological quiescence when 
used in GEMMs of breast cancer. We first examined a HER2-
driven model of breast cancer (39), which expresses c-neu 
(the mouse ortholog of human HER2) driven by the MMTV pro-
moter. We chose this model because previous studies in murine 
(41–44) and human HER2-positive breast cancer (45–47) suggest 
that these tumors require CDK4 and CCND1 for progression and 
maintenance. MMTV-neu mice were generated and observed 
post-lactation, with tumors observed with a median latency of  
approximately 25 weeks. Mice were enrolled in therapy studies 
when tumors reached a standard size (50–60 mm3) that permitted 
easy serial assessment. Treatment of mice with established tumors 
with PD0332991 for 24 hours caused a near-complete cessation of 
tumor proliferation in vivo as assessed by EdU incorporation 
(Figure 4, A). Tumor-bearing mice were continuously treated with 
PD0332991 added to their chow (100 mg/kg/d). Continuous treat-
ment with PD0332991 (100 mg/kg/d) led to a marked reduction in 
tumor volume during a 21-day course of therapy (mean percent 
change in tumor volume at day 21 = 365.5% vs 269.4% for 
control and PD0332991, respectively, difference = 434.9%, 95% 
CI = 243.8% to 626%, P < .001) (Figure 4, B) with improved 
median survival (21 days for mice treated with the vehicle control 
vs 49 days for mice treated with PD0332991; HR of survival = 
15.4, 95% CI = 4.7 to 50.5, P <.001) (Figure 4, C). Nonlinear 
regression analysis demonstrated that the tumor growth curve for 

µ µ
µ

Figure 3. Ability of transient pharmacological quiescence to provide 
quadrilineage protection from chemotherapy-induced myelosuppres-
sion. FVB/N wild-type mice (n = 13 mice per group) were treated with 
vehicle control, 90 mg/kg carboplatin by intraperitoneal injection, or 90 
mg/kg carboplatin by intraperitoneal injection plus 150 mg/kg 
PD0332991 by oral gavage. Complete blood cell counts were analyzed 
on day 14. A) hematocrit levels and the number of B) platelets, C) 
myeloid cells, and D) lymphocytes were determined. Boxes represent 
the 5%–95% distribution, whiskers represent minimum and maximum 
values, and the middle bar represents the median. Student’s t test 
was done to calculate two-sided P values. Carbo = carboplatin; PD = 
PD0332991.
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PD0332991-treated mice was statistically significantly different 
from that of control mice (P < .001). Several tumors displayed 
complete tumor regression (Supplementary Figure 3, available 
online), and no resistance to PD0332991 was noted during a  
21-day course of therapy. These data show that this HER2-driven 
GEMM is “addicted” to CDK4/6 activity for proliferation.

Efficacy of Coadministration of PD0332991 and 
Chemotherapy in HER2-Driven Tumors
We next sought to determine the effects of concomitant CDK4/6 
inhibitors on chemotherapy response in HER2-driven MMTV-
neu mice. Although carboplatin has not traditionally been used in 
the first-line treatment of human HER2-positive breast cancer, it 
is active in this disease and is increasingly used in the metastatic 
setting (55). Tumor-bearing mice were treated with weekly 
intraperitoneal injection of 75 mg/kg carboplatin with or without 
150 mg/kg PD0332991 administered by oral gavage at the time of 

carboplatin administration. Both agents demonstrated activity as a 
single agent in this model by decreasing the mean tumor volume 
at day 21 (mean percent change in tumor volume = 269.4%, 95% 
CI = 287.5% to 251.3% for P0332991 and 252.6%, 95% 
CI = 266.1% to 239.2% for carboplatin) (Figure 4, B and D), 
leading to the hypothesis that a synergistic reduction in tumor 
volume may result when the agents are coadministered. Instead, 
however, CDK4/6 inhibitor coadministered with carboplatin led 
to in vivo tumor protection (mean percent change in tumor 
volume at day 21 = 252.6% vs 3.7% for carboplatin and carbopla-
tin plus PD0332991, respectively; difference = 256.3%, 95% 
CI = 2109.0% to 23.6%, P = .04) (Figure 4, D). Nonlinear 
regression analysis demonstrated that the tumor growth curve for 
carboplatin plus PD0332991 treated mice was statistically signifi-
cantly different from carboplatin only treated mice (P = .047). 
A similar reduction of the antitumor efficacy of doxorubicin,  
another highly active agent in human HER2-positive breast cancer, 
was also noted in the MMTV-neu mice (Supplementary Figure 4, 
available online). These results suggest that just as pharmacological 
quiescence can protect HSPCs, a pharmacological reduction in 
tumor proliferation can also markedly reduce the efficacy of cyto-
toxic agents such as carboplatin and doxorubicin that induce tumor 
cell death in a cell cycle–specific manner.

Efficacy of CDK4/6 Inhibitors in Rb-Deficient Breast 
Tumors
We next tested CDK4/6 inhibitors in the well-defined C3-TAg 
breast tumor model (38), which previous expression profiling 
studies have shown is the best known murine model of human  
BBC (40,48). As in the MMTV-c-neu mice, we tested the effects 
of CDK4/6 inhibitors alone or in combination in tumor-bearing 
mice. In accord with the lack of functional Rb, a 24-hour course  
of PD0332991 did not affect tumor proliferation as measured  
by EdU incorporation (untreated mean number of EdU-positive 
cells = 11.8%; PD0332991 vs mean number of EdU-positive cells = 
12.0%; difference = 0.2%, 95% CI = 22.3% to 1.8%) (Figure 5, A). 
Likewise, a continuous 21-day course of PD0332991 treatment in 
chow (100 mg/kg/d) did not reduce tumor growth (Figure 5, B) or 
extend median survival (21 days for mice treated with vehicle con-
trol vs 21 days for mice treated with PD0332991; HR = 0.67, 95% 
CI = 0.19 to 2.32, P = .52) (Figure 5, C). These data show that this 
Rb-deficient GEMM model of BBC is not dependent on CDK4/6 
activity.

Efficacy of Coadministration of PD0332991 and 
Chemotherapy in Rb-Deficient Tumors
To determine the effects of CDK4/6 inhibitors on the chemo-
therapy response in the C3-TAg breast tumor model of BBC, we 
examined the efficacy of concomitant carboplatin and CDK4/6 
inhibitors in this model. Carboplatin is a highly active and com-
monly used agent in human BBC (56), and previous studies in the 
University of North Carolina Mouse Phase I Unit had established 
that this agent, given weekly by intraperitoneal injection, exhibited 
statistically significant single-agent activity in the C3-TAg model 
(data not shown). Consistent with the finding that CDK4/6 
inhibition did not modulate tumor proliferation in this model 
(Figure 5, A), a single dose of CDK4/6 inhibitor coadministered 
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Figure 4. The use of CDK4/6 inhibitors in a CDK4/6-dependent geneti-
cally engineered murine model of breast cancer. A) A single dose of 
150 mg/kg PD0332991 (n = 4) or vehicle control (n = 3) was administered 
by oral gavage to tumor-bearing MMTV-c-neu mice. Twenty-four hours 
later, tumors were excised, and the mean tumor EdU labeling, a 
measure of proliferation, was assessed. Boxes represent the 5%–95% 
distribution, whiskers represent the minimum and maximum values, 
and the middle bar represents the median number of proliferating cells 
labeled with EdU. Nonlinear regression analysis was used to compare 
the change in baseline tumor volume for the two groups during the 
course of the study. B–C) Tumor-bearing MMTV-c-neu mice (PD0332991, 
n = 7; control, n = 19) were treated with either PD0332991 (100 mg/kg/d) 
delivered in chow or standard chow (control) for 21 days (purple line). 
B) Tumor volumes were recorded weekly and graphed as the percent 
change in baseline tumor volume. Error bars represent the 95% confi-
dence intervals (CI). Nonlinear regression analysis was used to com-
pare the change in baseline tumor volume for the two groups during 
the course of the study. C) Kaplan–Meier curves for the control and 
PD0332991-treated groups are shown. The error bars represent the 95% 
CIs. The hazard ratio (HR) and 95% CI were calculated, and the P value 
was calculated using a two-sided log-rank test. D) Tumor-bearing 
MMTV-c-neu mice were randomly assigned to each of the study groups 
(carboplatin plus vehicle control, n = 16, or carboplatin plus PD0332991, 
n = 17). Mice received carboplatin at 75 mg/kg by intraperitoneal 
injection with or without PD0332991 (150 mg/kg by oral gavage) once a 
week for 3 weeks (purple arrows). Error bars represent 95% confidence 
intervals. Student t test was done to calculate two-sided P values for 
EdU incorporation in (B) and (D). All statistical tests were two-sided.
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with weekly 75 mg/kg carboplatin had no effect on in vivo tumor 
growth (mean percent change in tumor volume at day 21 = 118.8% 
and 109.1% for carboplatin and carboplatin plus PD0332991,  
respectively, difference = 9.7%, 95% CI = 2183.5% to 202.9%, 
P = .89) (Figure 5, D). Additionally, coadministration of carboplatin 
and PD0332991 reduced thrombocytopenia (Supplementary 
Figure 5, available online; P = .04) in C3-TAg mice, as was 
observed in wild-type mice (Figure 1, D). These results suggest 
that pharmacological quiescence does not protect tumors whose 
proliferation is resistant to CDK4/6 inhibition, indicating that 
CDK4/6 inhibitors could be safely used to reduce myelosuppres-
sion in tumors whose proliferation is not modulated by CDK4/6 
inhibition (eg, Rb-deficient tumors).

Discussion
In this study, we demonstrate that autochthonous breast tumors 
can be either CDK4/6 dependent or independent. Consistent with 
previous studies (41–47), a potent and selective CDK4/6 inhibitor 

demonstrated considerable activity in a HER2-driven GEMM. In 
contrast, inhibition of CDK4/6 did not produce a therapeutic 
benefit in the Rb-deficient C3-TAg breast cancer model nor, as we 
previously reported, in a p16INK4a-deficient melanoma GEMM (8). 
Correspondingly, Puyol et al. (57) recently showed that a CDK4/6 
inhibitor had variable activity in a RAS-driven GEMM of lung 
cancer, with some tumors responding but most exhibiting resis-
tance. These murine findings are consistent with the limited 
reported experience of CDK4/6 inhibitors in humans (eg, modest 
but important response rates in certain tumor types like myeloma, 
mantle cell lymphoma, and teratoma) (58–60).

We believe the evidence suggests that a subset of human 
tumors will show substantial dependence on CDK4/6 activity, and 
a clinical test to readily identify CDK4/6-dependent tumors would 
facilitate the clinical use of these agents as antineoplastics. Our 
data and other work suggest that Rb loss portends resistance to 
these agents (8,23,24,26). Increased expression of nonmutant 
p16INK4a, commonly observed in many tumor types (61), also 
appears to signify resistant disease given that p16INK4a is a potent 
inhibitor of CDK4/6 (24,62). Importantly, it is unlikely that mere 
CCND1 overexpression or p16INK4a loss will broadly indicate 
CDK4/6 addiction; consistent with our findings that p16INK4a-
deficient melanoma is resistant in vivo (8). In accord with these 
views, a phase II clinical trial has been initiated in non–small cell 
lung cancer that selects patients for treatment with PD0332991 
using Rb expression and p16INK4a deletion as predictors of response 
(www.clinicaltrials.gov, NCT01291017). The present data, how-
ever, demonstrate how CDK4/6 inhibitors can be used for thera-
peutic benefit in tumors, whether CDK4/6 dependent or 
independent, if a reliable means to discern resistant and sensitive 
tumors can be developed.

In particular, we show that CDK4/6 inhibitors provided mean-
ingful therapeutic benefit even in tumors that were refractory to 
CDK4/6 inhibition. Consistent with previous work with ionizing 
radiation, we showed a marked protective effect of pharmacolog-
ical quiescence on chemotherapy-induced myelosuppression. In 
vitro, this protection extended to a number of cell cycle–specific  
DNA-damaging agents as well as taxanes. Furthermore, by identi-
fying CDK4/6-resistant tumors (eg, Rb-deficient), we have shown 
successful bone marrow protection without compromising dose 
intensity or reducing tumor kill. Several retrospective and pro-
spective randomized trials have shown that reductions in the 
chemotherapy dose intensity compromises long-term disease con-
trol and survival (27). Despite compelling data, surveys in the 
United States and elsewhere have reported that dose reductions 
and delays frequently occur in clinical practice because of myelo-
suppression, even in the potentially curative setting.

Current therapeutic approaches to minimize myelosuppressive 
effects rely on the use of growth factors (ie, granulocyte colony-
stimulating factor or Epo) and have substantial limitations. These 
expensive injectable biologics each target a single hematopoietic 
cell lineage and have been associated with long-term toxic effects. 
Granulocyte colony-stimulating factor and its derivatives have 
been associated with a modest increase in the risk of myelodysplasia 
and secondary leukemia (63,64). Similarly, the association of Epo 
and derivatives with increased mortality, thrombosis, and tumor 
progression has recently garnered a Black Box warning from the 
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Figure 5. The use of CDK4/6 inhibitors in a CDK4/6-independent geneti-
cally engineered murine model of breast cancer. A) A single dose of 
150 mg/kg PD0332991 (n = 4) or vehicle control (n = 6) was administered 
by oral gavage to tumor-bearing C3-TAg mice. Twenty-four hours later, 
tumors were excised, and the mean tumor EdU labeling, a measure of 
proliferation, was assessed. Boxes represent 5%–95% distribution, 
whiskers represent the minimum and maximum values, and the middle 
bar represents the median number of proliferating cells labeled with 
EdU. Student t test was done to calculate two-sided P value for EdU 
incorporation. B–C) Tumor-bearing C3-TAg mice (PD0332991, n = 7; 
control, n = 11) were treated with either PD0332991 (100 mg/kg/d) deliv-
ered in chow or standard chow (control) for 21 days (purple line). B) 
Tumor volumes were recorded weekly and graphed as the percent 
change in baseline tumor volume. Error bars represent the 95% confi-
dence intervals. Nonlinear regression analysis was used to compare the 
change in baseline tumor volume for the two groups during the course 
of the study. C) Kaplan–Meier curves for the control and PD0332991-
treated groups are shown. The dashed lines indicate the 95% confi-
dence intervals. D) Tumor-bearing MMTV-c-neu mice were randomly 
assigned to each of the study groups (carboplatin plus vehicle control, 
n = 17, or carboplatin plus PD0332991, n = 14). Mice were administered 
75 mg/kg carboplatin by intraperitoneal injection with or without 
PD0332991 (150 mg/kg by oral gavage) once a week for 3 weeks (purple 
arrows). Error bars represent 95% confidence intervals. Nonlinear 
regression analysis was used to compare the change in baseline tumor 
volume for the two groups during the course of the study in (B) and (D). 
All statistical tests were two-sided.
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US Food and Drug Administration, which indicates that medical 
studies have shown that the drug carries a substantial risk of serious 
or even life-threatening adverse effects. Additionally, there are no 
available approaches to limit chemo-induced thrombocytopenia or 
lymphopenia. Limiting chemo-induced thrombocytopenia, in par-
ticular, is a clinically significant unmet need (65) of particular 
importance in breast cancer treated with dose-dense regimens (66) 
and (67). The pharmacological quiescence approach therefore ap-
pears to offer the advantage of quadrilineage protection as  
opposed to treating a single lineage after myelosuppression has 
occurred. Importantly, the fear of tumor protection has been a 
major limitation to the use of other adjunctive measures, but the 
well-understood mechanism of action of pharmacological quies-
cence limits this concern. By treating patients whose cancers are 
resistant to CDK4/6 inhibition (eg, Rb-deficient), chemotherapy-
induced myelosuppression can be ameliorated without compro-
mising cancer cell death.

The finding that cell cycle modulation affects the toxicity of  
DNA-damaging agents such as carboplatin and doxorubicin has 
implications for their use in human tumors. For example, we show 
that doxorubicin, carboplatin, and PD0332991 are effective in the 
MMTV-c-neu model, but that concurrent treatment of the DNA-
damaging agents with a selective CDK4/6 inhibitor results in 
reduced antitumor efficacy. Therapeutic antagonism between  
cytostatic biologic agents and cytotoxic chemotherapy has been 
suggested previously in other settings. For example, concurrent 
administration of the epidermal growth factor receptor tyrosine 
kinase inhibitors gefitinib or erlotinib with chemotherapy in  
several phase III clinical trials has proven no more effective than 
chemotherapy alone (68–71). Upon subset analysis, it has been 
suggested that patients with wild-type epidermal growth factor 
receptor (the majority of patients) treated with erlotinib plus  
chemotherapy had the worst outcomes of any treatment group 
(72,73). Our data similarly suggest that CDK4/6 inhibitors should 
not be paired with cytotoxic agents in tumors dependent on 
CDK4/6 activity for proliferation.

A major hurdle for the routine incorporation of CDK4/6 inhib-
itors into current treatment paradigms will be the ability to 
prospectively discern CDK4/6-dependent vs CDK4/6-independent  
cancers. Although there are common genetic alterations that  
predict resistance to CDK4/6 inhibition (ie, Rb loss), an incom-
plete understanding of cancer cell cycle regulation prevents full 

coverage across the spectrum of human cancers. Therefore, this 
approach would only be of clinical use if paired with a reliable 
“companion diagnostic” that provides results in clinical real time. 
Such a test of CDK4/6 dependence would likely combine muta-
tional analysis (eg, Rb and p16INK4a) with tests of mRNA and 
protein expression. For example, using a panel of over 30 breast 
cancer cells, Finn et al. (24) identified a deferential gene expression 
pattern between CDK4/6-sensitive and CDK4/6-resistant cells. 
Given the fear of unintentionally protecting a patient’s cancer, 
however, pharmacological quiescence will only be of clinical value 
if this concern can be comprehensively addressed.

To the point above, our study is not without limitations. 
Although we used two established preclinical models of breast 
cancer with a well-defined understanding of their dependence on 
CDK4/6 and Rb, the genetic lesions in these tumors do not fully 
represent the diverse genetic heterogeneity in cell cycle regulation 
seen across all cancers. Therefore, the present work provides proof 
of the potential therapeutic uses of CDK4/6 inhibitors in patients 
with CDK4/6-depedent and CDK4/6-independent tumors; how-
ever, considerable work is still needed to define genetic or other 
biomarkers that can be used to prospectively identify a specific  
tumor’s dependence on CDK4/6. Additionally, in this study, we 
only evaluated tumors that were either sensitive or intrinsically 
resistant to CDK4/6 inhibition and did not evaluate tumor models 
“transiently” sensitive or with acquired resistance to CDK4/6  
inhibition. We believe there are therapeutic strategies for employing 
CDK4/6 inhibitors in these tumors; however, this study did not 
evaluate these potential clinical scenarios.

In summary, we believe that a compelling argument can be 
made for the use of CDK4/6 inhibitors in most human cancers, 
which generally appear to come in four types based on their depen-
dence on CDK4/6 activity and sensitivity to cytotoxic agents 
(Table 1). Group I tumors are “durably” CDK4/6 dependent (eg, 
Cyclin D–amplified mantle cell lymphoma), and in this group, 
CDK4/6 inhibitors could be used as antineoplastic agents, as dem-
onstrated in our study and that of Leonard et al. (58). Group II 
tumors are fully CDK4/6 independent (eg, Rb-null small cell lung 
cancer), and we showed that in these patients, CDK4/6 inhibitors 
may be used to prevent myelosuppression. Group III tumors are 
transiently CDK4/6 dependent but rapidly develop resistance as is 
common in other therapeutics (59). We believe that CDK4/6 
inhibitors could be of use in this setting to synchronize tumor cells 

Table 1. Predicted clinical scenarios for the use of cyclin-dependent kinase (CDK)-4/6 inhibitors*

Tumor group
Response to CDK4/6  

inhibitors Possible molecular features Example cancer Clinical use of CDK4/6 inhibitors

Group I Durably sensitive D-type cyclin amplification Mantle cell lymphoma Antineoplastic [Leonard et al.  
 (58) and this study]

Group II Resistant Rb loss, E7 expression, MYC 
 amplification

BBC, SCLC, HPV-positive  
 head and neck carcinoma

Pharmacological quiescence  
 (this study)

Group III Transiently sensitive D-type cyclin overexpression Multiple myeloma, GBM Pharmacological synchronization  
 (adjunct to agents that kill in cell  
 cycle–dependent manner) (74)

Group IV Resistant (but insensitive  
 to cytotoxic agents)

Unknown Unknown None

* BBC = basal-like breast cancer; SCLC = small cell lung cancer; HPV = human papillomavirus; GBM = glioblastoma multiforme.
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in the cell cycle, allowing for increased tumor cell death with other 
cytotoxic agents. Proof of concept for this approach has been sug-
gested by Di Liberto et al. (74) in multiple myeloma, where cell 
cycle synchronization appears to boost the efficacy of bortezomib. 
Lastly, Group IV tumors are fully CDK4/6 resistant but insensi-
tive to cytotoxic agents. Although we believe this class of tumor is 
rare, it is unlikely that CDK4/6 inhibitors would be of use in these 
tumors. We believe that the present data support a possible role 
for CDK4/6 inhibitors in a majority of patients with advanced 
cancer: to inhibit tumor growth, ameliorate the dose-limiting 
toxicities of chemotherapy or ionizing radiation, or to synchronize 
tumors for increased cell death mediated by other therapeutic 
agents.
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