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Abstract

Background. Upregulation of staphylococcal nuclease domain-containing protein 1 (SND1) is a common phenom-
enon in different human malignant tissues. However, little information is available on the underlying mechanisms
through which SND1 affects glioma cell proliferation and invasion.

Methods. SND1, Ras homolog family member A (RhoA), and marker of proliferation Ki-67 (MKI67) were analyzed in 187
gliomas by immunostaining. The correlation between those markers and patients’ prognoses was assessed using the
Kaplan—Meier estimator. Gene Ontology, chromatin immunoprecipitation, electrophoretic mobility shift assay, and chro-
mosome conformation capture were applied to identify SND1-activated target genes.We also used MTT, colony formation,
transwell and orthotopic implantation assays to investigate SND1 function in glioma cell proliferative and invasive activity.
Results. We identified SND1 and RhoA as independent predictors of poor prognosis in glioma patients. SND1
knockdown significantly suppressed the proliferation and invasion of glioma cells. Mechanistically, we discov-
ered that SND1 facilitated malignant glioma phenotypes by epigenetically inducing chromatin topological interac-
tion, which activated downstream RhoA transcription. RhoA sequentially regulated expression of CCND1, CCNE1,
CDK4, and CDKN1B and accelerated G1/S phase transition in glioma cell proliferation.

Conclusions. Our findings identify SND1 as a novel chromatin architectural modifier and promising prognostic
indicator for glioma classification and treatment.

Key Points

Glioma has the highest incidence among primary brain  variations exist among individual patients,?® current glioma
tumors.'The high-grade malignant glioblastoma (GBM) is easy  histopathology diagnostic criteria has deficiency on compre-
to relapse and is lethal. Due to the diverse intragroup survival,  hensive evaluation of glioma prognosis.* Therefore, exploring
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Importance of the Study

Our present results identify SND1 as an independent
predictor and a novel chromatin architectural modifier.
SND1 can recruit GCN5 to certain DNA loci. By induc-
ing histone acetylation and remodeling the chromatin
conformation of the RhoA promoter, SND1 can directly
upregulate the transcription of RhoA. The novel SND1/

novel prognostic biomarkers can improve the subclassifica-
tion and prognostic evaluation for gliomas.

Overexpression of staphylococcal nuclease domain-
containing 1 (SND1) has been detected in several human
carcinogenesis processes. SND1 facilitates carcinogenesis
by enhancing the RNA-induced silencing complex function
in breast,® colon,® and hepatocellular carcinoma.” SND1
may regulate the radioresistance of tumor cells.® SND1
also accelerates breast cancer metastasis via Smurf1° and
the SMAD pathway.® However, the effects of SND1 over-
expression on gliomagenesis, progression, and the under-
lying mechanisms thereof remain poorly understood.

Our results reveal that SND1 facilitates the proliferation
and invasion of glioma cells. We identified RhoA, a small
GTPase implicating cancer proliferation, apoptosis, angio-
genesis, migration, and invasion,"'* as a potential target
of SND1 through human GBM mRNA profiling and bio-
informatics analyses. The regulatory mechanism and bi-
ologic effects of SND1 and RhoA were also determined.
We further investigated the expression patterns and prog-
nostic values of these 2 genes in 187 glioma tissue speci-
mens. Our findings indicate that SND1 and RhoA have the
potential to be prognostic markers and therapeutic targets
for malignant gliomas.

Materials and Methods
Tissue Collection and Clinical Information

The tissue samples of 187 astrocytic gliomas and 20 con-
trol brain tissues from patients without neoplasm were
collected at Tianjin Medical University General Hospital
(TMUGH) with informed consent. All the data involv-
ing patients were handled under the guidance of the
Declaration of Helsinki and the principles of the Ethics
Committee of TMUGH. The tissues were formalin fixed
and paraffin embedded (FFPE). Histopathological diag-
noses were independently made by 2 neuropathologists
according to the 2016 World Health Organization (WHO)
classification of central nervous system tumors.'”® The
genetic types were ascertained by Sanger sequencing of
the gene mutations of isocitrate dehydrogenase 1 and 2
(IDH1/2) and by comparative genomic hybridization (CGH)
or fluorescence in situ hybridization detecting 1p/19q sta-
tus. No 1p/19q codeletion was found in them, thus exclud-
ing the possibility of oligodendroglial tumors. The clinical
and pathological features of the 187 gliomas are shown
in Supplementary Table 1. The clinical features and gene

GCNb5/RhoA axis further triggers the cyclin/CDK signal-
ing pathway and facilitates proliferation, migration, and
invasion of glioma cells. Therefore, our study provides
new insights into the diagnostic and prognostic deter-
mination as well as therapeutic intervention for gliomas
based on SND1 functions.

expression information of the 468 glioma samples in the
low-grade glioma (LGG) + GBM dataset of The Cancer
Genome Atlas (TCGA) (https://cancergenome.nih.gov/)
were applied to validate patients’ prognostic values and
the correlation of SND1 and RhoA expressions.

Comparative Genomic Hybridization Assay

The SND1 locus gain were detected by CGH; see details in
Supplementary Methods.

IDH Mutation Assays

The gene mutations of IDH1/2 were detected using Sanger
sequencing, as described in the Supplementary Methods.

Immunohistochemistry

Immunohistochemistry (IHC) staining was applied ac-
cording to a previously described procedure.'® The anti-
bodies used in IHC are listed in Supplementary Table 12.
The proteins were then visualized by a Vectastain ABC
(avidin-biotin complex) Detection System (including the
biotinylated secondary antibody and ABC complex).The 10
fields (x400) from highly expressing areas (hotspots) were
selected under a Leica DM6000B microscope. Image Pro
Plus 5.0 software (Media Cybernetics) was used to count
the positive cell number and total cell number in the 10
fields and calculate the percentage of positive cells in all
cells (labeling index [%], LI).

Isolation and Maintenance of Cells

The patient-derived primary GBM cells were isolated
from fresh human GBM tissues as described in the
Supplementary Methods. The U118MG cells were main-
tained in Dulbecco’s modified Eagle’s medium contain-
ing 10% fetal bovine serum (Gibco) as described in the
Supplementary Methods.

Lentivirus and Stable Subcell Line Construction

Empty vector lentiviruses (vector), lentiviruses expressing
RhoA protein (RhoA) with blasticidin resistance, lentiviruses
expressing SND1 protein (SND1), SND1shorthairpin (sh)RNAs
(SND1-sh1: 5-GGTACCATCCTTCATCCAAAT-3; SND1-sh2:
5-GGACAAGGCCGGCA ACTTTAT-3’) and scrambled shRNA
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(scramble: 5-TTCTCCGAACGTGTCACGT-3') with puromycin
resistance were obtained from GenePharma (pGLVU6/Puro
vector). The UT118MG and primary GBM cells were cultured
in 6 cm dishes and treated with 50 pL of the virus. After 48
hours, puromycin (8 pug/mL) or blasticidin (14 pg/mL) was
added to the cells to stably select subcell lines (scramble/
vector, SND1-sh1/Vector, SND1-sh2/vector, SND1-sh1/
SND1, SND1-sh2/SND1, scramble/RhoA, SND1-sh1/RhoA,
SND1-sh2/RhoA). The above cells were then transfected by
lentiviruses expressing firefly luciferase with neomycin re-
sistance (pCMV-Luci, Clontech) for in vivo imaging. After 48
hours, neomycin (200 pg/mL) was used to select stable cell
lines.

Orthotopic Implantation of the GBM Cell Lines

The U118MG and primary GBM cells expressing luciferase
were implanted (7.5 x 10* cells) into the brains of 6-week-
old non-obese diabetic, severe combined immunode-
ficiency (NOD-SCID) mice (Charles River Laboratories).
Details of experiments are shown in the Supplementary
Methods. All experimental procedures involving animals
were approved by the Institutional Animal Care and Use
Committee of Tianjin Medical University.

DNA Electrophoretic Mobility Shift Assay

Supplementary Table 2 lists all the RhoA promoter probes
used in this study (biotin-labeled, unlabeled, and mutated,
Beyotime). Details are shown in the Supplementary
Methods.

Complementary DNA Microarray and Data
Analysis

The transcription profiles of U118 and primary GBM cell
with different treatments were detected by cDNA micro-
array (n =3/group). See details in Supplementary Methods.

Chromatin Immunoprecipitation—Chip and ChIP-
gPCR Assays

An SND1 antibody (8 pg/mL; Abcam ab65078) and immu-
noglobulin G antibody (8 pug/mL; Millipore) were used to
identify the binding loci of SND1. Supplementary Table 3
lists all the primers for quantitative (q)PCR. The experi-
mental details are outlined in the Supplementary Methods.

Quantitative Reverse Transcription PCR and
Western Blot

The gRT-PCR primers are listed in Supplementary Table
3, the antibodies used for western blot are listed in
Supplementary Table 12. See details in Supplementary
Methods.

Chromosome Conformation Capture

Scramble and SND1 knockdown (SND1-sh1/2) U118MG
and primary GBM cells were used for chromosome

conformation capture (3C) assay; the experimental details
are outlined in the Supplementary Methods.

Flow Cytometry Assay

The U118MG and primary GBM cells were stained with
propidium iodide and analyzed by flow cytometers; the
experimental details are outlined in the Supplementary
Methods.

Colony Formation Assay

The colonies of UT18MG cells were counted 10 days after
seeding, the details are shown in the Supplementary
Methods.

Invasion Assays In Vitro

U118MG and primary GBM cells were seeded in transwell
inserts (24-well, 8-um pore size; Millipore). The invasion
cells were counted after 24 hours. The details are listed in
the Supplementary Methods.

MTT Proliferation Assay

The U118MG and primary GBM cells were seeded into
96-well plates, then the cells were stained by 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) and
the absorbance of each well at 490 nm was measured to
detect the proliferation condition. See the details in the
Supplementary Methods.

Statistical Methods

The data are displayed as the mean = SD. The cell line-
based experiments were repeated in triplicate (n =3/group),
and the in vivo experiments were performed in quintupli-
cate (n = b/group). Statistical significance was set as P <
0.05. The details are summarized in the Supplementary
Methods.

Results

SND1 Correlates with Glioma Grades and
Proliferation and Predicts Poor Patient Outcome

On the SNDT1 locus, both incidences of the CGH genomic
DNA gain from our WHO grades II-IV glioma samples and
the gene copy amplification from TCGA GBM+LGG data-
set are correlated with glioma grade (Fig. 1A). IHC was ap-
plied to detect SND1 and the marker of proliferation Ki-67
(MKI167) in the FFPE specimens of 187 cases of gliomas
with different WHO grades (diffuse astrocytoma, grade Il,
40 cases; anaplastic astrocytoma, grade lll, 40 cases; and
GBM, grade IV, 107 cases) and 20 control brain tissue sam-
ples. SND1 expression was dramatically increased in high-
grade glioma (Fig. 1B-C). The SND7 mRNA levels from
the aforementioned TCGA dataset also increase as glioma
grade rises (Supplementary Figure 1K). MKI67 expression
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Fig.1 SNDT1 levels correlate with WHO grades and prognosis of glioma. (A) CGH results of WHO grades IlI-1V gliomas (left and upper right) and

SND1 gene amplifications condition from TCGA (lower-right). (B) IHC staining of SND1. Scale bar, 50 um. (C) Comparison of SND1 protein level (LI
[%]) among 187 glioma samples and 20 control brain samples (left), and the linear regression compares the expression of SND1 and MKI67 in 187
gliomas (right). (D) KM analysis of the outcomes of WHO grades II-1V glioma (left) and grade IV GBM (right) patients stratified by SND1 LI (0S). (E)
KM analysis of the effect of SND T mRNA level on GBM+LGG and GBM survival from TCGA (0S; GBM+LGG, n =468, left; GBM, n =166, right). (F)
Survival analysis of the relation between SND1 protein expression and patients’ outcome for all wild-type IDH1/2 glioma (left, n =114) and IDH1

R132H mutation-bearing (right, n =73) glioma patients (0S). Patients were stratified by median SND1 levels. **P < 0.01; ***P < 0.001.

showed a similar trend (Supplementary Figure 1A-B) and
was positively related to SND1 (Fig. 1C right). Then we
use Kaplan-Meier (KM) survival analysis to evaluate the
relation of SND1 expression and its locus condition to
survival of WHO grades II-IV gliomas and grade IV GBM.
Patients had shorter survival time when they had higher
SND1 expression levels and SND17 locus DNA gain (Fig.
1D, Supplementary Figure 1C, E, and F). The above results
were further verified by the diffuse astrocytoma, anaplas-
tic astrocytoma, and GBM cases from the dataset of TCGA
(Fig. 1E, Supplementary Figure 1G, |, and J). In our grades
II-IIl glioma samples and TCGA LGG dataset (grades lI-lll),

a higher SND1 level could predict shorter survival time
(Supplementary Figure 1D and H). In our 187 samples,
73 cases bore the IDH1 R132H mutation (Supplementary
Figure 2). We found that higher SND1 levels were asso-
ciated with shorter disease-free survival and overall sur-
vival (OS) in both IDH1/2 wild-type and mutation groups
(Fig. 1F and Supplementary Figure 1L). The survival data
were analyzed by univariate and multivariate statistics,
and the results showed that amplification and overexpres-
sion of the SND1 gene could independently indicate poor
prognosis for both the glioma patients and TCGA samples
(SupplementaryTables 5-8).
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SND1 Promotes the Proliferative and Invasive
Ability of GBM Cells

To assess the effects of SND1 on GBM cell proliferation and
invasion, we performed transwell, MTT, colony formation,
and orthotopic tumor implantation assays. We found that
SND1 knockdown (SND1-sh1/vector, sh2/vector) dramati-
cally inhibited the invasion and proliferation of U118MG
and primary GBM cells, whereas SND1 rescue expression
(SND1-sh1/SND1, sh2/SND1) significantly facilitated inva-
sion and proliferation (Fig. 2A-C, Supplementary Figure
3A). The inhibitory effect of SND1 knockdown on GBM
cell proliferation was also verified by the colony forma-
tion assays (Fig. 2D). We then assessed the in vivo role
of SND1 in GBM cell proliferation. U118MG and patient-
derived primary GBM cells expressing firefly luciferase
were cotransfected with viruses containing control RNA
(scramble) or SND1 shRNAs (SND1-sh1, sh2) and per-
formed in a xenograft model. The above cells were ortho-
topically transplanted into 6-week-old NOD-SCID mice
(n = 5). The bioluminescence images showed that mice
injected with SND1 knockdown cells bore smaller tumors
(Fig. 2E). The IHC results of the tissue samples of xenograft
tumors showed the MKI67 levels were also decreased in
the SND1 knockdown groups (Fig. 2F, upper panel, MKI67).
Hematoxylin and eosin (HE) staining showed that obvious
invasion occurred in the scramble group (the red arrow
showed the invasion distance), while no significant inva-
sion was found in the SND1-sh groups (Fig. 2F, middle and
bottom panel, HE). KM results showed that mice in the
SND1 knockdown group survived longer than the mice in
the scramble control group (Fig. 2G). Our results reveal
that SND1 overexpression is an important factor in pro-
moting the invasion and proliferation of GBM cells.

SND1 Activates a Cluster of Genes Related to
Cancer Biology in GBM Cells

To further investigate the function of SND1 in GBM cells,
we knocked down SND1 in U118MG and patient-derived
primary GBM cells; we then used cDNA microarrays
to screen the downstream gene transcription profile.
Functional annotation showed significantly enriched differ-
entially expressed oncologic genes at low false discovery
rates (data were presented as mean of each group, false
discovery rate < 0.05, fold change > 2 in either direction,
n = 3 for each group). Forty-nine genes that were down-
regulated and 32 genes that were upregulated upon SND1
knockdown were enriched (Fig. 3A, Supplementary Table
9). Among the 81 genes, cyclin-dependent kinase (CDK) 4,
cyclin (CCN) E1, RhoA, CCND1, CDK2, DIAPH1 (diaphanous
related formin 1), and SMAD2 were the most downregu-
lated; CDK inhibitor 1B (CDKN1B), claudin (CLDN) 7, CLDN3,
and MUC4 (mucin 4, cell surface associated) were the most
upregulated. The functional groups identified for the most
commonly downregulated genes involved the regulation
of cell cycle arrest and cell proliferation and motility, while
the most upregulated genes regulated cell adhesion and
the DNA damage checkpoint (Fig. 3B). Supplementary
Table 10 lists all the individual SND1-targeted genes and
their related molecular pathways. The 5 most important

pathways involved with SND1-sh are the mitotic DNA dam-
age checkpoint, cell motility, cell adhesion, regulation of
cell proliferation, regulation of cell cycle arrest and G1/S
transition. The microarray results were confirmed by gRT-
PCR in U118 and primary GBM cells (Supplementary Figure
3B). SND1 upregulates multiple target genes via transcrip-
tional activation. We used chromatin immunoprecipita-
tion (ChlIP)-chip to detect the SND1-bound loci in U118MG
cells and found that SND1 bound to the promoters of
2505 genes. By Pearson correlation analysis of the mRNA
expressions in 166 TCGA GBM, we screened 4637 genes
whose mRNAs were coexpressed with SND1 (Pearson’s R
> 0.3, P < 0.05). After combining them with the 81 genes
from the microarray data above, 4 potential direct targets
(red) and 19 indirect targets (green) overlapping among
the 3 groups were revealed (Fig. 3C, Supplementary Table
11). Furthermore, we used the GeneMANIA package'” of
Cytoscape software to analyze and generate the SND1 reg-
ulative network.The result showed that SND1 could upreg-
ulate RhoA and other indirect target genes in gliomas (Fig.
3D).

SND1 Upregulates RhoA Transcription by
Inducing Long-Range Chromatin Conformation
Remodeling at the RhoA Promoter in GBM Cells

PCR and western blotting showed that shRNA SND1 knock-
down (SND1-sh1, sh2) dramatically reduced the RhoA
mRNA and RhoA protein in U118MG and primary GBM
cells, whereas they were significantly recovered by SND1
rescue expression (sh1/SND1, sh2/SND1) (Supplementary
Figure 4A). Bioinformatics analysis revealed that there were
2 potential SND1-binding sites in the RhoA promoter (Fig.
4A top; R1 and R2). ChIP-gPCR verified that SND1 bound to
both SND1-binding sites in the RhoA promoter. After SND1
knockdown (SND1-sh1, sh2), the enrichment at R1 and R2
was significantly decreased, which further confirms that the
enrichment of SND1 at the RhoA promoter is specific (Fig.
4A). Electrophoretic mobility shift assay (EMSA) showed
that the nuclear extract formed complexes with labeled
probes containing SND1-binding sites in the RhoA promoter
(Fig. 4B; Lane 2) and that the complex could bind to anti-
SND1 antibody and form a supershift band (Fig. 4B; Lane 5).

Histone lysine residue acetylation is a milestone event in
transcription initiation, which also induces chromatin archi-
tectural alternation to allow long-range transcription factor
recruitment. Our results showed that SND1 could bind to
histone acetyltransferase GCN5.° To confirm the ability
of SND1 and GCN5 to colocalize on the RhoA promoter,
we performed ChIP-gPCR targeting histone H3K9-Ac and
GCNS5 in U118MG and primary GBM cells in which endog-
enous SND1 was silenced (SND1-sh1, sh2) and with scram-
ble shRNA (scramble). GCN5 bound to the SND1 binding
sites (R1 and R2) of the RhoA promoter in scramble cells.
Interestingly, GCN5 lost the ability to localize on R1 and R2
in SND1-sh1 and sh2 cells (Supplementary Figure 4B). The
histone H3K9-Ac modification condition shared a similar
pattern with GCN5 recruitment (Supplementary Figure 4C).
Our results confirm that SND1 can upregulate RhoA gene
transcription by recruiting GCN5 to the RhoA promoter
and inducing histone acetylation.
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Fig.2 SND1 facilitates GBM cell invasion and proliferation. (A) Western blotting results of the SND1 level in U118MG and primary GBM cells of
control (scramble/vector), SND1-knockdown (SND1-sh1/vector, SND1-sh2/vector), and SND1 rescue expression (SND1-sh1/SND1, SND1-sh2/
SND1) groups. (B) The transwell results of aforementioned U118MG and primary GBM cells. (C) MTT proliferation assays of aforementioned cells.
(D) Colony formation of U118MG cells expressing control shRNA (scramble) or SND1-shRNAs (SND1-sh1, sh2). *P < 0.05, **P < 0.01. (E) U118MG
and primary GBM cells bearing control shRNA (scramble) or shRNAs against SND1 (SND1-sh1, sh2) were inoculated orthotopically into NOD-
SCID mice (n =5). Tumor volumes were measured by the ISVS system after 28 days (U118MG) or 21 days (primary GBM) of initial implantation. (F)
IHC staining for MKI67 (upper panel) in a xenograft tumor from mice transplanted with U118MG and primary GBM cells bearing control shRNA
(scramble) or shRNAs against SND1 (SND1-sh1, sh2). Representative images of the invasion condition in HE stained tissue from the scramble,
SND1-sh1, and SND1-sh2 (middle and bottom panel) xenografts. The red dashed line marks the tumor border, and the red arrow displays the inva-
sion distance. (G) Survival results analyzed by the KM estimator showed that mice bearing SND1-sh1 and sh2 GBM cells survived longer than the
control mice (scramble, P < 0.001).
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Immunoprecipitation results showed that SND1
could physically interact with GCN5 in U118MG and pri-
mary GBM cells, which further confirms that SND1 is
the recognition partner of GCN5 on the RhoA promoter
(Supplementary Figure 4D). The luciferase reporter assay
showed that the full-length RhoA promoter could be acti-
vated by SND1, while deletion of the R1 or R2 conserved
motif would repress RhoA promoter activity, suggest-
ing that both R1 and R2 regions are essential for SND1 to

regulate RhoA transcription (Supplementary Figure 4E).
Chromatin topological alternation requires long-distance
interaction between cis-transcriptional elements and the
transcription factors located on them. Experiments by
3C were used to detect the spatial propinquity between
the conserved motifs R1 and R2. When the R1 region was
used as a PCR anchor, the strongest long-range chromatin
associations were detected between R1 and R2 in U118MG
and primary GBM cells, while the associations were
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dramatically decreased after SND1 knockdown in both
cells (Fig. 4C; SND1-sh1, sh2). When the R2 region was set
as the PCR anchor, a similar cross-linking signal between
R1 and R2 was detected (Fig. 4D). These data confirmed
the hypothesis that SND1, inducing long-range chromatin
cross-linking, plays an important role in RhoA transcription
activation. SND1 recruits GCN5 to R1 and R2 and induces
histone acetylation and chromatin conformation remodel-
ing, which ultimately activates RhoA transcription (Fig. 4E).

SND1 Accelerates the Cell Cycle and Proliferation
of GBM Cells via Upregulating RhoA

To identify the underlying mechanisms by which SND1
promotes GBM cell proliferation, we focused on RhoA
and G1/S-phase checkpoint regulators (ie, CCND1, CCNE1,
CDK4, and CDKN1B [p27KiPr1]), to explore their function in
the SND1-driven proliferation of GBM cells. The endog-
enous SND1 knockdown (SND1-sh1, sh2) in U118MG
and primary GBM cells could significantly reduce RhoA,
CCND1, CCNE1, and CDK4 and increase CDKN1B (Fig. 5A).
Concordantly, flow cytometry results indicated that SND1
shRNA transfection significantly suppressed G1/S-phase
cell cycle transition in GBM cells (Fig. 5B, Supplementary
Figure 3C).

We used rescued RhoA expression to further determine
whether RhoA mediates SND1-facilitated GBM cell prolifer-
ation. Subsequently, U118MG and primary GBM cells were
stable-transfected with scrambled shRNA virus/empty vec-
tor virus (scramble/vector; control), SND1-shRNA viruses/
empty vector virus (SND1-sh1, sh2/vector; endogenous
SND1 knockdown), scrambled shRNA virus/RhoA expres-
sion virus (scramble/RhoA; exogenous RhoA overexpres-
sion), or SND1-shRNA/RhoA co-expression (SND1-sh1,
sh2/RhoA; RhoA rescue expression). RhoA mRNA and pro-
tein levels were significantly decreased in SND1-sh1, sh2/
vector cells but increased in scramble/RhoA cells, while the
RhoA mRNA and protein in SND1-sh1, sh2/RhoA groups
were kept at basal levels matching the controls (Fig. 5C
and D). Moreover, RhoA depletion induced by the SND1
knockdown distinctly decreased CCND1, CCNE1, and CDK4
expression and increased CDKN1B expression in GBM
cells (Fig. 5D), thereby inhibiting GBM cell proliferation
and invasion (Fig. 5E, F and Supplementary Figure 3D).
The RhoA rescue transfection not only effectively blocked
the negative or positive regulation of SND1 knockdown on
CCND1, CCNE1, CDK4, and CDKN1B (Fig. 5D) but also pre-
vented the inhibition of invasion and proliferation of GBM
cells (Fig. 5E, F Supplementary Figure 3D). The result is
consistent with the effect of SND1 knockdown. Our find-
ings uncover a new pathway in which RhoA functions as
a signal relay for SND1 to promote GBM cell proliferation
and invasion by upregulating CCND1, CCNE1, and CDK4
and downregulating CDKN1B.

SND1 Induces GBM Malignant Phenotype via
RhoA In Vivo

To confirm the role of RhoA in SND1 inducing GBM cell pro-
liferation in vivo, we transduced U118MG and primary GBM

cells with lentiviruses expressing SND1 shRNAs (SND1-sh1,
sh2) or co-transduced the SND1-sh1 or sh2 plus a lentivi-
rus expressing exogenous RhoA (SND1-sh1, sh2/RhoA) in
a rescue assay. The results of U118MG and primary GBM
cell xenografting and bioluminescence imaging detection
verified that the SND1 knockdown significantly decreased
transplant tumor sizes, whereas the RhoA rescue expres-
sion neutralized the above effect of the SND1 knockdown
(Fig. 6A and B). KM results indicated that SND1 knockdown
groups (SND1-sh1, sh2/vector) survived significantly lon-
ger than the control (scramble/vector) and the RhoA ectopic
expression (scramble/RhoA) groups, while the RhoA rescue
groups (SND1-sh1, sh2/RhoA) had similar survival time to
the scramble/vector groups (Fig. 6C). The tissue samples
of xenografted tumors in vivo showed that RhoA upregu-
lation (scramble/RhoA) observably facilitated tumor inva-
sion, whereas the SND1 knockdown (SND1-sh1, sh2/vector)
effectively inhibited tumor invasion. Furthermore, the RhoA
rescue expression (SND1-sh1, sh2/RhoA) restored the inva-
sion ability of GBM cells (Fig. 6D).

We performed IHC staining in our FFPE samples to detect
RhoA level. Compared with nontumoral brain tissues,
RhoA expression was elevated in gliomas and was posi-
tively correlated with the WHO grade of the glioma, being
highest in grade IV GBM (Fig. 6E and F). The above result
was also verified by the GBM+LGG profiles fromTCGA.The
RhoA level correlated with glioma grade (Supplementary
Figure 5A). Moreover, SND1 expression was positively
correlated with RhoA expression (Fig. 6G), which was fur-
ther verified by the mRNA data in 468 GBM+LGG from
TCGA (Supplementary Figure 5B). Furthermore, the RhoA
mRNA and protein were also positively correlated with
those of MKI67 in our samples and the GBMs from TCGA
(Supplementary Figure 5C). Higher expression of RhoA
predicted shorter survival time in our glioma and GBM
patients (Fig. 6H and Supplementary Figure 5D-F). RhoA
level also predicted shorter survival time inTCGA GBM and
GBM+LGG datasets; however, RhoA has no statically sig-
nificant effect on the survival times of TCGA grades Il-llI
LGG (Supplementary Figure 5G-I). A high level of RhoA
predicted shorter survival time in both the IDH1/2 wild-type
and IDH1 R132H mutation groups (Supplementary Figure
5J-K). Similar to SND1, RhoA has the potential to be an
independent glioma prognosis indicator, as suggested by
multivariate and univariate analyses in our samples and
TCGA GBM+LGG dataset (Supplementary Tables 5-8). The
results further confirm the upregulating role of SND1 on
RhoA and its effects on the biological behavior of malig-
nant gliomas.

Discussion

It is well documented that SND1 is overexpressed in differ-
ent malignant tissues.”'®' |n this study, we confirmed that
anaplastic astrocytoma and GBM had gain and amplifica-
tion on SND1 locus, which may upregulate SND1 expres-
sion. Previous results showed the suppression of upstream
miRNAs could also upregulate SND1.2%2' Then we identi-
fied SND1 as a glioma promoter facilitating cell prolifera-
tion and invasion, as well as a potential specific biomarker
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Fig.5 SND1 accelerates the GBM cell cycle, proliferation, and invasion in vitro via upregulating RhoA. (A) Western blot results of SND1, RhoA,
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for prognosis-based glioma subclassification. We further
verified that 4 SND1-activated genes were closely related
to cancer biology, and RhoA is the most relevant to SND1
among those 4 genes. In this study, our results confirmed
that RhoA is the direct downstream target gene of SND1.
As a transcription coactivator, SND1 binds to the conserved
sites of the RhoA promoter and induces RhoA transcription.

Our study showed that SND1 may induce RhoA transcrip-
tion by recruiting GCN5 and inducing H3K9 acetylation on
the RhoA promoter.”® GCN5 is a highly evolutionarily con-
served lysine acetyltransferase (KAT) that can catalyze his-
tone acetylation on most gene promoters.?>?3The regulation
of the GCN5 catalytic activity is controlled by different part-
ner subunits.?*#?% Qur results verified that SND1 could induce
long-range interactions between 2 SND1 binding sites (R1
and R2) in the RhoA promoter, which linked the histone H3K9
acetylation with special chromatin conformation remodeling.
Our results indicate a novel function of SND1 as a chromatin
architecture regulator that regulates gene expression by pro-
moting transcriptional cis-acting element interaction.

It is known that RhoA promotes glioma cell invasion by
inducing actin rearrangement and enhancing amoeboid
migration.?6?7 However, the upstream and downstream
mechanisms underlying RhoA-stimulated glioma cell pro-
liferation remain to be further elucidated.The complexes of
CCND1/CDK4 and CCNE1/CDK2 are key drivers of cell G1/S
phase transition and proliferation,?6-3" whereas CDKN1B is
an inhibitor of the 2 complexes.?? In this study, we found
that SND1 could increase expression of CCND1, CCNE1,
and CDK4 and decrease expression of CDKN1B by directly
upregulating RhoA, thereby promoting glioma cell prolif-
eration by accelerating the transition from the G1 phase of
the cell cycle to the S phase.

Overexpression of RhoA has been found in many malig-
nant tumors.33 Our results suggest that RhoA is a potential
biomarker distinguishing glioma grades. Furthermore, the
combined results of the KM and Cox analyses verified that
RhoA was also an independent survival predictor for gli-
oma patients. Since SND1 had multiple other target genes
and regulatory approaches, the prognostic value of RhoA
was less than that of SND1 in gliomas. Furthermore, SND1
and RhoA stably were expressed in FFPE tissue sections
as detected by IHC staining.Thus, they might be promising
novel molecular markers for diagnostic and classification
purposes in human gliomas.

In summary, we revealed novel mechanisms of glio-
magenesis and malignant progression driven by SND1
via directly activating RhoA transcription by inducing his-
tone acetylation and remodeling the chromatin conforma-
tion of the RhoA promoter. By upregulating RhoA, SND1
promotes glioma cell proliferation and invasion, which
provided a strong rationale for targeting SND1 and RhoA
in malignant glioma therapy. Moreover, we linked SND1-
induced long-range chromatin communication remodeling
with poor prognoses in glioma patients.
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Supplementary data are available at Neuro-Oncology
online.
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