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Abstract

Background Patients with glioblastoma (GBM) have a poor prognosis and limited treatment options. The mRNA
decapping enzyme scavenger (DCPS) is a cap-hydrolyzing enzyme. The DCPS inhibitor RG3039 exhibited excellent
central nervous system bioavailability in vivo and was safe and well tolerated in healthy volunteers in a phase 1 clinical
trial. In this study, we investigated the expression of DCPS in GBM and the anti-tumor activity of RG3039 in various
preclinical models of GBM.

Methods DCPS expression was examined in human GBM and paired peritumoral tissues. Its prognostic role
was evaluated together with clinicopathological characteristics of patients. The anti-GBM effect of RG3039 was
determined using GBM cell lines, patient-derived organoids, and orthotopic mouse models. The therapeutic
mechanisms of DCPS inhibition were explored.

Results DCPS is overexpressed in GBM and is associated with poor survival of patients with GBM. The DCPS inhibitor
RG3039 exhibited robust anti-GBM activities in GBM cell lines, patient-derived organoids and orthotopic mouse
models, with drug exposure achievable in humans. Mechanistically, RG3039 downregulated STAT5B expression,
thereby suppressing proliferation, survival and colony formation of GBM cells.

Conclusions DCPS is a promising target for GBM. Inhibition of DCPS with RG3039 at doses achievable in humans
downregulates STAT5B expression and reduces proliferation, survival and colony formation of GBM cells. Given the
excellent anti-cancer activity and central nervous system bioavailability in vivo and good tolerance in humans,
RG3039 warrants further study as a potential GBM therapy.
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Background

Glioblastoma (GBM) is the primary malignant tumor of
the central nervous system (CNS) with the highest mor-
bidity and mortality among all malignant CNS tumors
[1]. The standard treatment for GBM is surgical resec-
tion combined with Stupp regimen and tumor-treating
fields. Despite the availability of treatment, the prognosis
of GBM remains dismal, with a median overall survival
(OS) less than 2 years [2]. Therefore, the development of
new, effective treatments is critical.

The vigorous biological activities of tumor cells require
large amounts of mRNAs. After translation, mRNAs are
degraded to maintain steady-state levels, a critical deter-
minant in the regulation of gene expression [3]. Decap-
ping, the cleavage of the 5’ cap structure, is an essential
step in mRNA degradation. Cap degradation interme-
diates recruit and bind cap-binding proteins [4], which
regulate subsequent processes, including nuclear mRNA
processing, nuclear export, and translation [4, 5]. The
mRNA decapping enzyme scavenger (DCPS) is a cap-
binding enzyme that performs hydrolyzing the cap degra-
dation intermediates at the final step [6, 7]. As its activity
influences the amount of cap degradation intermediates,
thereby influencing the function of cap-binding proteins,
DCPS regulates the steady-state levels of mRNA.

The DCPS inhibitor RG3039, an orally active quin-
azoline derivative, was originally discovered in a high-
throughput drug screen for the treatment of spinal
muscular atrophy (SMA). In pre-clinical studies, RG3039
robustly inhibited DCPS enzyme activity and showed
excellent CNS bioavailability in vivo [8, 9]. A phase 1
clinical trial of RG3039 showed that RG3039 was safe
and well tolerated at the highest dose tested (3 mg/kg) in
healthy volunteers. Yamauchi et al. performed genome-
wide CRISPR-Cas9 screening in vitro and in vivo and
found that DCPS was required in acute myeloid leuke-
mia (AML) cells but was not essential for normal human
hematopoietic cells [10]. RG3039 exhibited anti-leukemic
effects in vitro and in AML patient-derived xenograft
models in vivo [10].

In this study, we investigated the expression of DCPS
in GBM, and the potential anti-GBM effect of the DCPS
inhibitor RG3039. The expression of DCPS was signifi-
cantly higher in GBM than in adjacent normal brain tis-
sues, and higher expression of DCPS was associated with
poorer prognosis. Results using patient-derived GBM
organoids (GBOs) and orthotopic GBM mouse models
indicate that RG3039 may be a safe and effective anti-
GBM agent with drug exposures achievable in humans.
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Materials and methods

Ethical statement, sample and clinical data collection

The Medical Ethics Committee of Sun Yat-sen University
Cancer Centre approved this study (no. B2020-165-01
and B2021-427-01). All procedures involving human par-
ticipants were performed in accordance with the ethical
standards of the Medical Ethics Committee of Sun Yat-
sen University Cancer Centre and followed the 1964 Hel-
sinki Declaration and its later amendments.

Fresh surgically resected tumor tissues and their paired
peritumoral tissues were obtained from 28 patients with
newly diagnosed GBM at the Sun Yat-sen University
Cancer Center between July 2020 and June 2022. Fro-
zen sections were made and reviewed by an experienced
pathologist immediately after surgical resection to con-
firm a preliminary diagnosis of high-grade glioma with-
out necrosis and an absence of tumor in peritumoral
tissues. Fresh tumor tissues were sectioned into two
parts; one was placed in sterile PBS for organoid culture,
and the other sample, along with peritumoral tissues,
was snap-frozen in liquid nitrogen and stored at 80 °C for
protein or genomic DNA extraction. Whole blood sam-
ples (2 mL) of patients were obtained preoperatively and
stored at 80 °C for subsequent genomic DNA extraction.

Medical records and archived formalin-fixed, paraffin-
embedded (FFPE) tissues of 62 patients who were newly
diagnosed with GBM and underwent surgical resec-
tion at Sun Yat-Sen University Cancer Center between
January 2013 and December 2016 were retrospectively
retrieved. Clinicopathological data including patient age
at diagnosis, sex, location of tumors, tumor numbers,
tumor size, preoperative Karnofsky performance status
(KPS), subventricular zone (SVZ) involvement described
by Lim et al. [11], extent of resection (EOR), adjuvant
therapy, isocitrate dehydrogenase 1 (IDH-1) mutation
status, and O6-DNA-methylguanine methyltransferase
(MGMT) promoter methylation status were collected
from medical records. The EOR was qualitatively deter-
mined by the residual enhancing tumor in T1-enhanced
scans of postoperative magnetic resonance imaging
(MRI). Gross total resection (GTR) was defined as the
absence of residual enhancing tumor, and subtotal resec-
tion (STR) was defined as an enhancing tumor residue
that constituted less than 50% of the sample. The last
date of follow-up was December 2021. Survival status of
patients was determined from clinical attendance records
or direct telecommunication with patients or their fami-
lies. OS was defined as the time between initial surgery
and cancer-caused death or the date of last follow-up.

An experienced pathologist reviewed the hematoxy-
lin-eosin (HE) staining of the surgically resected tumor
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samples and selected the most representative GBM tis-
sue of each patient and peritumoral normal brain tissues
from five patients for further immunohistochemical anal-
ysis of DCPS expression.

Publicly available gene expression and survival data
of patients in The Cancer Genome Atlas (TCGA) and
Chinese Glioma Genome Atlas (CGGA) data sets were
obtained from TCGA (https://portal.gdc.cancer.gov),
GEPIA 2 (http://gepia2.cancer-pku.cn) and CGGA
(http://www.cgga.org.cn/).

Cell culture and lentiviral transfection

Human GBM cell lines U87, U118, A172 and U251 were
purchased from the Cell Bank of the Chinese Acad-
emy of Sciences (Shanghai, China). Cells were cultured
in DMEM (C11995500BT, Gibco) supplemented with
10% FBS (10099141 C, Gibco) under standard culture
conditions (5% CO2, 37 °C). Normal human astrocytes
HA1800 were purchased from ScienCell (Carlsbad,
CA, USA) and cultured in Astrocyte Medium (1801;
ScienCell).

To generate lentivirus, 293T cells were co-transfected
with packaging vectors (LT003, Genecopoeia) and lenti-
viral expression vectors that express STAT5B and firefly
luciferase for 8 h. After replacement with fresh medium
and incubation for 48 h, medium supernatants contain-
ing lentivirus were collected. U87 and U251 cells were
infected with lentivirus in the presence of 8 ug/ml poly-
brene (TR1003G, MilliporeSigma). Stable cell lines were
selected with 2 pg/ml puromycin and maintained in
medium with 1 pg/ml puromycin.

GBO culture and treatment

GBO culture was performed following previously pub-
lished methods [12]. To measure the growth of GBOs,
similarly sized GBOs (0.5-1 mm diameter) were placed
into individual wells of a 48-well tissue culture plate with
300 mL of GBO medium containing 10 uM RG3039
(HY-102020, MedChemExpress) or solvent (DMSO) per
well. GBO medium containing 10 uM RG3039 or solvent
(DMSO) was replaced every 5 days. Images of individual
GBOs were taken every 5 days using a brightfield micro-
scope. The 2D projected area of each GBO was quantified
in Image] by carefully outlining each GBO and measur-
ing the area within the outlined region. The 2D area at
each time point was divided by the 2D area at day O to
calculate the growth ratio for each time point. Three indi-
vidual GBOs were measured for each GBO sample.

For histological analysis, similarly sized GBOs
(0.5-1 mm diameter) were placed into individual wells
of a 48-well tissue culture plate with 300 mL of GBO
medium containing specific concentrations of RG3039
or solvent (DMSO) per well. After 48 h, GBOs were fixed
in formalin, embedded in paraffin, and subjected to H&E
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and IHC staining. Three or four individual GBOs were
measured for each GBO sample.

To measure the IC50 of RG3039 and temozolomide
(TMZ) on GBOs, GBOs were dissociated into smaller
clusters containing approximately 2000 cells, resus-
pended in 36 pL culture medium, and seeded in each well
of a 384-well plate. After 48 h, 4 pL of a threefold dilution
series of each drug was dispensed separately, and three
technical replicates of each drug were tested on three
plates. After 3 days, cell viability was quantitated using
the CellTiter-Glo 3D Cell Viability Assay (G9681, Pro-
mega) following the manufacturer’s instructions. Relative
luminescence units (RLU) for each well were normalized
to the median RLU from the DMSO control wells, used
as 100% viability. IC50 values were generated using Prism
9 (GraphPad Software, Boston, MA, USA).

siRNA transfection

Cells were transfected with non-targeting control
siRNA or siRNA targeting DCPS using Lipofectamine
3000 (L3000008, Invitrogen) in serum-free Opti-MEM
medium (31985070, Gibco) for 12 h, followed by recov-
ery with 10% FBS—supplemented DMEM for 24 h. DCPS
siRNA was designed and synthesized by GenePharma
(Shanghai, China): 5-GCTCGATGACTTGTACTTGA
T-3' (siDCPS).

Cell proliferation assay and half-maximal inhibitory
concentration (IC50) of RG3039

A CCK-8 assay (CK04-1000t, DOJINDO) was used to
monitor cell viability. Briefly, cells were seeded into
96-well plates and cultured for specific times. The IC50
of RG3039 was calculated using the OD450 values at 72 h
of culture.

Apoptosis assay

Cells were treated with various concentrations of
RG3039 or solvent (DMSQO) for 48 h. Apoptosis was
evaluated using the APC Annexin V Apoptosis Detec-
tion Kit (640932, Biolegend) following the manufacturer’s
instructions.

Colony formation

Cells were seeded into 6-well plates at a density of 500
cells/well and treated with specific concentrations of
RG3039 or solvent (DMSO) for 14 days. The culture
media containing RG3039 or solvent was replaced once
on day 7. After crystal violet staining, the visible colonies
were counted.

Quantitative RT-PCR

Total RNA was extracted from treated cells using the
MolPure® Cell RNA Kit (19231ES08, Yeasen) following
the manufacturer’s instructions. cDNA synthesis was
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performed using the Hifair® III 1st Strand cDNA Synthe-
sis Kit (11139ES10, Yeasen). PCR amplification was car-
ried out in triplicate with Hieff UNICON® qPCR SYBR
Green Master Mix (11199ES03, Yeasen) on a LightCy-
cler® 480 System (Roche Diagnostics, Indianapolis, IN,
USA). Primers were designed and synthesized by Angke
Biotech (Guangzhou, China). Relative mRNA expression
was evaluated by the 2722t method and normalized to
B-actin expression.

The sequences of the primers were as follows: STAT5B
(FP: 5'-CAGAACACGTATGACCGCTG-3'; RP: 5'-CTG
GAGAGCTACCATTGTTGG-3'), ATOH7 (FP: 5'-AAA
GCTGTCCAAGTACGAGAC-3'; RP: 5'-CGAAGTGCT
CACAGTGGAG-3'), DRNT1 (FP: 5'-CACCTAGACTC
ATCACTTAGATCCACC-3’; RP: 5-GAGACCTGATG
GCTACAACTGACA-3'), DRNT2 (FP: 5-TGGAGAAG
CGATGGATGACAGAGA-3’; RP: 5'-GGTGAACGGAC
ACAATTGCCAGAA-3’), and ATCB (FP: 5'-CATGTAC
GTTGCTATCCAGGC-3’; RP: 5'-CTCCTTAATGTCAC
GCACGAT-3').

Western blot analysis

Protein extraction was performed with RIPA buffer
(89900, Thermo Scientific) containing the Protease and
Phosphatase Inhibitor Cocktail (78441, Thermo Scien-
tific). The samples were electrophoresed by SDS-PAGE
and transferred to PVDF membranes. The membranes
were blotted with antibodies against GAPDH (1:5000,
5174 S, CST), DCPS (1:1000, MA5-26131, Invitrogen),
or STAT5B (1:1000, 34662 S, CST) at 4 °C overnight.
Protein bands were detected with secondary antibodies
specific for mouse or rabbit IgG (1:5000, SA00001-1 or
SA00001-2, Proteintech), followed by ECL (WBKLS0100,
MilliporeSigma) development.

Immunohistochemistry (IHC) staining and analysis

FFPE sections were de-paraffinized, rehydrated, and
treated with 3% H,0O, at 37 °C for 10 min. The sections
were subjected to antigen retrieval in antigen retrieval
buffer (HK086-9 K Biogenex) at 95 °C for 20 min. After
blocking non-specific antigens with 5% horse serum
for 1 h at room temperature, the sections were incu-
bated with antibodies against DCPS (1:100, MA5-26131,
Invitrogen), Ki-67 (1:500, ZM-0167-0.2, ZSGB-BIO),
GFAP (1:500, ZA-0529-0.2, ZSGB-BIO) or Olig-2 (1:10,
ZA-0561-1.5, ZSGB-BIO) overnight at 4 °C, followed by
incubation with secondary antibody at room temperature
for 30 min. The slides were washed in PBS and stained
with 3,3-diaminobenzidine (DAB). Finally, the sections
were counterstained using Mayer’s hematoxylin, dehy-
drated and mounted. The average percentage of positive
cells under five high-power fields (HPFs) was recorded as
the final expression score for each section.
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DCPS expression was scored using previously
described methods [13, 14]. The intensity (I) and propor-
tion (Prop) of staining in each section were recorded; I
is the intensity of staining (defined as no=0, weak=1,
moderate=2, and strong=3) and Prop is the fraction of
positive cells, expressed as a percentage (0—100%). Scores
were calculated as follows: score=I X Prop. The final
DCPS expression score of each patient was calculated as
the average score under three HPFs. The median DCPS
expression score of all patients was defined as the cut-off
point for high and low expression.

Whole exome sequencing (WES)

Genomic DNA was extracted from pieces of parental
tumors (at least 0.5 cm diameter) or organoids at 2 weeks
and a 0.5 mL aliquot of whole blood with the DNeasy
Blood and Tissue Kit (69506, Qiagen). DNA quality was
assessed using a Nano-drop 2000 (Thermo Fisher Scien-
tific, Waltham, MA, USA) and quantified using the Qubit
4.0 Fluorometer (Thermo Fisher Scientific). Libraries
were constructed with SureSelect Human All Exon V6
(Agilent Technologies, Santa Clara, CA, USA) and sub-
jected to deep sequencing (150 PE, approximately 80
megabyte reads for each sample, Illumina NovaSeq 6000)
at HaploX (Shenzhen, Guangdong, China). Raw Fastq
reads were trimmed with Trimmomatic (v0.36) as previ-
ously described [15] and then aligned in paired-end mode
to the hgl9 reference genome using BWA-MEM with
default parameters to generate a binary sequence align-
ment map file [16]. Data preprocessing was performed
by the Genome Analysis ToolKit (v4.1.1.0) following the
best practice guidelines [17, 18]. Somatic single nucleo-
tide variants (SN'Vs) were detected using MuTect (v1.1.7)
[19]. Annovar (v2022- 03-20) was used to annotate the
result to detect somatic copy number variations (CN'Vs).

RNA sequencing (RNAseq)

Cells (2x10°) were treated with RG3039 (6 uM) or vehi-
cle (DMSO) for 48 h, lysed in 1 ml TRIzol (15-596-018,
Invitrogen) and subjected to RNA extraction using the
MolPure® Cell/Tissue Total RNA Kit (19221ES50, Yeasen)
following the manufacturer’s instructions; RNA was puri-
fied with an RNeasy Plus Mini Kit (74136, Qiagen). After
a quality control step with the RNA Nano 6000 Assay Kit
of the Bioanalyzer 2100 system (Agilent Technologies),
libraries were constructed with the NEBNext® UltraTM
RNA Library Prep Kit for Illumina® (E7530L, NEB) and
subjected to deep sequencing (150 PE, approximately
60 megabyte reads for each sample, Illumina NovaSeq
6000) at Novogene (Beijing, China). The sequences were
aligned to the UCSC hg38 reference genome using RNA-
Star (v2.4.2a). Gene expression was normalized and cal-
culated as fragments per kilobase million (FPKM) values
by Cufflinks (v2.2.1) with Gencode v22 gene annotations.
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Fig. 1 DCPS expression was elevated in GBM and associated with poor survival of GBM patients

(@) The expression of DCPS in GBMs (n=163) and normal brain tissues (n=207) in TCGA database. Statistical analysis by Wilcoxon test, ***, p <0.001

(b) The expression of DCPS in GBM (n=165) and normal brain tissue (n=20) in the CGGA database. Statistical analysis by Wilcoxon test, *, p <0.05

(c) The expression of DCPS in various grades of glioma (n= 103 for WHO grade 2; n=79 for WHO grade 3; n=139 for WHO grade 4) in the CGGA database.

Statistical analysis by Kruskal-Wallis test, ***, p <0.001

(d) Western blot analysis of DCPS expression in paired tumor and normal brain tissues from patients with GBM (n=28)

(e—f) Quantified data of western blot of DCPS expression in paired tumor and normal brain tissues from patients with GBM (n=28). (e) DCPS expression
was elevated in tumor tissues compared with the paired normal brain tissues in 85.7% of GBM patients. (f) DCPS protein expression in tumor tissues was
significantly higher than that in the paired normal brain tissues. Statistical analysis by paired t-test, ***, p <0.001

(g—h) IHC staining of DCPS expression in GBMs (n=62) and normal brain tissues (n=5). Scale bar, 150 um. (g) Representative images. (h) Quantification of

IHC staining intensity of DCPS in GBMs (n=62)

(i) Correlation of DCPS expression with overall survival was analyzed in patients (n=62) from our hospital. Statistical analysis by two-sided log-rank test

Orthotopic GBM mouse model and treatment

BALB/c nude mice (6 weeks old) were obtained from
Shanghai Model Organisms (Shanghai, China). Mice
were bred, housed in sterilized isolated cages, maintained
under a 14-h light/10-h dark cycle, and provided steril-
ized food and water ad libitum in the experimental ani-
mal center of Sun Yat-sen University Cancer Centre. The
Experimental Animal Ethics Committee of Sun Yat-sen
University Cancer Centre approved the animal experi-
ments. An orthotopic GBM model was induced in mice,
as described previously [20]. Briefly, mice were anesthe-
tized and placed onto a stereotactic frame (Stoelting,
Wood Dale, IL, USA). After making a 1-cm parasagittal
incision on the skin and a 1-mm burr hole on the skull, 2
uL PBS containing 2x 10° U87-luc or U251-luc cells was
injected 2 mm deeply into the parenchyma at 2 mm lat-
eral and 2 mm posterior to the anatomic bregma over the
right hemisphere. Tumor growth was detected by whole-
body bioluminescence. Tumor-bearing mice were ran-
domized to receive treatment, and the investigators were
not blinded. Mice were treated with intraperitoneal (i.p.)
injections with TMZ (20 mg/kg) for 5 days or RG3039
(20 mg/kg) or vehicle (water) once a day until the end-
point of observation. The endpoint of observation was
defined as occurrence of a crouched body or weight loss
tolég.

In vivo bioluminescence imaging

One week after tumor cell injection, in vivo biolumines-
cence was performed to track the growth of engrafted
tumor cells every 3 to 4 days until the endpoint of
observation. Mice were anesthetized and retro-orbitally
injected with luciferin (150 mg/kg, 122799, PerkinElmer,
Waltham, MA, USA). Images measuring the biolumines-
cent activity of the luciferase enzyme were acquired using
the IVIS Lumina II Spectrum Imaging System (Caliper
Life Sciences, Hopkinton, MA, USA). Fixed-area regions
of interest (ROIs) were created, and photons emitted
from the ROIs were quantified by P s—1 cm—2 sr—1
using Living Image software (Caliper Life Sciences).

Statistics

The Prism 9 (GraphPad, San Diego, CA, USA) and SPSS
22 (IBM, Armonk, NY, USA) software were used for sta-
tistical analyses. OS of patients was defined as the time
between initial surgery and tumor-caused death or the
date of last follow-up. Univariate survival analyses were
performed by the Kaplan-Meier method, and the dif-
ferences were assessed using the log-rank test. The Cox
proportional hazards model was used for the multivari-
ate survival analysis. The independent Student’s t test,
Wilcoxon test, and Kruskal-Wallis test were used to
assess the statistical significances between two groups.
A two-sided P value<0.05 was considered statistically
significant.

Results

DCPS expression was elevated in GBM and associated with
poor survival of GBM patients

We first surveyed TCGA data and assessed DCPS expres-
sion in tumor and normal tissues in various malignan-
cies. The expression of DCPS in tumor tissues was higher
than in normal tissues in most types of malignancies. The
differences were particularly pronounced in diffuse large
B-cell lymphoma, GBM, kidney chromophobe, lower
grade glioma, pancreatic adenocarcinoma, skin cutane-
ous melanoma, stomach adenocarcinoma, and thymoma
(Figure Sla).

We further investigated the expression of DCPS in
GBM. Analysis of RNA sequencing (RNAseq) data of
TCGA GBM specimens in comparison with controls
showed that DCPS expression was significantly higher
in GBM tissues (n=163) than in normal brain tissues
(n=207) (unpaired t-test, p<0.001) (Fig. la). Similar
results were obtained in the CGGA for Chinese patients
with GBM (unpaired t-test, p<0.05) (Fig. 1b). Analysis of
the CGGA glioma tissues demonstrated a significantly
higher expression level of DCPS in higher-grade glioma
(unpaired t-test, p<0.001) compared with lower-grade
glioma (Fig. 1c). To substantiate our results, we next
assessed DCPS expression in paired tumor and normal
brain tissues from 28 patients with GBM using west-
ern blot analysis (Fig. 1d). Patients with higher DCPS
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Fig. 2 Targeting DCPS suppressed proliferation and colony formation and induced apoptosis of GBM cells

(a) GBM cell lines were transfected with siRNA targeting DCPS. Cell proliferation was monitored by CCK-8 assay for 120 h. Quantification of the fold change
of the OD450 value at each time point compared with that at 0 h (mean+SEM, n=3)

(b) GBM cell lines were treated with various concentrations of RG3039 or DMSO. Cell proliferation was monitored by CCK-8 assay for 120 h. Quantification
of the fold change of the OD450 value at each time point compared with that at 0 h (mean +SEM, n=3)

(c) Representative images of colony formation of GBM cell lines treated with various concentrations of RG3039 or DMSO for 14 days

(d) Quantification of the ratio of colony formation of GBM cells treated with RG3039 to that of cells treated with DMSO (mean +SEM, n=3). Statistical
analysis by unpaired t-test, NS, no significance, *, p<0.05, **, p < 0.01, ***, p<0.001

(e) Quantified data of Annexin-V-positive cells in apoptosis assays (see Figure S2a for details) in GBM cell lines treated with specific concentrations of
RG3039 or DMSO (mean + SEM, n=3). Statistical analysis by unpaired t-test, NS, no significance, *, p < 0.05, **, p<0.01, ***, p <0.001

(f) GBM cell lines were treated with various concentrations of RG3039 or DMSO for 72 h. The IC50 of RG3039 was analyzed by CCK-8 assay (n=3)

expression in tumor tissue than in paired normal brain
tissue accounted for 85.7% of GBM patients (paired
t-test, p<0.001) (Fig. le-f). Consistent with the above
results, IHC staining of 62 surgically resected GBM tis-
sues showed that DCPS was strongly and moderately
expressed in 85.5% and 14.5% of GBM samples, respec-
tively, whereas normal brain tissue showed weak positive
staining (Fig. 1g-h).

We next examined the association of DCPS expression
with the survival of patients with GBM in TCGA datasets
and our own patient cohort. In the TCGA GBM cohort,
patients with a higher DCPS expression in tumors had
a significantly shorter OS than those with lower DCPS
expression (HR=1.5; log-rank test p=0.039; Figure S1b).
The prognostic significance of DCPS expression was fur-
ther confirmed by multivariate survival analysis in our
patient cohort. In the Cox proportional hazards model,
DCPS expression along with SVZ involvement, EOR and
adjuvant therapy were independent prognostic factors for
patients with GBM (Table S1). Patients with lower DCPS
expression had a median OS of 26 months, whereas
patients with higher DCPS expression had a significantly
shorter median OS of 19 months (HR=2.4; log-rank test
p=0.042; Fig. 1i, Table S1).

Taken together, our data indicated that DCPS expres-
sion was elevated in GBM, and was associated with poor
survival of GBM patients.

Targeting DCPS suppressed proliferation and colony
formation and induced apoptosis of GBM cells

We next investigated the tumor-promoting effects of
DCPS in vitro. First, we detected the expression of
DCPS in four human GBM cell lines: U87, U118, A172
and U251 (Figure Slc). We knocked down the expres-
sion of DCPS in GBM cell lines by siRNA, and decreased
expression was confirmed by western blotting (Figure
S1d). Proliferation assays showed that interference of
DCPS expression impeded the proliferation of tumor
cells (Fig. 2a). We next treated GBM cell lines with the
DCPS inhibitor RG3039. RG3039 efficiently suppressed
the proliferation and colony formation of tumor cells in
a concentration-dependent manner (Fig. 2b-d). Further-
more, RG3039 significantly induced apoptosis of tumor

cells (Fig. 2e & S2a). The ICy, of RG3039 on the GBM
cell lines ranged from 1.8 uM to 6.3 uM (Fig. 2f). We also
investigated the side effects of RG3039 on normal astro-
cytes. After treating normal human astrocytes with 8
UM RG3039 for 48 h, less than 4% of the cells underwent
apoptosis (Figure S2b, c). Taken together, these results
demonstrated that inhibiting DCPS, either genetically or
pharmacologically, suppressed the proliferation and col-
ony formation activities of GBM cells and induced their
apoptosis, while RG3039 exerted mild toxicity on normal
astrocytes.

The anti-GBM activity of DCPS inhibitor RG3039 was
comparable to that of TMZ

Traditional in vitro cell lines have limitations in reflecting
the histology and mutational diversity of parental tumors.
Therefore, we used GBOs that better recapitulated his-
tological features and mutational profiles of parental
tumors to assess the anti-GBM activity of RG3039.

To demonstrate the consistency between parental
tumors and their corresponding GBOs, we performed
HE and IHC staining with a panel of markers specific
to GBM, including GFAP, Olig-2 and Ki-67. HE stain-
ing showed that both the GBO and the parental tumor
had abundant cytoplasm, enlarged nuclei with noticeable
atypia, and visible mitotic figures. IHC staining revealed
that both the GBO and the parental tumor exhibited dif-
fuse expression of GFAP and partial expression of Olig-2,
while also having similar Ki-67 indexes. The results indi-
cated that GBOs exhibited the same morphologic and
histologic features as parental tumors (Figure S3a). We
also performed WES on three pairs of GBOs and paren-
tal tumors to determine whether the GBOs maintained
the genomic features of parental tumors. The somatic
mutation profiles of GBOs were nearly identical to cor-
responding parental tumors. Both GBOs and parental
tumors shared similar types of SN'Vs (Figure S3b). GBOs
retained approximately 70-80% of SN'Vs that were iden-
tified in parental tumors (Figure S3c). Analysis of CNVs
revealed that GBOs and their parental tumors shared
similar regions of DNA loss and gain (Figure S3d).

To further clarify the anti-tumor activity of RG3039
toward GBOs, we treated GBOs from three cases with
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Fig. 3 The anti-GBM effects of RG3039 on patient-derived GBM organoids (GBOs)
(a—b) Growth of GBOs treated with RG3039 (10 uM) or DMSO for 15 days (a) Representative bright-field images of GBOs. Scale bar, 250 pm. (b) Quantifi-
cation of the ratio of the 2D area at each time point to that at day 0 for the same GBOs (mean +SEM, n=3). Statistical analysis by unpaired t-test, NS, no

significance, **, p<0.01, *** p<0.001, **** p<0.0001

(c) Representative images of H&E staining and IHC staining for Ki67 of GBOs treated with RG3039 (8 uM, 16 uM, or 32 uM) or DMSO for 48 h. Scale bar,

250 um

(d) Quantification of Ki67 positive cell density in GBOs treated with RG3039 (8 UM, 16 uM, or 32 uM) or DMSO in IHC staining (mean + SEM, n=3). Statistical

analysis by unpaired t-test, NS, no significance

(e) Comparison of IC50 of RG3039 and TMZ in GBOs (n=14). Statistical analysis by paired t-test, NS, no significance

RG3039 at a concentration of 10 uM and measured the
two-dimensional (2D) area of the GBOs. A 5-day treat-
ment with RG3039 markedly inhibited the growth of
GBOs, although the significance of inhibition varied
among GBOs (Fig. 3a-b). Histological analysis revealed
that RG3039 exhibited anti-GBM activities in a con-
centration-dependent manner. After 48 h of treatment
with RG3039 at concentrations of 8 uM, 16 pM, or 32
uM, the number of cells that stained positive for Ki67 in
GBOs decreased as the RG3039 concentration increased
(Fig. 3c-d). Additionally, the morphological structure of
GBOs was disintegrated after the 48-h treatment with
RG3039 at 32 uM, which indicated complete death of
GBOs (Fig. 3¢).

TMZ is the first-line chemotherapeutic drug for GBM.
Next, we further compared the IC;, of RG3039 and TMZ
on GBOs from 14 patients. The IC;, of RG3039 was com-
parable to that of TMZ (Fig. 3e). These results indicated
that the anti-GBM activity of RG3039 was equivalent to
that of TMZ in vitro.

We next orthotopically transplanted human GBM cells
(U251 or U87 cells) into brains of immunodeficient mice
to assess the anti-GBM efficacy of RG3039 in vivo. The
median OS of mice transplanted with U251 cells in the
control group, TMZ group and RG3039 group were 23
days, 27 days and 29 days, respectively. Both TMZ and
RG3039 significantly prolonged the survival of mice
transplanted with U251 cells. The survival curves of the
TMZ group and the RG3039 group were similar (Fig. 4a),
which was consistent with the patterns of reduced tumor
growth by TMZ (tumor growth inhibition 56.16%) and
RG3039 (tumor growth inhibition 69.69%) at day 14
after tumor implantation (Fig. 4b-d). In the mice trans-
planted with U87 cells, RG3039 significantly prolonged
the median OS from 17.5 days to 20 days (Fig. 4e). The
growth of U87 cells was inhibited by RG3039 at day 10
after tumor implantation (Fig. 4f), with an approximate
50% decrease in average tumor volume (Fig. 4g-h). To
evaluate any potential toxicity issue posed by RG3039, we
administered RG3039 to healthy nude mice daily. After
40 days of administration, RG3039 did not impede the
increase of mouse weight (Figure S4).

Taken together, these results indicated that RG3039
was well tolerated and had an anti-GBM activity compa-
rable to that of TMZ in vivo.

The anti-GBM effect of DCPS inhibition was mediated by
reducing STAT5B expression

To elucidate the mechanism of the anti-GBM effect of
DCPS inhibition, we first examined the effects of RG3039
on the expression of previously identified target tran-
scripts [21, 22]. We revealed that RG3039 significantly
elevated the transcription levels of ATOH7 in U251 cells,
as well as DRNT1 and DRNT2 in both U87 and U251
cells (Figure S5a—c). These results indicated that the
effects of RG3039 on the expression of target transcripts
in GBM cells were largely consistent with those reported
in other cells, but still had their own characteristics.

Then, we treated four human GBM cell lines with
RG3039 or DMSO and performed transcriptomic pro-
filing by RNAseq. Transcription factor activity is com-
monly altered in cancer and frequently leads to sustained
proliferative signaling, differentiation block and apopto-
sis resistance, all well-known hallmarks of cancer. There-
fore, we focused on the effect of DCPS inhibition on the
expressions of transcription factors [23]. The top 20 dif-
ferentially expressed transcription factors were displayed
in a heatmap and volcano plot (Fig. 5a-b). We focused on
STAT5B, a member of the STAT family, because previous
studies have shown that STAT5B works as a transcrip-
tional activator in response to cytokines and growth fac-
tors during tumorigenesis and progression [24, 25].

To explore the role of STAT5B in mediating the anti-
GBM effects of DCPS, we investigated the expression
correlation between STAT5B and DCPS in TCGA GBM
cohort by a linear regression model. DCPS expression
and STAT5B expression were significantly positively cor-
related in TCGA GBM cohort, from the analysis of tran-
scriptomic data (R=0.42; p<0.001; Fig. 5¢). Interference
of DCPS expression genetically (by siRNA) or pharma-
cologically (by RG3039) significantly reduced the expres-
sion of STAT5B on both mRNA and protein levels in
tumor cells (Fig. 5d-g).

To determine the role of STAT5B in the anti-GBM
effects of DCPS inhibition, we overexpressed STAT5B
in U87 and U251 cell lines through lentiviral infection.
STAT5B overexpression decreased the sensitivity of
tumor cells to RG3039, as indicated by the increase in
the IC;, of RG3039 in tumor cells (Fig. 6a). In apoptosis
assays, the increased ratio of Annexin-V positive tumor
cells induced by RG3039 was significantly lower upon
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STAT5B overexpression, indicating that STAT5B overex-
pression inhibits the apoptosis of tumor cells treated with
RG3039 (Fig. 6b, S6). The colony formation suppressed
by RG3039 was rescued by STAT5B overexpression
(Fig. 6¢-d). Overall, our work shows that DCPS promotes
the proliferation, survival and colony formation of GBM
cells by regulating STAT5B expression (Fig. 6e).

Discussion

The role of DCPS in tumorigenesis and the anti-tumor
efficacy of RG3039 have been reported in AML [10].
In the present study, we found that DCPS was overex-
pressed in GBM, and was related to more aggressive
features of tumors and worse prognoses of patients with
GBM. Using cell lines, GBOs, and an orthotopic GBM
mouse model coupled with the bioinformatic analysis, we
demonstrated the promising anti-GBM effect of DCPS
inhibition, which may be mediated through downregula-
tion of the expression of STAT5B.

Growing numbers of studies have uncovered that can-
cers are driven by alterations that affect each phase of
RNA processing, including splicing, transport, editing
and decay of messenger RNA [26, 27]. Thus, targeting
mRNA processing has emerged as an attractive anti-can-
cer strategy [28, 29]. DCPS carries out the final step of the
3’ to 5 end mRNA decay by clearing the cell of residual
cap structure [4]. As the 5’ cap structure and correspond-
ing cap-binding proteins are integral components of vari-
ous aspects of mRNA metabolism, including pre-mRNA
splicing, nuclear export, translation, and decay, targeting
DCPS may modulate cap structure accumulation and
the pool of available cap-binding proteins in cells and in
turn impact their downstream functions [4]. In the pres-
ent study, we found that DCPS, a member of the histidine
triad (HIT) superfamily, is abundantly expressed in GBM,
and is increased compared with that in normal brain tis-
sue [30]. In contrast, FHIT, another member of the HIT
superfamily that has the function of clearing cap struc-
ture, is either absent or reduced in many types of tumors
[30, 31]. This indicates that tumor cells might rely more
heavily on DCPS to maintain the steady-state condition
of cap degradation than normal cells, which may render
them more vulnerable to DCPS inhibition. Consistent
with this idea, Yamauchi et al. demonstrated that DCPS
is essential for AML cell survival but is not necessary
for steady-state hematopoiesis [10]. The DCPS inhibitor
RG3039 has shown excellent central nervous system bio-
availability in vivo [8, 9]. Importantly, a phase 1 clinical
trial conducted by Repligen reported that RG3039 was
safe and well tolerated by healthy volunteers.

To further confirm the anti-GBM efficacy of RG3039,
we established GBOs derived from the freshly resected
tumor tissues. Upon in vitro establishment and culture,
GBOs demonstrate the structure and function of human
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tumors to the greatest extent compared with cell lines
and predict the therapeutic responses of patients. We
first determined the fidelity of GBOs. The GBOs were
stained with H&E and IHC, and an experienced neuro-
oncologist confirmed that the GBOs had the pathologi-
cal characteristics of the parental tumors. The molecular
characteristics of GBOs and parental tumors were evalu-
ated using WES, and the results showed that the GBOs
retained approximately 70-80% of the gene mutations
in the parental tumors, which was similar to the results
reported in the literature [12]. The high intratumoral
molecular heterogeneity of GBM [32-34] may account
for the partial difference in molecular characteristics
between GBOs and parental tumors. In the drug sensi-
tivity assay, RG3039 had approximately the same IC, as
TMZ to GBOs, suggesting that the sensitivity of GBOs to
RG3039 was similar to that of TMZ. This similarity was
further verified using the orthotopic model of mouse
GBM.

In the animal experiments, RG3039 was well toler-
ated; it significantly inhibited the growth of U251 cells
and prolonged the survival of mice bearing U251 tumors.
The median OS of mice in the control group, TMZ
group, and RG3039 group were 23 days, 27 days and 29
days, respectively. The median OS of mice in the TMZ
group was 4 days, approximately 17.4% longer than that
in the control group. In patients with newly diagnosed
GBM, adjuvant radiotherapy plus TMZ extended the
median OS by approximately 20.7%, compared with that
of patients receiving radiotherapy alone [35]. Therefore,
the orthotopic model of mouse GBM used in this study
reflects the clinical features of GBM, with rapid progres-
sion and poor therapeutic response. The dose of RG3039
used in the orthotopic model of mouse GBM was 20 mg/
kg, which was tolerated and effective for SMA and AML
mouse models [8, 10]. In the Guidance for Industry
Estimating the Maximum Safe Starting Dose in Initial
Clinical Trials for Therapeutics in Adult Healthy Vol-
unteers issued by the FDA’s Center for Drug Evaluation
and Research in July 2005, the human equivalent dose of
RG3039 20 mg/kg in mouse was approximately 1.6 mg/
kg converted from body surface area. In the 2012 Annual
SMA Conference, David Jacoby of Repligen reported that
RG3039 at the highest dose tested (3 mg/kg) was safe and
well tolerated in healthy volunteers enrolled in a phase
1 clinical trial of RG3039. In the present study, RG3039
effectively slowed the tumor growth in mice bearing
orthotopic mouse GBM, but did not reduce the weight
of healthy mice. These results suggest that the DCPS
inhibitor RG3039, which has shown excellent central ner-
vous system bioavailability in vivo and good tolerance in
humans, exhibited robust anti-GBM activity in GBM cell
lines, patient-derived organoids, and orthotopic mouse
models, with drug exposure levels that are achievable in
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Fig. 4 The anti-GBM effect of RG3039 in orthotopic GBM mouse model

(a—d) GBM was induced by orthotopic implantation with U251 cells in BALB/c nude mice, and mice were treated with RG3039 (n=6), TMZ (n=10) or
DMSO (n=10)

(@) Mouse survival was monitored and data were subjected to two-sided log-rank Mantel-Cox analysis(n =6 for RG3039 group, n=10 for TMZ group and
n=10 for DMSO group). MS, median survival, NS, no significance, **, p<0.01

(b) Fold change of tumor growth was analyzed by bioluminescence imaging 14 days after treatment (mean + SEM, n=6 for RG3039 group, n=10 for TMZ
group and n=10 for DMSO group)

(c) Representative images of tumor volume measured by bioluminescence at day 14 after treatment

(d) Quantification of tumor volume measured by bioluminescence imaging at day 14 after treatment (mean + SEM, n=6 for RG3039 group, n=10 for TMZ
group and n=10 for DMSO group). Statistical analysis by unpaired t-test, NS, no significance, **, p<0.01

(e—h) GBM was induced by orthotopic implantation of U87 cells in BALB/c nude mice, and mice were treated with RG3039 (n=10) or DMSO (n=8)

(e) Mouse survival was monitored and data were subjected to two-sided log-rank Mantel-Cox analysis (n=10 for RG3039 group and n=8 for DMSO
group). MS, median survival, NS, no significance, *, p <0.05

(f) Fold change of tumor growth was analyzed by bioluminescence imaging 10 days after treatment (mean+ SEM, n=10 for RG3039 group and n=8 for
DMSO group)

(g) Representative images of tumor volume measured by bioluminescence at day 10 after treatment

(h) Quantification of tumor volume measured by bioluminescence imaging at day 10 after treatment (mean + SEM, n=10 for RG3039 group and n=28 for
DMSO group). Statistical analysis by unpaired t-test, *, p < 0.05

humans. Our findings support the need for clinical tri- trials to evaluate the efficacy of RG3039 as a novel ther-
als to further evaluate the efficacy of RG3039 for patients  apy for patients with GBM.
with GBM as a novel therapy.

How DCPS inhibition suppresses proliferation and
colonial formation and causes cellular apoptosis in GBM
cells is not yet fully known. Our results suggest that
reduction of STAT5B expression may partially account
for the anti-GBM effects of DCPS inhibition. STAT5B has
been implicated in development, progression, metastasis,
survival and resistance of human cancers to treatment
[24]. STAT5B exhibits oncogenic activity through tran-
scriptional alterations or protein-protein interactions,
regulating the TGF-$, PI3K/PTEN and HIFla signaling
pathways, anti-apoptotic pathways via down-regulation
of miRNA15/16 and up-regulation of Bcl-2, MCL-1 and
Bcl-XL, the G1/S transition via up-regulation of cyclin
D1, D2, D3 and c-Myc and the DNA damage control
pathway via up-regulation of RAD51 [24, 36]. How DCPS
inhibition precisely downregulates STAT5B expression
is unknown. The degradation of cap structures is the
intrinsic function of DCPS, which would consequently
modulate the pool of available cap-binding proteins in
a cell. DCPS may regulate the cap-proximal pre-mRNA
splicing, mRNA transport and mRNA translation [4]. It
is intriguing to postulate that various aspects of STAT5B
mRNA metabolism may be modulated by DCPS inhibi-
tion. Further investigation is needed to elucidate thera-
peutic mechanisms of DCPS inhibition.

Conclusions

In summary, we demonstrated that DCPS was overex-
pressed in GBM and that DCPS may be a novel thera-
peutic target for GBM. The DCPS inhibitor RG3039
exhibited robust anti-GBM activity, with drug exposures
achievable in humans. The anti-GBM effect of DCPS
inhibition was potentially mediated through the reduc-
tion in STAT5B expression. Our findings warrant clinical
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Fig. 5 DCPS inhibition reduced STAT5B expression in GBM cells

(a—b) GBM cell lines were treated with RG3039 (6 uM) or DMSO for 48 h and then subjected to RNAseq. The top 20 differentially expressed transcription
factors were displayed in heatmap (a) and volcano plot (b). FC, fold change

(c) Correlation analysis of the expressions of DCPS and STAT5B in GBMs in TCGA database. Statistical analysis by linear regression analysis

(d) GBM cell lines were transfected with siRNA targeting DCPS for 48 h. The expression of STAT5B mRNA was analyzed by RT-gPCR and normalized to that
of B-actin (mean + SEM, n=3). Statistical analysis by unpaired t-test, **, p < 0.01, ***, p <0.001

(e) GBM cell lines were treated with RG3039 (6 uM) or DMSO for 48 h. The expression of STAT5B mRNA was analyzed by RT-gPCR and normalized to that
of B-actin (mean + SEM, n=3). Statistical analysis by unpaired t-test, ****, p <0.0001

(f) GBM cell lines were transfected with siRNA targeting DCPS for 48 h. The expressions of DCPS and STAT5B were analyzed by western blotting

(g) GBM cell lines were treated with RG3039 (6 uM) or DMSO for 48 h. The expression of STAT5B was analyzed by western blotting
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Fig. 6 The anti-GBM effect of DCPS inhibition was mediated through reducing STAT5B expression

(@) GBM cell lines with STAT5B overexpression or vector expression were treated with various concentrations of RG3039 or DMSO for 72 h. The IC50 of
RG3039 was analyzed by CCK-8 assay (n=3)

(b) Quantification of the ratio of Annexin-V-positive cells in apoptosis assays (see Figure S2b for details) in GBM cell lines with STAT5B overexpression or
vector expression treated with RG3039 (6 uM) to that of cells treated with DMSO (mean = SEM, n=3). Statistical analysis by unpaired t-test, **, p<0.01,
*% n<0.001

(c) Representative images of colony formation assays in GBM cell lines with STAT5B overexpression or vector expression treated with various concentra-
tions of RG3039 or DMSO for 14 days

(d) Quantification of the ratio of colony formation of GBM cells with STAT5B overexpression or vector treated with RG3039 to cells treated with DMSO
(mean+SEM, n=3). Statistical analysis by unpaired t-test, NS, no significance, *, p <0.05, ***, p < 0.001

(e) Schematic diagram summarizing that RG3039 inhibits DCPS regulating the expression of STAT5B, which plays an essential role in tumor progression
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