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Abstract

Purpose: Treatment paradigms for Isocitrate dehydrogenase (IDH) mutant gliomas are rapidly
evolving. While typically indolent and responsive to initial treatment, these tumors invariably
recur at higher grade and require salvage treatment. Homozygous deletion of the tumor suppressor
gene CDKNZ2A/B frequently emerges at recurrence in these tumors, driving poor patient outcome.
We investigated the effect of CDK-Rb pathway blockade on IDH-mutant glioma growth in vitro
and /n vivo using CDK4/6 inhibitors (CDKi).

Experimental Design: Cell viability, proliferation assays and flow cytometry were used to
examine the pharmacologic effect of two distinct CDKis, palbociclib and abemaciclib, in multiple
patient-derived IDH-mutant glioma lines. Isogenic models were used to directly investigate the
influence of CDKNZA/B status on CDKi sensitivity. Orthotopic xenograft tumor models were
used to examine efficacy and tolerability of CDK:i /n vivo.

Results: CDK:i treatment leads to decreased cell viability and proliferative capacity in patient-
derived IDH-mutant glioma lines, coupled with enrichment of cells in G1 phase. CDKNZA
inactivation sensitizes IDH-mutant glioma to CDKi in both endogenous and isogenic models
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with engineered CDKNZA deletion. CDK4/6 inhibitor administration improves survival in
orthotopically implanted IDH-mutant glioma models.

Conclusions: IDH-mutant gliomas with deletion of COKN2A/B are sensitized to CDK4/6
inhibitors. These results support investigation of the use of these agents in a clinical setting.

Introduction

IDH-mutant gliomas are primary brain tumors characterized by a mutation in the metabolic
genes Isocitrate dehydrogenase 1 or 2. There are two major subtypes of IDH-mutant glioma:
astrocytoma, with concomitant mutations in 7P53and A7R.X, and oligodendroglioma,
which harbors TERT promoter mutations and loss of chromosomes 1p and 19g. Compared
to IDH wild-type glioblastoma, IDH-mutant diffuse gliomas exhibit more-indolent growth
patterns and are generally responsive to upfront treatment with radiation therapy and
alkylating chemotherapy (1-6). Recently, inhibition of mutant IDH enzyme activity with

the small molecule inhibitor vorasidenib demonstrated clinical effectiveness, with prolonged
median progression-free survival observed in patients with indolent phase disease, when
compared to placebo (7). Despite the initial responsiveness to therapy, however, these tumors
inevitably recur. Progressive IDH-mutant tumors frequently regrow at a higher grade and
acquire new genomic alterations that drive more aggressive behavior (8).

Deletion of the tumor suppressor gene CDKNZA/B is the most commonly observed
acquired genomic alteration in IDH-mutant tumors at recurrence, detected in 20 — 60%

of tumors across different case series (9-12). Loss events are enriched in astrocytoma
lineage compared to oligodendroglioma, as well as in those that have been previously
treated with radiation therapy (9,12). Homozygous loss of CDKNZA/Bis also associated
with dramatically worsened prognosis when detected at initial diagnosis, with a median
survival of 3 — 5 years (compared to 7 — 12 years in CDKNZ2A/B wild-type tumors)
(14-16). This stark prognostic association is reflected in the updated WHO diagnostic
criteria for IDH-mutant tumors, in which homozygous CODKN2A/B loss is sufficient for an
IDH-mutant astrocytoma to be designated grade 4 (17). In the recurrent setting, acquisition
of CDKNZA/B loss is also associated with shorter survival times (12).

Mechanistically, the CDKN2A locus encodes the p16(INK4A) and p14(ARF) tumor
suppressors. As a kinase inhibitor protein, p16 plays a central role in restraining Cyclin
Dependent Kinase (CDK) 4/6 activity to maintain cells in the G1 phase of the cell

cycle. In the absence of p16, elevated CDK4/6 activity manifests as hyperphosphorylation
of the downstream target the retinoblastoma protein (Rb), which in turn promotes cell
replication via advancement through the G1/S transition (18,19). As evidence of the
stepwise progression that occurs in IDH-mutant glioma progression, recent studies have
reported intermediate outcomes for patients with IDH-mutant astrocytoma with hemizygous
deletion of CDKNZA/B (20,21).

The observation that genetic disruption of the CDK-Rb pathway occurs in many cancer
types led to the development of the specific CDK4/6 inhibitors (CDK4/6i) abemaciclib,
ribociclib and palbociclib. Many tumor types have been reported to exhibit sensitivity to
CDKA4/6i in vitrobut no predictive biomarkers for CDK4/6i responsiveness have yet been
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established (22). Despite the central role of p16 in restraining CDK4/6 activity, a study that
surveyed a panel of >500 cancer cell lines for CDK4/6i responsiveness did not find a strong
relationship between CDKNZ2A loss and abemaciclib sensitivity (22). In the clinical setting,
CDKA4/6 inhibitors have demonstrated a well-appreciated clinical benefit for the treatment
of hormone receptor-positive, HER2-negative metastatic breast cancer in combination with
endocrine therapy, yet this effect also has not been found to be dependent upon loss of p16
(23,24). In IDH wild-type glioblastoma, which is etiologically distinct from IDH-mutant
glioma, no benefit to CDK4/6i has been observed (25,26).

These data notwithstanding, the strong correlation between prognosis and CDKNZA/B
status implies that dysregulation of the CDK-Rb pathway is biologically relevant in IDH-
mutant glioma. We therefore hypothesized that inhibition of CDK-Rb activity using CDK4/6
inhibitors will slow growth of IDH-mutant gliomas. Here we show inhibition of CDKNZA/B
deleted IDH-mutant glioma growth by CDK4/6i in multiple patient-derived models of this
disease. These results illustrate a unique scenario in which COKNZA/B-deletion serves as a
predictor of CDKA4/6i responsiveness.

Materials and Methods

Cell culturing, reagents, and viral transduction

The patient-derived glioma lines MGG152 and MGG119 have been previously described
and were maintained following the published protocol (8). TS603 and BT142-Luciferase
tagged cells were kind gifts from T. Chan at the Memorial Sloan-Kettering Cancer Center
and G. Riggins at the Sidney Kimmel Comprehensive Cancer Center, respectively, and
maintained using a similar protocol. Cell lines were authenticated by short tandem repeat
fingerprinting upon initial receipt and every 12—18 months thereafter (last performed April
2023). Testing for mycoplasma was performed every 6 months using Mycoplasma PCR
Detection Kit (ABM, G238). All cell lines were used for no more than 10 passages.
MGG152 CDKN2A -/~ single guide (sg) RNA 1 & 3 cell lines were developed using
CRISPR-CASQ9 gene editing. sgRNAs targeting COKNZA were obtained from GenScript’s
GenCRISPR Plasmid Collection containing sgRNAs pre-validated by the Broad Institute
and inserted into pLentiCRISPRv2 (GenScript, RRID:SCR_002891) all-in-one plasmid
containing CRISPR associated protein 9 (Cas9 (Similar to RRID:Addgene_127644 without
Neo resistance gene). Lentiviral particles were then generated by co-transfection of
HEK?293T cells (RRID:CVCL_0063) with pLentiCRISPRv2 plasmid, a packaging plasmid
psPAX2 (Addgene, RRID:Addgene_12260), and an envelope plasmid VSV.G (Addgene,
RRID:Addgene_14888) in a ratio of 2:1:1 with FUGENE HD (Promega). These lentiviral
particles were then transduced into MGG152 cells using previously published protocols(27-
29) and knock out was confirmed by western blot.

CDKN2A sgRNA sequences

SgRNAL: GGCCTCCGACCGTAACTATT

SgRNA3: GACCCGTGCACGACGCTGCC
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Compounds and Chemicals

The following compounds were added to cell culture media where indicated: abemaciclib

(Selleckchem, S5716), palbociclib (Selleckchem, S1116), temozolomide (Cayman
Chemical, 14163), lomustine (Selleckchem, S1840), AGI-5198 (MedChemExpress,
HY-18082), and dimethyl sulfoxide (Sigma-Aldrich).

Cell viability and cell proliferation analysis

Cell viability was assessed by measuring luminescence following 120 hours of indicated
compound treatment using the Cell Titer-Glo Assay Kit (Promega) according to the
manufacturer’s protocol with a microplate reader (Molecular Devices SpectraMax iD3,
RRID:SCR_023920). Cell proliferation was assessed by measuring fluorescence following
120 hours of indicated compound treatment using the CYQUANT Cell Proliferation Assay
(Invitrogen) according to the manufacturer’s protocol with a microplate reader (Molecular
Devices SpectraMax iD3, RRID:SCR_023920; BioTek Synergy HTX multi-mode reader,
RRID:SCR_019749).

Western Blot Analysis

Cells were harvested and lysed in radioimmunoprecipitation assay buffer (Thermo

Fisher Scientific) supplemented with protease inhibitor and phosphatase inhibitor cocktail
(Roche). Membranes were probed with the following primary antibodies: Phospho-Rb
(Ser807/811) (Cell Signaling Technology Cat# 8516, RRID:AB_11178658), Rb (Cell
Signaling Technology Cat# 9313, RRID:AB_1904119), Cyclin B1 (Cell Signaling
Technology Cat# 12231, RRID:AB_2783553), Cyclin A2 (Cell Signaling Technology
Cat# 4656, RRID:AB_2071958), Cyclin E2 (Cell Signaling Technology Cat# 4132,
RRID:AB_2071197), CDK2 (Cell Signaling Technology Cat# 2546, RRID:AB_2276129),
CDKA4 (Cell Signaling Technology Cat# 12790, RRID:AB_2631166), CDKG6 (Cell
Signaling Technology Cat# 3136, RRID:AB_2229289), phospho-Histone H3 (Ser10) (Cell
Signaling Technology Cat# 3377 (also 3377S, 3377P), RRID:AB_1549592), p21 Wafl/
Cipl (Cell Signaling Technology Cat# 2947 (also 2947S, 2947P), RRID:AB_823586),
p16 INK4A (Cell Signaling Technology Cat# 80772, RRID:AB_2799960), IDH R132H
(Dianova Cat# DIA-H09, RRID:AB_2335716), Cyclophilin B (Cell Signaling Technology
Cat# 43603, RRID:AB_2799247), and B-actin (Cell Signaling Technology Cat# 3700,
RRID:AB_2242334). Secondary antibodies used based on the source animal (mouse or
rabbit) of primary antibodies are as follows: ECL Anti-Rabbit IgG HRP-linked whole

Ab from Donkey (Cytiva Cat# NA934, RRID:AB_772206) and ECL Anti-Mouse IgG
HRP-linked whole Ab from sheep (Cytiva Cat# NA931, RRID:AB_772210). Membranes
were exposed to ECL substrate (Bio-Rad) for 5 minutes before visualization on Gel Doc
XRS+ (Bio-Rad, RRID:SCR_019690). Images were saved in Image Lab Software (Bio-Rad,
RRID:SCR_014210), exported as TIFF files with 600 DPI resolution, and cropped as shown.

Cell Cycle Analysis

Cells were cultured at a density of 1x10° cells/mL and treated with 300nM Abemaciclib for
72 hours. On the day of data acquisition 10 uM of 5-ethynyl-2’-deoxyuridine (EdU) was
added to the culturing media for 2 hours. DNA synthesis was determined using Click-1T®
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EdU Flow Cytometry Kit (Invitrogen) according to the manufacturer’s protocol. Propidium
iodide/RNAse staining solution (Cell Signaling Technology) was added for 30 minutes
following EdU staining to visualize the cell cycle profile for each sample. Samples were run
on a BD LSRII flow cytometer (RRID:SCR_002159) and data was analyzed using FlowJo
v10 (RRID:SCR_008520).

Xenograft Models

All animal experiments were approved by the Institutional Animal Care and Use Committee
of Massachusetts General Hospital. For flank tumor experiments, 1.2 x 10° cells mixed

1:1 with Matrigel (Corning) were subcutaneously implanted in the right flank of 7- to
10-week-old female SCID mice (Charles River). Mice were monitored 2-3 times per

week. At three weeks, mice were randomized to a vehicle group and abemaciclib (75
mg/kg) group. Abemaciclib (MedChemExpress, HY-16297) was formulated daily in 1%
hydroxyethylcellulose in 25 mM phosphate buffer pH = 2. Treatment was administered
orally 5 times per week. A digital caliper was used to measure tumor diameter 3 times a
week. The volume (mm3) was calculated as length (mm) x width? (mm?2) x 0.5. To evaluate
the status of phosphorylated Rb, tumor tissue was washed with PBS and homogenized

in RIPA buffer and then western blot was performed probing for Rb, phospho-Rb and
beta-actin. Quantitation was performed using densitometry within Image Lab (Bio-Rad).

For intracranial tumor experiments, 2 x 10° cells were orthotopically implanted into the
right striatum of 8-week-old female SCID mice (Charles River) using a stereotactic frame.
One week later, mice were randomized and assigned to vehicle or abemaciclib (90 mg/kg)
group. Treatment was administered 5 times per week. Mice were monitored 2 — 3 times per
week and euthanized when neurologic deficits or general body condition met criteria. For all
experiments, mice were housed under a 12-hour light:dark cycle with standard bedding and
ad libitum access to food.

Immunohistochemistry

Tumor-containing mouse brains were paraffin embedded to create formalin-fixed, paraffin-
embedded (FFPE) blocks that were then sectioned for immunohistochemistry staining.
The process of immunohistochemistry staining was performed using previously published
protocols (30). The primary antibodies used to probe the tissue were as follows: Ki-67
(Dako), phospho-Rb (Cell Signaling Technology), and IDH R132H (Dianova).

Statistical Analysis

Statistical Analyses were performed with GraphPad Prism software v10
(RRID:SCR_002798). Nonlinear regression analysis was performed to create dose response
curves. Differences were compared using unpaired Student’s #test for 2 groups or ANOVA
for multiple groups, with correction for multiple comparisons. Survival analyses were
conducted in Prism following the method of Kaplan-Meier. All studies used a cutoff of
significance of £< 0.05.

Data Availability

The data generated in this study are available upon request from the corresponding author.
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Results

Sensitivity of IDH-mutant patient-derived glioma lines to CDK4/6 inhibitors

Alterations in cell cycle genes are frequently observed in recurrent IDH-mutant gliomas,
primarily CDKNZA/B deletion, but also a low frequency of CDK4and CDK6 amplification,
CCND1 mutation and RBZ mutation (10,11,31). First, we screened our panel for loss of
expression of p16, a protein product of COKNZ2A, in four patient-derived, progressive
IDH-mutant gliomas (astrocytic lines MGG152, MGG119, and BT142 and oligodendroglial
line TS603). By this method, we confirmed frequent loss, with 3 of the 4 lines showing
complete absence of protein product (Figure 1A). We then examined genetic alterations in
the glioma lines based on a CLIA-approved sequencing panel employed at our institution,
combined with published data (32). As expected, the astrocytic IDH-mutant glioma lines
MGG152, MGG119 and BT142 have mutations in 7P53 and mutation or alteration in
ATRX. TS603, which was derived from a patient with an oligodendroglial tumor, exhibits a
TERT promoter mutation (Figure 1B). Notably, we observed p16 loss in the MGG119 line,
which did not have detectable genetic COKNZA/B deletion by sequencing, either reflecting
sensitivity limitations of this assay or alternative mechanisms of protein inactivation. We
also note homozygous deletion of COKNZA/Bin BT142 (32), as well as the TS603 glioma
line (Figure 1B), which though rare has been previously reported in oligodendroglioma.

We then tested whether patient-derived glioma lines are sensitive to CDK4/6 inhibitors.

We examined sensitivity to two such inhibitors, abemaciclib and palbociclib. Using a cell
viability assay on a panel of patient-derived IDH-mutant glioma lines derived from recurrent
tumors, we observed a significant decrease in cell viability in two IDH-mutant glioma lines
following exposure to these drugs (Figure 1C, D). Importantly, the two sensitive models,
TS603 and BT142, exhibited I1Csq below 1 pM for abemaciclib, a level which has been
shown to correlate with clinically-beneficial kinase inhibition in other cancer types (33,34).
We observed a similar sensitivity to abemaciclib using the CyQUANT proliferation assay
(Figure 1E). Because the four glioma lines exhibit different growth speeds, we quantitated
the doubling time to examine if CDK4/6i sensitivity is associated with growth rate. TS603
exhibited the shortest doubling time (5.0 days), followed by MGG152 (6.3 days) and

BT142 (6.7 days), while MGG119 had the longest (8.4 days). The relative insensitivity

of MGG119 may be related to slower growth rate in addition to lack of homozygous deletion
of CDKNZAIB. In subsequent studies, we chose abemaciclib as the CDKi because of its
known ability to penetrate the blood brain barrier (26,35).

Responsiveness to CDK4/6 inhibitor is associated with loss of CDKN2A

Our data suggest that glioma lines with COKNZA/B deletion were generally more

sensitive to CDK4/6 inhibitor treatment /7 vitro. In the hypo-phosphorylated state, the
retinoblastoma (Rb) protein binds to and represses E2F transcription factor family members,
maintaining cells in the G1 phase of the cell cycle. Activation of CDK4/6 by coupling to
cyclin D, typically triggered by mitogenic signals, leads to hyperphosphorylation of Rb,
release of E2F, and transcriptional activation to promote transition into S phase (18,19).
CDKa4/6 inhibitor p16 blocks this signaling cascade. Consistent with this well-established
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biochemical mechanism, we observed that IDH-mutant glioma lines lacking p16 expression
display higher levels of phospho-Rb at baseline (Figure 1A).

To directly test whether CDKNZA deletion could serve as a biomarker for CDK4/6 inhibitor
sensitivity in the context of progressive IDH-mutant glioma, we used CRISPR-based gene
editing to knockout CDKNZA in MGG152, a CDKNZA intact glioma line. Following
successful engineered inactivation of p16 using two distinct sgRNAs, we observed a
concomitant increase in phospho-Rb at serine 807/811 (Figure 2A), as would be expected in
the setting of unrestrained CDKA4/6 activity. This phosphorylation of Rb was reversed with
abemaciclib treatment, further evidence of on-target CDK4/6 activity from p16 inactivation
(Figure 2A). Most importantly, CDKNZA deletion in MGG152 glioma cells resulted in
increased sensitivity to abemaciclib treatment (Figure 2B), consistent with our hypothesis.

Abemaciclib treatment results in G1/S block

As detailed above, aberrant activation of CDK4/6 and subsequent Rb hyperphosphorylation
promotes transition through the cell cycle. Consistent with this, in our glioma model,

we observed a decrease in the fraction of cells in G1 phase when CDKNZA is deleted
(Figure 3A). Additionally, we find that inhibition of CDK4/6 with abemaciclib resulted in
an enrichment in G1 population and a decrease in G2/M phase (Figure 3A, Supplemental
Figure 1). This effect is consistent with on-target activity of cyclin-dependent kinases at the
G1/S transition and was observed in all IDH-mutant glioma lines, regardless of the effect
that abemaciclib had on proliferation. The enrichment in the G1 population, however, was
most apparent in CODKNZA-deleted lines. In addition, we observed a statistically significant
enrichment in the proportion of cells in G2/M phase. This G2/M block was present only

in the abemaciclib-sensitive glioma lines TS603 and BT142 (Figure 3A, 3B), suggesting
that inhibition of CDK4/6 activity independent of the G1/S checkpoint may be driving

the anti-tumor benefit. This observation raises the mechanistic implication that the CDKi
sensitivity from CDKNZ2A knockout in IDH-mutant glioma reflects an induced oncogenic
addiction to CDK4/6 in this context.

We therefore examined the broader impact of abemaciclib on the cell cycle progression
machinery in IDH-mutant glioma by immunoblot for key cell cycle proteins. Abemaciclib
treatment resulted in a strong decrease in levels of phospho-Rb. Consistent with the data
from flow cytometry, CDK4/6 inhibition led to a decrease in proteins associated with G2
and M phase, such as cyclin E2, cyclin A2, cyclin B1 and phospho-HH3 (Figure 3C).

We observed an increase in CDK4 levels following drug exposure. The increase in CDK4
levels is unexpected but has been reported following abemaciclib in lung cancer cells /n
vitro (36). While cyclin protein levels are well-known to vary in abundance in a cell-cycle
dependent manner (37), the regulation of CDK levels is less well-studied. However, CDK4
protein levels have been reported to decrease during the mitosis in a ubiquitin-proteasome-
dependent manner via the Anaphase Promoting Complex/Cyclosome (APC/C) (38,39). This
raises the possibility that the increase in CDKA4 is related to enrichment in G1 phase, a
time when APC/C-driven degradation is low. CDK® levels were unchanged. Interestingly,
abemaciclib can lead to cellular senescence and increased p21 levels in some cancer cell
models (40,41), however, we found baseline p21 levels variable across IDH-mutant glioma
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lines and unaffected by abemaciclib treatment (Figure 3C). The most consistently elevated
protein across p16-deleted lines was cyclin E2, which was uniformly decreased upon CDKi
treatment, potentially serving as an additional biomarker of induced CDK:i sensitivity in the
context of IDH-mutant glioma. In glioma lines lacking p16, CDK2 expression decreased
with CDKi treatment, as has been previously described (42), while there was no change in
MGG152 parental or engineered lines (Figure 3C). The mechanism for this difference is
unclear.

Abemaciclib in combination with alkylating chemotherapy or IDH inhibitor confers no
added benefit

Patients with IDH mutated gliomas are often treated with the alkylating chemotherapeutics
temozolomide (TMZ) and lomustine (CCNU), prompting us to investigate the utility of
combination therapy of these agents combined with CDKi. However, we did not observe
an additive effect from co-treatment with abemaciclib and temozolomide (Figure 4A) or
abemaciclib and lomustine (Supplemental Figure 2). This lack of effect was observed
regardless of CDKN2A/B status.

Additionally, the IDH1/2 inhibitor vorasidenib has been recently demonstrated to improve
progression-free survival in treatment-naive patients with grade 2 IDH-mutant gliomas.
Anticipating that use of IDH inhibitors will be considered for other populations of patients
with IDH-mutant gliomas, we investigated whether there is a benefit from combination

of abemaciclib and IDH inhibitor. In vitro administration of the IDH inhibitor AG-5198
resulted in marked decrease in D-2HG levels (27,30,43), however, IDHi did not influence
cell proliferation in these models (Figure 4B). Further, we did not observe an additive
benefit when administered concurrently with abemaciclib (Figure 4B).

Abemaciclib delays growth of orthotopically implanted IDH-mutant gliomas

Given the potential for differences between cell growth dependencies /n vitro versus in vivo,
we next tested the anti-tumor efficacy of abemaciclib monotherapy in /in vivo. Abemaciclib
treatment 5 days per week, at a clinically relevant dose level, led to significant slowing

of tumor growth in a canonical TS603 flank xenograft model when compared to tumor
growth in vehicle-treated animals (Figure 5A). We examined the level of phosphorylated

Rb and total Rb in tumor samples and observed a significant decrease in the ratio of
phospho-Rb to total Rb in the abemaciclib group, consistent with evidence of intratumoral
target engagement (Figure 5B; Supplemental Figure 3A).

We then proceeded to test the impact of abemaciclib on the survival of animals

with orthotopically implanted IDH-mutant, COKN2A-deleted gliomas using the MGG152-
CDKN2A-knockout glioma model. Here, we observed a significant prolongation of median
survival in the abemaciclib-treated group (Figure 5C), with abemaciclib-treated animals
living a median of 90 days compared to 72 days for vehicle treated animals (p=0.01; HR
0.37; 95% CI1 0.12 — 1.12). Treatment was tolerable, even when given for an extended period
(Supplemental Figure 3B, C). Immunohistochemistry demonstrated a decrease in Ki-67 and
phospho-Rb expression in abemaciclib-treated tumors, consistent with expected, on-target
effects of CDK4/6i (Figure 5D).
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Discussion

Here, we provide the first report of IDH1 mutant glioma sensitivity to CDK4/6 inhibitors,
including abemaciclib. We tested 4 endogenous IDH-mutant glioma lines /n vitro and noted
2 lines with increased responsiveness to either of two different CDK4/6 inhibitors. Since the
most responsive glioma lines lacked expression of p16, a tumor suppressor protein encoded
by CDKNZA, we performed further controlled, isogenic experiments demonstrating that
genetic deletion of CDOKNZ2A in a glioma line without endogenous loss enhances the anti-
tumor efficacy of CDK4/6 inhibition. These data provide strong evidence that COKNZA,
and the encoded protein p16, play a critical role in determining sensitivity to this drug class
in IDH-mutant gliomas.

To date, no relationship between CDKNZA deletion or p16 loss and CDK4/6i
responsiveness has been established. Indeed, “intermediate” sensitivity to abemaciclib was
observed in a large panel of adherent cancer cell lines. Eighteen glioma lines were included
in this panel, 10 of which had homozygous deletion of COKNZA. None of these glioma
lines had an IDH mutation based on a repository of next generation sequencing data of
cancer cell lines (22,44). In contrast, our findings in IDH-mutant gliomas are distinct

from these findings. This difference likely reflects the different natural histories of these
two glioma sub-types, and the emergence of CODKNZA/B deletion during stepwise, clonal
progression in the evolution of IDH-mutant glioma. Thus, in contrast to glioblastoma or
breast cancer, CDKNZ2A deletion has the potential to serve as a biomarker for patient
selection of CDK:i in the setting of progressive IDH-mutant glioma.

It is notable that, in responsive cell lines with CDKNZA loss, we observed a prominent
decrease in CDK2 levels following CDK4/6 inhibitor treatment. Adaptive activation of
CDK2 is a known resistance pathway in CDK4/6 inhibitor-treated breast cancers (45,46),
raising the possibility that agents that target CDK2 in tandem with CDK4/6 may provide
additional anti-tumor benefit.

Importantly, we show an /n vivo anti-tumor benefit in two distinct patient-derived models of
CDKNZA-deleted IDH-mutant glioma. While this is encouraging, we note that the durability
of response could still be improved and, thus, there may be benefit from incorporation

in a combination regimen in future studies. Nevertheless, given the very poor prognosis

of patients with IDH-mutant glioma with CDKNZA deletion, the work presented here
provides strong preclinical rationale for investigating CDK4/6 inhibitors in this clinical
setting, where even a small change in tumor growth rate could provide substantial clinical
benefit. We have focused our investigation here on recurrent disease due to the availability
of IDH-mutant glioma models and the high frequency of CDKN2A/B alterations at this
stage. However, IDH-mutant gliomas found to have CDKNZA/B deletion at initial diagnosis
typically follow an aggressive course. These tumors are unlikely to respond to vorasidenib
or other IDH inhibitors, which have shown the strongest benefit in indolent disease.

For this reason, consideration should also be given to exploration of CDK4/6 inhibitors

in this setting. Standard upfront treatment for patients with IDH-mutant glioma with
CDKNZA/B deletion involves a combination of radiation and temozolomide based on an
extrapolation from the CATNON trial (6), which shows a survival advantage for patients
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with higher grade IDH-mutant gliomas receiving adjuvant temozolomide. Abemaciclib
could be integrated into this treatment paradigm. Since we do not observe increased efficacy
when combining temozolomide with abemaciclib in our models, a potential starting point
could be exploration of abemaciclib with concurrent radiation therapy, which displays a
synergistic relationship in other tumor types (36,47,48). The wide availability of this class
of drugs suggest that these results are readily translatable. Taken together, our preclinical
data support further clinical investigation of CDK4/6 inhibition in IDH-mutant glioma with
CDKNZA/B deletion.
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Translational Relevance

IDH-mutant gliomas (astrocytoma and oligodendroglioma) typically recur despite initial
responsiveness to standard therapies like radiation treatment and chemotherapy. There is
an urgent need for improved treatments at progression. Homozygous loss of CDKN2A/B
is observed at high frequency in the recurrent tumor setting, as well as in a small subset
of IDH-mutant gliomas at initial diagnosis. Deletion of this locus is associated with
poor outcomes in both contexts. Our study shows that CDK-Rb pathway hyperactivity
in CDKNZ2A/B-deleted IDH-mutant tumors can be blocked with CDK4/6 inhibitors.
CDKA4/6 inhibition prevents proliferation, slows tumor growth, and improves survival in
preclinical patient-derived IDH-mutant glioma models with CDKNZA/B loss. Our study
thus presents strong preclinical rationale for investigating CDK4/6 inhibitors in patients
with IDH-mutant glioma harboring CDKNZA/B loss.
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Figure 1:

CDKA4/6 inhibitors decrease cell viability in IDH-mutant patient-derived glioma cell lines.
A. Western blot of IDH-mutant glioma lines for p16, phosphorylated-Rb, IDH1 R132H
mutation. Cyclophilin B serves as a loading control. B. Mutation profiles of IDH-mutant
glioma lines. C. Relative cell viability of IDH-mutant glioma lines after exposure to
abemaciclib at the indicated concentrations for 5 days. n = 6 for each concentration, bars
+ SEM. D. Relative cell viability of IDH-mutant glioma lines after exposure to palbociclib
at a dose of 1 uM for 5 days. n = 3-5 for each concentration, bars + SEM. Comparisons
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based on unpaired t-test, ns: non-significant, **** p < 0.0001. E. Relative cell proliferation
of IDH-mutant glioma lines after exposure to abemaciclib at the indicated concentration for
5 days. n = 6 for each concentration, bars + SEM. Data in C, D and E are representative of at
least three biological replicates.
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Loss of p16 enhances sensitivity of IDH-mutant glioma lines to CDK4/6 inhibition. A.
Western blot of parental and CDKN2A knockout MGG152 lines showing loss of p16

expression and changes in Rb phosphorylation in the presence of abemaciclib treatment (300

nM). Cyclophilin B is used as a loading control. B. Cell viability assay of MGG152 lines
after exposure to abemaciclib at the indicated concentrations for 5 days. C. Cell viability
following abemaciclib treatment at 100 nM. n = 3 for each concentration, bars + SEM. Data

are representative of three biological replicates. **** p < 0.0001.
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Figure 3:

Abemaciclib leads to block at G1/S transition in IDH-mutant glioma. A. Cell cycle profile
based on PI and EdU staining following exposure to DMSO (=) or abemaciclib (+) at a dose
of 300 nM. The percentage of cell population in each cell cycle phase is shown. B. Cell
cycle data showing changes in cell fraction following abemaciclib. n = 3, mean values +
SEM. Data are representative of at least two biological replicates. See Supplemental Figure
1 for raw data. C. Western blot analysis of cell cycle protein expression following exposure
to DMSO (=) or 300 nM abemaciclib (+). B-actin and cyclophilin B serve as loading control
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for each membrane. Two separate blots are used to present the data, with the horizontal
dotted line delineating the separate membranes. G1, g3: single guide RNA 1 or 3 used for
deletion of CDKNZ2A. ns, non-significant. ***, p < 0.001. **** p < 0.0001.

Clin Cancer Res. Author manuscript; available in PMC 2025 January 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nasser et al.

Page 20
A BT142 MGG119
*k
*
ns ns
_ :150 456
H H 3 [
§ § £ .
g 510“ 3100 = “
z z z M
g g 50 E 50
8 8 3
o [
o\‘?o .oa-&‘3 4*1/ x’\‘ﬂ, \xf*‘o & & &
¥ & S o
« &
MGG152 MGG152 CDKN2A-/- MGG152 CDKN2A-/-
sgRNA1 sgRNA3
kool skokok ns
Fokokk *ookokok
_ 150 |—| 0
E fé‘ Fokokok ns %15 ok kK *k
: :
= S 100 3 100
3 = =
’:—“ g 50 E 50
8 3 3
o [
L & & \{,\«
& «“‘J
&
B BT142
1 -
g g £
£ £ g
3 g 8

MGG152 CDKN2A-/-
sgRNA1 sgRNA3

ns
ns
1

sFokok ok ok

H g H
£ £ £ 2
8 8 S 100
g B3 2 O
8 2 2 50
> 5 >
3 3 3
o
& & o‘i‘\ o‘»
W @ A ';\
S
&
59

Figure 4:
Combination treatment with standard therapies does not lead to an added benefit. A.

Relative cell viability of IDH-mutant glioma lines treated with DMSO, abemaciclib 0.1
UM, temzolomide (TMZ) 100 uM or combination of abemaciclib plus TMZ for 5 days. n =
6 for each treatment, mean values £ SEM. (B) Relative cell viability of IDH-mutant glioma
lines treated with DMSO, abemaciclib 0.1 uM, AGI-5198 5 uM (IDHi) or combination of
abemaciclib plus AGI-5198 for 5 days. n = 6 for each treatment, mean values + SEM.
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Comparisons were made using One-way ANOVA adjusted for multiple comparisons. ns,
non-significant. *, p <0.05. **, p < 0.01. ***, p < 0.001. **** p < 0.0001.
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Figure5:
Abemaciclib slows tumor growth in IDH-mutant glioma models with CDKNZ2A deletion.

(A) Tumor volumes of TS603 subcutaneous xenografts in animals treated with abemaciclib
(N = 6) or vehicle control (N = 7) five times per week. Bars + SEM. (B) Ratio of phospho-
Rb to total Rb detected in each tumor taken at study endpoint show reduction to a mean of
0.8 in abemaciclib treated tumors compared to 1.4 for vehicle treated tumors. Comparison
based on unpaired t-test, p = 0.02. (C) Survival curve of mice bearing intracranial xenografts
of MGG152-CDKN2A-/- sgRNAZ3 treated five times per week with abemaciclib (N = 8) or
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vehicle (N = 8). One animal in Abemaciclib group censored due to unrelated dermatologic
issue. (D) Representative images of immunohistochemistry of tumors extracted from vehicle
or abemaciclib-treated animals, showing IDH1 R132H, Ki-67 and phosphorylated Rb (p-
Rb).
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