
MOLECULAR CANCER THERAPEUTICS | SMALL MOLECULE THERAPEUTICS

Combination of Ribociclib with BET-Bromodomain and
PI3K/mTOR Inhibitors for Medulloblastoma Treatment
In Vitro and In Vivo
Barbara Jonchere1, Justin Williams1, Frederique Zindy1, Jingjing Liu2, Sarah Robinson1, Dana M. Farmer1,
Jaeki Min3, Lei Yang3, Jennifer L. Stripay1, Yingzhe Wang4, Burgess B. Freeman III4, Jiyang Yu2,
Anang A. Shelat3, Zoran Rankovic3, and Martine F. Roussel1

ABSTRACT
◥

Despite improvement in the treatment of medulloblastoma over
the last years, numerous patients with MYC- and MYCN-driven
tumors still fail current therapies. Medulloblastomas have an intact
retinoblastoma protein RB, suggesting that CDK4/6 inhibition
might represent a therapeutic strategy for which drug combination
remains understudied. We conducted high-throughput drug com-
bination screens in a Group3 (G3) medulloblastoma line using the
CDK4/6 inhibitor (CDK4/6i) ribociclib at IC20, referred to as an
anchor, and 87 oncology drugs approved by FDAor in clinical trials.
Bromodomain and extra terminal (BET) and PI3K/mTOR inhibi-
tors potentiated ribociclib inhibition of proliferation in an estab-
lished cell line and freshly dissociated tumor cells from intracranial
xenografts of G3 and Sonic hedgehog (SHH) medulloblastomas
in vitro. A reverse combination screen using the BET inhibitor JQ1

as anchor, revealed CDK4/6i as themost potentiating drugs. In vivo,
ribociclib showed single-agent activity in medulloblastoma models
whereas JQ1 failed to show efficacy due to high clearance and
insufficient free brain concentration. Despite in vitro synergy,
combination of ribociclib with the PI3K/mTOR inhibitor paxalisib
did not significantly improve the survival of G3 and SHH medul-
loblastoma-bearingmice comparedwith ribociclib alone.Molecular
analysis of ribociclib and paxalisib-treated tumors revealed that E2F
targets and PI3K/AKT/MTORC1 signaling genes were depleted, as
expected. Importantly, in one untreated G3MBmodel HD-MB03, the
PI3K/AKT/MTORC1 gene set was enriched in vitro compared with
in vivo suggesting that thepathwaydisplayed increased activity in vitro.
Our data illustrate the difficulty in translating in vitro findings in vivo.

See related article in Mol Cancer Ther (2022) 21(8):1306–1317.

Introduction
Medulloblastoma is the most common malignant pediatric brain

tumor with a median age of 7 years at diagnosis (1). Among the four
subgroups,Group 3 (G3MB)withMYC overexpressionby amplification
or not and Sonic hedgehog (SHHMB) with MYCN amplification and
TP53 mutations have the poorest outcome (1, 2). In all cases, limited
therapeutic options exist when tumors recur. Extensive molecular
analysis from hundreds of medulloblastoma primary patient samples
revealed that the retinoblastoma signaling pathway is often compro-
mised, including amplification of CDK4, CDK6 or CCND2 whereas
retinoblastoma itself remains intact (3) making CDK4/6 inhibitors
(CDK4/6i) an attractive therapeutic strategy for medulloblastoma (4).

Three FDA-approved CDK4/6i, palbociclib (Pfizer), abemaciclib
(Eli Lilly), and ribociclib (Novartis) are in clinical trials for
multiple cancers. Although monotherapy induces disease stabili-
zation in a small percentage of patients, CDK4/6i are more active in
combination (5). All three clinically used CDK4/6i were shown to
efficiently treat HRþ HER2� advanced breast cancer in combina-
tion with endocrine therapy (6), and are being evaluated with other
drug partners.

Ribociclib was previously shown to cross the blood–brain barrier (7)
and is currently evaluated in combination with gemcitabine, trame-
tinib or sonidegib in a clinical trial at SJCRH for children with
recurrent medulloblastoma (SJDAWN, NCT03434262). To identify
additional compounds that synergize with ribociclib, we devised a
combination drug screen in which one drug (referred to as anchor)
used at a single concentration of 20% of the IC20 value, was tested with
87 oncology drugs in dose–response.We usedmedulloblastoma tumor
cells from human G3MB established cell lines or from freshly disso-
ciated tumor cells harvested frommice harboring intracranial patient-
derived G3MB and SHHmedulloblastoma xenografts (PDX). Anchor
drugs were either ribociclib or the bromodomain and extra terminal
(BET) inhibitor (BETi) JQ1 (8), used for validation. BETi and PI3K/
mTOR inhibitors synergized with ribociclib in vitro and were evalu-
ated in preclinical models of G3MB and SHHMB.

Materials and Methods
Human G3MB cell lines and PDXs

Human G3MB established cell lines, HD-MB03 and MB002 were
generously provided by Drs. Till Milde and Jae-Youn Cho, respective-
ly (9, 10). PDXs SJMBG3–12–5950, SJMBG3–16–08522, SJMBSHH-
13–5634, and SJMBSHH-14–7196 were previously described (11).
In vivo studies were performed in female Crl:CD1-Foxn1nu (CD-1
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nude) mice (Charles River Laboratories). Tumors were labeled with
firefly luciferase for in vivobioluminescence imaging (BLI), as previously
described (12). Marked tumor cells were amplified, banked, and rou-
tinely tested byDNA fingerprinting to ensure tumor identity.Mice were
housed in anAAALAC-accredited facility. Studies were approved by the
Animal Care and Use Committee and performed in accordance with
best practices outlined by theNIHOffice of Laboratory AnimalWelfare.

High-throughput drug screens
Tumor cells were seeded in 384-well plates. For a detailedmethod of

cell culture condition, tumor dissociation and cell density optimiza-
tion, see Supplementary Material. 2 to 24 hours after seeding, 87
compounds in 10 concentrations dose–response were pin-transferred
to plates using the Biomek FX Laboratory Automation Workstation
(Beckman Coulter, Inc.). 0.08% DMSO and 1.6 mmol/L staurosporine
were used as negative and positive controls, respectively. 7 days after
treatment, cell proliferation wasmeasured using CellTiter-Glo reagent
(Promega, G7375). For the anchor-based combination screen, cells
were drugged with a single dose IC20 value of the anchor, 5 mmol/L
ribociclib or 132 nmol/L JQ1, or 0.08% DMSO against up to 87
compounds in dose–response. IC50 values of the 87 compounds, with
or without the anchor, were computed using RISE (Robust Investi-
gation of Screening Experiments), an in-house program. To evaluate
synergy, cells were drugged with ribociclib and the drug partner (JQ1
or the PI3K/mTORi paxalisib) in dose–response and data were
analyzed using Bivariate Response to Additive Interacting Doses
(BRAID) response surface model (13). For more details of the
high-throughput screen (HTS), washout experiment, cell cycle,
Annexin V analysis and immunoblottingmethods, see Supplementary
Material.

Brain tissue binding (equilibrium dialysis)
Brain tissue binding of a compound and free drug concentration

were determined using rapid equilibriumdialysis inwhich the aqueous
component of the brain homogenate containing the free compound
diffuses through the dialysis membrane (MWCO 12k). For more
details and for plasma tissue binding method, see Supplementary
Material.

In vivo mouse brain exposure assessment
7–11-week-old female Crl:CD1 (ICR) mice (Charles River

Laboratories) were used for in vivo pharmacokinetic (PK) profiling.
Whereas there can be a significant difference in drug metabolism
between the sexes in rodents (14, 15), limiting the analysis to one sex
minimizes inter-mouse variability in drug exposure. Blood and brain
samples were harvested at 0.083, 1, and 4 hours after dose (three
animals at each time point) and were analyzed for drug concentration
by LC-MS/MS. For a detailed method, see Supplementary Material.

JQ1 PK study
A single dose of JQ1 was administered to non–tumor-bearing mice

intraperitoneally at 50 mg/kg. Perfused brain tissues were harvested at
0.5, 1, 2, 4, 8, and 24 hours after dose (three animals at each time point)

and drug concentrations were quantified as described previously in
Supplementary Material. Brain tissue binding data were used to
compute free unbound concentrations.

MTD evaluation
To determine which dose of paxalisib was tolerated when combined

with 100 mg/kg of ribociclib, three groups of non-tumor bearing mice
(3 mice each) were dosed daily with ribociclib combined with 5, 10 or
15 mg/kg of paxalisib for 3 weeks. Three control groups received
vehicle, ribociclib at 100 mg/kg, or paxalisib at 15 mg/kg daily for
3 weeks. Toxicity was evaluated as described below.

Preclinical trials
Luciferase-positive HD-MB03 and MB002 lines (�1�105 cells/

mouse) or PDX tumor cells SJMBG3–12–5950 and SJMBSHH-13–
5634 (�1�106 cells/mouse) were resuspended in 5 mL Matrigel (BD
Biosciences, 356234) and stereotactically implanted in the cortices of
7–11-week-old female CD-1 nude mice. Tumor growth was assessed
twice weekly by BLI, as previously described (12). Treatment was
initiated when BLI reached approximately 5�105 photons/second
(p/s) for G3MB lines and approximately 1�106 p/s for PDXs. Mice
were randomized into treatment arms and dosed continuously with
vehicle, ribociclib, JQ1, paxalisib, the combination of ribociclib and
JQ1 or ribociclib and paxalisib until animals became moribund. Drug
formulation, administration, and doses are described previously in the
Supplementary Material. Mice that reached endpoint were euthanized
and tumors were harvested and snap-frozen for molecular analysis.
Mice were excluded from the analysis if they died or required humane
euthanasia without tumor burden. Mice experiencing severe body
weight loss unrelated to tumor burden, indicative of toxicity, were
included in the analysis.

Toxicity measurement
Toxicity was monitored by measuring body weights daily and by

performing bloodwork at baseline and every 2weeks or after 3weeks of
treatment. Complete blood counts and diagnostic chemistry panels
were performed, as previously described (12).

Molecular analysis
RNA from snap-frozen tumors was extracted using TRizol

(Ambion, 15596026). After QC and library preparation, the library
was sequenced using Illumina NovaSeq 6000. For RNA sequencing
analysis, including gene set enrichment, differentially expressed
genes (DEG) and gene set variation analyses see Supplementary
Material.

Statistical analysis
Statistical significance between treatment groups for overall survival

was determined by the log-rank test (Mantel–Cox) adjusted for
multiple comparisons (Holm–Sidak method). Other statistical anal-
yses were performed using the Mann–Whitney test. GraphPad Prism
version 7.0a for Mac (GraphPad Software, www.graphpad.com) was
used for all analyses. Results were considered significant if P or

Figure 1.
Drug screens using tumorspheres and fresh tumor cells from G3MB and SHHMB PDX. A, Drug-screening strategy using tumorspheres (HD-MB03) and fresh tumor
cells dissociated from intracranial PDXs (MB002, SJMBG3–12–5950, SJMBG3–16–08522, SJMBSHH-13–5634, and SJMBSHH-14–7196). Synergistic and additive
combinations tested in preclinical trials using G3MB and SHHMB PDX-bearing mice. B,Approximation of the number of cell divisions of untreated cells during 7 days
of incubation in 384-well plates. CellTiter Glo reagent used on untreated cells on days 0 and 7. RLU fold change computed and log2 transformed. 1,000 cells per well
density for all models (n¼ 3–7).C, The IC50 heatmap of the 87 drugs assayed as single agent in the different cell models after 7 days of treatment (n¼ 3 and technical
duplicate or triplicate for each). � Compounds used in vivo identified with a red star. Raw data are presented in Supplementary Table S1.
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adjusted P ≤ 0.05 (�, P < 0.05; ��, P < 0.01; ���, P < 0.001). Data were
graphed as the mean values � SD unless stated otherwise.

Data availability
RNA sequencing data generated in this study have been deposited to

the St. Jude Cloud except for HDMB03 cells deposited in the EGA
under session EGAS00001006286

Results
In vitro drug screens

Although several human G3MB cell lines (16) grow in vitro as
tumorspheres, we were unable to establish cell lines from intracra-
nial PDXs (11). We developed a protocol that allowed freshly
dissociated cells from tumors harvested from the brain of mice
harboring PDXs to grow for 7 days in culture in 384-well plate
(Fig. 1A) with 2–4 doubling times (Fig. 1B) and with high assay
quality, z prime > 0.5 (Supplementary Material, Supplementary
Fig. S1). Tumor cells were screened against 87 selected compounds
in a 10 concentrations dose–response (10 mmol/L to 0.14 nmol/L).
Many compounds inhibited proliferation (Fig. 1C; Supplementary
Table S1). SN38 (DNA topoisomerase I inhibitor), PF-03758309
(PAK4 inhibitor), filanesib (kinesin spindle protein inhibitor), and
AMG900 (pan-Aurora kinases inhibitor) were the most potent with
the IC50 value in the picomolar to low nanomolar range. mTOR,
PI3K, CDK, BET, and PLK inhibitors inhibited the proliferation of
all lines tested. Ribociclib was potent in vitro in most of the six
medulloblastoma models that included HD-MB03 cells and five
freshly dissociated cells from intracranial medulloblastoma PDXs.
The MB002 model was the most sensitive to ribociclib.

In vitro drug combination screens
To identify compounds that potentiate ribociclib activity, we

designed a combination screen using HD-MB03 cells in which ribo-
ciclib, referred to as the anchor drug, was used at one concentration
(IC20¼ 5mmol/L), and screened against the panel of 87 compounds in
dose–response (10 mmol/L to 0.14 nmol/L). Cells were treated once
with ribociclib plus drug partners. Growth inhibition was measured
7 days later. Compounds showed a wide range of potency as single
agents (Fig. 1C; Supplementary Table S1; Fig. 2A). When comparing
IC50 values of the 87 compounds with or without ribociclib, 11
compounds reached the 3-fold improvement threshold as potential
synergistic combinations (Fig. 2A and B). Among the top 11 drugs,
three BETi, birabresib (OTX-015), pelabresib (CPI-0610), and JQ1
synergized with ribociclib, birabresib, and pelabresib reaching 10-fold
IC50 improvement (Fig. 2B; Supplementary Fig. S2A; Supplementary
Table S1). Other top compounds included three MEKi (mirdametinib
(PD-0325901), pimasertib and trametinib) and three PI3K/mTORi
[sapanisertib (INK128), buparlisib (BKM120) and bimiralisib (PQR309);
Fig. 2B; Supplementary Fig. S2B and S2C; Supplementary Table S1].

To validate the potentiation between ribociclib and BETi revealed
by the ribociclib combination screen (Fig. 2A and B), we performed a
combination screen in HD-MB03 cells using JQ1 as the anchor drug
(IC20 ¼ 132 nmol/L). In this reverse combination screen, 59 com-
poundswere used in dose–response (Fig. 2C), 90%of them included in
the original compounds list of 87 (Supplementary Table S2). Remark-
ably, the top candidate drugs that synergized with JQ1 included the
three CDK4/6i exceeding 3-fold improvement of the IC50 value
threshold with 30.5-fold for palbociclib, 12.8-fold for abemaciclib,
and 7.8-fold for ribociclib (Fig. 2D; Supplementary Fig. S2D; Supple-
mentary Table S1). Similar to the data from the combination screen

with ribociclib as the anchor drug, the other top candidate drugs
included MEKi and PI3Ki (Fig. 2D; Supplementary Table S1).

When tested as single agents, CDK4/6i, BETi, and PI3K/mTORi
inhibited tumor cell proliferation of the HD-MB03 line, three
G3MB PDXs, and two SHH medulloblastoma PDXs (Supplemen-
tary Fig. S3A–S3C). In contrast, MEKi were less effective except in
HD-MB03 (Supplementary Fig. S3D).

Ribociclib and the BETi JQ1 synergize to inhibit G3MB
proliferation in vitro

We combined ribociclib and JQ1 each in dose–response and used
the BRAID response surface model to assess the effects of the com-
bination (Fig.3A; Supplementary Table S1; ref. 13). In this mathe-
matical model, kappa value indicates the nature of the drug interaction
(zero indicates additivity, whereas positive and negative values imply
synergism and antagonism, respectively) and IAE50 valuemeasures the
efficacy of the combination at achieving 50% growth inhibition.
Combination of JQ1 with ribociclib was synergistic in HD-MB03,
with kappa values ranging from 0.11 to 3.64, and was additive in
MB002 and the two other PDX models of G3MB (Fig. 3B). IAE50
values showed that the combination was the most effective in MB002
(Fig. 3C). In HD-MB03 cells, JQ1 in combination with ribociclib
induced a significant increase of cell death (Fig. 3D) and live cells were
arrested inG1 phase of the cell cycle (Fig. 3E). Ribociclib treatment was
associated with increased expression of MYC and CYCLIN E proteins
(Fig. 3F). When combined with ribociclib, JQ1 suppressed the expres-
sion of both proteins. Cell-cycle arrest was associated with increased
p27KIP1 (Fig. 3F).

Preclinical evaluation of ribociclib, JQ1, and combination
Brain exposure assessment was performed for three BETi: JQ1,

birabresib, and pelabresib (Supplementary Table S3). Pelabresib dis-
played the best brain to plasma ratio, Kpuu, followed by JQ1 and then
birabresib that had a very lowKpuu. Among the three BETi, pelabresib
had the lowest potency in vitro (Fig. 1C; Supplementary Fig. S3B).
Therefore, we favored the tool compound JQ1. JQ1’s Kpuu was 0.448
in non–tumor-bearing mice (Supplementary Table S3), and in vitro, it
inhibited the four G3MB models with IC50 values ranging from 48 to
307 nmol/L after 7 days of treatment (Supplementary Fig. S3B).

To assess the effects of JQ1 therapy as single agent and in
combination with ribociclib on G3MB progression in vivo, mice
were implanted with luciferase positive HD-MB03, MB002, and
SJMBG3–12–5950. HD-MB03 cells displayed the higher ribociclib
and JQ1 synergy index (i.e., kappa value) whereas MB002 cells had
the higher sensitivity to single agents in vitro. SJMBG3–12–5950
cells were chosen for their intermediate in vitro profile. Mice were
dosed daily with vehicle, 100 mg/kg of ribociclib, 50 mg/kg of JQ1,
or both drugs together until animals became moribund (Fig. 4A).
Daily oral administration of ribociclib at 100 mg/kg in mice is
clinically relevant (17) whereas daily intraperitoneal administration
of JQ1 at 50 mg/kg in mice is widely used in the literature (10, 18).
As a single agent, JQ1 did not affect the survival of tumor-bearing
compared with vehicle-treated mice (Fig. 4B–G, green vs. black lines).
BLI measurements confirmed these data (Fig. 4C, E, and G; Supple-
mentary Fig. S4). In contrast, when treated with ribociclib alone, mice
bearing HD-MB03 and MB002 had a significant survival advantage
compared with vehicle-treated animals (Fig. 4B and D, red vs. black
lines). In both models, treatment with the combination of ribociclib
and JQ1 did not improve mouse survival over ribociclib alone and did
not affect the survival of SJMBG3–12–5950-bearing mice (Fig. 4B, D,
and F, brown vs. red lines).
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Rank EC50 fold 
improvement

Compound 
name

Target

1 30.5 Palbociclib CDK4/6
2 26.2 Pimasertib MEK
3 12.8 Abemaciclib CDK4/6
4 7.8 Ribociclib CDK4/6
5 5.0 XAV939 Tankyrase
6 5.0 Idasanutlin HDM2
7 4.2 Milciclib pan CDK
8 3.9 Trametinib MEK
9 3.8 Buparlisib PI3K

Rank EC50 fold 
improvement

Compound 
name

Target

1 11.9 Birabresib Brd4
2 11.3 Pelabresib Brd4
3 9.8 Mirdametinib MEK
4 8.8 Navitoclax Bcl-2
5 5.3 RG7112 HDM2
6 4.3 Pimasertib MEK
7 4.1 Sapanisertib mTOR
8 3.7 JQ1 Brd4
9 3.5 Buparlisib PI3K

10 3.3 Trametinib MEK
11 3.2 Bimiralisib PI3K/mTOR

Figure 2.

Anchor-based combination screens in G3MB in vitro. A–D, In 384-well plate format, HD-MB03 cells treated with DMSO or the anchor at a single concentration in
combinationwith 87 drug partners in dose–response. 7 days after treatment plates submitted to CellTiter Glo assay and fold change (improvement) of drug partners’
IC50 was computed. A and C, Each drug partner is represented as a colored circle with potency (AUC) as single agent depicted by size. IC50 fold change depicted by
color.B andD, Top rankeddrug partnerswith IC50 fold change> 3.A andB,Ribociclib combination screen using 5mmol/L of ribociclib and 87drug partners (n¼ 3 and
technical triplicate). C and D, JQ1 combination screen using 0.132 mmol/L of JQ1 and 59 drug partners (n¼ 2 and technical triplicate). Dose–response curves for top
drug partners � anchor drug are presented in Supplementary Fig. S2. Raw data are presented in Supplementary Table S1.

CDK4/6, BET, and PI3K/mTOR Inhibitors in Medulloblastoma

AACRJournals.org Mol Cancer Ther; 22(1) January 2023 41



Figure 3.

In vitro combination of ribociclib and JQ1. A–C, In 384-well plate format, HD-MB03, MB002, G3MB, and SHHMB PDXs treated with ribociclib and JQ1 in dose–
responses for 7 days. Growth inhibition evaluatedwith CellTiter Glo. Bivariate Response to Additive Interacting Doses (BRAID) response surfacemodel assessing the
effect and efficacy of the combination. A, Representative response surface model (top) and JQ1 potentiation of ribociclib dose–response (bottom) shown for each
model. The red and green color scales indicate low and high proliferation, respectively, relative to vehicle-treated cells. The dotted line encompasses the region in the
response surface where each drug is ≤1 mmol/L and shown for reference. The black and white lines are the drug combination isoboles representing 50% and 90%
inhibition of cell proliferation, respectively (top). (Continued on the following page.)
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The JQ1 and ribociclib combination was well tolerated (Supple-
mentary Fig. S5A–S5G).We observed mild leukopenia in mice treated
with ribociclib alone orwith the combination, as expected from clinical
data with CDK4/6i (Supplementary Fig. S5D; ref. 19). In contrast with
observations with BETi in clinical trials (20), JQ1 treatment did not
induce neutropenia, anemia or thrombocytopenia in MB002-bearing
mice (Supplementary Fig. S5E–S5G).

To understand why JQ1 lacked activity in vivo, we performed PK
studies in non–tumor-bearing mice. After a single dose of JQ1 at
50 mg/kg, the maximal free unbound brain concentration of JQ1 was
100 nmol/L with a 1 hour half-life (Fig. 4H). In vitro, dose–response
washout experiment showed that JQ1 concentration required to affect
HD-MB03 cell viability increased dramatically at shorter exposure
times (Fig. 4I). At 1 hour exposure, corresponding to JQ1 in vivo half
life, the IC50 value was above 2 mmol/L (Fig. 4I). Such high and
sustained concentrations of JQ1 were unachievable in the brain due to
its rapid clearance in vivo explaining the lack of efficacy in suppressing
tumor growth.

Ribociclib synergizes with the PI3K/mTORi paxalisib to inhibit
G3MB and SHHMB proliferation in vitro

Whereas brain penetration is variable among all existing PI3K/
mTORi, paxalisib (GDC-0084) was specifically designed for brain
penetration and has an excellent brain to plasma ratio (21, 22). We
combined ribociclib and paxalisib in dose–response and analyzed the
data using the BRAID response surface model (Fig. 5A; Supplemen-
tary Table S1). Kappa values, ranging from0.5 to 5, revealed synergistic
interaction between the two drugs in all G3MB and SHHMB PDXs
(Fig. 5B). IAE50 values ranged from 2 to 30 with SJMBSHH-14–7196
and MB002 being the least and most sensitive models, respectively
(Fig. 5C). Drug combination inHD-MB03 cells significantly increased
cell death (Fig. 5D) and induced cell-cycle arrest in G1 phase (Fig. 5E).
Unlike JQ1, paxalisib did not suppress the increase of MYC protein
expression induced by ribociclib. However, it was associated with a
lower level of CYCLIN E protein and an increase of p27KIP1 compared
with ribociclib alone (Fig. 5F).

Preclinical evaluation of ribociclib, paxalisib, and combination
in vivo

In adult patients, paxalisib PK data endorsed once a day dosing
schedule with amaximum tolerated dose of 45mg/d (23). To identify a
suitable dose of paxalisib when combined with ribociclib, non–tumor-
bearing mice were treated with 5, 10 or 15 mg/kg of paxalisib and
100 mg/kg of ribociclib daily for 3 weeks (Supplementary Fig. S6A–
S6H). Although 15 mg/kg of paxalisib was well tolerated as a single
agent, except for inducing hyperglycemia, mice receiving ribociclib
and paxalisib at 15 mg/kg experienced acute body weight loss and had
to be euthanized on day 8. Blood work revealed leukopenia, neutro-
penia, anemia thrombocytopenia, and increased aspartate transami-
nase (AST) levels, but no increase of alanine transaminase (ALT;
Supplementary Fig. S6B–S6G). 10 mg/kg of paxalisib given daily
proved to be well tolerated for 3 weeks in combination with ribociclib

in non–tumor-bearing mice (Supplementary Fig. S6A–S6H). A study
to assess the PK drug interaction potential of paxalisib and ribociclib
combination was conducted in mice and previously reported (24).
Ribociclib, identified as “DrugX,” and paxalisib did not demonstrate a
significant PK interaction, with the plasma AUCs of each agent
remaining within 0.8 to 1.2-fold versus monotherapy (paxalisib
P ¼ 0.158, ribociclib P ¼ 0.472).

Mice harboring HD-MB03, MB002, and SJMBSHH-13–5634, with
good synergy score (kappa value) and/or good in vitro single-agent
activity, were treated with vehicle, 100mg/kg of ribociclib, 10mg/kg of
paxalisib or the combined formulation until animals became mori-
bund (Fig. 6A; Supplementary Fig. S7). In all three models, paxalisib,
as a single agent, had no effect onmouse survival (Fig. 6B–G, green vs.
black lines; Supplementary Fig. S7A–S7F). In contrast, ribociclib
increased the survival of mice bearing MB002 (Fig. 6D and E, red
vs. black lines; Fig. 4D and E) and SJMBSHH-13–5634 (Fig. 6F andG,
red vs. black lines). Mice treated with the drug combination exhibited
improved survival over vehicle with a 12, 23, and 25-day increase,
respectively (Fig. 6B–G, blue vs. black lines). Despite an apparent
increased of the median survival of HD-MB03 and MB002-bearing
mice treated with the combination versus those treated with ribociclib
alone, this difference did not reach significance (Fig. 6B–E, red vs. blue
lines). In SJMBSHH-13–5634–bearing mice, combination and ribo-
ciclib alone treatments were associated with the same survival profile
(Fig. 6F andG, red vs. blue lines). Tumor burden was concordant with
survival (Fig. 6C,E, andG; Supplementary Fig. S7). InMB002-bearing
mice, the combination treatment significantly delayed tumor burden
and spinal metastasis (Supplementary Fig. S7G and S7H).

Mice treated with paxalisib alone or the combination underwent
severe weight loss and had poor body condition, including being
hunched and emaciated that was not observed to that extent in other
treatment groups (Supplementary Fig. S8A–S8C). Blood work on
HD-MB03-bearing mice treated with the combination showed
mild leukopenia without neutropenia, anemia, increased liver transa-
minases ALT and AST and hyperglycemia but no thrombocytopenia
(Supplementary Fig. S8D–S8J). Similar data were observed in
SJMBSHH-13–5634–bearing mice treated with ribociclib and paxali-
sib except that anemia and increase liver transaminases were not
detected (Supplementary Fig. S8K–S8Q).

Molecular analysis of tumors treated with ribociclib and
paxalisib

To investigate the molecular response to treatment in G3MB and
SHHMB models, we analyzed gene expression profiles of tumors
harvested at endpoint (Fig. 4) and compared these profiles between
tumors treated with ribociclib, paxalisib or the combination and
those treated with vehicle. Gene set enrichment analysis (GSEA)
showed five highly downregulated gene sets common in the three
combination-treated tumor models, including E2F targets and
PI3K–AKT–MTORC1 signaling consistent with CDK4/6 (5) and
PI3K/mTOR inhibition, as well as G2–M checkpoint, MYC targets,
and Glycolysis gene sets (Fig. 7A; Supplementary Table S4). Many of

(Continued.) Endpoints of these lines are driven by the potency of each drug as single agent. These lines will curve inward toward the origin for synergistic
combinations and bowoutward away from the origin for antagonistic combinations.B,Kappa values (n¼ 3–9), type of interaction between the two combined drugs.
When kappa is close to zero, the combination is additive, whereas positive and negative values imply synergism and antagonism, respectively. C, IAE50 values
(n¼ 3–9), measure of the efficacy at achieving 50% growth inhibition. BRAID data are available in Supplementary Table S1. D–F, HD-MB03 cells treated with DMSO,
5 mmol/L of ribociclib, 0.3 mmol/L of JQ1 or the combination for 72 hours. D, Dead and apoptotic cells stained with Annexin V-APC reagent and (E) DNA content
analyzed on permeabilized nuclei using propidium iodide by flow cytometry. Statistical analyses performed on the percentage of AnnexinV positive cells (dead; D)
and on the percentage of cells in G0–G1 in the cell cycle (E; Mann andWhitney test, n¼ 4 and n¼ 6, respectively). F,MYC, CYCLIN E, p27KIP1, and GAPDH expression
analyzed by immunoblotting (n ¼ 3).
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Figure 4.

Treatment with ribociclib, JQ1, and combination in G3MB-bearing mice in vivo.A, Treatment schedule after enrollment. B–G,Mice bearing PDXs HD-MB03 (B and C)
MB002 (D and E) or SJMBG3–12–5950 (F and G) tumor cells treated with vehicle (black lines), ribociclib (100 mg/kg, continuous daily by oral gavage, red lines), JQ1
[50 mg/kg, continuous daily intraperitoneal (IP), green lines], or the combination (brown lines) until moribund. B, D, and F, Kaplan–Meier survival plots for all
treatment groups. Comparison between treatment groups using the log-rank test adjusted for multiple comparisons [not significant (n.s.), adjusted � , P ≤ 0.05
and adjusted �� , P ≤ 0.01]. Median survival for HD-MB03–bearingmice in days: Vehicle: 19; ribociclib: 25; JQ1: 21; combination: 23.5; ribociclib versus vehicle: adjusted
P ¼ 0.0015. Median survival for MB002-bearing mice in days: vehicle: 38; ribociclib: 62.5; JQ1: 40; combination: 49.5; ribociclib versus vehicle treated: Adjusted
P¼0.0203. Median survival for SJMBG3–12–5950–bearingmice in days: Vehicle: 33.5; ribociclib: 34.5; JQ1: 27.5; combination: 35. Mice were imaged twice weekly by
bioluminescence imaging (BLI). C, E, and G, BLI pictures at different time points from enrollment throughmoribund stage represented for one mouse per treatment
group.Micewere selected on the basis of tumor and spinal growthmedian behavior. For BLI signal curves see Supplementary Fig. S4.H, JQ1 pharmacokinetic study in
non–tumor-bearing mice after a single dose of 50mg/kg delivered via IP. Ct,b: total brain concentration; Cu,b: unbound brain concentration. Dashed line represents
in vitro IC50 value of JQ1 in MB002 cells (the most sensitive model in vitro). I, JQ1 washout study. HD-MB03 cells treated with JQ1 and the cell medium removed and
replaced with fresh medium at different time points after treatment. Viability evaluated after 7 days using CellTiter Glo (n ¼ 3 and technical duplicate for each).
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the same gene sets were significantly downregulated in single-agent
treatment groups in comparison with vehicle but they showed a more
variable response than the combination group (Fig. 7A).

We looked atDEGs between ribociclib, paxalisib or the combination
versus vehicle-treated tumors and their overlap (Fig. 7B) and per-
formed an unsupervised cluster analysis of the top 100 DEGs call from
each analysis (Supplementary Fig. S9A). In all three models, the
combination of ribociclib and paxalisib was associated with a higher
number of DEGs than single agents (Fig. 7B). Consistent with the
observation that ribociclib was the dominant partner in the combi-
nation treatment, samples from the ribociclib and combination treat-
ments clusteredwell together for bothMB002 and SJMBSHH-13–5634
(Supplementary Fig. S9A). Because survival of mice treated with the
combination was not significantly different from those treated with
ribociclib alone (Fig. 6), we investigated the impact of paxalisib in the
combination-treated tumors by comparing DEGs between combina-
tion and ribociclib-only treated tumor samples (Fig. 7C). No DEGs
were found in SJMBSHH-13–5634 tumors (FDR < 0.05), indicating
that paxalisib had little effect on gene expression when combined with
ribociclib (Fig. 7C). In contrast, the same comparison in HD-MB03
showed the greatest number of DEGs (2,791 DEGs, FDR<0.05),
indicating a synergistic effect (Fig. 7C). GSEA analysis of these DEGs
between combination and ribociclib-treated tumors showed enrich-
ment of MYC targets and PI3K–AKT–MTORC1 signaling gene sets
in HD-MB03 and MB002 (Fig. 7C; Supplementary Tables S5 and S6).
We performed a Kruskal–Wallis test and subsequent post hocmultiple
pairwise comparison of the PI3K–AKT–MTORC1 signaling pathway
using gene set variation analysis scores of treated samples from
each medulloblastoma model (Kruskal–Wallis P ¼ 0.002, 0.007,
and 0.019 for HD-MB03, MB002, and SJMBSHH-13–5634, respec-
tively; Fig. 7D). We found a significant downregulation of the
PI3K–AKT–MTORC1 signaling pathway in HD-MB03 tumors trea-
ted with the combination of ribociclib and PI3K–mTORi in compar-
ison with ribociclib alone (Fig. 7D, FDR < 0.05). The same down-
regulation was found in MB002 tumors treated with the drug com-
bination, although it was not significant. We saw no difference in the
PI3K–mTOR pathway in SJMBSHH-13–5634 when comparing
tumors treated with ribociclib alone or in combination with the
PI3K–mTORi. Despite inhibition of the PI3K/AKT/mTOR signaling
pathway at the molecular level (Fig. 7A and D), paxalisib did not
significantly impact tumor growth in any of the three models (Fig. 6).

To examine potential discrepancies in PI3K–AKT–MTORC1 sig-
naling basal activity between in vitro and in vivo, we compared gene
expression in HD-MB03 tumorspheres (in vitro) and tumor treated
with vehicle (in vivo). Using GSEA, HD-MB03 grown in vitro showed
significant upregulation in PI3K–AKT–MTORC1 signaling compared
with in vivo (Fig. 7E).

To investigate the extent of gene expression changes in treated
tumors that grew while on treatment, we compared them with the
untreated medulloblastoma PDXs from the previously generated four
medulloblastoma subgroups (11). As visualized by t-distributed Sto-
chastic Neighbor Embedding (t-SNE plot, Supplementary Fig. S9B), all
treated and untreated tumors primarily clustered by tumor model and
by subgroup. Genetic alterations, including gene amplification are
thought to confer intrinsic and acquired resistance to PI3K/mTORand
CDK4/6 inhibitors (25–27). Several genes involved in CDK4/6i resis-
tance were overexpressed in the tumors treated with the combination
of ribociclib and paxalisib or ribociclib alone versus vehicle, including
CCND1, CCND2, CDK6, ERBB2 (Fig. 7F). Genes known to be
associated with PI3K/mTORi resistance were dysregulated in the
tumors treated with the single agents or the combination when

comparedwith vehicle, includingEIF4EBP1, IGF1R, IRS1, IRS2, SGK1,
PDGFR, MET, and HGF (Fig. 7F).

Discussion
Although standard of care is effective in patients with medullo-

blastomawith low-risk tumors, relapses often occur forwhich there are
little treatment options. To identify novel targeted therapies, we
performed in vitro HTS. We reasoned that freshly dissociated tumor
cells would best recapitulate original tumors and be better suited to
identify drug vulnerabilities compared with established cell lines.
Freshly dissociated cells from G3 and SHH PDX tumors grew tran-
siently in 384-well plate, in agreement with a recent report showing the
feasibility of using dissociated cells from medulloblastoma PDXs for
drug screens (28). Single agents HTS showed inhibitors of CDK4/6,
BET, CDK7, CDK9, PI3K/mTOR,HDAC,DNA topoisomerase, CHK,
microtubule, Aurora kinases, PLK1 and gemcitabine inhibited prolif-
eration of a panel of human medulloblastoma tumor cells in vitro, as
previously reported (29–31). The CDK4/6i ribociclib inhibited tumor
progression in onemodel ofG3MB and onemodel of SHHMBandwas
well tolerated in vivo. Those two sensitive medulloblastoma models
were also the most sensitive to ribociclib in vitro, suggesting a good
correlation between in vitro and in vivo. This adds to a growing body of
evidence that CDK4/6 inhibition is a promising new approach to treat
MBs (4, 32). Because of their cytostatic effect, CDK4/6i are not
expected to lead to clinical benefit as single agents. Numerous trials
are evaluating CDK4/6 inhibitors in combination with other targeted
agents, chemotherapy, or immunotherapy for different cancer
types (33). In MB, ribociclib is currently evaluated in the clinic in
combination with the smoothened inhibitor, sonidegib or the MEKi,
trametinib for SHHsubgroup or gemcitabine forG3 andG4 subgroups
(SJDAWN: NCT03434262). We found that E2F targets were down-
regulated in tumors at endpoint after treatment with ribociclib com-
pared with those treated with vehicle, suggesting that in vivo CDK4/6
inhibition remains potent over time. However, mice succumbed to
their tumors while on treatment. Notably, CCND1, CCND2, CDK6,
and ERBB2 (HER2) were upregulated in these tumors and might be
responsible for the lack of durable response to ribociclib as seen with
acquired resistance in HRþ breast cancers (25).

BETi, JQ1, birabresib and pelabresib showed activity in all medul-
loblastoma models in vitro. By regulating the positive transcription
elongation factor beta (P-TEFb) complex, BRD4 is a promising
target for MYC-driven cancers (34). MYC andMYCN-driven G3MB
and SHHMB were previously found to be sensitive to JQ1
in vitro (10, 18, 35, 36). However, in our studies, continuous daily
administration of JQ1 at 50 mg/kg had no effect on tumor growth or
survival of mice bearing intracranial MYC-amplified G3MBs. The
measured brain exposure in non–tumor-bearing mice and in vitro
washout experiments demonstrated that due to low unbound brain
concentration and rapid clearance, JQ1 was unable to exert antitu-
moral activity in vivo. We note that these findings are in contrast with
an earlier reported in vivo study that demonstrated JQ1 activity as
single agent in the intracranial MYC- amplified G3MB model
MB002 (10). Interestingly, more recently reported studies found JQ1
activity only modest or even absent in G3MB models (18, 35). We
hypothesize that these discrepancies between studies might arise
from differences in PK profile of JQ1 in mice strains used by different
investigators. Importantly, previous studies used an intensified
schedule of treatment (twice a day) to show JQ1 activity on biomar-
kers, including MYC protein in preclinical models of medulloblas-
toma versus the standard tolerated daily dose (10). Among the other
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Figure 5.

In vitro combination of ribociclib and paxalisib. A and B, In 384-well plate format, HD-MB03, MB002, G3MB, and SHHMB PDXs treated with ribociclib and paxalisib
(GDC-0084) in dose–response curves for 7 days and growth inhibition evaluated using CellTiter Glo. Bivariate Response to Additive Interacting Doses (BRAID)
response surfacemodel assessed the effect and efficacy of the combination.A, Representative response surface model (top) and paxalisib potentiation of ribociclib
dose response (bottom) shown for each model. The red and green color scales indicate low and high proliferation, respectively, relative to vehicle-treated cells. The
dotted line encompasses the region in the response surface where each drug is ≤1 mmol/L and shown for reference. (Continued on the following page.)

Jonchere et al.

Mol Cancer Ther; 22(1) January 2023 MOLECULAR CANCER THERAPEUTICS46



(Continued.) The black and white lines are the drug combination isoboles representing 50% and 90% inhibition of cell proliferation, respectively (top). Endpoints of
these lines are driven by the potency of each drug as single agent. These lineswill curve inward toward the origin for synergistic combinations andbowoutward away
from the origin for antagonistic combinations. Note: HD-MB03 cells were more sensitive to ribociclib in this assay due to change in cell density (500 vs. 1,000 cells/
well).B,Kappa values (n¼ 3–5), type of interaction between the two combined drugs.When kappa is close to zero, the combination is additive, whereas positive and
negative values imply synergism and antagonism, respectively.C, IAE50 values (n¼ 3–5), measure of the efficacy at achieving 50%growth inhibition. BRAID data are
available in Supplementary Table S1.D–F, HD-MB03 cells treatedwith DMSO, 5 mmol/L of ribociclib, 0.5 mmol/L of paxalisib or the combination for 72 hours.D,Dead
and apoptotic cells stainedwith Annexin V-APC reagent and (E) DNA content analyzed on permeabilized nuclei using propidium iodide byflow cytometry. Statistical
analyses were performed on the percentage of AnnexinV positive cells (D) and on the percentage of cells in G0–G1 of the cell cycle (E; Mann andWhitney test, n¼ 4
andn¼6, respectively). Note: DMSOand ribociclib conditions forD andEwerepresented in Supplementary Fig. S3.F,MYC,CYCLINE, p27KIP1, andGAPDHexpression
analyzed by western blot (n ¼ 3).
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Figure 6.

Ribociclib and paxalisib treatment of G3MB and SHHMB in vivo.A, Treatment schedule after enrollment. B–G,Mice bearing PDXs HD-MB03 (B and C) MB002 (D and
E) or SJMBSHH-13–5634 (F and G) tumor cells treated with vehicle (black lines), ribociclib (100 mg/kg, continuous daily by oral gavage (OG), red lines), paxalisib
(10mg/kg, continuous daily OG, green lines), or the combined formulation (continuous dailyOG, blue lines) untilmoribund. (B, D, F) Kaplan-Meier survival plots for all
treatment groups. Comparison between treatment groups using log-rank test adjusted for multiple comparisons [not significant (n.s.), adjusted � , P ≤0.05, adjusted
�� ,P≤0.01, and adjusted ��� ,P≤0.001]. Median survival for HD-MB03–bearingmice in days: Vehicle: 20; ribociclib: 25; paxalisib: 27; combination: 32; ribociclib versus
vehicle: adjusted P ¼ 0.0795; combination versus vehicle: adjusted P ¼ 0.003; combination versus ribociclib: adjusted P ¼ 0.3674. Median survival for MB002-
bearing mice in days: Vehicle: 28.5; ribociclib: 42.5; paxalisib: 33.5; combination: 51.5; ribociclib versus vehicle: adjusted P ¼ 0.0005; combination versus vehicle:
adjusted P ¼ 0.0005; combination versus ribociclib: adjusted P ¼ 0.1456. Median survival for SJMBSHH-13–5634-bearing mice in days: vehicle: 48; ribociclib: 71.5;
paxalisib: 46; combination: 73; ribociclib versus vehicle: Adjusted P ¼ 0.0005; combination versus vehicle: Adjusted P ¼ 0.0028; combination versus ribociclib:
Adjusted P¼ 0.4886. Mice were imaged twice weekly by bioluminescence imaging (BLI). C, E, and G, BLI pictures at different time points from enrollment through
moribund stage represented for one mouse per treatment group. Mice selected on the basis of tumor and spinal growth median behavior. For BLI signal curves see
Supplementary Fig. S7.
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BETi that we tested, birabresib was not brain penetrant (Kpuu of
0.028) and pelabresib was not sufficiently potent in vitro (3-fold
higher IC50 value compared with JQ1). In aggregate, our data suggest
that BET inhibitors with more optimal central nervous system (CNS)
PK profile should be tested with CDK4/6i to assess the potential
therapeutic benefit of this combination. However, despite the great
promises raising from early preclinical studies, BETi efficacy remains
to be validated in the clinic (20). Among the novel strategies to inhibit
BET proteins, proteolysis-targeting chimera is an area of intense
investigation (37, 38). With the emerging roles of BET proteins in the
CNS (39), it will be interesting to see if BET inhibition or degradation
delivers effective and safe clinical treatments.

To identify novel drug combinations that inhibit medulloblastoma
proliferation, we devised an anchor combination drug screen in
which ribociclib was used at the IC20 value whereas the partner
drugs were used in dose–response. We identified three BET and three
PI3K/mTOR inhibitors as potentiating drug partners for ribociclib
in vitro. We then used JQ1 as the anchor against a panel of drugs in
dose–response and again found the three CDK4/6 and several
PI3K/mTOR inhibitors. The potentiation between ribociclib and BETi
seen in vitro could be mediated by the modulation of MYC protein
expression. BETi were previously shown to suppress MYC expression
and tumor proliferation in several cancers, including medulloblasto-
ma (10, 40). We found that MYC was upregulated at the protein level
after treatment with ribociclib in HD-MB03 cells. Loss or inhibition of
CDK4/6 led to MYC addiction and metabolic reprogramming in
colorectal cancer cell lines (41), and MYC overexpression conferred
resistance to CDK4/6 inhibitors in breast cancer cells (42). Combi-
nation of JQ1 and ribociclib potently represses MYC expression and
blocks the induction of its expression observed after ribociclib treat-
ment in HD-MB03 cells in vitro. Potentiation between BETi and
CDK4/6i was previously shown in NUT midline carcinoma (43),
breast cancer (44), and G3MBs (18, 35). Although in vitro data in
the different cancer models are compelling, this combination induces
only a short survival improvement in intracranial G3MBsmodels (18).

PI3K–mTORi were synergistic with ribociclib in G3MB and SHHMB
in vitro. Multiple preclinical studies in other tumor models showed
the advantage of combining CDK4/6i and PI3K/mTORi (25, 33, 45).
However, treatment of mice bearing intracranial MBs with paxalisib, a
PI3K/mTORi, as single agent or in combinationwith ribociclib, did not
significantly improve survival compared with ribociclib alone. Despite
being a drug specifically designed for brain tumors, at a dose superior to
the dose needed for on target effect in CD-1 nude mouse brain (24),
paxalisib failed to show efficacy in medulloblastoma models in vivo.
Molecularly, paxalisib downregulated PI3K–AKT–MTORC1 signal-
ing, as expected, and was acting synergistically with ribociclib
in HD-MB03. However, in MB002 and SJMBSHH-13–5634 the

combination showed a modest to absent effect in comparison
with ribociclib alone. This might be due to ribociclib downregulating
PI3K–AKT–MTORC1 signaling on its own in these two models.
Notably, the PI3K–AKT–MTORC1 signaling gene set was down-
regulated in vivo compared with in vitro in HD-MB03 cells. This
could be correlated to a lower dependency to this pathway in vivo
compared with in vitro in the medulloblastoma models tested. Aber-
rant expression of members of the PI3K/AKT/mTOR signaling path-
ways are described previously in human MBs and are associated with
poor prognoses (46, 47). The PI3K inhibitor, BKM120, was active in
mouse and human G3MB models (31). However, the preclinical data
supporting this class of compounds are limited for MB. Genes asso-
ciated with resistance to PI3K/mTORi were upregulated in the tumors
treated with ribociclib, paxalisib, and the combination in comparison
with vehicle-treated tumors, including IGF1R, IRS1, IRS2, MET, and
SGK1 (26, 27) that might explain the insignificant impact of paxalisib
in these tumors. The full benefit of the combination with CDK4/6i
and PI3K/mTORi might be unlocked when combined with standard
of care (45) or tested in immune-competent mice with immune
checkpoint blockade therapy (48). Paxalisib is currently evaluated in
children with brain tumors in combination with radiation therapy in a
Phase I clinical trial (SJPI3K and NCT03696355).

The major limitation of using PI3K/mTORi is their toxicity
profile. Despite tolerability of the combination of ribociclib and
paxalisib in non–tumor-bearing animals for 3 weeks, tumor-bearing
animals experienced hyperglycemia, weight loss, and elevation
of transaminases, common side effects in patients treated with
PI3K/mTORi (23, 49).

In vitro drug screens remain a valuable tool to identify novel drug
combinations in MBs and other cancers. Preclinical studies using
intracranial/orthotopic medulloblastoma models are essential to
evaluate new therapeutic modalities before being tested in clinical
trial. We identified BETi and PI3K/mTORi as drug partners that
potentiate ribociclib in vitro but both combinations failed to
provide survival advantage in mice bearing G3MB or SHHMB
compared with ribociclib alone. Our data suggest that JQ1 brain
concentration were insufficient for in vivo activity and that other
BETi with better brain PK profile should be evaluated in combi-
nation with CDK4/6i in MB. Despite good in vitro activity many
drugs fail in preclinical models of brain tumors due to insufficient
drug concentration in the brain, altered signaling pathways in vitro,
cellular heterogeneity, or other mechanisms (28, 50–53) illustrating
the complexity of translating in vitro findings in vivo especially in
the CNS space. A better understanding of frequently observed
discrepancy between in vitro and in vivo activity will be necessary
to improve the success of discovering and developing new therapies
for the treatment of MBs.

Figure 7.
Gene expression analysis of tumors treated with ribociclib and paxalisib. RNAs from HD-MB03, MB002, and SJMBSHH-13–5634 tumors, from the preclinical studies
presented on Fig. 6, were sequenced. Gene set enrichment analysis (GSEA) and differential expressed gene (DEG) analysis performed between tumors treated with
ribociclib, paxalisib or combination versus vehicle. A, Plot showing the Normalized Enrichment Score (NES, circles in color) and FDR (circles size) of the gene sets
found to be significantly depleted in each of the three medulloblastoma models when comparing combination versus vehicle-treated tumors (black boxes). Other
comparisons include ribociclib or paxalisib versus vehicle-treated tumors. GSEA data are presented in Supplementary Table S4. B, Venn diagram of DEGs between
each treatment (ribociclib-only, paxalisib-only, and the combination) and vehicle for each model (FDR < 0.05). C, Venn diagram of DEGs between combination and
ribociclib-treated tumors in each model. Enriched gene set term analysis of HD-MB02 and MB002 models DEGs, run separately, showed two shared gene sets,
including MYC Targets and PI3K–AKT–MTORC1 signaling. Data are presented in Supplementary Tables S5 and S6. D, Multiple pairwise comparison of PI3K–AKT–
MTORC1 signaling pathway between treatments for each medulloblastoma model. Gene set variation scores of PI3K–AKT–MTORC1 pathway genes calculated
for each sample and compared with a Kruskal–Wallis test, followed by a post hoc Dunn test. Only significant FDR adjusted P comparisons are shown (� , P < 0.05;
�� , P < 0.01). E, GSEA of PI3K–AKT–MTORC1 signaling with HD-MB03 cell line (in vitro) and HD-MB03 vehicle treated tumors (in vivo). F, Heatmap with log2 fold
change (log2FC) between ribociclib, paxalisib or combination versus the vehicle group for genes known to be involved in resistance to CDK4/6 and PI3K/mTOR
inhibitors. Adjusted P values are indicated for significant DEGs.
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