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Abstract
Background. Meningiomas are the most common tumor arising within the cranium of adults. Despite surgical 
resection and radiotherapy, many meningiomas invade the brain, and many recur, often repeatedly. To date, no 
chemotherapy has proven effective against such tumors. Thus, there is an urgent need for chemotherapeutic op-
tions for treating meningiomas, especially those that enhance radiotherapy. Palbociclib is an inhibitor of cyclin-
dependent kinases 4 and 6 that has been shown to enhance radiotherapy in preclinical models of other cancers, is 
well-tolerated in patients, and is used to treat malignancies elsewhere in the body. We, therefore, sought to deter-
mine its therapeutic potential in preclinical models of meningioma.
Methods. Patient-derived meningioma cells were tested in vitro and in vivo with combinations of palbociclib and 
radiation. Outputs included cell viability, apoptosis, clonogenicity, engrafted mouse survival, and analysis of en-
grafted tumor tissues after therapy.
Results. We found that palbociclib was highly potent against p16-deficient, Rb-intact CH157 and IOMM-Lee 
meningioma cells in vitro, but was ineffective against p16-intact, Rb-deficient SF8295 meningioma cells. 
Palbociclib also enhanced the in vitro efficacy of radiotherapy when used against p16-deficient meningioma, 
as indicated by cell viability and clonogenic assays. In vivo, the combination of palbociclib and radiation ex-
tended the survival of mice bearing orthotopic p16 deficient meningioma xenografts, relative to each as a 
monotherapy.
Conclusions. These data suggest that palbociclib could be repurposed to treat patients with p16-
deficient, Rb-intact meningiomas, and that a clinical trial in combination with radiation therapy merits 
consideration.

Key Points

• Palbociclib enhances radiation activity against meningiomas.

• Palbociclib is most effective when meningioma cells are p16-deficient, Rb-intact.

• These data support a clinical trial in patients with high-risk meningiomas.

The effects of palbociclib in combination with radiation 
in preclinical models of aggressive meningioma
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Meningiomas are the most common tumor arising within 
the cranial vault, at an overall age-adjusted incidence 
of approximately 19/100 000 adults over the age of 40.1 
Meningioma incidence increases with advancing age, ex-
ceeding 40/100 000 in people 75 years and older; incidence 
is also higher among women and blacks.1 An estimated 
35 000 meningiomas will be diagnosed in 2020, about 81% 
of which are World Health Organization (WHO) grade 1, 17% 
are grade 2, and 2% are grade 3.1

Meningiomas arise from meningothelial cells of the 
arachnoid membrane surrounding the brain, and not the 
brain itself.2 Consequently, meningiomas are not protected 
by the blood-brain barrier, in contrast to gliomas. And, 
unlike most gliomas, even invasive meningiomas do not 
diffusely infiltrate through the brain on a single-cell basis, 
but rather push into the brain as contiguous, cohesive 
extensions of the main tumor. Therefore, meningiomas 
should, in principle, be more accessible to systemically 
administered therapies. Yet the basic strategy for treating 
high-risk meningioma—surgery and radiotherapy (RT)—
has not substantially changed over the past 50+ years. 
This works reasonably well for asymptomatic grade 1 
meningiomas, which are generally followed with imaging 
surveillance, while symptomatic growing tumors are man-
aged surgically.3 However, the management of grade 2–3 
meningiomas is surgery followed by either observation, 
radiosurgery (12–16 Gy), or RT (54–60 Gy) for grade 2 tu-
mors, and higher doses of RT (60 Gy) for grade 3 tumors.3–6 
Despite this, patients with higher-risk tumors have high 
rates of tumor progression and eventual cancer-associated 
mortality.4–6 To date, there have been no chemotherapies 
or targeted agents that have proven efficacious against 
these high-risk tumors.7,8 Better strategies against high-risk 
meningiomas, especially ones that can act in concert with 
RT, are therefore needed.

Palbociclib is a well-tolerated, selective inhibitor of 
cyclin-dependent kinases 4 and 6 (CDK4/6). In phases G0 
and G1 of the cell cycle, unphosphorylated Rb prevents 
E2F from triggering the transcription of genes required 
for progression into S phase of the cell cycle.9 When Rb 
is phosphorylated by CDK4/6, it dissociates from E2F, en-
abling S phase transition.10 The p16 protein, encoded by 
CDKN2A/B, prevents this by blocking CDK4/6. Many can-
cers either eliminate p16 or Rb, or amplify CDK4, in order 
to subvert the G1 arrest effect of Rb. Thus, tumors with re-
duced or absent p16 expression are generally more sensi-
tive to palbociclib, whereas inactivation of Rb (e.g., by RB1 
deletion) renders tumor cells insensitive to palbociclib. In 
meningiomas, methylation or deletion of CDKN2A/B, and/

or a lack of nuclear p16 immunostaining, is more common 
with increasing grade and recurrence, whereas loss of Rb 
is very uncommon in meningiomas.11–16

Palbociclib is the most extensively used CDK4/6 in-
hibitor in cancer clinical trials (according to https://
clinicaltrials.gov/), it has already been FDA-approved for 
treating hormone-positive breast cancers and is currently 
being evaluated for the treatment of other malignancies.10 
Preclinical research, in our group and others, showed 
that the administration of palbociclib during and after RT 
extended the survival of mice bearing intracranial tumor 
xenografts of gliomas and embryonal tumors, beyond 
that of RT alone.17–19 We therefore sought to determine 
whether palbociclib might have similar effects in high-risk 
meningiomas.

Materials and Methods

Tumor Cell Sources and Cultures

CH157 and IOMM-Lee cell lines were obtained from 
the American Type Culture Collection, and were propa-
gated as monolayers in complete medium consisting 
of Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and non-
essential amino acids. SF8295 cells were established 
from a University of California San Francisco surgical 
specimen through an approved Committee on Human 
Research protocol, and were maintained as a monolayer 
culture in DMEM with 10% FBS. All cells were cultured 
in an incubator at 37°C in a humidified atmosphere con-
taining 95% O2 and 5% CO2. The unique identity of each 
cell line was annually authenticated by short tandem re-
peat analysis in CDJ’s laboratory.

To enable cells for in vivo bioluminescence imaging (BLI), 
lentiviral vectors containing firefly luciferase were gener-
ated as previously described,20 and were used to transduce 
CH157 and IOMM Lee cells. The cells were screened in vitro 
for transduction efficiency and luciferase activity by treat-
ment with luciferin (D-luciferin potassium salt, 150 mg/kg, 
Gold Biotechnology) and analyzed for luminescence using 
a Synergy 2 Microplate Reader (BioTek Instruments Inc.).

Cell Proliferation

Tumor cells were cultured in the presence of 0, 0.001, 0.01, 
0.1, 1, 10, or 100 µM palbociclib (Pfizer) for 72h. Viable cells 

Importance of the Study

Despite the potential of chemotherapies to 
reach meningiomas, to date no such drugs 
have been shown to work against recurrent 
and high-grade meningiomas. These data sug-
gest that the combination of palbociclib and ra-
diotherapy is more effective in controlling the 
growth of aggressive meningiomas than either 

modality in isolation. As in other contexts, 
palbociclib is most effective when meningioma 
cells are p16-deficient and Rb-intact. Since 
palbociclib is so well-tolerated by patients and 
is already used to treat other cancers, these 
data support a clinical trial in patients with 
high-risk meningiomas.

https://clinicaltrials.gov/
https://clinicaltrials.gov/
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were assessed with MTS assay (Promega). All in vitro as-
says and analyses were performed at least triplicate, with 
mean and SD values plotted with GraphPad Prism 8.0 
(GraphPad Prism) from the results of each type of analysis.

Real-Time PCR

Total RNA was isolated with the RNeasy Mini Kit (Cat#74106, 
Qiagen). cDNA was synthesized with qScript cDNA 
SuperMix (5 ×) (Cat#84034, Quanta Biosciences) following 
real-time (RT) PCR using Bio-Rad CFX96 Real-time PCR 
detection system with human specific NF2 primers from 
Qiagen (Cat#330001 PPH00203A) and from Integrated DNA 
Technologies NF2: forward 5′-cggtgtccttgatcgtgtactg-3’ 
and reverse 5′-tcaattgcgagatgaagtggaa-3’ primers and 
GAPDH forward 5′-acagtccatgccatcactgcc-3’ and re-
verse 5′-gcctgcttcaccaccttcttg-3’ primers. To ensure ac-
curacy, an internal reference reaction was performed on 
the same sample as used for the target gene. The results 
were standardized with the formula: ΔCT  = CTRef − CTTarget 
and converted to folds of target gene over reference gene 
(F = 2–ΔCT). Data from a minimum of three independent ex-
periments was used to quantify gene expression.

Immunoblotting

Cell lysates were collected from asynchronously pro-
liferating cells using RIPA lysis buffer (Cell Signaling 
Technologies) supplemented with protease (Life 
Technologies Inc.) and phosphatase (Sigma) inhibitor 
cocktails. Lysates were resolved by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis and transferred 
to nitrocellulose membranes. After probing with primary 
antibodies, the membranes were incubated with horse-
radish peroxidase-conjugated secondary antibody and 
visualized by ECL (Thermo Fisher) using Bio-Rad imaging 
work station (Bio-Rad Laboratories). Antibodies specific 
for NF2/Merlin (#6995), RB (4H1, #9309), phospho-RB 
(p-RB, Ser780, #9307) were obtained from Cell Signaling 
Technologies. Antibody for p16 was from BD Pharmingen 
(#554079), and β-actin antibody was from Sigma 
(#05-661).

Clonogenic Assay

Cells were seeded into 6-well tissue culture plates and al-
lowed to adhere. Attached cells were irradiated (1, 2, 4 or 
10 Gy) and treated with palbociclib at 10 nM 2 hours after 
irradiation. Radiation was delivered by a 137Cs source 
(Mark I, model 68A irradiator, JL Shepherd & Associates). 
Cells were incubated with palbociclib for 1 week, at which 
time colonies were counted following staining with meth-
ylene blue (0.66% solution in 95% ethanol). Plating ef-
ficiencies were calculated as the ratio of the number of 
colonies formed to the number of cells seeded. Colonies 
of >50 cells were counted for surviving fraction determin-
ations. Surviving fractions were calculated as the plating 
efficiency of treated cells divided by the plating efficiency 
of control cells. Dose enhancement factors were calculated 
at 10% survival.

Cell Cycle Distribution and Apoptosis Analyses

Mono- or combination treatment with palbociclib and 
radiation effects on the cell cycle distributions and ap-
optosis were determined by treating cells with 2Gy RT, 
followed by treatment with or without 1 µM palbociclib 3 
hours later. Cells were harvested at 18 hours after RT, then 
counterstained with propidium iodide (PI) (Cat#P1304MP, 
Invitrogen) for cell cycle distributions. At 72 hours, cells 
were stained with PO-PRO-1 and 7-aminoactinomycin 
D (Cat#V35123, Invitrogen). Both cell cycle and apop-
tosis analyses were done using a BD FACSymphony flow 
cytometer. Non-treated cells served as controls. Cell cycle 
distributions were determined using Modfit LT for win-
dows software (Verity Software House, version 5.0.9), 
and apoptosis data was analyzed using FlowJo software 
(Version 10.6.1, FlowJo LLC.).

In Vivo Studies

Six-week-old athymic nude mice (NCr-Foxn1nu) were pur-
chased from Envigo. All mice were housed under aseptic 
conditions, which included filtered air and sterilized food, 
water, bedding, and cages. The Northwestern Institutional 
Animal Care and Use Committee (IACUC) approved all 
animal protocols. CH157 or IOMM-Lee cells (2x105 cells) 
were implanted under the skull in the right frontal sub-
dural region approximately 2 mm posterior to the bregma 
and 1 mm to the right of midline and to a depth of 3 mm 
from the bone surface. Engrafted mice were imaged 1–2 
times weekly by bioluminescence imaging (BLI), as pre-
viously described.21 BLI was performed by subcutaneous 
injection with 150  mg/kg D-luciferin potassium (Gold 
Biotechnology) in mice anesthetized via 2.5% isoflurane; 
each mouse was imaged 10  min after luciferin injec-
tion on an IVIS SPECTRUM imaging station (Caliper Life 
Science) coupled to Living Image data-acquisition soft-
ware. Intracranial signal intensities were quantified within 
regions of interest defined by the Living Image software. 
Bioluminescence measurements for each animal were 
normalized against their own corresponding biolumines-
cence obtained at the beginning of therapy. Animals were 
euthanized by CO2 asphyxiation followed by cervical dis-
location when they became moribund (e.g. >20% weight 
loss, neurologic symptoms, or evidence of pain/distress).

Radiation Therapy Quality Assurance (QA)

Meningioma xenografts were irradiated using a 
Gammacell® 40 Exactor 137Cs source irradiator that has an 
average gamma ray energy of 660 keV and a central dose 
rate of 1Gy/min. We performed a number of RT QA initia-
tives to improve the precision and accuracy of RT dose 
delivery consistent with national standard.22 Dose rate 
calibrations were done per the American Association of 
Physicists in Medicine Task Group 61 (AAPM TG 61) pro-
tocol using an Accredited Dosimetry Calibration Lab 
(ADCL) calibrated ion chamber.23 Calibrations were per-
formed at the mid plane of the irradiation geometry for 
Cs irradiator using a 0.6cc volume ion chamber in air.24 
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Dose uniformity studies using Gafchromic™ film were 
carried out and the dose variation across the beam was 
determined to be 7–10% per the machine specifications. 

In addition to establishing an ADCL traceable dosim-
etry program, an experiment specific mouse phantom 
irradiation was also performed. Mouse phantoms with 
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Figure 2. Effects of palbociclib and RT on clonogenicity of meningioma cells. Clonogenic assay results showing mono- and combination treatment 
effects on IOMM-Lee colony formation after seeding 1000 cells and at 1 week post administration of treatments. DEF: dose enhancement effect.
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Figure 1. In vitro activity of palbociclib against meningiomas. (A–C) Dose-response curves showing viability of CH157 (A), IOMM-Lee (B), and 
SF8295 (C) meningioma cells treated with palbociclib. (D–E) Cell viability of CH157 (A), IOMM-Lee (B), and SF8295 (C) meningioma cells at 72 h time 
point after RT and/or palbociclib.
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embedded Optically Simulated Light Detectors (OSLD) 
were procured from ADCL Lab which are calibrated and 
maintained by ADCL Lab. Irradiation of these mouse 
phantoms was done using a 2-field arrangement and 
the dose was prescribed to the midplane of the target 
volume. A field margin of 3–5 mm was applied around 
the target for a uniform and accurate dose delivery. To 
protect normal tissues outside the intended treatment 
area, Cerrobend blocks were fabricated with a thickness 
of 5 HVLs (Half value layer). The results from the OSLD 
doses in the treatment region were within 7% of the pre-
scribed dose.

Statistical Analyses

Differences between mean values of two groups were 
compared using a two-sample t-test, or between multiple 
groups by one-way analysis of variance (ANOVA) and post 
hoc Tukey’s test; P values less than 0.05 were considered 
significant. Kaplan-Meier and t-tests were performed to 
compare survival between groups. Graph generation and 
statistical analyses were performed with GraphPad PRISM 
8 software.

Results

To evaluate the activity of palbociclib against 
meningiomas, we used three patient-derived models: 
CH157, IOMM-Lee, and SF8295. The first two are from 
WHO grade 3 anaplastic meningiomas. SF8295 was 
obtained from an 81-year-old male with recurrent me-
ningioma that had progressed from grade 2 to 3, and 
which had undergone repeated surgeries for recurrences. 
IOMM-Lee is NF2-intact, whereas SF8295 and CH157 are 
NF2-deleted (Supplementary Figure S1A–B). Both CH157 
and IOMM-Lee are p16-deficient and Rb-intact, whereas 
SF8295 expresses p16 but not Rb (Supplementary Figure 
S1A). Palbociclib suppressed Rb phosphorylation in 
CH157 and IOMM-Lee cells (Supplementary Figure S1C), 
and showed potent anti-proliferative effect against those 
cell lines in vitro, across 24-72h time points (IC50 against 
CH157 = 4.1–4.9 µM, IC50 against IOMM-Lee = 9.2–15.2 µM) 
(Figure 1A, B, Supplementary Figure S2A–B). In contrast, 
palbociclib showed little anti-proliferative effect against 
Rb-deficient SF8295 cells (IC50  =  154.9–1698  µM) (Figure 
1C, Supplementary Figure S2C). Whereas the combination 
of 1 µM palbociclib and 2 Gy RT showed similar effect in re-
ducing in vitro CH157 viability as palbociclib alone (Figure 
1D), the combination had superior activity against IOMM-
Lee cells relative to either treatment in isolation (Figure 
1E). SF8295 cells, in contrast, were resistant to both treat-
ments, alone as well as in combination (Figure 1F). IOMM-
Lee cells, which adapted well to colony formation analysis 
(unlike CH157 cells), were tested by clonogenic assay for 
response to singular and combination treatments. In that 
setting, palbociclib enhanced the effect of low dose RT 
against colony formation (Figure 2). Together, these data 
suggest that palbociclib enhances the in vitro activity of 
RT against high-grade, Rb-intact meningiomas.

To assess the activity of palbociclib in vivo, luciferase-
modified CH157 cells were used to establish intracranial 
tumors in athymic mice. RT, administered in 2 Gy frac-
tions/day for 5 consecutive days, delayed tumor growth 
(Figure 3A, B) and significantly extended the survival of 
engrafted mice; palbociclib, administered at 150  mg/kg/
day for 7 days, had a similar effect (Figure 3). The combi-
nation of RT + palbociclib delayed growth and extended 
median survival further than either modality used in iso-
lation, although this reached statistical significance for 
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Figure 3. In vivo activity of palbociclib and hypofractionated RT 
against CH157 meningiomas. BLI monitoring (A & B) and survival 
analysis (C) of mice with intracranial CH157 tumor, and treated with 
RT only, palbociclib only, or RT + palbociclib. RT administered days 
3–7 post tumor cell injection: 2 Gy/day × 5 days. Palbociclib admin-
istered days 3–10 post tumor cell injection 150 mg/kg/day. The first 
red arrow in (A) indicates the last day of RT. The second red arrow 
indicates the last day of Palbociclib. In (B), *P < 0.01 for tumor bi-
oluminescence of RT + palbociclib mice vs. RT only or palbociclib 
only mice in (B), as determined at 3  days following completion of 
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survival only in comparison with palbociclib monotherapy 
(Figure 3C). While the effects of RT and palbociclib mono-
therapies were somewhat less pronounced in IOMM-Lee 
xenografts, the RT + palbociclib combination significantly 
delayed tumor growth (Figure 4A) and extended animal 
subject survival to a greater extent than either mono-
therapy (although as in CH157, this was statistically signifi-
cant for survival only in comparison to palbociclib) (Figure 
4B). Histologic analysis of treated CH157 and IOMM-Lee tu-
mors showed that tumor growth delay from combination 
treatment was due to suppressed cell proliferation (Figure 
5A, B); no significant difference in apoptotic response was 
observed between any of the treatment groups, either in 
vivo (Figure 5C) or in vitro (Supplementary Figure S3).

To determine the effect of palbociclib when used in 
combination with single high dose radiation using clin-
ical radiosurgery equivalent doses, as opposed to the 
fractionated regimen used in the initial CH157 and 
IOMM-Lee experiments (Figures 3 and 4), mice intracra-
nially engrafted with CH157 cells were treated with 10 Gy 
RT only, administered once, palbociclib only (100  mg/
kg/day for 14 consecutive days), or the combination of 
single high dose RT + palbociclib. Combination treat-
ment had the most substantial effect in extending animal 
subject survival (Figure 6A). Importantly, biolumines-
cence monitoring revealed a rapid increase in tumor bi-
oluminescence on completion of the 2-week course of 
palbociclib administration in the combination treatment 
group (Figure 6B), suggesting that survival benefit from 
including palbociclib + RT could be extended by ongoing 
palbociclib administration.

Discussion

Despite the widespread assumption that meningiomas are 
a benign tumor, necessitating only surgical management 

with or without RT, a large proportion of these tumors are 
lethal. In a phase II NRG clinical trial (RTOG 0539), among 
52 patients with intermediate-risk meningioma (defined 
as newly diagnosed grade 2 after gross total resection 
or recurrent WHO grade 1) who were treated with RT (54 
Gy), 3-year local control, progression-free survival (PFS), 
and overall survival (OS) rates were 96%, 94%, and 96%, 
respectively.3 However, among 53 patients with high-risk 
meningioma (defined as grade 3 and recurrent grade 2, or 
new grade 2 tumor after subtotal resection) and treated 
with higher doses of RT (60 Gy), 3-year local control, PFS, 
and OS rates were only 69%, 59%, and 79%, respectively.4 
Thus, the high relapse and mortality rates after current 
treatments necessitates the adoption of new strategies in 
high-risk meningiomas.

Our data specifically demonstrates that palbociclib 
and RT are generally more effective in vitro and in vivo 
against malignant meningiomas than either modality 
used in isolation. Further, our results indicate that the de-
layed growth associated with combination treatment is 
due to an anti-proliferative effect, with little indication of 
enhanced cell death as being responsible for extending 
animal subject survival from treatment with radiation 
and palbociclib. Our data also show combination ben-
efit when palbociclib is combined with higher dose 
single fraction RT (10Gy). This experiment was under-
taken to explore the rationale for combining palbociclib 
and single-fraction radiosurgery or hypofractionated 
stereotactic RT in patients with recurrent meningioma 
post-RT. Post-RT recurrent meningiomas are increasingly 
being treated with radiosurgery or fractionated RT with 
photons or protons, with 2-year local control rates of 
about 80% and low rates of necrosis.25–27

Palbociclib and RT have been successfully combined in 
other preclinical and clinical contexts,10,17–19 though the 
reasons why this combination is effective are not fully 
clear. Homologous recombination (HR), which is one of 
two mechanisms that a cell uses to repair double strand 
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breaks, has activity during the late G2/S part of the cell 
cycle. Palbociclib, because of its ability to increase Rb 
function, blocks cell cycling at the G1/S phase check-
point (Supplementary Figure S2). Thus, meningioma cells 
treated with palbociclib, which are stuck at the G1/S check-
point, may be blocked from using HR to repair double 
strand breaks. This would be consistent with results 

from our previously published studies on ATRT, in which 
palbociclib extended the length of time that irradiated cells 
show unrepaired DNA double strand breaks.18 Another 
study, published by others, suggested that palbociclib in-
hibits protein phosphatase 5, in turn inhibiting the ability 
of ATM kinase to repair RT-induced DNA breaks.28

Mice bearing either CH157 or IOMM-Lee xenografts sur-
vived longest when RT and palbociclib were administered 
together (Figure 3 and Figure 4). The response was even 
more striking in CH157 xenografts than IOMM-Lee, for 
reasons that remain unclear, although the in vitro IC50.was 
lower for CH157 cells than for IOMM-Lee cells (Figure 1A, B).

Recently, another group also reported that palbociclib 
+ RT extended the survival of mice engrafted with ei-
ther grade 3 or radiation-induced meningioma cells.29 
Compared to that study, unique features of the current 
work are as follows: (i) this study contains data from more 
meningioma models; (ii) palbociclib + RT was compared 
to RT alone; (iii) higher doses of RT were tested; (iv) other 
chemotherapies commonly used against gliomas were 
also tested against meningiomas and found to be ineffec-
tive (data not shown).

In sum, these data suggest that the combination of 
CDK4/6 inhibitors like palbociclib (with RT) is a potentially 
effective therapeutic strategy for high-risk meningiomas 
and support a biomarker-driven clinical trial for newly diag-
nosed high-risk meningioma patients, in which patients 
whose tumors are p16-deficient but pRb-intact would be 
treated with palbociclib and RT after surgical resection.
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Figure 5. Tissue analysis of in vivo meningioma xenografts. (A) 
Mitosis counts in CH157 and IOMM-Lee intracranial tumors (open 
and filled symbols, respectively), following 5  days of radiation 
therapy (RT: 2 Gy/day × 5), palbociclib therapy (150 mg/kg/day × 5), 
or concurrent RT + palbociclib for 5 consecutive days. Each data 
point represents the average number of positive cells counted in 10 
high-powered fields (400x) of a single intracranial tumor. *P < 0.05 
versus all other groups, as indicated by one-way ANOVA analysis. 
(B) Representative photomicrographs of CH157 (upper panels) and 
IOMM-Lee (lower panels) intracranial xenografts. Mitoses are iden-
tified by arrowheads. Scale bar = 50 microns. (C) Same specimens as 
analyzed in (B), but examined for apoptotic cells, P = 0.082 via one-
way ANOVA.
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