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The BET PROTAC inhibitor GNE-987 displays >
anti-tumor effects by targeting super-
enhancers regulated gene in osteosarcoma

DiWu't, Hongli Yin'", Chun Yang'", Zimu Zhang', Fang Fang', Jianwei Wang', Xiaolu Li", Yi Xie', Xiaohan Hu',
Ran Zhuo', Yanling Chen', Juanjuan Yu', Tiandan Li', Gen Li'" and Jian Pan"

Abstract

Background Osteosarcoma (OS) is one of the most common primary malignant tumors of bone in children,

which develops from osteoblasts and typically occurs during the rapid growth phase of the bone. Recently, Super-
Enhancers(SEs)have been reported to play a crucial role in osteosarcoma growth and metastasis. Therefore, there is an
urgent need to identify specific targeted inhibitors of SEs to assist clinical therapy. This study aimed to elucidate the
role of BRD4 inhibitor GNE-987 targeting SEs in OS and preliminarily explore its mechanism.

Methods \We evaluated changes in osteosarcoma cells following treatment with a BRD4 inhibitor GNE-987. We
assessed the anti-tumor effect of GNE-987 in vitro and in vivo by Western blot, CCK8, flow cytometry detection, clone
formation, xenograft tumor size measurements, and Ki67 immunohistochemical staining, and combined ChIP-seq
with RNA-seq techniques to find its anti-tumor mechanism.

Results In this study, we found that extremely low concentrations of GNE-987(2—10 nM) significantly reduced the
proliferation and survival of OS cells by degrading BRD4. In addition, we found that GNE-987 markedly induced cell
cycle arrest and apoptosis in OS cells. Further study indicated that VHL was critical for GNE-987 to exert its antitumor
effect in OS cells. Consistent with in vitro results, GNE-987 administration significantly reduced tumor size in xenograft
models with minimal toxicity, and partially degraded the BRD4 protein. KRT80 was identified through analysis of

the RNA-seq and ChIP-seq data. U20S HiC analysis suggested a higher frequency of chromatin interactions near

the KRT80 binding site. The enrichment of H3K27ac modification at KRT80 was significantly reduced after GNE-987
treatment. KRT80 was identified as playing an important role in OS occurrence and development.

Conclusions This research revealed that GNE-987 selectively degraded BRD4 and disrupted the transcriptional
regulation of oncogenes in OS. GNE-987 has the potential to affect KRT80 against OS.
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Introduction

Osteosarcoma (OS) is one of the most common pri-
mary malignant bone tumors in children. OS develops
from osteoblasts and usually occurs during rapid skel-
etal growth. The incidence of OS in the general popula-
tion is 2—3 cases per million per year, and nearly 3/4 of
patients are aged between 15 and 25 years [1, 2]. Patients
with osteosarcoma have a low survival rate, with a 5-year
overall survival of only 60-70%, dropping to approxi-
mately 20% when lung metastases develop [2]. In clinical
practice, some children who suffer from osteosarcoma
have high malignancy and early distant metastasis, and
approximately 70% of the patients with osteosarcoma
already have distant metastasis before diagnosis [3].
Although the therapeutic strategy has been improved in
recent years, the prognosis of patients with lung metas-
tasis is still disappointing, and the survival rate of most
patients with lung metastasis is still poor even after effec-
tive treatment [4—7].

Tumor development is a complex and variable pro-
cess, which results from uncontrolled regulation of gene
function under the combined effect of genetic and epi-
genetic abnormalities [8]. Numerous studies have shown
that epigenetic abnormalities play an essential role in
tumorigenesis and development, and can regulate the
transcription of relevant genes to contribute to tumori-
genesis, metastasis, drug resistance, and recurrence [9,
10]. Chromatin remodeling is an important mechanism
of epigenetic regulation that regulates gene expression
and participates in the growth, proliferation, and differ-
entiation of normal cells and the malignant transforma-
tion of cells. Acetylation modification is an important
facet of histone chromatin remodeling. Acetylation loos-
ens the binding of histones to chromatin, leading to the
altered recruitment of transcriptional complexes, which
in turn activates gene transcription. Aberrant histone
epigenetic modifications may be important in controlling
the expression of dysfunction-related genes in cells, espe-
cially in tumor cells.

BET proteins recruit transcriptional regulators to bind
to histones through the bromodomain to exert transcrip-
tional regulation, DNA damage and repair, and chroma-
tin remodeling [11]. The BET family mainly consists of
four isoforms, including BRD2, BRD3, BRD4, and BRDt,
with different biological functions [12, 13]. Among them,
BRD4 is the most extensively studied and essential mem-
ber of the family, which contains two tandem structural
domains BD1, and BD2, along with an ET structural
domain [14]. Studies have shown that BRD4 is involved
in mitotic chromosome remodeling and affects cell cycle
regulation, while uncontrolled expression of BRD4 pro-
motes the development of a variety of tumors, including
hematological malignancies [15], colorectal cancer [16],
prostate cancer [17], and breast cancer [18]. Because of
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its important role in regulating cell cycle progression,
BRD4 has been identified as a target protein for novel
targeted therapeutic agents for a wide range of malignant
tumors [19-21].

Super-enhancers (SEs) are defined as ultra-long cis-
acting elements with transcriptional enhancement activ-
ity of 8—20 kb in length, which can be enriched for a high
density of key transcription factors and their cofactors.
When compared to regular enhancers, SEs have a height-
ened transcriptional activation capacity that defines
cellular identity and can drive the expression of key onco-
genes in tumors [22, 23]. The clinical treatment of tumors
can be significantly improved through the discovery and
investigation of inhibitors targeting SEs, as tumor cells
are exceptionally sensitive to targeted inhibition of SEs.
The interaction of SE complexes is necessary for the
activation of SEs, and researchers believe that designing
inhibitors targeting SE complexes is the most effective
approach. Currently, SE complex inhibitors used for can-
cer drug therapy mainly include inhibitors targeting the
BRD family (JQ1, OTX-015, etc.), CDK7 inhibitors (SY-
1365, THZ1, etc.) and other inhibitors (dinaciclib, trilaci-
clib, etc.) [24].

Among these inhibitors targeting the SE complex,
BRD4 inhibitors are more widely used. BRD4 is an epi-
genetic factor that can localize to DNA by directly
binding to acetylated histone lysine residues. It is then
phosphorylated by recruiting positive transcription elon-
gation factor b (p-TEFD), thereby activating RNA poly-
merase II (RNA-Pol II) to directly promote transcription
initiation and elongation [25, 26]. BRD4 inhibitors spe-
cifically disrupt the binding activity of BRD4, one of
the components of the SE complex, reducing SE-driven
transcription of oncogenes and attenuating cancer cell
proliferation [14]. Currently, small-molecule inhibitors
targeting BRD4 include JQ1, iBET151, BMS-986,158,
PLX-51,107, and ABBV-075. These inhibitors have dem-
onstrated significant efficacy both in vivo and in vitro,
with JQ1 being the earliest reported and most studied.

GNE-987 is a pan-BET inhibitor based on the von
Hippel-Lindau tumor suppressor (VHL) that targets
PROTAC, which binds to BET proteins (BRD2, BRD4,
and BRD4) and facilitates their specific degradation via
the ubiquitin/proteasome system [27, 28]. GNE-987 was
shown to be a more potent BRD4 inhibitor in vitro com-
pared to standard PROTACs MZ1, ARV-825, and JQ1 [9,
29]. No study has yet evaluated the role of GNE-987 in
OS, so this study aimed to investigate the effects of GNE-
987 on OS both in vitro and in vivo.

Materials and methods

Cell lines and cell culture

The human cell lines HOS,143B, U20S, MG-63, and
293FT were purchased from Procell Life Science &
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Technology and FuHeng Biology. 293T and U20S cells
(Procell, CL-0005; Procell, CL-0236) were maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM, Basal-
Media). HOS,143B and MG-63 cells (FuHeng, FH0440;
FuHeng, FH0438; Procell, CL-0157) were grown in Mini-
mum Essential Medium alpha (MEM-q«, BasalMedia). All
the cell lines were tested for authentication using short
tandem repeat fingerprinting. All cells were supple-
mented with 10% fetal bovine serum (FBS, Lonsera) and
penicillin/streptomycin (Beyotime, 10 kU/mL). Cells
were maintained in a humidified incubator with 5% CO2
at 37 C.

Immunohistochemistry (IHC) assay

IHC assays were performed based on microwave-
enhanced avidin biotin staining as described below. Ani-
mal tumors or tissues were fixed in 4% paraformaldehyde
and prepared as tumor tissue slides by paraffin embed-
ding. Osteosarcoma tissue microarrays and tumor tissue
slides were deparaffinized in xylene overnight at 65 °C
and then hydrated using graded ethanol. The slides were
boiled in 0.01 M citrate buffer for 5 min in a microwave
oven and cooled at room temperature. Endogenous per-
oxidase activity was inhibited by incubating the slides
in 3% H,0, for 10 min at 37 °C. The slides were blocked
with 3% BSA for 30 min at room temperature and then
incubated with anti-BRD4 and anti-Ki-67 rabbit mono-
clonal antibodies overnight. The slides were rinsed in
PBS and then co-incubated with the rabbit secondary
antibody for 30 min at room temperature. DAB staining
was performed for 5 min at room temperature and then
rinsed with distilled water and analyzed by light micros-
copy after counterstaining with hematoxylin. Cells in the
sections were scored according to whether they were
stained or not and the degree of staining: no staining was
scored as 0, light brown was scored as 1, medium brown
was scored as 2, and dark brown was scored as 3. The
percentage of positive staining in the sections was scored
as follows: <5% as 0, 5-25% as 1, 25-50% as 2, and >50%
as 3. The two scores were multiplied to obtain a final
score: 0—4 was categorized as low expression, and a final
score above 4 was categorized as high expression.

Cell viability assay

Cell viability was assessed with Cell Counting Kit 8
(CCK-8, Dojindo, Japan) according to the manufacturer’s
protocol. OS cell lines [U20S, MG-63,HOS and 143B]
8x10% per 150 pL were seeded into 96-well plates at 37°C
with 5% CO,. After cell attachment, the cells were treated
with a gradient concentration (0.625-160 nM) of GNE-
987 (MedChemExpress, USA). After 48 h,10 pL. CCK-8
was added and incubated for 2 h at 37 'C. HOS cells with
KRT80 knockdown were seeded into 96-well plates. At 0,
24, 48,72, and 96 h after seeding, 10 uL. CCK-8 was added
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and incubated for 2 h at 37 C. The absorbance of the
solution was measured at 450 nm. IC50 values and rela-
tive survival rates of OS cells treated with GNE-987 were
calculated using GraphPad Prism (9.5.0).

Colony formation assay

OS cells in the exponential phase were taken and inoc-
ulated in six-well plates with a density of 1000 cells per
well, gently blown to disperse the cells evenly, and cul-
tured in a cell incubator for 7-12 days. When clones were
visible, the supernatant was discarded, and the cells were
washed with PBS, and fixed with methanol for 10 min,
then stained with Giemsa staining solution for 10 min at
room temperature, rinsed twice with PBS, and dried at
room temperature. The number of cell clones was read
using Image]J(Image], RRID: SCR_003070).

Cell cycle assay

HOS and 143B were seeded into 6-well plates at 37°C
with 5% CO,. After cell attachment, the cells were treated
with DMSO and GNE-987. The collected OS cells were
centrifuged at 300 g for 5 min, the supernatant was dis-
carded and cold PBS was added to resuspend cells at
300 g for 5 min, and the supernatant was discarded. Add
1 mL of precooled 70% ethanol, gently blow and mix, and
fix at 4 °C overnight. Cells were collected at 600 g centrif-
ugation for 5 min, 1 mL of cold PBS was added to resus-
pended cells, and RNase and PI were added to incubate
for 30 min at room temperature without light, followed
by placing the samples in a flow cytometry for sample
detection.

Cell apoptosis assay

HOS and 143B were seeded into 6-well plates at 37°C
with 5% CO,. After cell attachment, the cells were treated
with DMSO and GNE-987. The OS cell culture superna-
tant and digested cells were placed in the same centrifuge
tube and centrifuged at 300 g for 5 min. The supernatant
was removed and PBS was added to resuspend the cells,
after centrifugation again, the cells were resuspended by
adding a certain amount of binding buffer to make the
concentration of the cells ~1x10%/mL. 100 uL of cell sus-
pension was aspirated, and 5 pL of Annexin V-FITC and
5 pL of PI were added to the cell suspension and gently
mixed after incubation for 20 min at room temperature
without light. Then the samples were placed in a flow
cytometer for sample detection.

Western blotting

Total OS cell proteins were extracted using RIPA lysis
buffer (Beyotime, China) containing protease inhibi-
tors (Roche, Switzerland). Western blot was performed
as described previously [29]. The membrane was incu-
bated overnight at 4 ‘C with primary antibodies against:
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BRD4(Cell Signaling Technology Cat# 13440, RRID:
AB_2687578), Ki67(Abcam Cat# abl6667, RRID:
AB_302459), BRD2(Cell Signaling Technology Cat# 5848,
RRID: AB_10835146), BRD3(Proteintech Cat# 11859-
1-AP, RRID: AB_2065902), PARP(Cell Signaling Tech-
nology Cat# 9542, RRID: AB_2160739), RUNX2(Cell
Signaling Technology Cat# 12556, RRID: AB_2732805),
Cyclin B1(Cell Signaling Technology Cat# 12231, RRID:
AB_2783553), VHL(Cell Signaling Technology Cat#
68547, RRID: AB_2716279), KRT80(Proteintech Cat#
16835-1-AP, RRID: AB_1851273) and GAPDH(Cell Sig-
naling Technology Cat# 5174, RRID: AB_10622025).
The following day, the membranes were incubated with
goat anti-mouse HRP-conjugated secondary antibody
(115035-003, Jackson ImmunoResearch Laboratories)
or goat anti-rabbit HRP-conjugated secondary antibody
(111035-003, Jackson ImmunoResearch Laboratories)
for 1.5 h. Chemiluminescence was determined using the
Pierce™ ECL Western detection system (Thermo Scien-
tific, USA).

RT-qPCR

Total RNA from OS cells was extracted by trizol. The
obtained RNA was then reverse-transcribed into cDNA
by HiScript III RT SuperMix according to the manu-
facturer’s protocol. The cDNA was added to a mixture
containing primers and SYBR Green, then placed in a
LightCycler 480 Real-Time System for RT-qPCR analy-
sis. Human GAPDH was used as an endogenous control,
and the 2724€T method was applied to calculate the rela-
tive expression of mRNA. The primer sequences were
as follows: GAPDH, 5-CTGGGCTACACTGAGCAC
C-3’(Forward) and 5-AAGTGGTCGTTGAGGGCAAT
G-3’(Reverse); KRT80, 5-CCTCCCTAATTGGCAAGG
TG-3'(Forward) and 5-AGATGCCCGAGGTCGAAGA
T-3’(Reverse); other primers are available in Supplemen-
tary information (Supplementary Table 1).

Xenograft tumor and GNE-987 treatment in nude mice

For the in vivo tumor model, 2x10° HOS cells were sub-
cutaneously injected into 10 BALB/c nude mice (two
groups of five). One week after transplantation, tumor
mice were injected with 100 pL of 0.2 mg/kg GNE-987
or the same dose of the vehicle as the test group every
two days, and the size of tumors was measured every
three days. After 18 days, the mice were humanely euth-
anized, and the tumors were dissected out completely
with a scalpel. The tumors were weighed and fixed with
4% paraformaldehyde for immunohistochemical and HE
staining histological examination.

Hematoxylin-eosin (HE) staining
After routine deparaffination, the sections were stained
with hematoxylin stain for about 5 min and then rinsed
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clean with deionized water. The sections were soaked in
1% ethanol hydrochloric acid solution for 10 s at room
temperature and then placed in 0.6% ammonia solu-
tion and rinsed clean using deionized water. They were
stained with eosin stain for about 3 min and rinsed clean
using deionized water. Alcohol, dimethylbenzene, and
neutral gum were separately and sequentially used for
dehydration, hyalinization, and sealing.

ChiP-seq

Approximately 3x107 OS cells were collected and cross-
linked with 1% paraformaldehyde for 10 min at room
temperature, followed by the addition of an equal vol-
ume of 0.25 M glycine to terminate cross-linking. After
centrifugation at 200 g for 5 min, the supernatant was
discarded, and the cells were resuspended in Lysis Buf-
fer supplemented with protease inhibitors and placed
on ice for 5 min. The cell membrane was then broken by
repeated pipetting with an insulin needle, and the super-
natant was discarded after centrifugation at 13,000 g for
5 min (this step was repeated). Resuspend the pellet with
shearing buffer and transfer it to an ultrasonic tube, and
use a sonicator to sonicate for 5 min to shear the genomic
DNA into fragments with a length of 300-800 bp. The
sonicated liquid was centrifuged at 13,000 g for 10 min,
the supernatant was aspirated and divided into two parts,
20 pL of which was used as input of the sample, and the
remaining sample was incubated with H3K27ac antibody
overnight at 4°C for pre-binding. Dynabeads Protein G
beads were added to the samples and the incubation was
continued for 4 h at 4°C. The antibody-chromatin on the
beads was washed 6 times with lysis buffer followed by 2
times with TE buffer. After bead washing, EB buffer was
added to each sample to separate the antibody and chro-
matin from the Protein G beads, followed by 5 M NaCl
incubation at 65°C overnight to complete de-crosslink-
ing. RNase (#7013, CST) was added and incubated at
37 °C for 30 min to remove contaminating RNAs. 20 mg/
mL Proteinase K (AM2546, Invitrogen), 0.5 M EDTA (pH
8.0), and 1 M Tris HCI (pH 8.0) were added and incu-
bated at 45 °C for 1 h to remove proteins. The obtained
DNA fragments were purified with a DNA purification
kit and subjected to agarose gel electrophoresis to detect
the length of the DNA fragments. The samples were
finally sent to BGI Genomics and the raw data obtained
were submitted to the Gene Expression Omnibus (GEO,
RRID: SCR_005012) database (GSE243673).

Hi-C interactions

The Hi-C data of osteosarcoma cell line U20S was down-
loaded from the GEO database (GSE 164777) and pro-
cessed using Hi-C-pro (v.3.1.0).
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RNA-seq and data analysis

RNA-seq was implemented according to the protocols
provided by Novogene (Beijing, China). The total RNA of
OS was extracted by trizol and sent to Novogene, which
completed the purification, quality control, library con-
struction, and sequencing of RNA. RNA-seq raw data
have been uploaded to the Gene Expression Omnibus
(Geo, RRID: SCR_005012) database (GSE243673). The
Bioconductor (RRID: SCR_006442) DESeq2 (RRID:
SCR_000154) package 1.32.0 was used to identify differ-
entially expressed genes. Gene set enrichment analysis
(GSEA, RRID: SCR_003199) was performed using the
clusterProfiler (RRID: SCR_016884) package 4.0.5 inR
4.1.1.

Vector construction and viral infection
Packaging plasmid (pMD2.G, RRID: Addgene_12259;
psPAX2, RRID: Addgene_12260) was provided by Add-
gene (Massachusetts, USA). Multiple shRNA sequences
targeting VHL, KRT80 and negative control in PLKO.1
lentiviral vector were designed and constructed by Gen-
eral Biol (Anhui, China). The targeting sequence for VHL
was 5'-CCGGGCTCAACTTCGACGGCGAGCCCTC
GAGGGCTCGCCGTCGAAGTTGAGCTTTTTGAAT
T-3'; the targeting sequence for KRT80#1 was 5'- CCGG
GCATCTCTATGAGGAATATCACTCGAGTGATATTC
CTCATAGAGA.
TGCTTTTTGAATT-3'; the targeting sequence for
KRT80#2 was 5'- CCGGGCGAGATCGCGG.
ATCTCAATGCTCGAGCATTGAGATCCGCGAT
CTCGCTTTTTGAATT-3'; the targeting sequence for
KRT80#3 was 5- CCGGGACATGGAGTTCACCTTTG
TTCTCGAGAACAAAG.
GTGAACTCCATGTCTTTTTGAATT-3'".
Overexpression sequences targeting VHL in the PLVX-
Flag lentiviral vector and negative control (PLVX-NC)
were purchased from General Biol. The target plasmid
and the packaging plasmid were transfected into 293T
cells using PEI, and after 48 h the medium superna-
tant was collected and the virus was concentrated using
PEG8000. After 16—24 h of lentivirus infection of the cells
with lentivirus, the medium was changed to a complete
medium containing 1.5 pg/mL puromycin and puromy-
cin was selected to establish stably transfected OS cells.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
(RRID: SCR_002798) and the R language, and the dif-
ference between the two groups was performed using
a double-tailed paired Student’s T-test. Differences
between groups were compared using one-way analy-
sis of variance. A P value less than 0.05 was considered
statistically significant (*p<0.05, **p<0.01, ***p<0.001,).
The mean +standard deviation (SD) is shown.
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Results

Tumor progression is associated with high BRD4
expression in OS

To preliminarily determine the clinical significance of
BRD4 in osteosarcoma, we examined BRD4 expression in
tissue microarrays generated from osteosarcoma patient
samples. BRD4 expression was detected using immuno-
histochemistry (IHC) on samples from 20 patients with
OS and 5 corresponding paracancerous normal tissues.
The results showed that nuclear staining of BRD4 was
more pronounced in osteosarcoma compared to para-
cancerous tissues, indicating that BRD4 protein expres-
sion was elevated in OS tissues (Fig. 1A). The above
results suggested an association between BRD4 and OS,
revealing that BRD4 may be an important therapeutic
target for OS.

Previous studies showed that JQ1 and MZ1 exhibited
valid antitumor effects in osteosarcoma and various other
tumors by targeting BRD4. Next, we compared the abil-
ity of GNE-987 with JQ1 and MZ1 to inhibit cell viability
by examining the IC50 of HOS and 143B cells after drug
treatment. The same number of cells were treated with
increasing concentrations of GNE-987, JQ1, and MZ1 for
48 h, and cell viability was subsequently assessed using
CCK-8 assay. Dose-dependent inhibition of cell growth
was observed in all three drug-treated groups, and the
half-inhibitory concentration of GNE-987 was much
lower than that of the other two drugs (Fig. 1B). In con-
clusion, GNE-987 inhibited the proliferation of HOS and
143B cells at lower concentrations, indicating that this
novel PROTAC bromodomain inhibitor has a superior
inhibitory effect on HOS and 143B cells.

GNE-987 disrupts the biological functions of OS cells

To further evaluate the effect of the BRD4 inhibitor on
OS cell proliferation and viability, we initially examined
the cytotoxicity of GNE-987 on different OS cells. We
treated four OS cell lines with a gradient concentration
of GNE-987 and measured cell viability using CCK-8 at
48 h. The CCK-8 results indicated that GNE-987 exerted
a significant inhibitory effect on all four OS cell lines
(U20S IC50, 6.84 nM; HOS IC50, 2.46 nM; MG-63
IC50, 5.78 nM;143B IC50, 7.71 nM) (Fig. 2A-B). We
have detected that BET family members are commonly
expressed in OS cell lines (Fig. 2C). Further observa-
tion revealed that there were significant changes in cell
morphology in the drug-treated group, as evidenced by
cell shrinking and floating (Fig. 2D). Subsequently, we
evaluated the effect of GNE-987 on the malignant pro-
liferation ability of OS cells by colony formation assay,
and the results showed that GNE-987 inhibited the col-
ony formation of OS cells in a dose-dependent manner
when compared to the control group (Fig. 2E-F). Over-
all, these results indicated that GNE-987 exhibits potent
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Fig. 1 Tumor progression is associated with high BRD4 expression in OS. (A). The typical image of BRD4 protein IHC staining on a tissue microarray
consisting of 20 OS tissues and 5 normal paraneoplastic tissues. Histochemical scores were evaluated based on the intensity of BRD4 staining. Normal:
paraneoplastic normal tissue; OS: osteosarcoma tissue. ***p<0.0001. (B). Half-inhibitory concentrations of three BRD4 inhibitors (GNE-987, JQ1, MZ1) in
HOS and 143B cells were detected by CCK-8. Data were represented as the mean+SD

cytotoxicity and proliferation inhibition of OS cell lines
in vitro in a dose-dependent manner.

BRD4 blocks the cell cycle and induces apoptosis in OS
cells

Previously, it was reported that BRD4 regulates DNA
replication and gene transcription by binding to acety-
lated histones and non-histones, thereby affecting the cell
cycle. As we know, GNE-987 acts as a direct PROTAC
bromodomain inhibitor targeting BRD4. Therefore, we
evaluated the effect of GNE-987 treatment on the OS
cell cycle by flow cytometry. Treatment with GNE-987
resulted in G2/M arrest of OS cell lines compared to con-
trol groups using Modfit analysis (Fig. 3A). Cyclin B1,
one of the cell cycle regulators, was also downregulated
after GNE-987 treatment in a dose-dependent manner
(Fig. 3B). In order to investigate the effect of GNE-987 on
the proliferation of OS cells, we used Annexin V-FITC/PI
staining to evaluate cell apoptosis and detected changes
in cell apoptosis using flow cytometry. The CCK-8 results
showed that the osteosarcoma cell lines all underwent
GNE-987 dose-dependent apoptosis (Fig. 3C-D), and
PARP was cleaved to different degrees after treatment
with GNE-987 (Fig. 3B). The above results suggested
that GNE-987 can inhibit the proliferation of OS cells
by degrading BRD4 to regulate the cell cycle and induce
apoptosis.

GNE-987 induces the degradation of BET protein and
RUNX2

PROTAC acts as a small molecule inhibitor designed
to target and degrade specific proteins. We used west-
ern blotting to detect changes in BET protein levels
after treatment with GNE-987. Our results showed that
GNE-987 degraded BET proteins in four OS cell lines in
a concentration-dependent manner (Fig. 4A). We also
examined the protein level of RUNX2, which is closely
related to osteosarcoma, and showed that the protein
level of RUNX2 was significantly down-regulated by
GNE-987 treatment (Fig. 4A). The above results indi-
cated that GNE-987 could target and degrade the BET
proteins while also downregulating the expression of OS-
associated transcription RUNX2 in OS cell lines.

VHL modulates OS cell sensitivity to GNE-987

Previous studies showed that binding of the essential
role of the VHL substrate recognition subunit in medi-
ating the degradation of BET family proteins induced
by GNE-987 (Fig. 5A); therefore, we examined the sen-
sitivity of HOS cells to GNE-987 after overexpression or
knockdown of VHL. CCK-8 experiments demonstrated
that overexpression of VHL increased the sensitivity
of HOS cells to GNE-987 (Fig. 5B-C). Conversely, the
downregulation of VHL increased the survival of HOS
cells when treated with the same concentration of GNE-
987 (Fig. 5B-C). The transformation of BET proteins is
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dependent on ubiquitin degradation and other inhibi-
tors of the PROTAC bromodomain of BET proteins can
down-regulate their expression through this mechanism.
Therefore, we subjected the cells to treatment with the
proteasome inhibitor MG132 and observed the ubiqui-
tin-dependent degradation of BET proteins induced by
GNE-987 (Fig. 5D). These results suggested that VHL
plays a crucial role in the antitumor effects exerted by
GNE-987 in OS cells.

GNE-987 shows anti-tumor activity in the xenograft model
of osteosarcoma

The experimental results revealed the significant anti-
osteosarcoma effect of GNE-987 in vitro. To further
investigate the anti-tumor efficacy of GNE-987 in vivo,
we constructed a subcutaneous loaded-tumor model of
osteosarcoma by subcutaneous inoculation of HOS cells
into the axilla of nude mice. Once the tumors reached a
certain size, one group of mice with loaded tumors was
given intraperitoneal injections of 0.2 mg/kg GNE-987
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Fig.3 BRD4 blocks the cell cycle and induces apoptosis in OS cells. (A). OS cells were collected after treatment with GNE-987 for 24 h and analyzed for cell
cycle by flow cytometry. (B) The protein levels of cyclin B1 and cleaved PARP in the OS cell treated with DMSO and GNE-987 were assessed using Western
blotting. (C, D). Cell apoptosis was detected in the OS cell treated with DMSO and GNE-987 by performing Annexin V/PI staining and flow cytometry.

*p<0.05, **p<0.01, ***p<0.001. Data were represented as the mean=+SD

every two days, and the other group was injected with
the same volume of drug solvent (5% Kolliphor) as the
control group (Fig. 6A-B). Tumor size in the mice was
measured every three days after the injection of the drug,
and on the 18th day, the mice were humanely euthanized,
the tumors and the surrounding adherent tissues were
stripped, and the tumors were weighed (Fig. 3C-F). Our

results showed that tumor mass and volume were sig-
nificantly reduced in the GNE-987-treated group com-
pared with the control group. Importantly, this treatment
had minimal impact on the body weights of the mice
(Fig. 6B), and there was no significant toxic response
observed in the internal organs of the mice (Fig. 6G).
The results of immunohistochemistry also showed that
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GNE-987 treatment significantly reduced the expres-
sion levels of BRD4 and Ki-67 in the tumors (Fig. 6H-I).
Overall, these results suggest that GNE-987 also exhibits
potent anti-tumor properties in vivo.

Mechanism of anti-tumor effects of GNE-987 in OS

To investigate the potential mechanism by which GNE-
987 inhibited the progression of osteosarcoma, we col-
lected GNE-987-treated HOS cells for RNA-seq to
analyze the differences in transcript levels and further
screen for differentially expressed genes. After 24 h of
10 nM GNE-987 treatment, 5306 genes were down-reg-
ulated and 4368 genes were up-regulated in HOS cells
by RNA-seq analysis (Fig. 7A, Supplementary Table S2).
To further clarify the role of GNE-987 in gene regula-
tion, we applied Hallmark pathway enrichment analysis
to reveal the functions of differentially expressed genes.
The results showed that the genes regulated by GNE-987
were closely related to the pathways related to tumor
progression, such as “HALLMARK_G2M_CHECK-
POINT” and “HALLMARK_APOPTOSIS’, which had no

significant correlation with “HALLMARK_MYC_TAR-
GET_V2 (Fig. 7B)”.

BRD4 inhibitors are known to disrupt the interac-
tion of SEs with the complex, so GNE-987 can block
the transcriptional activation of oncogenes dependent
on SEs. Based on previous studies, we performed high-
throughput sequencing by ChIP-seq to identify the
H3K27ac region and screened for SE-related genes that
were changed in OS after GNE-987 treatment. Our
analysis revealed that the number of SE-regulated genes
decreased after GNE-987 treatment (Fig. 7C, Supple-
mentary Table S3). Further integration of RNA-seq and
ChIP-seq results revealed 76 overlapping genes (Fig. 7D),
suggesting that those genes were down-regulated by
GNE-987 treatment while being regulated by the cor-
responding SE, which in turn affected the OS process.
Many of the 76 genes have been identified as SE-associ-
ated genes (Fig. 7D), such as ZNF217 [30], among which
LIF, RUNX2, and EGFR are transcription factors that play
important roles in osteosarcoma survival [31-33]. In con-
trast, the oncogenic role of genes like KRT80 in osteosar-
coma has not been reported previously. To confirm the
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Fig. 6 GNE-987 shows anti-tumor activity in the xenograft model of osteosarcoma. (A). A subcutaneous loaded-tumor model of osteosarcoma was con-
structed by subcutaneous inoculation of HOS cells into the axilla of nude mice. Mice were treated with drug solvent (5% Kolliphor) or GNE-987 every two
days once the tumor volume reached approximately 10 mm3. (B). Mice were weighed every five days. (C-E). On the 18th day, the mice were euthanized,
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injection of the drug. (G). Comparison of HE staining of visceral tissues from mice treated with control and GNE-987. (H, ). Representative images of IHC
staining with antibodies in tumors isolated from two groups of mice. *p<0.05, **p<0.01, ***p<0.001. Data were represented as the mean+SD

gene changes after GNE-987 treatment, we quantified the
expression of SE-related genes after DMSO or GNE-987
treatment by RT-qPCR, and the assay results verified the
down-regulation of the mRNA levels of these SE-related
genes in RNA-seq (Fig. 7E). The above results indicated
that downregulation of BRD4 expression weakened
the regulatory effect of SE on related genes in OS, and

GNE-987 inhibited osteosarcoma progression by selec-
tively targeting BRD4 to regulate SE-related genes.

KRT80 is a novel target of GNE-987 in OS

To further identify and validate the SEs of OS, we per-
formed the H3K27ac ChIP-seq on 4 osteosarcoma
cell lines. We downloaded the H3K27ac ChIP-seq of
4 osteosarcoma samples and 1 osteoblast cell line, and
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the H3K4mel results of 1 osteosarcoma sample from
the Cistrome Data Browser. The results showed that
in 4 osteosarcoma samples and 4 OS cell lines, there
was a significant enrichment of H3K27ac at the KRT80
location, suggesting the presence of a SE that regulates
KRT80 (Fig. 8A). However, there was no significant
enrichment of H3K27ac in normal osteoblasts, suggest-
ing that KRT80 was specifically activated in OS cells
(Fig. 8A). U20S HiC analyses showed a high frequency
of chromatin interactions in the vicinity of the KRT80
binding site linking the promoter to the super-enhancer
(Fig. 8A). The enrichment of H3K27ac modification at
KRT80 was significantly reduced after GNE-987 treat-
ment (Fig. 8B). KRT80 was downregulated after GNE-987
treatment in a dose-dependent manner (Fig. 8C). Simi-
larly, the KRT80 protein was significantly downregulated
after treatment with GNE-987 in the xenograft model
of osteosarcoma(Fig. 8D). The above results suggested

that GNE-987 treatment invaded the super-enhancer,
decreased the enrichment of H3K27ac at KRT80, and
may alter the chromatin interactions between the pro-
moter and enhancer.

To verify the oncogenic role of KRT80 in OS, we
down-regulated the expression of KRT80 in HOS cells
by specific ShARNA and verified by RT-qPCR and west-
ern blotting (Fig. 8E-F). The downregulation of KRT80
expression led to a significant decrease in the prolif-
eration of HOS cells (Fig. 8G). Consistent results were
obtained in colony formation experiments, the results
of clone formation experiments showed that the colony
formation ability of HOS cells was significantly decreased
after KRT80 knockdown (Fig. 8H-I). Taken together, the
results indicated that KRT80 promotes the survival and
growth of OS cells, which is in line with the prediction
of our bioinformatics analysis and is also expected to
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provide a novel strategy for osteosarcoma treatment by
interfering with its expression.

Discussion

Despite notable advancements, improving survival rates
for osteosarcoma patients remains a daunting challenge.
The main treatment options for osteosarcoma include
neoadjuvant chemotherapy, surgical resection of the pri-
mary tumor, and adjuvant chemotherapy. Li has shown
that circDOCK]I1 has regulatory effects on cisplatin sen-
sitivity in vivo and in vitro [6], providing a new solution
to the drug resistance of osteosarcoma therapy. Clini-
cal trials have tested various combinations of five che-
motherapeutic agents known to be effective in treating
osteosarcoma, including methotrexate, doxorubicin, cis-
platin, ifosfamide, and etoposide [34—37]. However, no
further progress has been reported. Although it is pos-
sible to improve survival in recurrent and/or metastatic
patients with metastasectomy, the outcome of meta-
static patients and those who will exhibit poor response
to initial therapy remains unpromising [38—40]. Several
studies have suggested that inhibitors targeting tran-
scriptional regulation are essential in effectively treating
osteosarcoma [41, 42]. Research has demonstrated that
super-enhancers activate relevant genes dependent on
cancer cells that promote tumor development [43, 44].
Tumor cells are more dependent on SE-driven transcrip-
tional regulation than normal cells [45]. Thus, targeting
SEs with synthetic inhibitors holds considerable prom-
ise as a potential therapeutic approach for malignant
tumors, such as osteosarcoma.

Inhibitors targeting SEs in general are mainly designed
to disrupt SE-related components. These SE inhibitors
can be categorized based on the different protein com-
ponents within the regulatory pathway, including BRD4
inhibitors, CDK inhibitors, histone acetylation inhibi-
tors, and gene editing technologies [46, 47]. The first
three are small-molecule inhibitors that effectively block
the interaction of SEs with complexes and therefore have
greater research value [48]. The inhibitors that have been
extensively studied are JQ1 (BRD4 inhibitor) [49], THZ1
(CDK?7 inhibitor) [50], THZ531 (CDK12 inhibitor) [51]
and TSA (H3K27ac inhibitor) [52], and some of them tar-
geting the SE-related components such as samuraciclib
(CDK?7 inhibitor) have achieved good results in phase 1
clinical trials and are now in phase 2 clinical trials [53]. In
this study, we described a BRD4 inhibitor, GNE-987, that
interferes with transcription initiation and elongation.
As a core component of the SE complex, BRD4 can bind
transcribed oncogenes by recruiting p-TEFb and activat-
ing RNA- pol II, which in turn promotes tumor initiation
and progression [54]. Based on our tissue microarray
immunohistochemistry results, we hypothesized that
high BRD4 expression is associated with osteosarcoma,
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and therefore further experiments were designed to vali-
date the feasibility and efficiency of GNE-987 as an OS
cell inhibitor.

Proteolysis targeting chimera (PROTAC) technology
has emerged as one of the most promising strategies
for new drug discovery. These small-molecule inhibi-
tors offer enhanced precision and efficacy compared to
traditional protein inhibitors in the targeted treatment
of tumors. GNE-987, as a PROTAC, has been demon-
strated to degrade BRD4 in vitro more efficiently than
the standard PROTACs, such as MZ1 [27]. GNE-987 has
exhibited notable therapeutic potential in hematological
tumors, neuroblastomas, and gliomas [29, 55, 56]. How-
ever, its role in osteosarcoma is unknown. In this study,
we found that GNE-987 induced cell cycle arrest and
promoted apoptosis in a time- and dose-dependent man-
ner, which in turn inhibited the proliferation of OS cells.

The VHL Cullin RING E3 ligase is an essential enzyme
in the ubiquitin-proteasome system that recruits sub-
strates for the hypoxia-inducible factor for ubiquitina-
tion and subsequent proteasomal degradation [57]. The
development of PROTAC: relied heavily on the design of
high-quality small-molecule ligands with enhanced bind-
ing affinity for E3 ligases. We further found that knock-
down or overexpression of VHL resulted in reduced and
increased sensitivity of HOS cells to GNE-987, respec-
tively, and treatment with MG132 partially restored
the degradation of BRD4 by GNE-987. The above data
suggest that GNE-987 inhibits OS cell proliferation by
inducing BRD4 degradation through VHL-mediated pro-
teasomal degradation. Several studies have shown that
subcutaneous xenograft tumor experiments in mice can
effectively predict drug efficacy in patients [58]. There-
fore, we examined the efficacy of GNE-987 in treating OS
in mice by using a subcutaneous xenograft model in nude
mice. We found that GNE-987 treatment significantly
reduced BRD4 and thus inhibited tumor growth. Impor-
tantly, the nude mice exhibited no significant side effects
or pathological changes in the lungs, livers, and kidneys.
The above results suggested that GNE-987 targets BRD4
degradation and exerts anti-tumor effects on OS in vitro
and in vivo, which may have some reference value for the
clinical treatment of GNE-987.

In order to explore the potential mechanism of GNE-
987 against OS, we detected the changes in total tran-
scripts in HOS cells treated with GNE-987 for 24 h by
RNA-seq. This analysis piloted us to identify differ-
entially expressed pathways in HOS that were closely
associated with cancer characteristics, such as “HALL-
MARK_G2M_CHECKPOINT” and “HALLMARK_
APOPTOSIS” Previous studies have shown that SEs
induce hyperactivation of transcriptionally regulated
genes, so we identified SE-related oncogenes in HOS
cells after integrative analysis of RNA-seq and ChIP-seq
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data. Among them were transcription factors such as LIF,
RUNX2, and EGFR [31-33], which play important roles
in osteosarcoma survival, as well as oncogenes that have
rarely been reported in OS. To further narrow down the
candidate genes, we performed H3K27ac ChIP-seq on
four OS cell lines of OS. Through a comprehensive analy-
sis of various bioinformatics data and functional experi-
ments, we selected an important oncogene that promotes
the progression of osteosarcoma: KRT80. KRT80 has
been shown to have a high expression status in a vari-
ety of tumors and it plays an important role in cancer
cell biology, such as eschar. KRT80 has been proven to
be highly expressed in a variety of tumors and to play
an important role in the biological functions of cancer
cells, such as esophageal squamous cell carcinoma [59],
colorectal carcinoma [60], gastric cancer [61], non-small
cell lung cancer [62] and breast cancer [63]. We found
that GNE-987 reduced H3K27ac enrichment at KRT80
by analyzing H3K27ac ChIP-seq. In addition, our results
showed that knockdown of the KRT80 gene inhibited the
proliferation of OS cells, which is consistent with results
from other tumors [64].

Conclusions

Taken together, our findings have demonstrated that
GNE-987 selectively degrades BRD4 and blocks the
transcription of SE-regulated oncogenes to reduce OS
cell proliferation. GNE-987 exerted its excellent anti-
tumor effects by triggering cell cycle arrest and induc-
ing apoptosis. In addition, we identified highly activated
and tumor-specific oncogenes by combinatorial bioin-
formatics analysis. However, it is important to note that
our analysis primarily focused on unraveling the mecha-
nism underlying cell proliferation phenotypes. Further
investigations are warranted to comprehensively screen
and elucidate the roles of oncogenes associated with OS
metastasis. Our results suggested that GNE-987 holds
promise as an effective therapeutic strategy against OS,
and the screened KRT80 may also be a promising target
for OS treatment.
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