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Abstract
Background. Neurofibromatosis type 2 (NF2) is an autosomal dominant genetic disease characterized by devel-
opment of schwannomas on the VIIIth (vestibular) cranial nerves. Bromodomain and extra-terminal domain (BET) 
proteins regulate gene transcription and their activity is required in a variety of cancers including malignant pe-
ripheral nerve sheath tumors. The use of BET inhibitors as a therapeutic option to treat NF2 schwannomas has not 
been explored and is the focus of this study.
Methods. A panel of normal and NF2-null Schwann and schwannoma cell lines were used to characterize 
the impact of the BET inhibitor JQ1 in vitro and in vivo. The mechanism of action was explored by chromatin 
immunoprecipitation of the BET BRD4, phospho-kinase arrays and immunohistochemistry (IHC) of BRD4 in vestib-
ular schwannomas.
Results. JQ1 inhibited proliferation of NF2-null schwannoma and Schwann cell lines in vitro and in vivo. Further, 
loss of NF2 by CRISPR deletion or siRNA knockdown increased sensitivity of cells to JQ1. Loss of function experi-
ments identified BRD4, and to a lesser extent BRD2, as BET family members mediating the majority of JQ1 effects. 
IHC demonstrated elevated levels of BRD4 protein in human vestibular schwannomas. Analysis of signaling path-
ways effected by JQ1 treatment suggests that the effects of JQ1 treatment are mediated, at least in part, via inhi-
bition of PI3K/Akt signaling.
Conclusions. NF2-deficient Schwann and schwannoma cells are sensitive to BET inhibition, primarily mediated 
by BRD4, which is overexpressed in human vestibular schwannomas. Our results suggest BRD4 regulates PI3K 
signaling and likely impedes NF2 schwannoma growth via this inhibition. These findings implicate BET inhibition 
as a therapeutic option for NF2-deficient schwannomas.

Key Points

 • NF2-deficient Schwann and schwannoma cells are sensitive to BET inhibition (BETi).

 • BETi effects are mediated by BRD4, which is overexpressed in vestibular schwannomas.

 • The findings implicate BETi as a therapeutic option for NF2.

Validation of Bromodomain and Extraterminal proteins 
as therapeutic targets in neurofibromatosis type 2
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Neurofibromatosis type 2 (NF2) is a dominantly inherited 
autosomal disease (affecting 1 in 30 000), attributed to the 
loss-of-heterozygosity (LOH) of the NF2 gene. It is character-
ized by development of multiple benign tumors of Schwann 
cell origin (schwannomas), most typically affecting both 
VIIIth cranial nerves and also by meningiomas. In addi-
tion, mutations and LOH of the NF2 locus are detected at 
high frequency in various tumors of the nervous system, 
including sporadic schwannomas, meningiomas, and 
ependymomas.1 The NF2 tumor suppressor gene encodes 
a 69-kDa protein called Merlin (Moesin, ezrin, and radixin 
like protein). Merlin, which has been shown to function at 
the cell membrane and in the nucleus, has been implicated 
as a regulator of several signaling pathways that are influ-
enced by changes in conditions such as cell density. Several 
studies suggest that as cells experience increased cell–
cell contact, Merlin is recruited to cell junctions where it is 
thought to coordinate the establishment of intercellular con-
tacts with concomitant inhibition of growth factor signaling 
through a number of pathways including those regulated by 
the small G-proteins Ras/Rac and the Hippo-YAP pathway.2–5 
The loss of Merlin leads to aberrant activation of these 
signaling pathways and tumor development.

Bromodomain and extra-terminal domain (BET) proteins 
are a protein family comprised of 4 members in mammals 
including BRD2, BRD3, BRD4, and BRDT. The family is char-
acterized by the presence of 2 tandem bromodomains that 
bind to acetyl-lysine, an extra-terminal domain (involved 
in protein–protein interactions) and a C-terminal domain 
(in BRD4 and BRDT).6,7 The BET proteins have been mostly 
characterized as epigenetic “readers” for histone acetyla-
tion marks.8 However, they can also recognize other acetyl-
ated proteins including transcription factors.9 The BET 
proteins are implicated in a number of pathological con-
ditions including cancer.9 Direct evidence stems from NUT 
carcinoma, a rare squamous cell carcinoma characterized 
by chromosomal translocations involving the NUT gene 
on chromosome 15q13 to the BRD4 (localized to 19q13) or 
BRD3 (localized to 9q34.2) genes resulting in a BRD-NUT 
oncogenic fusion protein that drives tumorigenesis.10 In ad-
dition, BRD2 and BRD4 are upregulated in various cancers 
and required for survival of neoplastic cells.11–15 As positive 
regulators of gene expression, and especially given the 
association with super-enhancers, the BET proteins have 
been implicated in the regulation of genes that drive tu-
morigenesis including MYC, FOSL1, ILR, TERT, BCL2, and 

CDK6 among others.16 These findings led to significant at-
tention to the BET proteins as potential therapeutic targets. 
One of the first BET inhibitors, JQ1, is a small molecule 
that inhibits binding of the bromodomain to acetylated his-
tone H4.17 Promisingly, there seems to be high selectivity 
of BET inhibition toward transformed cells.9

Recent studies with BET inhibition have shown prom-
ising results in models of neurofibromatosis type 1 (NF1). 
Specifically, inhibition of BRD4 triggered cell death in 
NF1-associated malignant peripheral nerve sheath tu-
mors (MPNSTs). This appears to be mediated through reg-
ulation of the apoptotic effectors Bim and Bcl-2.18 In this 
report, we assess the impact of BET inhibition in NF2, in 
vitro and in vivo. Our findings suggest that BET inhibition 
suppresses the proliferation of NF2-deficient Schwann 
cells and schwannoma cells in culture and tumor growth 
in vivo, and that this is mediated through inhibition of 
bromodomain protein 4 (BRD4). In addition, we find that 
BRD4 is significantly upregulated in a majority of analyzed 
NF2-associated schwannomas. These findings implicate 
BET inhibition as a potential therapeutic modality for the 
treatment of NF2.

Materials and Methods

Cell Culture and Gene Editing or Knockdown

SC4 and SC4-Luc Nf2-null mouse Schwann cells and 
HEI-193 human NF2-mutant schwannoma cells were 
previously described.19–21 hSC2λ cells were obtained 
from the laboratory of Dr. Margret Wallace.22 The gen-
eration of the hSC2λ-shNF2 clones was previously de-
scribed.23 For generation of the hSC2λ-NF2−/− cells, both 
NF2 alleles were targeted by CRISPR/Cas9 genome ed-
iting. hSC2λ cells were transfected with 2 independent 
pX459 plasmids containing guide sequences targeting 
exon 1 of NF2. gRNA-1  =  GAACTCCATCTCGGCGTCCA, 
gRNA-2  =  GATCCTCACGGTGAACGTCT. Cells were 
selected with puromycin (0.25 µg/mL) for 48 h and single 
cell clones picked. Multiple clones were expanded and 
analyzed by sequencing and western blotting for loss of 
NF2 protein expression (Supplementary Figure S1A).

For knockdown of target genes the following siRNA 
were used:

Importance of the Study

This study identifies a new class of drugs, 
BET protein inhibitors, as potential thera-
peutic options for neurofibromatosis type 2 
(NF2)-deficient schwannomas. There currently 
are no FDA approved therapeutic options for 
NF2 patients and treatment is mostly limited 
to surgical intervention associated with sig-
nificant morbidity. Our studies identified that 
BET inhibition, via the prototypical inhibitor 
JQ1, can inhibit proliferation of NF2-deficient 

Schwann cells and schwannoma cells in cul-
ture and in vivo. These findings, combined 
with the finding that BET inhibition appears 
to be selective toward NF2-deficient cells and 
that schwannomas express elevated levels 
of BRD4, the likely mediator of BET activity, 
support the idea of BET inhibitors as a thera-
peutic option for NF2-deficient schwannoma, 
as a single agent or in combination with other 
drugs.

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac072#supplementary-data
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- BRD3 (ON-TARGETplus, Dharmacon Inc., Cat # 
LQ-004936),

- BRD2 (FlexiTube GeneSolution, Qiagen, Inc., Cat # 
GS6046 and ON-TARGETplus, Dharmacon Inc., Cat # 
LQ-004935)

- BRD4 (FlexiTube GeneSolution, Qiagen, Inc., Cat # 
GS23476 and ON-TARGETplus, Dharmacon Inc., Cat # 
LQ-004937)

- NF2 (ON-TARGETplus, Dharmacon Inc., Cat # 
LQ-003917)

The siRNA were reverse transfected into cells (10 
pmol/2  ×  105 cell) using Lipofectamine RNAiMax (Life 
Technologies Inc.). Twenty-four hours after transfection 
cells were trypsinized and replated for proliferation and/or 
JQ1 dose–response assays.

SC4, HEI-193, and hSC2λ cells were authenticated by 
short tandem repeat DNA profiling (DDC Medical). All 
cells were maintained in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal bovine serum, 1% 
penicillin–streptomycin.

BRD4 Immunohistochemistry and Evaluation

Samples of human vestibular schwannomas and of normal 
peripheral nerve were obtained with IRB consent at the Mt 
Sinai Medical Center and were fixed in formalin and pro-
cessed routinely through a graded series of alcohols, and 
then dehydrated and embedded in paraffin. Sections of 
these tissues were cut from the formalin fixed, paraffin em-
bedded tissue. Immunohistochemical stains for BRD4 were 
made with antihuman BRD4 antibody (A301-985A50, Bethyl 
Laboratories, Inc.) and H&E stains were made using adja-
cent sections. Slides were evaluated for presence or ab-
sence of tumor, confirmation of the diagnosis as (benign) 
schwannoma, levels (intensity and number of cells) of BRD4 
signal and cellular distribution by standard light microscopy.

BRD4 Chromatin Immunoprecipitation

BRD4 chromatin immunoprecipitation (ChIP) was carried 
out as described previously.24 Briefly, hSC2λ-shNF2 cells  
at ~75% confluency (1 × 107 cells/condition) were treated 
with DMSO or JQ1 (1  µM) for 12  h at 37°C. Cells were  
fixed with 1% formaldehyde for 10′, RT. Cells were in-
cubated with 125  mmol/L glycine for 5′ then washed 
(2×) with cold PBS, centrifuged and lysed in 2  mL ChIP 
buffer (150  mmol/L NaCl, 1% Triton X-100, 5  mmol/L 
Ethylenediaminetetraacetic acid, 10 mmol/L Tris–Cl pH 7.5, 
0.5  mmol/L Dithiothreitol, 0.5% sodium dodecyl sulfate 
[SDS]) by rocking for 10′ at 4°C. DNA was fragmented by 
sonication to 0.3–0.5 kb DNA fragments (Misonix S-3000, 
4°C water bath, 30 min (30 s on, 30 s off, output 8). Input 
DNA (7  ×  104 cell equivalent) was removed from frag-
mented DNA and stored at −80°C. Anti-BRD4 antibody 
(3 µg/per condition) (BL-149-2H5, Bethyl Laboratories) and 
Dynabeads Protein G (90 µl/ per condition) were added to 
lysate and incubated overnight at 4°C with rocking. Beads 
were washed with buffer 1 (150 mmol/L NaCl, 20 mmol/L 
Tris–Cl pH 8.0, 5  mmol/L EDTA, 65% (w/v) sucrose, 1% 

Triton X-100, and 0.2% SDS) and then washed with Tris-
EDTA buffer. ChIP and input DNA were resuspended in 
TE/1% SDS and incubating at 65°C for 18 h. SDS was di-
luted with TE and treated with RNase A (0.2 mg/mL) at 37°C 
for 2 h, treated with proteinase K (0.2 mg/mL) 65°C for 2 h, 
then DNA was extracted with phenol chloroform isoamyl 
alcohol and resuspended in TE.

Data Availability

ChIP-seq data are stored in the Gene Expression Omnibus 
under accession number GSE167560.

ChIP-seq Data Analysis

Quality control of reads was done by trimming of ex-
ogenous adapter sequences, removing low-quality 
bases from the ends of reads, and removing the whole 
reads if average quality was too low. High-quality reads 
were mapped to the human genome (human-USCS: 
H.sapiens-UCSC-GRCh38hg38: downloaded March 22, 
2016) using bowtie version 1.1.2 aligner and peak abun-
dance estimated with macs version 2.1.0. Replicate BRD4 
ChIP experiments (±JQ1 treatment) were processed and 
significant peaks were called in pairwise manner from 
BRD4_ChIP_DMSO versus input and BRD4_ChIP_DMSO 
versus BRD4_ChIP_JQ1. PAVIS (peak annotation visu-
alization) (https://manticore.niehs.nih.gov/pavis2/) was 
used to annotate peaks and visualize relative enrich-
ment levels to genomic regions. Panther website (http://
pantherdb.org/about.jsp) was used to classify identi-
fied genes by GO term biological process. Genes lists 
were further classified into functionally related groups 
of genes by GO term or KEGG pathway using DAVID 
Bioinformatics Resources 6.8 (https://david.ncifcrf.gov/
home.jsp).

Phospho-kinase Array

Human phospho-kinase array kit (ARY003B, R&D Systems) 
was used to detect phosphorylated kinases in hSC2λ-NF2−/− 
cells treated with DMSO or JQ1 (1 µM) for 15 h. Blots were 
imaged using ChemiDoc MP Imaging System and quanti-
tated using Image Lab 6.1 software (Bio-Rad).

Animal Experiments

All animal experiments complied with NIH guidelines and 
were approved by The Scripps Research Institute Animal 
Care and Use Committee. 2 × 105 SC4-Luc cells were har-
vested, washed twice and resuspended in sterile PBS and 
injected intraneurally into the sciatic nerves of NOD/SCID 
mice (6–8 weeks old). Tumor progression was monitored 
by bioluminescence imaging (BLI) on an IVIS-200 system 
(Xenogen) and treatment was commenced after detec-
tion of signal that correlates with an average tumor size 
of 1–2 mm3 (total flux ≥106 photons/s). For JQ1 treatment 
assessment, JQ1 was used at 50 mg/kg/daily. For OTX-015 
the dose was 50 mg/kg/daily.

https://manticore.niehs.nih.gov/pavis2/
http://pantherdb.org/about.jsp
http://pantherdb.org/about.jsp
https://david.ncifcrf.gov/home.jsp
https://david.ncifcrf.gov/home.jsp
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Statistical Analysis

Cell counting studies were analyzed by Student’s t-test 
(Graphpad QuickCalcs) in order to determine the signif-
icance of results and obtain 2-tailed P values. Two-tailed 
unpaired Student’s t-tests were used to assess the sig-
nificance of tumor–body ratio results. The mean and SD 
were used to assess significance, unless otherwise noted. 
Statistical analyses were performed using Prism version 
6.0e for Mac (GraphPad Software, www.graphpad.com).

Results

BET Inhibition Inhibits Proliferation and 
Tumorigenic Capacity of NF2-Null Schwann Cells

The involvement of BET bromodomain proteins in many 
different types of malignancies, including NF1-associated 
MPNSTs, prompted us to examine the sensitivity of NF2-
null schwannoma cells to the BET inhibitor JQ1. To ex-
amine the role and requirement of BET proteins for growth 
of NF2-deficient Schwann cells we employed the human 
schwannoma cell line HEI-193,20 human Schwann cells with 
stable shRNA knockdown of NF2 (hSC2λ-shNF2 clones #1 
and #2)23 and human Schwann cells in which the NF2 al-
lele was inactivated by CRISPR mediated genome editing 
(hSC2λ-NF2−/− clones #5 and #9) (Supplementary Figure 
S1A). Cells were treated with increasing concentrations 
of JQ1 and counted over 3 days, which resulted in a dose-
dependent inhibition of cell growth over time (Figure 1A 
and Supplementary Figure S1B and D). To determine the 
IC50 for JQ1 we assessed the impact of JQ1 treatment on 
cells in a dose–response format using the HEI-193, hSC2λ-
shNF2, and mouse schwannoma SC4 cells. The IC50 was 
similar in all 3 cell lines, ranging from 160 to 210 nM (Figure 
1B). To assess the impact of BET inhibition on cell prolifer-
ation we examined the effects of JQ1 treatment on BrdU 
incorporation in the HEI-193, SC4, and hSC2λ-shNF2 cells. 
BrdU incorporation was slightly reduced at 24 h but signifi-
cantly reduced at 48 and 72 h post-treatment (Figure 1C and 
Supplementary Figure S1C). The pattern of reduced BrdU 
incorporation followed the pattern of cell growth inhibi-
tion after JQ1 treatment. To assess whether JQ1 treatment 
increased the rate of cell death in treated cells HEI-193, 
hSC2λ, hSC2λ-shNF2, and mouse schwannoma SC4 cells 
were treated with JQ1 and the impact caspase-3 status was 
assessed by western blotting. This analysis indicated that 
JQ1 treatment did not lead to a detectable change in the 
levels of activated caspase-3 (Supplementary Figure S1E).

To assess impact of BET inhibition on NF2-null Schwann 
cell tumorigenesis in vivo, we used an orthotopic model 
based on SC4-luciferase cells (SC4-Luc), which have been 
employed extensively to assess the antineoplastic activity 
of various drugs and small molecules,23–26 The SC4-Luc cells 
were orthotopically implanted into the sciatic nerves of 
NOD/SCID mice and tumor growth was monitored via BLI. 
At 10 days postsurgery similar flux readings for all animals 
were validated and animals were enrolled into control (ve-
hicle only) JQ1-treated cohorts (50 mg/kg, IP, once daily) for 
a period of 14 days. Upon completion of treatment the mice 

were imaged, euthanized, and tumors removed and weighed. 
Comparison of tumor weights demonstrated a significantly 
lower average tumor weight in the JQ1-treated groups com-
pared to control groups (Figure 1D and E). Similar results 
were obtained with OTX-015 (Birabresib), an improved BET 
inhibitor that is currently in clinical trials.16 Tracking the BLI 
signal in OTX-015-treated animals suggests that treatment 
partially impairs tumor growth rates compared to the control 
group (Supplementary Figure S1E). Like in the case of JQ1 
treatment, comparison of tumor weights at the conclusion of 
the study demonstrated a significantly lower average tumor 
weight in the OTX-015-treated cohort compared to control 
group (Supplementary Figure S1F). Taken together, these 
data demonstrate that BETi has significant antiproliferative 
activity against human and mouse NF2-null schwannoma 
cells in vitro and antitumor activity in vivo.

The Effects of JQ1 Are Mediated by BRD4 and to 
a Lesser Extent by BRD2

To directly determine the requirement for individual BET pro-
teins in NF2-deficient Schwann cells, we first examined the ex-
pression profile of BET proteins in hSC2λ-shNF2 cells. While 
the level of BRDT mRNA was below levels of detection, BRD2, 
3, and 4 are expressed and detected (Figure 2A). Similarly, 
when examining the expression of the BET proteins in these 
cells, BRD2, BRD3, and BRD4 proteins were readily detected 
by western blotting, while BRDT was below the level of detec-
tion (Figure 2B). To assess any requirement for BRD2, 3, or 4, we 
knocked down expression of the individual proteins in hSC2λ-
shNF2, hSC2λ-NF2−/−, hSC2λ-wt, and HEI-193 cells (Figure 2B 
and Supplementary Figure S2A–C) and assessed the impact on 
cell proliferation. A significant decrease in cell numbers was ob-
served in response to BRD4 knockdown in all cell lines tested, 
and to a lesser extent in the case of BRD2 or BRD3 knockdown 
(Figure 2C and Supplementary Figure S2A–C). These findings 
suggest that the effects of JQ1 are predominantly mediated 
through inhibition of BRD4 in NF2-deficient Schwann cells.

To establish the relevance of BRD4, we used 
immunohistochemistry (IHC) to assess expression of BRD4 
in schwannomas (N  =  21) and compared this to normal 
nerve (N = 10). The IHC analysis found that in normal nerve 
sections (10/10) BRD4 levels are low and nuclear locali-
zation of BRD4 was observed in <5% of cells. In contrast, 
schwannomas displayed significantly elevated levels of 
BRD4 and extensive nuclear localization in 13/21 tumors 
(>50% of nuclei with immunopositivity) and moderate 
nuclear immunoreactivity in the remaining 8/21 tumors 
(between 30% and 50% of nuclei with immunopositivity). 
Examples are shown in Figure 2D. These findings suggest 
elevated BRD4 expression and nuclear localization, and 
thus activation, is exhibited by a majority of schwannomas.

NF2-Deficient Schwann Cells Are More Sensitive 
to JQ1 Treatment

To determine if the sensitivity of Schwann cells to JQ1 
was impacted by the loss of NF2 we employed the 
hSC2λ-NF2−/− cells (Figure 3A), and hSC2λ cells with 
siRNA knockdown of NF2 (Figure 3B, confirmation of 

https://www.graphpad.com
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac072#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac072#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac072#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac072#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac072#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac072#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac072#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac072#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdac072#supplementary-data
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knockdown shown in Supplementary Figure S3A), and 
compared their response to JQ1 to their wildtype coun-
terparts. Dose–response analysis showed a significant 
and reproducible decrease in the IC50 of JQ1, in cells 
deficient for NF2, compared to their controls (Figure 3A 

and B). This was not due to changes in the levels of BET 
protein expression as these remain consistent between 
the hSC2λ and hSC2λ-NF2−/− cells (Supplementary Figure 
S3B). To further assess the impact of JQ1 treatment 
on the proliferation of the human Schwann cells, we 
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Figure 1. Impact of BET inhibition on NF2-null Schwann cell proliferation and tumor formation capacity. (A) HEI-193 and hSC2λ-shNF2 cells were 
cultured with DMSO or JQ1 (0.1, 0.5, or 1 µM) and counted daily, for 3 days. The data shown are the mean of 3 independent experiments. Error 
bars = SD, *P < .05, **P < .01. (B) Ten-point dose–response curves assessing viability of HEI-193, hSC2λ-shNF2, and SC4 cells treated with JQ1 at 
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treatment inhibits tumor growth in vivo. Representative BLI images of NOD/SCID carrying orthotopic tumors originating from SC4-Luc cells, at day 14 
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examined the doubling time of hSC2λ-NF2−/− and hSC2λ 
cells, with or without JQ1 treatment (200 nM). This anal-
ysis demonstrated that the NF2-deficient cells have a sig-
nificant increase in doubling time in the presence of JQ1 
compared to cells wildtype for NF2, thus indicating that 
cellular proliferation was inhibited to a greater extent in 
NF2-deficient cells (Figure 3C). Together these data sug-
gest that loss of NF2 sensitizes Schwann cells to inhibi-
tion by JQ1 and supports further exploration of its use as 
a potential therapeutic agent for NF2-deficient cancers.

The Genomic Landscape of BRD4 Binding in NF2-
Null Schwann Cells

To identify genes directly engaged by BRD4 in the NF2-
null Schwann cells that are sensitive to JQ1 treatment, 
we carried out BRD4 ChIPs in hSC2λ-shNF2 cells with or 
without JQ1 treatment. A total of 55 568 BRD4 ChIP peaks 
were called in control-treated cells compared to input 
DNA (BRD4-ChIP DMSO vs input) and a total of 436 JQ1-
sensitive BRD4 peaks were called in control-treated cells 

compared to JQ1-treated cells (BRD4 ChIP DMSO vs BRD4 
ChIP JQ1). The peaks were then mapped, with 71% (39 105) 
of total BRD peaks and 60% (259) of JQ1-sensitive BRD4 
ChIP peaks in close proximity to known genes or regula-
tory elements (Figure 4A). BRD4 appeared to bind predom-
inantly in intronic regions but could also be found in all 
other genomic regions. 12 145 unique genes were identi-
fied from the total BRD4 peaks and 164 unique genes were 
identified from the JQ1-sensitive BRD4 peaks. The genes 
associated with the JQ1-sensitive BRD4 peaks were sorted 
according to GO biological process and plotted by number 
of genes in group and P value. Several genes were asso-
ciated with positive regulation of cell proliferation, thus 
supporting the antiproliferative activity of JQ1 in these NF2 
depleted cells (Figure 4B). To further explore the biology of 
these genes we looked for enrichment of functional-related 
gene groups (Figure 4C). The top 3 clusters enriched in 
the JQ1-sensitive BRD4 peaks are associated with genes 
regulating cytoskeletal organization, cell attachment and 
GTPase regulation, highlighting processes that are regu-
lated by Merlin.27–29
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JQ1 Inhibits PI3K/AKT Signaling in NF2-Null 
Schwann Cells

To explore signaling pathways impacted by JQ1 we used 
a phospho-kinase array to detect changes in phospho-
rylation of key signaling effectors after JQ1 treatment 
in hSC2λ-NF2−/− cells. JQ1-treated cells showed a sig-
nificant decrease in phosphorylation of AKT1/2/3-S473, 
and PRAS40-T246. In addition, a significant increase in 
P53-S392 phosphorylation was observed (Figure 5A and 
Supplementary Figure S5A). To confirm and expand the 
array results, we validated the results of the phospho-
kinase array for the individual phosphorylation sites in 

hSC2λ-NF2−/−, hSC2λ-NF2wt, HEI-193, and SC4 cells, using 
western blot analysis. Indeed, pAKT-S473 showed signifi-
cant decreases in all cell lines after JQ1 treatment (Figure 
5B and Supplementary Figure S5B), while pAKT-T308 
showed significant decreases in all cell lines besides the 
hSC2λ-NF2wt cells (Figure 5B and Supplementary Figure 
S5C). These results indicate that JQ1 inhibits PI3K/Akt 
signaling and suggests an additional potential mechanism 
for inhibition of proliferation. Using western blot analysis 
of pPRAS40-T246 and pP53-S392 phosphorylation, we 
were unable to confirm these sites are consistently differ-
entially phosphorylated as a consequence of JQ1 treat-
ment (Supplementary Figure S5D and E).
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To determine whether the effects of JQ1 on Akt phospho-
rylation were mediated vis BRD4 or BRD2, we knocked the 
expression of the proteins down individually or in combina-
tion. In agreement with the results of JQ1 treatment, knock-
down of BRD4 resulted in reduced levels of pAKT-p308 and 
pAKT-p473, while BRD2 knockdown did not result in a con-
sistent reduction in the phosphorylation levels of these site 
on Akt (Figure 5C). This suggests that the effects of JQ1 on 
Akt are likely mediated via BRD4 inhibition. Finally, to con-
firm that inhibition of PI3K signaling impairs cell growth in 
the model systems we are using we treated the cells with 
the PI3K inhibitors PIK-75 and AS605240. As expected, this 
treatment significantly impaired cell growth (Figure 6).

Discussion

Recent studies in a mouse model of NF1-associated 
MPNSTs demonstrated that BRD4 was highly expressed 
and tumors were sensitive to BET protein inhibition. In 
this model, inhibition of BRD4 triggered cell death in 
the MPNSTs and this appears to be mediated through 
regulation of the apoptotic effectors Bim and Bcl-2.18 
Interestingly, subsequent studies offer conflicting results. 
While 1 report suggested that treatment of NF1-associated 
MPNST cell lines with BET inhibitors, either alone or in 
combination with other agents, impaired cellular prolif-
eration, another report30 concluded that MPNST cells do 
not display an increased sensitivity to JQ1 treatment.31 

These findings suggest that BET inhibition in this tumor 
type could be beneficial and illustrates the fact that fur-
ther work is needed to understand the mechanisms of 
action of these drugs. To determine the utility of BET inhi-
bition in the context of NF2, we carried out an extensive 
analysis of cell-based and animal models of this disease. 
Our findings demonstrate that NF2-deficient schwannoma 
cells are sensitive to the BET protein inhibitor JQ1, sug-
gesting a novel therapeutic option for treating these tu-
mors. NF2-deficient Schwann cells and schwannoma cell 
lines were arrested at low, nanomolar, concentrations of 
JQ1 in culture and in vivo, in an orthotopic model of NF2-
associated schwannoma. Interestingly, the sensitivity to 
JQ1 appeared to be enhanced in the context of NF2 loss, 
as CRISPR knockout or siRNA knockdown of NF2 in human 
Schwann cells increased sensitivity to JQ1. In NF2-null 
Schwann cells, JQ1 appeared to be acting mostly through 
inhibition of BRD4 as siRNA knockdown of BRD4 arrested 
proliferation to a similar extent as JQ1 treatment and had 
similar effects on p-AKT. While we do not provide direct 
proof that the effects of JQ1 require BRD4, as these studies 
require tools allowing decoupling of BRD4 from the effects 
of JQ1 while retaining normal function, we believe the ev-
idence provided supports this conclusion. Significantly, 
human vestibular schwannomas demonstrated high levels 
of BRD4 protein by IHC, not seen in normal peripheral 
nerve, implying a functional role for BRD4 in these tumors.

Although our studies indicate that BET protein inhibi-
tors may be effective for inhibiting the slow growth of 
NF2 schwannomas, clinical studies have shown adverse 
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effects of these inhibitors that could be exacerbated with 
long-term use. Indeed, because of their toxicity, many 
studies are now focusing on combination therapies that 

allow lower doses of BET protein inhibitors to be used.32 
Examples include combining BET protein inhibitors with 
immune checkpoint inhibitors or chromatin modifying 
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inhibitors such as HDAC inhibitors. Alternatively, BRD4 
inhibitors that have lower toxicity are currently under 
development (NHWD-870).33 Our work demonstrating 
sensitivity and exploring the mechanism of action of BET 
inhibitors in NF2 schwannomas is an important first step 
in assessing combination therapies to treat this cancer.

Supplementary Material

Supplementary material is available at Neuro-Oncology 
Advances online.
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