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Abstract
Introduction  Alterations in the CDK4/6—RB signaling pathway are common causes of cell cycle dysregulation in many 
cancers, including glioblastoma. Palbociclib is an oral inhibitor of CDK4/6, which leads to phosphorylation of RB1 and 
cell-cycle arrest. We conducted a two-arm study evaluating efficacy and tissue pharmacokinetics/pharmacodynamics of 
palbociclib in patients with recurrent glioblastoma.
Methods  Eligibility criteria included confirmation of RB1 proficiency by IHC; ≤ 3 relapses; KPS ≥ 60; no limit on prior treat-
ments. Arm 1 received palbociclib for 7 days prior to indicated resection followed by adjuvant palbociclib. Arm 2 received 
palbociclib without resection. Primary objective was PFS6; secondary included toxicity, OS, and ORR. Exploratory aims 
included biomarker assessment and pharmacokinetic/pharmacodynamic effects in surgical patients.
Results  Total of 22 patients were enrolled; 6 on Arm 1 and 16 on Arm 2. Trial was stopped early secondary to lack of effi-
cacy, with 95% of evaluable patients progressing within 6 months. Median PFS was 5.14 weeks (range 5 days–142 weeks) 
and median OS was 15.4 weeks (range 2–274 weeks). Two patients (10%) had related grade ≥ 3 AEs. In Arm 1, 5 patients 
had tissue concentrations of palbociclib felt to be sufficient for biological effect and paired samples available for RB1 IHC. 
There were no consistent changes in RB1 expression or cell proliferation in the paired tissue.
Conclusion  In this trial, despite adequate tissue PK, palbociclib monotherapy was not an effective treatment for recurrent 
glioblastoma. However, these were heavily pretreated patients and targeting the CDK4/6 pathway may still deserve further 
exploration.
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Background

Patients with glioblastoma have a poor prognosis. Glio-
blastoma is the second leading cause of cancer mortality 
in people under the age of 35 and the fourth leading cause 
in those under the age of 54. Despite treatment including 
maximal surgical resection, concurrent radiation and temo-
zolomide and adjuvant temozolomide [1], median progres-
sion-free survival (PFS) and overall survival (OS) remain 
6.9 months and 14.6 months, respectively, and 5-year sur-
vival is approximately 10% [2]. Prognosis at recurrence is 
very poor and treatment options are limited [3, 4], with most 
targeted agents demonstrating a PFS at 6 months (PFS6) of 
10%. There is an urgent need to identify novel therapeutic 
targets for drug development.
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Despite their heterogeneous nature, glioblastomas have 
common features, among which is the obligate disruption of 
the cyclin dependent kinases 4 and 6 (CDK4/6)-p16-retin-
oblastoma protein (Rb) pathway that regulates cell cycling, 
and dysregulation of which is a hallmark of malignancy 
[5]. The most common method of dysregulating this path-
way in glioblastoma is homozygous deletion of the cyclin-
dependent kinase inhibitor 2A and B (CDKN2A/B) genes. 
CDKN2A encodes for the tumor suppressor p16 (INK4a), 
which binds to CDK4/6. CDK4 and CDK6 normally func-
tion to regulate the cell cycle and stimulate cell cycle pro-
gression, but is inhibited by p16 binding Therefore, when 
CDKN2A is deleted, CDK4/6 remains activated and cell 
growth continues unregulated [6]. Preclinical work in ortho-
topic glioblastoma xenografts demonstrated that inhibition 
of CDK4/6 resulted in reduction of tumor cell proliferation 
and prolonged survival, indicating the efficacy of blocking 
these kinases in preclinical models [7].

Palbociclib is an oral highly selective inhibitor of the 
CDK4/CKD6 protein kinases. CDK4 and CDK6 function 
to phosphorylate and activate the retinoblastoma (Rb) pro-
tein, which allows cell cycle progression from G1 to S phase, 
creating a redundant mechanism to regulate cell cycle pro-
gression. Inhibition of CDK4/6 results in suppression of Rb 
phosphorylation and apoptosis. Palbociclib received accel-
erated approval by the FDA for use in combination with 
aromatase inhibitors for estrogen-receptor (ER)-positive, 
human epidermal growth factor receptor 2 (HER2)-negative 
advanced breast cancer in February 2015. This was based on 
the phase 3, PALOMA-2 study demonstrating an increased 
PFS when palbociclib was combined with letrozole versus 
letrozole alone [8] and in March 2017 it received subsequent 
full approval.

Given the efficacy in breast cancer and pre-clinical data 
presented above, there was biologic rationale to evaluate 
palbociclib in patients with glioblastoma. The objective of 
this phase 2 study was to evaluate the efficacy and safety of 
palbociclib as a monotherapy in treating recurrent glioblas-
toma without mutations in RB1.

Patients and methods

Patients

Eligible patients (aged ≥ 18 years) had histologically con-
firmed glioblastoma or gliosarcoma with radiographic evi-
dence of recurrent disease after prior radiation and temo-
zolomide; ≤ 3 recurrences without limit to the number of 
prior chemotherapies used; documentation of RB1 positive 
disease by immunohistochemistry (IHC); Karnofsky Perfor-
mance Status (KPS) ≥ 60. For Arm 1, patients had surgically 
resectable disease.

Key exclusion criteria included history of other malig-
nancy (except non-melanoma skin cancer or carcinoma 
in situ of the cervix), unless in complete remission and off 
of all therapy for at least 3 years; history of acute intracra-
nial hemorrhage; concomitant CYP3A inhibitors or induc-
ers within 14 days; history or evidence of prolonged QTc 
interval.

The UCSF institutional review board approved the study 
protocol. All procedures were performed in accordance with 
the ethical standards of the Helsinki Declaration. All patients 
provided written informed consent.

Study design

This open-labeled, two-arm, single-agent, study of palboci-
clib in patients in patients with recurrent glioblastoma was 
conducted at UCSF (ClinicalTrials.gov: NCT01227434). 
There were two treatment arms; target enrollment for each 
arm was 15 patients. Patients enrolled on Arm 1 were candi-
dates for resection, while patients enrolled on Arm 2 did not 
undergo additional resection. The primary endpoint for the 
combined cohort was PFS6. Secondary endpoints included 
toxicity, OS, and objective response rate (ORR) according 
to the RANO criteria [9]. Exploratory endpoints in the sur-
gical samples from Arm 1 included tumor tissue pharma-
cokinetics, pharmacodynamics effects such as changes from 
baseline of RB1 and cell proliferation (Ki-67) by IHC, and 
correlation with tumor response.

Patients on Arm 1 received palbociclib 125 mg by mouth 
daily for 7 days prior to surgery. After at least 2 weeks had 
elapsed post-operatively, patients resumed palbociclib. Post-
operative Arm 1 patients and Arm 2 patients both received 
palbociclib at 125 mg daily for 21 consecutive days followed 
by a 7 day break, 28-day cycles, until disease progression, 
intolerability, or withdrawal of consent.

Tumor assessments

For the secondary outcome of ORR, tumor response was 
assessed by RANO criteria [9]. Patients in both arms had a 
contrast–enhanced baseline MRI within 14 days of starting 
palbociclib. In Arm 1, an MRI was conducted within 96 h 
post-surgery. If treatment was not started within 14 days of 
surgery, a MRI was repeated. In both arms, tumors were 
assessed serially with MRI every 8 weeks.

Safety

All AEs from the time of enrollment until the end of study 
were graded using the Cancer Therapy Evaluation Program 
(CTEP) Active Version of the National Cancer Institute 
(NCI) Common Terminology Criteria for Adverse Events 
(CTCAE) version 4.0. For both arms, clinical and basic 
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laboratory assessments (liver and renal) were performed at 
baseline, and day 1 of every cycle. Complete blood counts 
with differential were also examined on days 1 and 15 of 
each cycle. In addition, patients on Arm 1 had clinical and 
laboratory assessments on day 1 pre-surgery and the day of 
surgery.

Pharmacokinetics and pharmacodynamics

For patients who underwent planned surgical resection, at 
least 50 mg of fresh, flash-frozen tissue and blood sample 
were sent to Pfizer for PK analysis.

RB1 IHC was performed on archival formalin-fixed, 
paraffin-embedded tissue using the Ventana Medical Sys-
tems Benchmark XT and the iView detection system and 
quantified as previously described [10]. Slides were depar-
affinized in xylene, and rehydrated through ethanol. Heated 
Tris buffer pH 8 was used for antigen retrieval and slides 
were blocked with 3% methanol–hydrogen peroxide at 22 °C 
for 16 min. Slides were incubated in mouse monoclonal anti-
RB1 antibody (G3-245: BD Pharmingen) for 2 h at 37 °C. 
glioblastoma xenografts of known RB1 status, both positive 
and negative, served as controls and tumors were scored as 
either positive (≥ 20% nuclei positive) or negative (< 20% 
nuclei positive) for RB1 protein.

Ki-67 (MIB-1 epitope), a marker of cell proliferation and 
indicator of palbociclib activity, should be reduced by pal-
bociclib treatment. Ki-67 IHC was performed as described 
above except antigen retrieval was performed for 16 min and 
a rabbit anti-MIB-1 (Ventana, 790–7264) antibody incu-
bated for 32 min at 37 °C. To calculate the nuclear labeling 
index (LI) for Ki67, 500–2000 nuclei per tissue section were 
evaluated and the number of Ki-67-positive nuclei per total 
nuclei counted and multiplied by 100%.

Statistical analysis

The study planned to enroll 30 patients, including 15 surgi-
cal cases (Arm 1) and 15 non-surgical cases (Arm 2) and 
included formal stopping rules for toxicity for each arm 
independently. The primary endpoint was PFS6, defined 
as the proportion of patients alive and progression-free at 
6 months. PFS was calculated as the time in weeks from the 
first post-surgical dose of palbociclib [11]. The null hypoth-
esis was PFS6 = 10%, a rate felt to represent an ineffective 
treatment based upon historical data [12], and alternative 
hypothesis of PFS6 ≥ 30% based on results of the BRAIN 
trial [3]. However, recognizing the likelihood that patients 
may have received prior bevacizumab, even a lower suc-
cess rate may be of interest. With 30 patients there is 90% 
power to detect an improvement in the PFS6 from 10 to 30% 
(assuming the same degree of improvement in efficacy for 

non-surgical and pre-surgical cases) based on a one-sided 
exact test with α = 0.1.

The primary and secondary endpoints were conducted for 
all patients in Arm 2 who received ≥ 1 dose of palbociclib 
and all patients in Arm 1 who received ≥ 1 dose of palbo-
ciclib after surgery. Safety analyses were conducted for all 
patients who received ≥ 1 dose of palbociclib in each cohort. 
Kaplan–Meier was used to graphically depict the distribu-
tions of OS and PFS. Best ORR (complete, response, partial 
response, stable disease) was calculated as a proportion with 
2-sided 95% confidence interval (CI). Cox proportional haz-
ards models were used to assess the relationship between 
time-to-event end points and baseline variables.

The in vitro and in vivo preclinical data suggested that 
a biological effect would occur at a tumor concentration of 
between 0.06 and 1.0 μM (IC50) [13]. The summary statis-
tics (including the mean and standard deviation) of the drug 
concentration were included in the analysis.

Results

Patients

Between November 30, 2010, and August 2, 2013, 22 
patients were enrolled in this study, 6 on Arm 1 and 16 on 
Arm 2 (Table 1). In the combined cohort, median age was 
47.5 years old (range 23–78 years old); 54% (12 patients) 
were male; and the median KPS was 90 (range 60–100). Pal-
bociclib was started at first recurrence in 50% (11 patients); 
at second recurrence in 36% (8 patients); and at third recur-
rence in 14% (3 patients). All patients had received prior 
radiation and temozolomide, and 77% (17 patients) had pre-
viously received bevacizumab—12 received it upfront and 
5 at recurrence.

Efficacy

The primary endpoint was PFS6. The trial was stopped 
early secondary to futility, with 95% (18 of 19) evaluable 
patients progressing within 6 months of initiating treatment. 
Median PFS was 5.14 weeks (range 5 days–142 weeks) for 
all evaluable patients. Median OS was 15.4 weeks (range 
2–274 weeks) for all evaluable patients (Fig. 1).

Toxicity

Including both arms, 2 patients (9%) experienced seri-
ous adverse events (SAEs) ≥ grade 3 that were thought to 
be at least possibly related to palbociclib (Table 2). There 
were 11 SAEs seen in the 6 patients on the Arm 1 surgical 
arm; 7 SAEs on the Arm 2 nonsurgical arm. There were 
three deaths on study that were felt to be unrelated to study 
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drug—one related to lung infection and two related to dis-
ease progression.

Pharmacokinetic and pharmacodynamic analyses

Five paired samples were available for IHC for RB1. While 
two showed a decrease in RB1 protein expression after ther-
apy, there were no consistent changes in RB1 expression 
across the five patients (Fig. 2). Cell proliferation, as deter-
mined by Ki-67 labeling index, was also not significantly 
changed in matched samples before and after therapy, (n = 4, 
data not shown). Concentration of palbociclib in tumor tis-
sue was measured in five samples by high performance 

liquid chromatography (HPLC), all of which exceeded the 
0.06 μM concentration felt to be biologically effective [13] 
(Table 3). One patient received pre-op treatment but did not 
undergo surgery due to rapid clinical decline.

Discussion

Although analysis of the surgical samples demonstrated 
tumor concentrations of palbociclib thought to be biologi-
cally effective, there was no consistent reduction of RB1 
protein expression or decrease in cell proliferation by Ki-67. 
Palbociclib also did not appear to have single-agent efficacy 

Table 1   Baseline characteristics

a Carmustine wafer placement

All arms
n = 22

Arm 1 (surgical)
n = 6

Arm 2 (nonsurgical)
n = 16

Median age, years (range) 47.5 (23–78) 49.5 (31–66) 47.5 (23–78)
Male, n (%) 12 (54.5) 3 (50.0) 9 (56.2)
White, n (%) 20 (90.9) 5 (83.3) 14 (87.5)
Median KPS (range) 90 (60–100) 85 (60–90) 90 (70–100)
Primary glioblastoma, n (%) 18 (81) 5 (83.3) 13 (81.2)
Extent of first resection, n (%)
 GTR, n (%) 2 (9.1) 0 (0) 2 (12.5)
 STR, n (%) 14 (63.6)a 4 (66.7) 10 (62.5)a

 Biopsy, n (%) 2 (9.1) 0 (0) 2 (12.5)
 Unknown, n (%) 4 (18.2) 2 (33.3) 2 (12.5)

Prior bevacizumab exposure, n(%) 17 (77.3) 4 (66.7) 13 (81.2)
Timing of palbociclib, n (%)
 First progression 11 (50.0) 3 (50.0) 8 (50)
 Second progression 8 (36.4) 3 (50.0) 5 (31.2)
 Third progression 3 (13.6) 0 (0) 3 (18.7)

Fig. 1   Progression free and overall survival. a demonstrates progression free survival with median of 5.14 weeks (range 5 days–142 weeks) and 
b overall survival with median of 15.4 weeks (range 2–274 weeks) for all evaluable patient
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Table 2   SAEs (CTCAE version 
4.0)

Description # Events # Patients Grade SAE related Arm 1 Arm 2

Death 3 3 5 Unrelated 1 2
Wound infection 2 1 3 Unrelated 2 0
Lung infection 1 1 5 Probably 0 1
Headache 3 3 3 Unrelated 2 1
Seizures 2 2 3 Unrelated 2 0
Muscle weakness 1 1 3 Unrelated 1 0
Peripheral motor neuropathy 1 1 3 Unrelated 0 1
Abdominal pain 1 1 3 Unrelated 0 1
Cognitive disturbance 1 1 3 Unrelated 1 0
Mucositis 1 1 3 Possibly 0 1
CSF leak 1 1 3 Unrelated 1 0
Meningitis 1 1 3 Unrelated 1 0
Total number 18 17 2 related 11 7

Fig. 2   Palbociclib exposure had no consistent effects on RB1 expres-
sion. a, b Representative of immunohistochemical staining of RB1 
expression for patient PD107 (a) at baseline (77%) and b after pre-
surgical palbociclib (31%). c Quantification of RB1 expression for 

five patients who underwent resection demonstrating variable impact 
on protein expression. Median RB1 at baseline for all patients was 
70.9% (range 2.6–97.8%)
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in this heavily pre-treated population of patients with recur-
rent glioblastoma. A significant proportion of patients, 77%, 
received bevacizumab prior to palbociclib, with a median 
time off treatment of 10 weeks (range 5–69 weeks). Twelve 
patients (54%) received bevacizumab upfront as part of a 
phase 2 trial of erlotinib, bevacizumab, and temozolomide 
in newly diagnosed glioblastoma. Four of the six (67%) of 
the patients in the surgical Arm 1 previously received beva-
cizumab (Table 1). It is now known that bevacizumab does 
not improve OS in the newly diagnosed setting [14, 15], the 
data of which was not known at the time of trial concep-
tion. Wash-out from bevacizumab and surgical complica-
tions may have impacted the outcome of this study as well. 
The study was stopped early based on futility with 95% (18 
of 19) evaluable patients progressing within 6 months, and 
thus failed to meet its primary efficacy goal of PFS6 ≥ 30%.

Although our study did not demonstrate efficacy for pal-
bociclib monotherapy in recurrent glioblastoma, the CDK4/6 
pathway may remain a rational therapeutic target. Activation 
of CDK4/6 is very common in glioblastoma. While only five 
patients had matched tumor tissue before and after therapy, 
the decrease in RB1 protein expression after therapy in two 
may suggest heterogeneity in RB1 regulation. Though RB-
proficiency is thought to be the predominant determinant 
of CDK4/6 responsiveness, CDK4/5 amplification and 
CDKN2A homozygous deletion may also impact respon-
sivity [7, 16, 17]. We did not perform sequencing to confirm 
wildtype RB1, or clearly delineate the pathway alterations 
such as deletion in CDKN2A/B, or C, or amplification of 
CDK4 or CDK6, which may have provided further insight 
into response.

Abemaciclib, a related drug is under investigation in 
first recurrent, bevacizumab naïve patients [NCT02981940] 
and other gliomas [NCT03220646]. Another CDK4/6 
inhibitor, ribociclib is also being investigated in high grade 
glioma [NCT02345824, NCT02933736], meningiomas 
[NCT02933736], and pediatric gliomas [NCT03355794, 
NCT03434262]. Combination therapy treatments that include 
administration of palbociclib, such as was approved for ER-
positive, HER2-negative advanced breast cancer, may as well 
be of interest for clinical evaluation [18]. Pre-clinical work 

from our group, combining palbociclib with radiation in glio-
blastoma cell lines and xenografts demonstrated inhibition of 
DNA double-strand break repair and increased apoptosis [7, 
19]. Palbociclib treatment extends the period of unrepaired 
DNA double-strand breaks caused by tumor cell irradiation, 
suggesting a possible role for palbociclib in combination 
with radiation [7, 19]. Pre-clinical work with other CDK4/6 
inhibitors, such as abemaciclib, has also identified increased 
tumor cell antigen presentation coupled with antitumor T-cell 
responses suggested that immune checkpoint blockade may be 
synergistic with CDK4/6 inhibition [20].

In summary, our results suggest that palbociclib mono-
therapy is not associated with antitumor activity in recurrent 
glioblastoma patients with prior bevacizumab exposure. We 
confirmed CNS penetration and drug concentration at what 
would appear to be biologically effective doses based upon 
pre-clinical data. The sample size of post-treatment specimens 
limited the ability to generate definitive conclusions regarding 
target effects. Our lack of efficacy may be in part attributed to 
the extent of prior treatment and percentage of patients who 
were refractory to bevacizumab. Targeting the CDK4/6 path-
way earlier on in the disease course, potentially in combination 
with radiation, warrants further investigation.
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