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Abstract
Resistance to second-generation androgen receptor (AR)
antagonists and CYP17 inhibitors in patients with castrationresistant prostate cancer (CRPC) develops rapidly through reactivation of the androgen signaling axis and has been attributed to
AR overexpression, production of constitutively active AR splice
variants, or the selection for AR mutants with altered ligandbinding speciﬁcity. It has been established that androgens induce
cell-cycle progression, in part, through upregulation of cyclin D1
(CCND1) expression and subsequent activation of cyclin-dependent kinases 4 and 6 (CDK4/6). Thus, the efﬁcacy of the newly
described CDK4/6 inhibitors (G1T28 and G1T38), docetaxel and
enzalutamide, was evaluated as single agents in clinically relevant
in vitro and in vivo models of hormone-sensitive and treatmentresistant prostate cancer. CDK4/6 inhibition (CDK4/6i) was as
effective as docetaxel in animal models of treatment-resistant

CRPC but exhibited signiﬁcantly less toxicity. The in vivo effects
were durable and importantly were observed in prostate cancer
cells expressing wild-type AR, AR mutants, and those that have lost
AR expression. CDK4/6i was also effective in prostate tumor
models expressing the AR-V7 variant or the AR F876L mutation,
both of which are associated with treatment resistance. Furthermore, CDK4/6i was effective in prostate cancer models where
AR expression was lost. It is concluded that CDK4/6 inhibitors
are a viable alternative to taxanes as therapeutic interventions in
endocrine therapy–refractory CRPC.

Introduction

signaling (4). Indeed, it is now well established that relapse is
associated with the reactivation of the androgen signaling axis
through increased intratumoral androgen production, AR overexpression, production of constitutively active AR splice variants
(AR-V1 or AR-V7), or the outgrowth of cells that express gain-offunction mutations in the AR ligand–binding domain that enable
some antiandrogens to be recognized as agonists (5–11). Some
tumors in which these resistance mechanisms manifest can be
treated with third-generation AR antagonists, such as enzalutamide, or with the CYP17 inhibitor abiraterone, a drug that
decreases adrenal and intratumoral production of androgens.
However, the duration of response to even the most contemporary inhibitors of AR signaling is relatively short, and the therapeutic options for patients progressing while on these drugs are
generally limited to taxanes (12–14). It has recently been reported
that progression during abiraterone or enzalutamide treatment is
associated with the appearance of the constitutively active AR-V7
variant. This is particularly problematic as all of the currently
available AR-directed therapies target the ligand-binding domain
of the receptor, a domain not present in AR-V7. This observation,
together with the identiﬁcation of mutations in AR that enable
enzalutamide to manifest agonist activity in tumors of treated
patients, highlight the difﬁculty of further targeting this receptor
using established approaches. Thus, there is an unmet medical
need for therapeutics that target pathways downstream of AR that
are required for tumor pathogenesis.
AR (and AR variants) drives cell-cycle progression in part
through the upregulation of cyclin D1 expression and the

Prostate cancer is the second leading cause of cancer-related
deaths and the most commonly diagnosed cancer in men in the
United States (1). In this cancer, the androgen receptor (AR) is a
key oncogenic driver responsible for the regulation of genes
whose products are required for cell growth, survival, and metastasis (2). Not surprisingly, therefore, disruption of the AR signaling axis by inhibiting testicular androgen production using luteinizing hormone–releasing hormone agonists (or antagonists) or
direct inhibition of AR signaling using antiandrogens remain ﬁrstline therapeutic options for patients diagnosed with prostate
cancer (3). Although these treatments prolong overall survival
of prostate cancer patients, resistance eventually emerges in the
majority of patients by mechanisms that remain dependent on AR
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subsequent activation of the G1 cyclin-dependent kinases
(CDK4/6; ref. 15). Although not studied extensively in prostate
cancer, the CDK4/6 inhibitors palbociclib, ribociclib, and abemaciclib have all demonstrated efﬁcacy when evaluated as
single agents or in combination with antihormonal therapy,
chemotherapy, or radiation in retinoblastoma-positive preclinical models of breast cancer (16, 17). Clinical trials have also
demonstrated that palbociclib, in combination with aromatase
inhibitors or antiestrogens, is effective in advanced estrogen
receptor–positive (ERþ) breast cancer tumors that have progressed while on endocrine therapy (18, 19). It is surprising,
considering the similar roles of the cyclin D1–CDK4/6 axis in
prostate and breast cancers, that CDK4/6 inhibitors have not
been assessed for clinical utility in patients with castrationresistant prostate cancer (CRPC). Consideration of this treatment modality in prostate cancer may have been delayed by the
signiﬁcant toxicity of the ﬁrst-generation CDK4/6 inhibitors
and the relatively recent appreciation of the extent of, and
mechanisms underlying, the development of resistance to less
toxic interventions, such as enzalutamide and abiraterone.
The clinical experience with the ﬁrst-generation, broad-spectrum CDK inhibitors was disappointing with regard to both
efﬁcacy and their signiﬁcant toxicity (reviewed in ref. 20).
However, recent experience with more selective CDK4/6 inhibitors has been much more positive, and drugs of this class are
likely to become a cornerstone in treatment regimens for
luminal breast cancer and other cancers. Notwithstanding this
success, the myelosuppression associated with the continuous
administration of existing CDK4/6 inhibitors limits their more
widespread use in cancer therapies. Whereas the neutropenia
and leukopenia associated with palbociclib and ribociclib
administration can be partially resolved with regular (every
4th week) withdrawal of the inhibitor, there is concern that
these "treatment vacations" may actually contribute to the
development of resistance (21, 22). Abemaciclib, on the other
hand, can be dosed continuously without negatively impacting
the bone marrow, although its intrinsic side effect proﬁle is also
an impediment to its more widespread use (23). With the
assumption that some of the side effects of the existing inhibitors can be attributed to their off-target activities, efforts were
made to identify a new series of highly selective CDK4/6
inhibitors, a discovery campaign that led to the development
of G1T28 and G1T38. These compounds, which are currently
under clinical development, are highly selective for their targets
and were shown to induce signiﬁcantly less myelosuppression
than palbociclib in several animal models (24, 25). Thus, in
this study, we have examined the activity of G1T28 and G1T38
in preclinical models of CRPC as a prelude to their evaluation
in clinical trials for the treatment of CRPC.

Materials and Methods
Cell lines and reagents
Reagents were obtained from the following sources: R1881,
PerkinElmer; MDV3100, palbociclib, abiraterone acetate, docetaxel (in vitro), Selleckchem; and docetaxel (in vivo), Duke
University Hospital (Durham, NC). G1T28: [20 -((5-(4-methylpiperazin-1-yl)pyridin-2-yl)amino)-7 0 ,8 0 -dihydro-6 0 H-spiro
[cyclohexane-1,90 pyrazino[10 ,20 :1,5]pyrrolo[2,3-d]pyrimidin]60 -one] and G1T38: 20 -((5-(4-isopropylpiperazin-1-yl)pyridin2-yl)amino)-70 ,80 dihydro-60 H-spiro[cyclohexane1,90 pyrazino
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[10 ,20 :1,5]pyrrolo[2,3-d]pyrimidin]-60 -one were provided by
G1 Therapeutics, Inc. All cell lines used were obtained from
ATCC, which employs STR veriﬁcation. Cells were not maintained in culture longer than 4 months.
In-cell Western assay
22rV1 cells or VCaPs were plated in RPMI or DMEM supplemented with 8% FBS in 96-well clear-bottom black plates (1.5 
104 or 2.5  104 cells/well). After 48 hours, cells were treated with
G1T28 or G1T38 for 24 hours. Cells were ﬁxed with formalin,
permeabilized using PBS (0.1% Triton X-100), and incubated
with phospho retinoblastoma T807/811 (D20B12, Cell Signaling
Technology, 1:2,000), total retinoblastoma (4H1, Cell Signaling
Technology, 1:1,000), anti-AR antibody (N-20, Santa Cruz Biotechnology, 1:2000), or actin (A5316, Sigma, 1:10,000) overnight. Cells were washed with PBS (0.1% Tween), and stained
with second antibody (Biotium CF680 goat anti-mouse or CF770
goat anti-rabbit at 1:2,000). Protein expression was assessed using
the LI-COR Odyssey imaging system.
Cell proliferation assay
LNCaP, LnCaP-XIP, LNCaP-AR, LNCaP-F876L (5  103
cells/well), VCaP (1  104 cells/well), PC-3, DU145, and 22Rv1
(4  103 cells/well) were plated in 96-well tissue culture plates,
and after 24 hours were treated as indicated and incubated for
5 to 7 days. Cellular proliferation was assessed by Hoechst
staining of DNA content.
Cell-cycle analysis
Cells were seeded in media containing 8% FBS between 1.2 
105 and 3  105 cells per well in 12-well plates and allowed to
grow for 48 hours before addition of the indicated treatments in
duplicate. Cells were harvested and ﬁxed in 70% (v/v) cold
ethanol at 20 C overnight. After washing (PBS), ﬁxed cells were
collected (centrifugation) and resuspended in PI/RNase (Sigma)
for DNA staining and analysis (BD Accuri C6 ﬂow cytometer).
Data were analyzed using the CFlow Plus program software (BD
Biosciences).
Apoptosis assay
VCaP (3  105 cells/well) and 22Rv1 (1.2  105 cells/well)
were plated in DMEM containing 8% FBS and the indicated
compound for 24 to 72 hours. Cells were trypsinized, washed,
and double stained with Alexa Fluor 488 Annexin V and Sytox
Red (Invitrogen) according to the manufacturer's instructions.
Percentage of apoptotic (Annexin V positive) cells within the
total number of cells was calculated. A total of 10,000 events
were collected for each sample (BD Accuri C6 ﬂow cytometer)
and data were analyzed using the CFlow Plus program software
(BD Biosciences).
Neutrophil isolation
Bone marrow were ﬂushed from tibia and femur bones of mice,
strained (0.22 mm cell ﬁlter), and resuspended in PBS containing
1% BSA and 10% FBS. Total cell number was quantiﬁed and an
aliquot was stained using FITC-CD11b (M1/70, BD Biosciences)
and APC-Ly-6G (RB6-8C5, Affymetrix). CD11b/Ly-6Gþ cells were
quantiﬁed using a MACSQuant ﬂow cytometer, and data were
analyzed using the MACSQuantify program software (Miltenyi
Biotec).
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Animal studies
All procedures were approved by the Duke University Institutional Animal Care and Use Committee.
LNCaP-AR-F876L xenograft. Male NSG (NOD.Cg-Prkdcscid
Il2rgtm1Wjl/SzJ) mice (in-house colony) were castrated at 6 weeks
of age, 10 days prior to injection of 3  106 LNCaP-AR F876L cells
mixed 1:1 with matrigel (BD Biosciences) subcutaneously into the
ﬂank. Tumor growth was measured 3 times weekly by caliper
[tumor volume ¼ (A2  B)/2, where A < B]. When tumor volume
reached approximately 0.1 cm3, mice were randomized (n ¼ 12–
14) to 56 days of daily oral gavage with vehicle (10 mmol/L
citrate, pH 4), enzalutamide (30 mg/kg formulated in 1% carboxymethyl-cellulose/0.1% Tween 80), docetaxel (vehicle gavage
daily and once weekly intraperitoneal injection with 20 mg/kg
docetaxel diluted in sterile saline), or G1T38 (50 or 100 mg/kg
formulated in vehicle).
22rV1 xenograft. Six-week-old male NU/NU mice (in-house colony) were castrated 10 days prior to injection of 1  106 22rV1
cells mixed 1:1 with matrigel subcutaneously and tumor measurement was performed as above.
Efﬁcacy. When tumor volume reached 0.13 to 0.22 cm3, mice were
randomized (n ¼ 15 unless otherwise indicated) to treatment
with vehicle, docetaxel, or G1T28 (100 mg/kg in citrate buffer
vehicle), G1T38 (10, 50, or 100 mg/kg), formulated, and administered as above. On treatment day 14, vehicle (n ¼ 31)-treated
mice were rerandomized to treatment with vehicle (n ¼ 15) or 100
mg/kg G1T38 (n ¼ 16). On treatment day 31, animals receiving
100 mg/kg G1T38 (n ¼ 34) with static tumor volume (2-fold
change during treatment, n ¼ 27) were rerandomized to an
additional 23 days of treatment with vehicle (n ¼ 13) or 100
mg/kg G1T38 (n ¼ 14).
Pharmacokinetics. Animals were randomized (n ¼ 25) 12 days
after tumor implant (average tumor volume ¼ 0.19 cm3  0.05
SD) to daily treatment with vehicle, G1T28 (100 mg/kg), or
G1T38 (10, 50, or 100 mg/kg) formulated as above. Animals
were euthanized (n ¼ 5) 1, 6, 12, 24, or 24 hours after the 9th
treatment. Statistical analyses were performed using GraphPad
Prism 6 and are described below.
Complete blood count analyses
Whole blood was collected into tubes containing K2EDTA after
the ninth dose of G1T28 or G1T38. A complete blood count
(CBC) was collected using an Abaxis HM5 ﬁve-part differential
hematology analyzer.
Pharmacokinetic analyses
Whole-blood and tumor samples were collected in tubes
containing K2EDTA from individual animals at 1, 6, 12, 24,
and 48 hours after the ninth dose of either G1T28 or G1T38.
Plasma was obtained by centrifugation, and tumors were homogenized using a Bead Ruptor homogenizer with 2.8-mm zirconium ceramic oxide beads after adding 3 mL of 50/50 methanol/
water per gram of tissue. G1T28 and G1T38 were extracted from
mouse plasma or tumor homogenate by protein precipitation
with acetonitrile. Before the extraction, G1T28-D3: 20 -((5-(4methylpiperazin-1-yl)pyridin-2-yl)amino)-70 ,80 -dihydro-60 H-spiro
[cyclohexane-1,90 -pyrazino[10 ,20 :1,5]pyrrolo[2,3-d]pyrimidin]60 -one di-hydrochloride was added as an internal standard. A
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portion of the organic layer was transferred to a new 96-well
plate containing an acetonitrile/water solution. The samples
were injected into an LC/MS-MS system using an Allure PFP
Propyl column with a mobile phase containing acetonitrile,
water, ammonium formate, and formic acid. Detection was
done using a Sciex API4000 mass spectrometer with a turbo
ionspray ionization source and MRM mode.
Statistical analyses
For LNCaP-AR-F876L and 22rV1 efﬁcacy xenograft studies,
using the sample size and power function in JMP statistical
software (SAS Institute, Inc), a group size of n ¼ 13 per treatment
arm was estimated to be required to reliably detect a statistically
relevant (P < 0.05) 25% change with 80% conﬁdence, given the
anticipated 15% variability for the tumor models utilized (a ¼
0.05, SD ¼ 0.15, conﬁdence of 0.8, s/delta of 0.25). This estimate
is based on one-way ANOVA followed by the Student-NewmanKeuls test and is in accordance with current literature in the ﬁeld.
Animals were randomized to treatment when tumor size measured 0.12 to 0.22 cm3 volume. Animals were allocated to
treatment such that the average initial tumor volume per group
was 0.16 to 0.17  0.01 cm3 volume. Average tumor volume and
SEM for each group over 31 to 56 days of dosing are presented.
These data were subjected to exponential growth curve analysis
constrained to share an initial value, and to two-way ANOVA
analysis followed by Bonferroni multiple comparison test.
Groups showed equivalent variance (10%–15% with normal
distribution) throughout all time points, justifying the statistical
analyses that were selected. Standard survival curve (Kaplan–
Meier analysis) was also applied to xenograft studies, using
200% of initial as an endpoint.

Results
CDK4/6 inhibition as a strategy to treat CRPC
The mitogenic actions of estrogens and androgens can be
attributed in part to their ability to induce the expression of cyclin
D1, which together with its catalytic partner(s) CDK4/6 forms a
complex that phosphorylates retinoblastoma, facilitating the
release of the sequestered E2F1 transcription factor. This transcription factor subsequently induces the expression of genes the
products of which enable cells to traverse the G1–S cell-cycle
checkpoint. Not surprisingly, through their ability to block retinoblastoma phosphorylation, small-molecule inhibitors of
CDK4/6 effectively inhibit the growth of retinoblastoma-positive,
ERþ, breast cancers, and one drug of this class, palbociclib, is
already approved for the treatment of metastatic breast cancer
when used in combination with the aromatase inhibitor letrozole
or the antiestrogen fulvestrant. Given the similar roles of estrogens
and androgens in driving cell proliferation, it is not surprising that
palbociclib was also found to be an effective inhibitor of tumor
cell proliferation in preclinical models of prostate cancer (26).
Whereas the activity of palbociclib as a prostate cancer therapeutic
remains to be determined, its established myelosuppressive activity is likely to be dose limiting, especially when combined with
docetaxel, the current standard of care in the setting of advanced
disease. Recently, we have reported the development and characterization of a new class of highly selective, tricyclic lactam
CDK4/6 inhibitors that exhibit reduced myelosuppressive activity
(24), and in this study, we have evaluated their antitumor activity
in clinically relevant in vitro and in vivo models of advanced CRPC.
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to palbociclib in these assays, it was brought forward for a
more comprehensive evaluation of its activity with a view to
assessing its potential utility as a prostate cancer therapeutic.
As expected for a drug of its class, cell-cycle analysis conﬁrmed
that the antiproliferative activity of G1T28 in all three cell lines
tested could be attributed to an accumulation of cells arrested in
the G0–G1 stage of the cell cycle (Fig. 1B). This activity correlated
with decreased retinoblastoma phosphorylation in both the
androgen-dependent (VCaP) and independent (22Rv1) cell models evaluated (Fig. 1). Notably, the IC50s of G1T28 in growth, cell
cycle, and CDK4/6 inhibition (CDK4/6i) assays were very similar
in each of the cell lines examined. At doses that maximally
inhibited cell proliferation and retinoblastoma phosphorylation,
G1T28 had no effect on the expression of wtAR (VCaP) or AR-V7
(22Rv1) and did not signiﬁcantly inhibit the expression of AR

The antiproliferative activity of the CDK4/6 inhibitors,
G1T28 and palbociclib (PD-0332991), was evaluated ﬁrst in
well-validated cellular models of prostate cancer, and their
efﬁcacy was compared with enzalutamide and docetaxel. For
these studies, the AR-dependent LnCAP and VCaP prostate
cancer cell lines were used, as was the 22rV1 cell model, which
in addition to wtAR expresses a constitutively active AR-V7
variant that likely contributes to endocrine therapy resistance
and to the emergence of CRPC. The growth of LnCAP and VCaP
cells was inhibited in a similar manner by all of the agents
tested, with both G1T28 and palbociclib exhibiting the same
efﬁcacy albeit with subtle, nonsigniﬁcant differences in potency. G1T28, palbociclib, and docetaxel all inhibited the growth
of 22rV1 cells, whereas, expectedly, enzalutamide was without
effect (Fig. 1A). Considering that G1T28 performed similarly
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Figure 1.
G1T28 inhibits cell-cycle progression in models of prostate cancer. A, LNCaP, VCaP, or 22Rv1 cells were plated in media containing 10% FBS and treated with
increasing concentrations of enzalutamide, docetaxel, palbociclib, or G1T28 (1010–104.3 mol/L) and measured for cell viability by Hoechst staining
after 5 to 7 days of treatment. B and C, LNCaP, VCaP, or 22Rv1 cells were plated in media containing 10% FBS with increasing concentrations of G1T28
(1011–106 mol/L) for 24 hours and then stained with PI for cell-cycle analysis (B) or ﬁxed, permeabilized, and stained for phospho (Ser 807/811) and
total Rb using a LI-COR Odyssey Clx imager (C). Dose–response curves were generated from densitometry of the phospho and total retinoblastoma
expression using LI-COR Image Studio software. Data are representative of at least three independent experiments.
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target genes (i.e., ORM1 or PSA) in either cell line (Supplementary
Fig. S1A and S1B). No changes in the expression of D or E cyclins
or CDK4 were noted, although, as expected, a considerable
reduction in the expression of cyclin A (an E2F1 target gene) was
observed (Supplementary Fig. S1C; ref. 27). The ability to inhibit
proliferation, without affecting the expression of AR or its target
genes, suggested that G1T28 may also inhibit the growth of
AR-negative prostate cancer cells. In evaluating this possibility,
it was noted that treatment with G1T28 inhibited the growth of
PC3, but not DU145 cells. Whereas both lines are AR-negative, in
PC3 cells, unlike DU145 cells, retinoblastoma is constitutively
active. Similar responses were observed when cells were treated
with palbociclib, and as expected, enzalutamide was without
effect in either of the AR-negative cells examined (Supplementary
Fig. S1D). When taken together, these data suggest that CDK4/6i
may be a useful approach to treat retinoblastoma-positive
AR-dependent and AR-independent prostate cancers and that
both of the inhibitors evaluated (G1T28 and palbociclib) were
similarly effective in these in vitro assays.
G1T28 inhibits the growth of 22Rv1-derived tumor xenografts
Despite the development of (i) potent and effective inhibitors of cyp17 that decrease the production of adrenal and
intratumoral androgens and (ii) third-generation antiandrogens that interfere with multiple steps in AR action, the development of resistance and progression of CRPC is an impediment to durable clinical responses. Whereas the mechanisms
underlying the development of resistance are complex, it has
been attributed in a signiﬁcant number of cases to the overexpression of AR and/or to the expression of the constitutively
active AR-V7 variant. Recently, increased AR-V7 expression has
been shown to be highly predictive of response to androgen
deprivation therapy, and thus, there is considerable interest of
late in developing strategies that will inhibit the growth of
prostate tumors expressing this variant (6). Considering the
results of the in vitro studies (above), it was of interest to evaluate the impact of G1T28 on the growth of the AR-V7–expressing
22Rv1 cells when propagated as xenografts in mice. As shown
in Fig. 2, G1T28 (100 mg/kg) signiﬁcantly inhibited tumor
growth as compared with vehicle and docetaxel (20 mg/kg). At
the end of the study, it was demonstrated that G1T28 treatment
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Figure 2.
G1T28 inhibits the growth of AR-V7þ xenograft prostate tumors. Castrated
male nu/nu mice bearing 22Rv1 xenograft tumors were randomized
(n ¼ 17/group) to treatment with vehicle, G1T28 (100 mg/kg orally, daily)
or docetaxel (20 mg/kg i.p., every week) when tumor volume reached
approximately 0.1 cm3. Average tumor volume  SEM throughout
treatment are presented.
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quantitatively inhibited retinoblastoma phosphorylation, and
although not observed in the studies performed in vitro, the
drug treatment also decreased the expression of total retinoblastoma (Supplementary Fig. S2A). The mechanisms and
consequences of the latter activity are currently under investigation. A slight decrease in ARwt expression, but not of AR-V7,
was also noted, but the signiﬁcance of this ﬁnding in endpoint
tumors is unclear (Supplementary Fig. S2A). Regardless, these
results suggest that CDK4/6 inhibitors may have utility as
prostate cancer therapeutics having a particularly useful characteristic of being able to inhibit the growth of tumors expressing the AR-V7 variant. Thus, we further explored the potential
clinical utility of this class of drug in additional models of
CRPC.
CDK4/6 inhibition in multiple models of antiandrogen
resistance
G1T28 is currently being evaluated in two separate phase II
clinical trials in patients with small-cell lung carcinoma as an
approach to suppress the proliferation of hematopoietic stem
and progenitor cells during chemotherapy, an activity that is
expected to preserve the immune and hematopoietic systems.
Here, the drug is administered intravenously to allow precise
control of bone marrow arrest and proliferation. Thus, nearterm use of this particular compound in prostate cancer could
be contemplated, but this route of administration is not ideal
for an antineoplastic therapy. However, having established the
utility of G1T28 in relevant models of prostate cancer, we were
encouraged to explore G1T38 (chemical structure in Supplementary Fig. S2B), a closely related homolog of G1T28, in
models of CRPC. To this end, the activity of G1T38 was assessed
in relevant cellular and animal models of prostate cancer.
Importantly, a comprehensive in vitro analysis revealed no
discernable differences between G1T28 and G1T38 with respect
to their ability to inhibit retinoblastoma phosphorylation,
induce G0–G1 arrest, or inhibit the proliferation of AR-positive
prostate cancer cells. In addition, like G1T28, G1T38 also
inhibited the proliferation of PC3 but not DU145 cells (Supplementary Fig. S3A–S3C).
Considering the functional equivalence of G1T28 and G1T38
in vitro, we next evaluated the antitumor activity of the latter
drug in the 22Rv1 model of CRPC as outlined in Fig. 3A. In this
study, it was observed that G1T38 (50 and 100 mg/kg does)
signiﬁcantly inhibited tumor growth and increased tumor
doubling time compared with the vehicle arm (Fig. 3B). Equivalent, near complete inhibition of tumor growth was noted in
the 100 mg/kg G1T38 and docetaxel treatment groups. Because
of animal weight loss, docetaxel treatment was limited to
4 cycles (28 days with animals euthanized on treatment day
31), whereas body weights of animals treated with 100 mg/kg
G1T38 remained consistent throughout the study (Supplementary Fig. S3D). An additional substudy was performed in which
the animals receiving G1T38 (100 mg/kg) for 31 days (see
Fig. 3B) were rerandomized (n ¼ 13) to an additional treatment
with vehicle or 100 mg/kg G1T38. The data from the vehicle
treatment group from Fig. 3B are also shown for comparative
purposes. It was observed that tumor growth resumed upon
drug withdrawal, conﬁrming the requirement for the continued
presence of drug to maintain growth suppression. However, at
later points in the study, the tumors in some of the treated
animals began to grow and exhibit drug resistance (Fig. 3C).
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Figure 3.
Tumor growth suppression by CDK4/6i is dependent upon starting tumor volume and continuous exposure. A, Experimental outline: 22Rv1 xenograft tumors
were initiated in castrated nu/nu mice and allowed to reach approximately 0.15 cm3 volume prior to randomization treatment with vehicle (n ¼ 31), with 20 mg/kg
docetaxel (intraperitoneally, every week), or with 10, 50, or 100 mg/kg G1T38 (orally, every day, n ¼ 15, 14, and 27, respectively). On treatment day 14,
vehicle-treated animals were rerandomized to continue to receive vehicle (n ¼ 15) or to treatment with G1T38 (100 mg/kg orally, every day, n ¼ 16). On treatment
day 32, mice receiving 100 mg/kg G1T38 were rerandomized to continue to receive 100 mg/kg G1T38 (n ¼ 14) or to treatment with vehicle (n ¼ 13). Average
tumor volume  SEM of animals treated as described are presented in B–D, as well as time (days) required to reach 2 tumor volume as compared with
initial volume on day 0. B, Average tumor volume  SEM of all treatment groups during treatment days 0 to 31. Two-way ANOVA analysis followed by
Bonferroni multiple comparison test determined that signiﬁcant tumor growth inhibition (P < 0.05) was observed for 10 mg/kg G1T38 (days 28 and 31) and for 50 or
100 mg/kg G1T38 or docetaxel treatment (days 14–31). Standard Kaplan–Meier analysis of time to endpoint indicated a signiﬁcant growth delay using an
adjusted Bonferroni cutoff of P < 0.01. C, Average tumor volume  SEM of vehicle and 100 mg/kg G1T38 (continuous and withdrawal on treatment day 32). Two-way
ANOVA analysis followed by Bonferroni multiple comparison test, as well as Kaplan–Meier analysis, determined that signiﬁcant tumor growth (P < 0.05) was
observed on treatment days 47 to 54 for animals rerandomized to vehicle after treatment day 31 (arrow). D, Average tumor volume  SEM of vehicle and 100 mg/kg
G1T38 (treatment days, 14–47). Two-way ANOVA analysis followed by Bonferroni multiple comparison test, as well as Kaplan–Meier analysis, determined that
signiﬁcant tumor growth inhibition (P < 0.05) was observed following rerandomization to treatment with 100 mg/kg G1T38.
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Figure 4.
G1T38 inhibits the growth of AR F876Lþ xenograft tumors. Castrated male NSG mice bearing LNCaP-AR-F876L xenograft tumors were randomized to
8 weeks of treatment with vehicle, Enzalutamide (30 mg/kg orally, every day), G1T38 (50 or 100 mg/kg orally, every day), or docetaxel (20 mg/kg i.p.,
every week). Both time-to-progression analysis (with an adjusted Bonferroni cutoff of P < 0.01; B) and two-way ANOVA comparison of average
tumor volumes throughout treatment (A), followed by Bonferroni multiple comparison test, indicated signiﬁcant tumor growth inhibition by G1T38
(50 and 100 mg/kg) and by docetaxel on treatment days 40 to 56.

The underlying mechanisms by which the resistance observed
occurs are currently under investigation. To assess the ability of
G1T38 to suppress the growth of established tumors, we
rerandomized animals (n ¼ 14) from the vehicle treatment
group at day 14 (tumor size of 0.5 cm3) to receive vehicle
alone or G1T38 (100 mg/kg). In this manner, it was determined
that G1T38 signiﬁcantly decreased tumor growth, but tumor
regression was not observed (Fig. 3D).
In addition to the expression of AR splice variants, resistance to
endocrine therapy has been associated with (i) overexpression of
wtAR, which ampliﬁes the residual partial agonist activity of antagonists and (ii) point mutations within the ligand-binding domain of
the receptor that enable it to recognize antagonists as agonists. One
of the most recently discovered mutants in AR, F876L, renders
prostate cancer cells resistant to enzalutamide. Considering the
clinical importance of these resistance mechanisms, we have engineered LNCaP cells, which express AR T877A endogenously, to
overexpress wild-type AR (XIP-AR) or AR F876L (XIP-AR F876L;
ref. 28). Notably, Casodex-driven growth of XIP-AR cells and enzalutamide-driven growth of XIP-AR F876L cells were both sensitive to
CDK4/6i (Supplementary Fig. S4). As a follow-up, we assessed the
extent to which CDK4/6i would be an effective strategy to inhibit the
growth of LNCaP-AR-F876L cell–derived xenografts. The results of
this study, shown in Fig. 4, indicate that although enzalutamide was
without effect, G1T38 (100 mg/kg) was as effective as docetaxel,
with 50 mg/kg G1T38 exhibiting moderate efﬁcacy (Fig. 4).
Evaluation of the pharmacokinetic/pharmacodynamic
properties of G1T28 and G1T38
A comparative analysis of the relationship between tumor
response and intratumoral exposure to both G1T28 and G1T38
was undertaken. For this pharmacokinetic/pharmacodynamic
study, we utilized the 22Rv1 xenograft model and measured drug
levels in plasma and tumors following administration of G1T38
and G1T28 as outlined in Fig. 5A. Signiﬁcant inhibition of tumor
growth was observed after 8 days of treatment with G1T28 (only
100 mg/kg evaluated) or G1T38 (50 or 100 mg/kg doses), with
G1T38 exhibiting greater growth suppression than G1T28 at the
100 mg/kg dose (Fig. 5B). Plasma and tumor levels of both drugs
at all doses were measured at 1, 6, 12, 24, and 48 hours after ﬁnal

www.aacrjournals.org

administration (day 9). The major conclusions from this analysis
were that (i) the plasma and intratumoral levels of G1T38 were
proportional to dose; (ii) signiﬁcant retention of drug in the
tumors was observed as long as 2 days following ﬁnal dose; and
(iii) the intratumoral levels of G1T28 were signiﬁcantly higher
than those of G1T38 at all time points (Fig. 5C). The pharmacologic basis for these activities is under investigation.
Myelosuppression, in particular neutropenia, is a dose-limiting
toxicity of existing CDK4/6 inhibitors and is likely to be a class
effect of this type of drug. Thus, for both G1T28- and G1T38treated animals, we (i) performed a CBC analysis of blood (one
hour after ﬁnal dose) and (ii) assessed bone marrow neutrophil
counts in animals euthanized 24 or 48 hours after ﬁnal treatment.
The CBC analysis revealed that G1T38 and G1T28 at all doses
tested signiﬁcantly reduced the numbers of circulating lymphocytes, while a modest repression of neutrophils was noted. No
decrease in RBCs was observed (Fig. 5D). Similarly, a modest
repression in the number of CD11b/Ly-6Gþ neutrophils cells
isolated from bone marrow was observed, with G1T28 demonstrating the greatest reduction at 24 and 48 hours (Fig. 5E).
Although G1T28 demonstrated the highest exposure in both the
plasma and tumors when compared with an equivalent dose of
G1T38, it was found that G1T38 exhibited greater efﬁcacy with less
myelosuppression observed in bone marrow. Thus, considering
these favorable activities, its antitumor activities, and the ability to
deliver the drug orally, we have initiated a clinical development
program to assess the activity of this drug in patients with CRPC.

Discussion
Despite the success of CDK4/6 inhibitors in breast cancer and
the similarity in the mechanisms by which AR and ER impact
cell proliferation, only one study has addressed the effects of
CDK4/6i in prostate cancer. In that study, it was noted that
palbociclib effectively inhibited LNCaP and VCaP cell proliferation, an activity that was dependent on retinoblastoma
status and achieved without signiﬁcant attenuation of androgen signaling (26). Herein, we described the evaluation of two
new CDK4/6 inhibitors, G1T28 and G1T38, and demonstrated
that both of these drugs have signiﬁcant efﬁcacy in animal
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Figure 5.
G1T28 and G1T38 exhibit longer half-life in tumors than in plasma. A, Experimental outline: 22Rv1 xenograft tumors were initiated in castrated male nu/nu
mice 12 days prior to the animals being randomized (average tumor volume per group ¼ 0.19 cm3) to treatment with vehicle, G1T28 (100 mg/kg), or
G1T38 (10, 50, or 100 mg/kg) orally, every day. Mice were euthanized 1, 6, 12, 24, or 48 hours after the 9th dose (treatment day 8). B, Fold change in
tumor volume (with mean and SEM indicated) after 7 days of treatment. ANOVA analysis followed by Bonferroni multiple comparison indicated
signiﬁcant repression of tumor by G1T28 and G1T38 (50 and 100 mg/kg). At equivalent doses (100 mg/kg), G1T38 induced greater tumor growth
suppression than did G1T28. C, Drug levels of G1T28 and G1T38 present in tumor tissues (dashed lines) and in plasma (solid lines) 1, 6, 12, 24, or 48 hours
after ﬁnal dose were analyzed by LC/MS-MS. D, ANOVA analysis, followed by Bonferroni multiple comparison test, of CBC counts conducted on whole blood
taken from animals euthanized 1 hour after ﬁnal dose (after 9 days of treatment) revealed no change in red blood cell density (left), reduced levels of
lymphocytes (middle), and signiﬁcant reduction of neutrophil numbers only in animals receiving 50 mg/kg G1T38 and 100 mg/kg G1T28. E, Bone marrow
isolated from animals euthanized 24 or 48 hours after the ﬁnal treatment in the above pharmacokinetic/pharmacodynamic analysis was analyzed by
immunostaining (CD11b and Ly6Gþ) and ﬂow cytometry. Reduced bone marrow neutrophil number (as determined by ANOVA analysis and Bonferroni
multiple comparison test) was observed in animals receiving 50 or 100 mg/kg G1T38 or G1T28 (P < 0.05).

models of CRPC. Notably, G1T28 and G1T38 effectively inhibited the growth of prostate cancer cells expressing wild-type
AR (VCaP), AR-V7 (22Rv1 and LNCaP), and those expressing
the AR F876L mutant. Similar to palbociclib, the antiproliferative activities of these compounds were not inﬂuenced by AR
status and only manifested in retinoblastoma-expressing cells.
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Importantly, their efﬁcacy was greater than the standard-of-care
comparator enzalutamide and similar to docetaxel in all of
the models in which they were studied. Currently, taxanes are
the primary therapeutic option for patients whose tumors express AR-V7. The results of these studies suggest that CDK4/6i
may have utility in this setting (29).
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Despite demonstrated therapeutic efﬁcacy palbociclib, ribociclib, and to a lesser extent abemaciclib, have been associated
with clinically relevant myelosuppression in up to 65% of
patients (19, 30). Although the neutropenia associated with
CDK4/6i in most circumstances is manageable, it is likely to
limit concomitant use of CDK4/6 inhibitors with other agents
that suppress hematopoiesis. Although requiring a more comprehensive evaluation in humans, it is signiﬁcant that in the
mouse models used in this study, we observed signiﬁcant
accumulation of G1T28 and G1T38 within tumors, suggesting
that it might be possible to achieve tumor suppression with
these drugs at doses that do not result in signiﬁcant myelosuppression. Thus, although myelosuppression is likely to be a class
effect of CDK4/6 inhibitors, the properties of G1T28 and G1T38
may mitigate the impact of these drugs on the bone marrow
permitting their use in continuous dosing regimens.
Palbociclib, although having modest efﬁcacy when used as a
single agent in breast cancer, has demonstrated considerable
efﬁcacy when used in combination with endocrine therapy. In
patients with ERþ breast cancers with cyclin D1 ampliﬁcation (or
p16 loss), for instance, a 2-fold increase in progression-free
survival (PFS) was noted in those treated with the combination
of palbociclib and letrozole (aromatase inhibitor) versus letrozole alone (18). A similar improvement in PFS (9.6 vs. 4.6
months) was noted in patients treated with palbociclib plus
fulvestrant versus fulvestrant alone (19). The beneﬁt of combining CDK4/6 inhibitors with other agents is likely to extend to
other retinoblastoma-positive tumors. In CRPC, the expression of
the AR-V7 splice variant in circulating tumor cells is associated
with resistance to enzalutamide and abiraterone (6). Although AR
variant activity is reported to be dependent upon the full-length
receptor, we and others have shown that the growth of tumors
derived from these cells is not inhibited by competitive antagonists (31). It was signiﬁcant, however, that we observed that
G1T28 and G1T38 attenuated the growth of AR-V7–dependent/driven tumors when used as single agents. It will be of
interest to see whether their use in combination with taxanes
will result in improved therapeutic beneﬁt, although it is unclear
how their dramatic antiproliferative activity will impact taxane
pharmacology.
Resistance to CDK4/6i is an emerging issue, and although
retinoblastoma loss is a primary mechanism by which this can
occur, there is substantial evidence demonstrating that resistance can occur regardless of retinoblastoma status or integrity
(32). Combination therapy has also shown the potential to
delay the development of resistance to palbociclib. In cellular
models of ERþ breast cancers, for instance, it has been observed
that chronic palbociclib treatment leads to the outgrowth of a
small population of cells exhibiting elevated cyclin E and CDK2
expression, thus bypassing the need for the cyclin D/CDK4/6
complex (32). Similar mechanisms of resistance to palbociclib
have also been observed in cellular models of ovarian cancer
(33). Such resistance can be circumvented somewhat by
cotreatment of cells with palbociclib and a PI3K inhibitor,
although this blockage can be bypassed by upregulation of
the expression of cyclin E (32). Not surprisingly, given the

interplay and preclinical success of dual inhibition of PI3K and
CDK4/6, there are ongoing clinical trials assessing combined
PI3K and CDK4/6 inhibitors in advanced ERþ breast cancer
patients (clinical trials #: NCT02684032 and NCT02088684).
In our models of prostate cancer, however, we did not observe
any beneﬁt of combining a PI3K inhibitor with G1T38 in vitro
(not shown). This result suggests that resistance to CDK4/6
inhibitors in prostate cancer may not occur in the same manner
as observed in breast cancer and may be an area for future
investigation.
The CDK4/6 inhibitors G1T28 and G1T38 exerted antiproliferative effects in relevant animal models of CRPC when used
as single agents. Notably, the CDK4/6 inhibitors tested were as
effective as taxanes in tumor models of enzalutamide-resistant
disease with less toxicity (weight loss). In tumor models that
were resistant to enzalutamide, the efﬁcacy of CDK4/6 inhibitors was comparable with taxanes. When taken together, these
data highlight the potential clinical utility of CDK4/6 inhibitors
in prostate cancer and underscore the need for near-term
clinical studies of these agents in patients with advanced
prostate cancer.
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