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Abstract

Purpose: Long noncoding RNAs (IncRNA) have essential
roles in diverse cellular processes, both in normal and diseased
cell types, and thus have emerged as potential therapeutic
targets. A specific member of this family, the SWI/SNF complex
antagonist associated with prostate cancer 1 (SChLAPI), has
been shown to promote aggressive prostate cancer growth by
antagonizing the SWI/SNF complex and therefore serves as a
biomarker for poor prognosis. Here, we investigated whether
SChLAP1 plays a potential role in the development of human
glioblastoma (GBM).

Experimental Design: RNA-ISH and IHC were performed
on a tissue microarray to assess expression of SChLAP1 and
associated proteins in human gliomas. Proteins complexed
with SChLAP1 were identified using RNA pull-down and mass
spectrometry. Lentiviral constructs were used for functional
analysis in vitro and in vivo.
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Results: SChLAPI was increased in primary GBM samples
and cell lines, and knockdown of the IncRNA suppressed
growth. SChLAP1 was found to bind heterogeneous nuclear
ribonucleoprotein L (HNRNPL), which stabilized the
IncRNA and led to an enhanced interaction with the protein
actinin alpha 4 (ACTN4). ACTN4 was also highly expressed
in primary GBM samples and was associated with poorer
overall survival in glioma patients. The SChLAP1-HNRNPL
complex led to stabilization of ACTN4 through suppression
of proteasomal degradation, which resulted in increased
nuclear localization of the p65 subunit of NF-xB and
activation of NF-xB signaling, a pathway associated with
cancer development.

Conclusions: Our results implicated SChLAP1 as a driver
of GBM growth as well as a potential therapeutic target in
treatment of the disease.

Introduction

Glioblastoma multiforme (GBM) accounts for nearly half of all
primary brain tumors in adults (1). Aggressive growth is a hall-
mark of GBM, which exhibits a median survival time of only 14 to
16 months following standard-of-care therapy (2, 3), and poses a
considerable challenge in GBM treatment (4). Rigorous molec-
ular analysis has revealed many factors, such as EGF, IGF, TGFj,
and downstream effectors involved in the uncontrolled growth of
GBM (5). Despite this knowledge, current treatment of GBM has
limited efficacy, thus rendering the field desperate for novel
therapeutic approaches.

Although somatic mutations clearly contribute to change in
expression of many of these factors, a variety of other mechan-
isms, including dysregulation of noncoding RNAs, are recognized
as having significant roles in the disease. One class of these RNAs,
the long noncoding RNAs (IncRNA), have been shown to regulate
gene expression, as signals, decoys, guides, and scaffolds (6).
LncRNAs play critical roles in many biological processes taking
place in human cancers, including gliomas, such as proliferation,
apoptosis, angiogenesis, stemness, drug resistance, migration,
and invasion (7). In the case of GBM, IncRNAs NEATI and
TP73-AS1 promote cell growth through different mechanisms,
mediating chromatin modification (8) and acting as a sponge for
mir-142, respectively (9).
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Translational Relevance

LncRNAs have emerged as critical drivers in diverse cancers,
and thus represent a novel druggable molecular target. We
show that SChLAPI, an IncRNA, promoted the growth of GBM
cells in vitro and in vivo. In pull-down assays, we identified
HNRNPL as an associated protein, and knockdown of
HNRNPL abrogated the oncogenic effects of SChLAP1 on GBM
growth. This complex facilitated the association of HNRNPL
with ACTN4, a mediator in NF-xB signaling, and inhibited
proteasome-mediated degradation of this protein. The resul-
tant stabilization of ACTN4 led to activation of downstream
NF-kB signaling. Overall, our results identify SChLAP1 as a
potential oncogene in the development of GBM through
HNRNPL-mediated ACTN4 stabilization and may provide a
potential molecular target to be exploited in the therapeutic
treatment of GBM.

Another IncRNA well known for its oncogenic role specifically
in prostate cancer, is the SWI/SNF complex antagonist associated
with prostate cancer 1 (SChLAP1T). The IncRNA antagonizes the
SWI/SNF complex (10), which has been widely recognized as a
suppressor in diverse cancers (11). However, the suppressive role
of the SWI/SNF complex has been challenged in recent studies
showing that the complex can also function as an oncogenic factor
in certain cellular contexts (10). For instance, SS18, a subunit of
the SWI/SNF complex, acts as a growth promoter in synovial
sarcomas through the S$18-SSX fusion protein (12). In addition,
we previously demonstrated that ACTL6A (BAF53), a gene encod-
ing a subunit of the SWI/SNF complex, facilitates the develop-
ment of human glioma (10, 13).

In this study, we investigated the role of SCHLAP1 in glioma
progression. Elevated expression of SChLAP1 was associated
with increasing tumor grade in human gliomas. We used
coimmunoprecipitation (co-IP) assays coupled with mass spec-
trometry to identify protein binding partners of SChLAP1. This
approach revealed an RNA-binding protein, heterogeneous
nuclear ribonucleoprotein L (HNRNPL), in complex with
SChLAP1. We demonstrate that this complex leads to protein
stabilization of ACTN4 and ultimately activation of NF-xB
signaling pathway. A specific RNA recognition motif (RRM)
within HNRNPL binds to exon 2 of SChLAP1, thus providing a
binding interface that may serve as a promising drug target in
the treatment of GBM.

Materials and Methods

Ethics statement

All primary glioma tissue samples (n = 112) were obtained
from the Department of Neurosurgery at Qilu Hospital of Shan-
dong University (Jinan, China) from individuals consenting to
the use of their tissues for research purposes. Clinicopathologic
characteristics are provided in Supplementary Table S1. Nonneo-
plastic brain tissue samples (NBT; n = 10) were obtained from the
Department of Pathology at Qilu Hospital of Shandong Univer-
sity. Research strategies pertaining to human tissues and animals
were all approved and performed according to the regulations
outlined by the Research Ethics Committee of Shandong Univer-
sity and the Ethics Committee of Qilu Hospital, in accordance
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with the Declaration of Helsinki (for humans) and the U.S. Public
Health Service Policy on Human Care and Use of Laboratory
Animals (2015 reprint; for mice).

Cell culture, transient transfection, and lentivirus infection

Human glioblastoma cell lines (U118MG and LN229) and the
human embryonic kidney cell line 293 (HEK293) were purchased
from the ATCC. All human cell lines were authenticated and
submitted for short tandem repeat analysis (Cell Cook Biotech
Co. Ltd.). Normal human astrocytes (NHA), primary GBM#P3
cells and BG7 glioma stem cells (GSC) were kindly gifted by Prof.
Rolf Bjerkvig (University of Bergen, Bergen, Norway). Cells
were maintained in DMEM (Life Technologies/Thermo Fisher
Scientific) supplemented with 10% FBS (Thermo Fisher Scientif-
ic). GBM#P3 and GSC BG7 cells were cultured in serum-free
DMEM/F12 medium (Gibco/Thermo Fisher Scientific) supple-
mented with 2% B27 Neuro Mix (Thermo Fisher Scientific), EGF
(20 ng/mL; Thermo Fisher Scientific), and basic FGF (10 ng/mL;
Thermo Fisher Scientific).

Transient transfections for siRNAs and plasmids were per-
formed with Lipofectamine 2000 or 3000 (Thermo Fisher
Scientific). The sequences of siRNAs used are listed in Supple-
mentary Table S2, and plasmids used are listed in Supplemen-
tary Table S3.

Lentiviral constructs were used for stable knockdown of
SChLAPI in LN229 and GBM#P3 cellsand HNRNPLin U118MG-
and BG7-SChLAPI-OE cells with short hairpin RNAs (shRNA;
OBiO Technology) and for stable ectopic expression of SChLAP1
in U118MG and BG?7 cells. In addition to the construct expressing
full-length SChLAP1, an exon 2 deletion mutant of SChLAP1
(SChLAP1-Aexon 2) and SChLAP1 antisense (SChLAP1-AS; OBiO
Technology) constructs were also used to infect cells. After
48 hours, infected cells were cultured in media containing puro-
mycin (2 ug/mL; Thermo Fisher Scientific) for 2 weeks to select for
stable expression. The sequences of shRNAs used are listed in
Supplementary Table S2.

Subcellular fractionation

Nuclear and cytoplasmic cellular subfractions of LN229 and
U118MG cells were prepared using Nuclear and Cytoplasmic
Extraction Reagents (Thermo Fisher Scientific) according to the
manufacturer's instructions. Subcellular distribution of proteins,
including p65, were determined using Western blot analysis.
GAPDH and histone H3 served as loading controls for cytosolic
and nuclear protein fractions, respectively.

RNA in situ hybridization and evaluation of SChLAP1 staining

RNA in situ hybridization (RNA-ISH) was performed according
to the manufacturer's instructions (Boster Bio-Technology Com-
pany). Briefly, paraffin-embedded samples were deparaffinized
with xylene and rehydrated with diluted reagent grade ethanol.
Human glioma tissue microarrays were digested with proteinase K
for 15 minutes, hybridized at 37°C overnight with a 5’-digoxin-
labeled probe targeting SChLAP1 (5'-ACACT CACTG CGAGG
GTCCG CGGCT TCATT CITGA AGTGA-3'), and incubated with
HRP-conjugated anti-digoxin antibody for 30 minutes at room
temperature. Diaminobenzidine was used as the HRP substrate in
the color reaction for staining.

The RNA-ISH-stained samples were reviewed and evaluated by
two pathologists in a blinded study using scoring methods
detailed in Supplementary Materials and Methods.
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RNA-FISH

RNA-FISH was performed according to the manufacturer's
instructions (Boster Bio-Technology Company). Cells were seed-
ed on coverslips, fixed with 4% paraformaldehyde, and incubated
with a 3'-digoxin-labeled SChLAP1 probe. For fluorescence detec-
tion, cells were incubated with biotin-mouse anti-digoxin anti-
body and subsequently streptavidin-conjugated Cy3. Nuclei were
counterstained with DAPI. Images were acquired under confocal
microscopy (LSM780, Zeiss).

qRT-PCR

Nuclear and cytoplasmic RNA was isolated using the PARIS Kit
(Thermo Fisher Scientific). Total RNA was isolated from cells
using TRIzol Reagent (Thermo Fisher Scientific). RNA (2 ug) was
reverse transcribed into cDNA using the High Efficient Reverse
Transcription Kit (Toyobo Life Science) according to the manu-
facturer's protocol. Quantitative PCR was performed using SYBR
premix Ex Taq (Takara) on the Real-Time PCR Detection System
(48011, Roche). GAPDH served as the internal control for nor-
malization. Primers used for PCR are listed in Supplementary
Table S4.

IHC, immunofluorescence, and immunoblotting

IHC, immunofluorescence, and immunoblotting were per-
formed as described previously (13). All antibodies used and the
scoring system for ACTN4 IHC staining used are described in
detail in Supplementary Materials and Methods.

Co-IP and mass spectrometry analysis

Cells were lysed in IP lysis buffer (Pierce) containing a protease
inhibitor cocktail (Sigma-Aldrich). Total lysates (200 pg; 1 ug/uL)
were incubated with primary antibodies (4 uL) or IgG (4 uL)
overnight at 4°C with gentle shaking followed by Protein A/G
magnetic beads (Thermo Fisher Scientific) for 2 hours at room
temperature. The immunoprecipitated complexes were immuno-
blotted or subjected to mass spectrometry analysis (ekspertTM-
nanoLC; AB Sciex TripleTOF 5600-plus; SCIEX). Results of LC-
MS/MSF were analyzed using Proteinpilot software. For the
ubiquitination assay, cells were treated with 20 umol/L MG132
for 6 hours before lysis, followed by co-IP and Western blot
analysis. The antibodies used are described in Supplementary
Materials and Methods.

Biotin-labeled RNA pull-down and mass spectrometry analysis

Human SChLAP1 cDNAs (sense and antisense; OBiO Technol-
ogy) and truncated constructs were transcribed in vitro using the
TranscriptAid T7 High Yield Transcription Kit (Thermo Fisher
Scientific). Resultant transcripts were 3’ end labeled with biotin
using the RNA 3’ End Desthiobiotinylation Kit (Thermo Fisher
Scientific) to generate RNA probes for RNA pull-downs, which
were performed using the Magnetic RNA-Protein Pull-Down Kit
(Thermo Fisher Scientific), according to the manufacturer's
instructions. Eluted proteins were detected by Western blot or
mass spectrometry analysis.

Cross-link RNA immunoprecipitation

RNA immunoprecipitation (RIP) assays were performed
using the EZ-Magna RIP RNA-Binding Protein Immunoprecip-
itation Kit (Merck Millipore). Briefly, cells were cross-linked
with 1% formaldehyde and collected in lysis buffer containing
a protease inhibitor cocktail (Sigma) and an RNase inhibitor.
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Magnetic beads were preincubated with an anti-rabbit IgG or
antibody specific for HNRNPL (Abcam, ab6106) for 30 min-
utes at room temperature, followed by incubation with lysates
at 4°C overnight. Coprecipitated RNAs were eluted and puri-
fied, and then detected by RT-PCR with specific primers (Sup-
plementary Table S4). Total RNA (input) served as the internal
control.

Cycloheximide chase

LN229 and GBM#P3 cells were infected with lentivirus contain-
ing shRNA targeting SChLAP1 (OBiO Technology). U118MG and
BG7 cells were infected with lentivirus for ectopic expression of
full-length SChLAP1 (OBiO Technology). After 48 hours, cyclo-
heximide (25 pug/mL; Apexbio) was added to the culture medium
to inhibit translation, and cell lysates were prepared at 0, 4, 8, or
12 hours. Protein (20 pg) was examined using Western blot
analysis.

Colony-forming assay

After infection, cells (1.0 x 10°/well) were seeded into 6-well
plates and cultured for an additional 2 weeks. Cells were then
fixed with 4% paraformaldehyde (Solarbio) and stained with 5%
crystal violet. Colonies containing more than 50 cells were
counted. Experiments were performed in triplicate.

Cell number counting

After infection, cells (1.0 x 10°/well) were seeded into 6-well
plates. Cells were harvested through trypsinization and counted
every 24 hours. Experiments were performed in triplicate.

Luciferase reporter assays

The NF-xB firefly-luciferase (Promega) and Renilla reporter
constructs (100 ng each) were cotransfected into modified
U118MG and LN229 cells using Lipofectamine 3000 (Thermo
Fisher Scientific). Luciferase assays were performed 24 hours later
using the Dual-Luciferase Reporter Assay Kit (Promega). Renilla
activity was used to normalize luciferase reporter activity. The
promoterless firefly luciferase vector pGL4.15 served as the neg-
ative control (NC).

Animal studies

After infection, luciferase-expressing human glioma cell lines
(3 x 10° cells suspended in 10 uL PBS) were implanted into the
frontal lobes of 4-week-old athymic nude mice (Shanghai SLAC
Laboratory Animal Co., Ltd.) using a stereotactic apparatus
(KDS310, KD Scientific). Tumor growth was examined at 6, 12,
and 24 days after implanation with bioluminescence imaging
(IVIS Spectrum in vivo imaging system, PerkinElmer). Animals
were sacrificed by cervical dislocation if they showed any symp-
toms of continuous discomfort, such as severe hunchback pos-
ture, decreased motion or activity, apathy, dragging of legs, or
more than 20% weight loss.

Database and gene enrichment analysis

Survival analysis using ACTN4 expression levels was
performed using Rembrandt (http://www.betastasis.com/glio
ma/rembrandt/) and CGGA (http://www.cgga.org.cn/) data-
bases. Enrichment analysis of ACTN4 was performed using clin-
ical data from patients in the CGGA database. Pearson correlation
coefficients >0.4 and P values <0.05 were used to identify genes
correlated with ACTN4.
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Molecular modeling of HNRNPL

Visualization of the molecular models was performed with
Discovery Studio Visualiser (Biovia). Molecular surfaces colored
for interpolated charge were also developed in Discovery Studio
Visualiser. The structural model of HNRNPL was created using i-
Tasser (14). The templates used in the structure determination
were the NMR structures of the four RRM domains in rat
HNRNPL, RRM1 (PDB ID 2MQL/2MQO; without/with RNA),
RRM2 (PDB ID 2MQM/2MQP), and RRM3-RRM4 (PDB ID
2MQN/2MQQ), as well as the X-ray structures of RRM3-RRM4
without RNA (PDB ID 3TOH). Rat and human HNRNPL have a
sequence identity of 92%.

Statistical analysis

Data are presented as the mean + the SEM. The Student ¢ test
for paired data was used to compare mean values. ANOVA was
used to analyze potential differences between two groups with

A NBT
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continuous variables. Survival curves were estimated using the
Kaplan-Meier method and compared using the log-rank test.
Correlation between SChLAP1 and ACTN4 expression levels
was determined using the two-tailed ? test or the Fisher exact
test. Statistical analysis was conducted using GraphPad Prism
version 7.00 software for Windows (GraphPad). All tests were
two-sided, and P values <0.05 were considered to be statisti-
cally significant.

Results

SChLAP1 is highly expressed in GBM and correlated with poor
prognosis in glioma patients

To begin to characterize the role of SChLAP1 in the develop-
ment of human glioma, we used RNA-ISH to assess RNA levels of
the gene in a cohort of primary tissue samples on a tissue
microarray. The histology and distribution of the samples
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was as follows: WHO grade II (n = 30), WHO grade III (n = 31),
WHO grade IV (n = 51, GBMs), and nonneoplastic brain (NBT, n
=10). SChLAP1 was preferentially expressed in high-grade glioma
(n = 82; HGG, WHO grade III-IV) compared with low-grade
glioma (n = 30; LGG, WHO grade II; Fig. 1A and B; Supplemen-
tary Table S5). Expression in nonneoplastic brain tissue samples
was nearly absent (Fig. 1A and B; Supplementary Fig. S1A).
Increased expression of SChLAP1 correlated with wild-type IDH1
(P=0.0450) aswell as advanced grade (P<0.001; Supplementary
Table S5).

To localize SChLAP1, we performed RNA-FISH labeling on
NHA, LN229, U118MG, GBM#P3, and BG7 cells in wvitro.
SChLAP1 was mainly expressed in the nucleus of all four GBM
cell lines, with a minor fraction in the cytoplasm (Fig. 1C).
However, Cy3-SChLAP1 was not detected in NHA. These results
were consistent with SChLAP1 localization in human prostate
cancer cells (13). We further validated these results by perform-
ing qRT-PCR on nuclear and cytoplasmic fractions of RNA
obtained from these cell populations. Again, the major portion
of SChLAP1 was in the nucleus (70%-80%), while a lesser
fraction (20%-30%) was detected in the cytoplasm in all GBM
cell lines tested except in the case of BG7 cells. In these cells,
SChLAP1 mRNA was distributed equally between the nucleus
and the cytoplasm (Fig. 1D).

These results demonstrated that SChLAPI expression was fre-
quently increased in GBM cells in primary tumor samples and
in vitro, and mostly localized to the nucleus.

SChLAP1 promotes growth of GBM cells both in vitro and in vivo

To determine whether the increase in SChLAP1 promoted or
inhibited growth in GBM, we modified SChLAP1 expression in
GBM cells and assessed cell growth in vitro and in vivo. Gene
knockdown studies were performed in LN229 and GBM#P3,
which exhibited high levels of SChLAP1 (Fig. 1C; Supplementary
Fig. S5D). In LN229 and GBM#P3 cells transfected with sh-
SChLAPI1-1 and sh-SChLAP1-2, SChLAP]1 expression was reduced
by approximately 60% (Fig. 2A). Growth curves generated over
72 hours for the different modified cell types versus controls
revealed that SChLAP1 knockdown attenuated proliferation of
LN229 and GBM#P3 cells significantly (Fig. 2B). Results from
colony formation assays further demonstrated that SChLAP1 was
growth promoting in GBM cells lines LN229 and GBM#P3 in vitro
(Fig. 2C).

To test growth in vivo, modified and control cell lines were
orthotopically implanted in mice, and tumor growth was mon-
itored/quantified using bioluminescence. LN229- and GBM#P3-
sh-SChLAPI-1 or -2 were slower growing than control tumors
(Fig. 2D and E), and survival time of tumor-bearing mice was
prolonged (LN229: 47 days or 49 days vs. 34 days, sh-SChLAP1-1
or sh- SChLAP1-2 vs. NC, respectively, P < 0.01; GBM#P3: 35 days
or 39 days vs. 27 days, sh-SChLAP1-1 or sh-SChLAP1-2 vs. NC,
respectively, P < 0.01; Fig. 2F).

These results indicated that SChLAPI functioned as a potential
oncogene in GBM.

HNRNPL is a protein partner of SChLAP1 in GBM cells

To identify potential interacting proteins with SChLAPI
in GBM cells, we performed a biotin-labeled SChLAP1-based
pull-down assay in LN229 cells followed by proteomic analysis
(Fig. 3A). In these assays targeting biotin-labeled RNA, 15
and 29 proteins were found to be associated with sense and
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antisense SChLAP] transcripts, respectively (confidence > 95%,
unique peptides > 1; Supplementary Fig. S2A; Supplementary
Table S6). The number of unique proteins associated with
SChLAP1 sense was only 6, and with SChLAP1 antisense, 20
(Supplementary Fig. S2A). Among the 6 proteins pulled down
by SChLAP1 sense (ENO1, HNRNPL, MCCC2, HSPY90ABI,
GRSF1, TTBK1), we eliminated MCCC2 and TTBK1 from further
analysis because they have not been reported to play an oncogenic
role in any human cancers. As the remaining 4 proteins have been
previously recognized as tumor promoting (15-20), we silenced
ENO1, HNRNPL, HSP90AB1, and GRSF1 in U118MG and LN229
cells using two specific siRNAs for each protein and evaluated cell
growth. Knockdown efficiency of the siRNAs was assessed by
Western blot analysis (Supplementary Fig. S2B). Over the course
of 72 hours, only knockdown of HNRNPL led to significantly
decreased proliferation in these two cell lines (Supplementary
Fig. S2C). A Western blot incubated with anti-HNRNPL antibody
confirmed the association of SChLAP1 sense with HNRNPL in the
pull-down assays targeting the biotin-labeled RNA (Fig. 3B).

We also used an RIP assay to further demonstrate a physical
association between the RNA and the protein in LN229 and
U118MG cells. Complexes immunoprecipitated this time with
antibody against HNRNPL indeed contained SChLAP1 sense
transcripts. These results confirmed HNRNPL as a protein partner
of SChLAP1 in GBM cells (Fig. 3C). To identify the exon(s) of
SChLAP]1 that binds HNRNPL in GBM cells, we performed dele-
tion-mapping assays. Exon 2 (338-433 bp) of SChLAPI, rather
than exons 1, 3, 4, or 5, was key to the formation of the SChLAP1 -
HNRNPL complex (Fig. 3D).

Using a full-length construct, we performed ectopic expres-
sion studies in U118MG and BG?7 cells, which exhibited low
levels of SChLAP1 (Fig. 1C; Supplementary Fig. S5D), to inves-
tigate its role in GBM cell growth. We also used a SChLAP1
deletion mutant, SChLAP1-Aexon2, and SChLAP1-AS, to inves-
tigate the significance of the SChLAP1-HNRNPL interaction in
GBM. Transcript levels from all constructs were upregulated
approximately 20- to 35-fold (Supplementary Fig. S3A).
SChLAP1 overexpression enhanced the growth of GBM cells
both in vitro and in vivo, while SChLAP1-Aexon2 and SChLAP1-
AS had no effect (Supplementary Fig. S3B-S3D). Overall sur-
vival was also reduced in mice bearing U118MG- and BG7-
SChLAP1-OE tumors relative to control mice (U118MG:
26 days vs. 35 days, SChLAP1-OE vs. NC, P < 0.05; BG7: 27 days
vs. 44 days, SChLAP1-OE vs. NC, P < 0.05; Supplementary
Fig. S3E). However, overall survival remained unchanged in
SChLAP1-Aexon2- and SChLAP1-AS-OE groups (U118MG: 33
or 33 days vs. 35 days, SChLAP1-Aexon2-OE or SChLAPI-AS-
OE vs. NC, P = n.s.; BG7: 47 or 49 days vs. 44 days, SChLAP1-
Aexon2-OE or SChLAP1-AS-OE vs. NC, P = n.s.; Supplementary
Fig. S3E).

We also identified the region of the protein binding the RNA.
Full-length HNRNPL (64-kDa) has a Gly-rich N-terminal region
followed by 4 RNA recognition motifs (RRM): RRM1 (residues
102-176), RRM2 (193-270), RRM3 (382-478), and RRM4 (495-
583). Blatter and colleagues introduced a new definition for both
RRM2 and RRM3, (v)RRM2 and (v)RRM3, respectively - because
these two domains deviate from the canonical RRM structure [2-
helix with a four-stranded antiparallel B-sheet (4318382)], and
present as a C-terminal fifth B-strand (21). When prepared as
truncated forms, all four RRM domains of HNRNPL have been
shown to bind RNA, and the structures of the complexes have
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been obtained by NMR (21), including the additional -strand of
(v)RRM2 and (v)RRM3 (Supplementary Fig. S4A). The molecular
surfaces of the domains, without the bound RNA, can also be
predicted on the basis of interpolated charges, showing the
positively charged surface areas at the RNA-binding sites (Sup-
plementary Fig. S4A). We therefore prepared 3 truncated forms of
HNRNPL: (i) residues 1-189, including RRM1; (ii) residues 1-319,

www.aacrjournals.org

including RRM1 and RRM2; and (iii) 1-489, including RRM2-
RRM3. An in vivo binding assay indicated that RRM2 of HNRNPL
is indispensable for pulling down SChLAPI in LN229 and
U118MG cells (Fig. 3E).

As an RNA-binding protein (19), HNRNPL has been reported
to enhance mRNA stability of genes, such as VEGF and Glut1, by
binding to adenine and uridine-rich elements (ARE) in the
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Figure 3.

HNRNPL is a protein partner of SChLAPT in GBM cells. A, SDS-PAGE resolving proteins from LN229 cell extracts brought down with biotin-labeled SChLAPT and
antisense RNA. Proteins were excised from gels and submitted for mass spectrometry. B, Western blot analysis showing the interaction between SChLAPT and
HNRNPL. SChLAPT antisense and bead-bound protein served as negative controls. C, RIP assays performed with LN229 and U118MG cell extracts using
anti-HNRNPL or rabbit I9G. IgG served as the negative control. RNAs enriched in anti-HNRNPL or I9G pull-downs were determined relative to input control.

D, Schematic representation of SChLAPT exons used in RNA pull-down assays performed with LN229 and UT18MG cell extracts and biotin-labeled SChLAPI
transcripts. Western blot analysis for HNRNPL pulled down and ethidium stained gel to detect SChLAPT transcripts. SChLAPT antisense and beads served as
negative controls. E, Schematic representation of the Flag-tagged HNRNPL domains for RIP assays performed with LN229 and UT18MG cell extracts using
anti-Flag to examine the interaction between HNRNPL truncates and SChLAPI. Flag-empty vector served as the negative control. Western blot analysis for
Flag-HNRNPL constructs and ethidium bromide staining for SChLAPT RNA on an agarose gel in pull-downs. F, Graphic representation of gRT-PCR to determine
half-life of SChLAPTRNA in cells transfected with HNRNPL or NC siRNAs and incubated with actinomycin D (1 ug/mL) for indicated time.
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Figure 4.

SChLAPIT regulates the interaction
between HNRNPL and ACTN4.

A, co-IPs performed and analyzed
by Commassie blue staining and
mass spectrometry identifying
ACTN4 as an interacting protein
with HNRNPL. B, Western blot
analysis of co-IPs performed on
lysates prepared from HEK293 cells
transfected with HA-ACTN4 and
Flag-HNRNPL, and parental LN229,
UNBMG, GBM#P3, and BG7 cells.

C, Western blot analysis of co-IPs
performed on lysates prepared
from HEK293 cells transfected with
HA-ACTN4 alone or together with
indicated Flag-HNRNPL constructs.
Top, co-IP performed with
anti-Flag; bottom, input protein.

D, Schematic representation of
wild-type ACTN4 and the indicated
deletion mutants. Western blot
analysis of co-IPs performed on
lysates prepared from HEK293 cells
transfected with Flag-HNRNPL
alone or together with indicated
HA-ACTN4 constructs. Top, co-IPs
performed with anti-HA; bottom,
input protein. E, Western blot
analysis of co-IPs performed with
anti-HA-tag and lysates prepared
from HEK293 cells transfected with
increasing amounts of SChLAPI, and
indicated Flag-HNRNPL and HA-
ACTN4. Top, corresponds to
Western blot for co-IPs; bottom,
corresponds to input protein.

Cells were pretreated with MG132
(20 umol/L) for 8 hours. F, Western
blot analysis of co-IPs performed
with anti-HNRNPL and lysates
prepared from modified LN229 and
UT18MG cells. Cells were pretreated
with MG132 (20 umol/L) for 8 hours.
19G groups served as negative
controls.

3'UTR, which is a key region for posttranscriptional regulation
of RNA stability (22, 23). To examine whether HNRNPL might
affect the half-life of SChLAP1 in GBM cells, we treated LN229-
si-HNRNPL-1, -2, or -NC cells with actinomycin D (22) and
generated an RNA decay curve over the course of 10 hours using
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CR (Fig. 3F). Within 6 hours of addition of actinomycin

D, the stability of SChLAP1 was found to be significantly
reduced in LN229-si-HNRNPL-1 or -2 cells relative to controls.
However, manipulation of SChLAPI levels had no effect on
HNRNPL protein levels (Supplementary Fig. S4B).
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All together, these results demonstrated that HNRNPL stabi-
lized SChLAP1 through the generation of a protein—-RNA complex
and might be a critical functional partner of SChLAP1 in GBM
cells. In fact, HNRNPL has been already identified as a partner of
the IncRNA THRIL in human disease (24).

SChLAP1 promotes association between HNRNPL and ACTN4

To identify possible protein-protein interactions, which might
be regulated by the binding of SChLAP1 to HNRNPL, we con-
ducted proteomic analysis using lysates prepared from control
and SChLAP1 knockdown cells (LN229-NC and -sh-SChLAPI,
respectively; Fig. 4A). Mass spectrometry was used to analyze
proteins in co-IP complexes brought down with anti-HNRNPL.
With confidence >95% and unique peptides >1, our analysis
produced 764 and 437 putative proteins associated with
HNRNPL from LN229-NC and -sh-SChLAP1 samples, respective-
ly. We selected the top 40 proteins with differential expression
between LN229-NC and -sh-SChLAP1. Among the 40 proteins
chosen, 9 proteins (ACTN4, SPTAN1, PRKDC, ATP5B, SPTBN1,
XRCCS5, PLEC, hnRNPR, and FSCN1) present in NC samples were
significantly reduced in knockdown samples (Supplementary
Table S7). Of these, ACTN4 has been widely recognized as a
tumor-promoting gene in a number of human cancers (25-28).
In addition, ACTN4 was found to be a protein partner of hnRNPK,
a protein that belongs to the same family as HNRNPL, in castra-
tion-resistant prostate cancer (29). Furthermore, aberrant expres-
sion of IncRNA transcribed from the loci of ACTN4 has been
detected in renal cell carcinoma in a meta-analysis (30). Finally,
ACTN4 has been associated with increasing grade and astrocytic
differentiation in gliomas based on THC (31).

Thus, we focused on ACTN4 in the development of human
gliomas. THC performed on our tissue microarray revealed
increased ACTN4 to be associated with increased age (P =
0.0492), wild-type IDH1 (P < 0.001), positive ATRX staining
(P = 0.0385), and increasing tumor grade (P < 0.001; Supple-
mentary Fig. S5A and S5B; Supplementary Table S8). Greater
expression of ACTN4 was also correlated with poorer overall
survival in patients (Supplementary Fig. S5C). Expression of
ACTN4 in nonneoplastic brain tissue samples was nearly absent
(Supplementary Fig. S5A and S6A).

To demonstrate the physical association between the two
proteins, we first performed co-IPs in HEK293 cells with exoge-
nous expression of HA- and Flag-tagged ACTN4 and HNRNPL,
respectively. Analysis of the co-IPs on Western blot analysis
demonstrated that ACTN4 and HNRNPL physically associated
with each other in HEK293 cells (Fig. 4B). Two-way co-IPs
performed in LN229, GBM#P3, U118MG, and BG7 cells dem-
onstrated that ACTN4 was a protein partner of HNRNPL in GBM
cells, even under conditions of endogenous expression (Fig. 4B).

To identify the regions of the proteins critical for association,
we performed co-IPs with HA-ACTN4 and Flag-tagged truncated
as well as full-length (FL) HNRNPL, based on the signature
protein domains: Flag 1, RRM1-RRM2-RRM3, residues 1-489;
Flag 2, RRM1-RRM2, residues 1-319; Flag 3, RRM1, residues 1-
189. HA-ACTN4 was only present in co-IPs when the RRM3
domain of HNRNPL was present (Fig. 4C). RRM3 was thus crucial
in the formation of the complex between ACTN4 and HNRNPL.
We also created HA-tagged ACTN4 domains to test in colPs with
Flag-HNRNPL: HA-ACTN4-1, which has one actin-binding
domain, 1-295aa; HA-ACTN4-2, which has a rod domain with
four spectrin repeats, 296-753aa; and HA-ACTN4-3, which has a

6876 Clin Cancer Res; 25(22) November 15, 2019

CaM-like domain, 754-911aa. HA-ACTN4-2 and HA-ACTN4-3
pulled down Flag-HNRNPL at a similar efficiency as full-length
HA-ACTN4. However, no Flag-HNRNPL was detected when HA-
ACTN4-1 was used as input for the co-IP (Fig. 4D). These results
indicated that the rod and CaM-like domains were critical ele-
ments for complex formation between ACTN4 and HNRNPL.

Finally, we examined the role of SChLAP1 in formation of the
complex between ACTN4 and HNRNPL. Increasing SChLAP1 led
to increased Flag-HNRNPL in pull-downs for HA-ACTN4 in
HEK293 cells (Fig. 4E). We also modulated SChLAP1 with
shRNAs (sh-SChLAP1-1 and sh-SChLAP1-2) in LN229 cells and
an expression construct (SChLAP1-OE) in U118MG cells, and
assessed binding between the two proteins. Knockdown of
SChLAP1 led to reduced binding of HNRNPL to ACTN4 in LN229
cells, while overexpression promoted association between the 2
proteins in U118MG cells (Fig. 4F).

Taken together, these results demonstrated that the IncRNA
SChLAP1 promoted interaction between HNRNPL and ACTN4.

The SChLAP1-HNRNPL complex inhibits ubiquitination and
proteasomal degradation of ACTN4

To investigate potential functions of this complex, we exam-
ined expression of ACTN4 at the RNA and protein levels in
response to changes in SChLAP1. Changes in ACTN4 mRNA levels
were insignificant regardless of the expression levels of SChLAP1
in LN229, GBM#P3, U118MG, and BG?7 cells (Fig. 5A). However,
on Western blot, levels of ACTN4 changed significantly in
response to loss or gain of SChLAP1 (Supplementary Fig. S4B).
Furthermore, expression correlation analysis conducted in GBM
cell lines and tissue microarrays demonstrated that levels in
SChLAP1 and ACTN4 protein were coordinately regulated (Sup-
plementary Fig. S5D and S5E). These results indicated that loss of
SChLAP1 might enhance ACTN4 protein degradation. However,
treatment with the proteasomal inhibitor MG132 reversed the
effect of SCHLAP1 knockdown on the degradation of ACTN4 in
LN229 and GBM#P3 cells (Fig. 5B). To examine the half-life of
ACTN4 in response to SChLAPI1 expression, gene-modified
LN229, GBM#P3, U118MG, and BG7 cells were treated with the
protein synthesis inhibitor cycloheximide followed by measure-
ment of ACTN4 protein levels on Western blot analysis. The half-
life of ACTN4 was reduced by approximately 4 hours in LN229-
sh-SChLAPI cells and approximately 2 hours in GBM#P3-sh-
SChLAP1 cells compared with controls (Fig. 5C and D). In
contrast, overexpression of SChLAPI prolonged the half-life of
ACTN4 by approximately 4 hours in U118MG and BG7 cells
(Fig. 5C and D). Finally, ubiquitination of ACTN4 in control and
modified LN229, GBM#P3, U118MG, and BG7 cells was mod-
ulated in parallel based on SChLAP1 expression. Silencing of
SChLAPI accelerated endogenous ubiquitination of ACTN4 in
LN229 and GBM#P3 cells, while overexpression of SChLAPI1
repressed ubiquitination of ACTN4 in U118MG and BG7 cells
(Fig. 5E and F).

In summary, the SChLAPI-HNRNPL complex stabilized
ACTN4 in GBM cells through inhibition of ubiquitination and
consequent proteasomal degradation.

SChLAP1 activates NF-xB signaling by regulating p65 subunit
nuclear translocation

To elucidate downstream mechanisms in response to stabili-
zation of ACTN4 in GBM cells, we first performed cluster analysis
to identify genes coregulated with ACTN4, using the RNA
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sequencing data in the CGGA (Supplementary Fig. S7A). In
this analysis, 1,046 positively and 668 negatively correlated genes
of ACTN4 were identified (P < 0.05). Increased expression of
ACTN4 also correlated with increasing tumor grade, classical
TCGA subtype, older age, and wild-type IDH1 status. These results

Figure 5.

SChLAPI-HNRNPL complex regulates the
proteasomal degradation of ACTN4. A, gRT-PCR for
ACTN4 in control and SChLAPI-modified LN229,
GBM#P3, UNBMG, and BG7 cells. B, Western blot for
ACTN4 in control and SChLAPI-modified LN229 and
GBM#P3 cells after treatment with MG132

(20 umol/L). Corresponding dose of DMSO served
as the negative control. C, Western blot to detect
ACTN4 after 0, 4, 8, and 12 hours of cycloheximide
(25 ug/mL) treatment in control and SChLAPI-
modified LN229, GBM#P3, UTI8MG, and BG7 cells.
D, Decay curve of ACTN4 protein in control and
SChLAPI-modified LN229, GBM#P3, UT18MG, and
BG7 cells based on quantitative analysis of bands in
C using Image J. E, Western blot of ACTN4 IPs using
cell lysates isolated from control and SChLAPI-
modified LN229, GBM#P3, UT18MG, and BG7 cells to
examine endogenous ACTN4 ubiquitination.

F, Quantification of ACTN4-Ub, smear bands in E
relative to immunoprecipitated ACTN4 protein and
NC using Image J (n.s., not significant; *, P<0.05;
** P<0.00).
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all together implicated ACTN4 as an oncogene in glioma pro-
gression (Supplementary Fig. S7A). Interestingly, ACTN4 has
been reported to function as a transcriptional coactivator of the
RelA/p65 subunit of NF-xB (32). In addition, expression of
ACTN4 mRNA was induced by NF-xB in human melanoma
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cells (33). We therefore examined whether there was any overlap
between our ACTN4 correlated genes and the Rel/NF-xB target
genes (34) available from a public database (http://bioinfo.lifl.fr/
NF-KB/). We found 19 genes to be overlapping between these
2 groups (Supplementary Fig. S7B).

To determine the functional relationship between ACTN4 and
NF-kB signaling, we assessed the activity of an NF-xB luciferase
reporter construct in response to the SChLAP1-HNRNPL-ACTN4
complex in GBM cells. Luciferase activity decreased significantly
in LN229-sh-SChLAP1 cells, but increased in U118MG-SChLAP1-
OE cells (Supplementary Fig. S7C and S7D). We subsequently
examined levels of the p65 subunit of NF-«B in cytoplasmic and
nuclear extracts prepared from LN229-sh-SChLAP1/-NC and
U118MG-SChLAP1-OE/-NC cells on Western blot analysis. In
LN229-sh-SChLAP1 cells, almost no differences were detectable
for p65 in the cytoplasm relative to controls; however, a signif-
icant decrease of p65 was observed in nuclei (Supplementary
Fig. S7E). In U118MG-SChLAPI-OE cells, nuclear translocation
of p65 were increased (Supplementary Fig. S7E). Immunofluo-
rescence with anti-p65 confirmed the positive correlation
between expression of SChLAP1 and nuclear translocation of
NF-xB (Supplementary Fig. S7F).

In conclusion, the SChLAPI-HNRNPL complex promoted
transcriptional activity and nuclear translocation of NF-xB via
enhancing ACTN4 stability in GBM cells.

SChLAP1 promotes the growth of GBM through HNRNPL

To examine the dependence of SChLAP1 function on HNRNPL,
we performed rescue studies in U118MG and BG7 cells using
HNRNPL knockdown. ACTN4 protein levels were increased in
U118MG- and BG7-SChLAP1-OE cells, but this effect was abol-
ished in the presence of HNRNPL shRNAs (Fig. 6A). Silencing of
HNRNPL also reduced the enhanced proliferation of U118MG-
and BG7-SChLAP1-OE cells and the elevated transcriptional
activity of NF-xB to control levels (Fig. 6B and C).

Finally, we examined whether HNRNPL influenced growth in
an intracranial tumor model derived from U118MG- and BG7-
SChLAP1-OE cells. Growth of U118MG- and BG7-SChLAP1-OE
tumors was enhanced compared with control tumors, but this
effect was abolished by HNRNPL knockdown (Fig. 6D and E).
Overall survival was also correspondingly reduced in mice
bearing U118MG- and BG7-SChLAPI1-OE tumors relative
to control mice (U118MG: 27 days vs. 39 days, SChLAP1-OE
vs. NC, P < 0.05; BG7: 29 days vs. 44 days, SChLAP1-OE vs. NC,
P < 0.05; Fig. 6F). However, HNRNPL knockdown in the
context of SChLAP1 overexpression brought overall survival
back to nearly control levels (U118MG: 44 or 44 days vs.
39 days, SChLAP1-OE-sh-HNRNPL-1 or -sh-HNRNPL-2 vs. NC,
P = n.s.; BG7: 49 or 39 days vs. 44 days, SChLAP1-OE-sh-
HNRNPL-1 or -sh-HNRNPL-2 vs. NC, P = n.s.; Fig. 6F).

These results indicated that HNRNPL is a key effector in
SChLAP1-promoted proliferation of GBM cells in vitro and in vivo.

Discussion

The detailed molecular analysis of human GBM has revealed
a broad spectrum of molecules involved in tumorigenesis with
potential for targeted therapy. Here, we found overexpression
of an IncRNA, SChLAP1, in GBM and demonstrated that loss of
SChLAP1 reduced tumor cell growth in vitro and in wvivo
(Fig. 6G). The elevated expression of SChLAPI facilitated the
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formation of a protein complex between HNRNPL with the
protein ACTN4 in GBM cells. This complex enhanced stabili-
zation of ACTN4 leading to nuclear accumulation of the p65
subunit of NF-xB and activation of the NF-kB pathway, which
is known to be tumor promoting. Points of physical association
between the IncRNA and these proteins will enable the future
design of small molecules that may be specific for the treatment
of human GBM.

The abnormal expression and fundamental functions of the
IncRNA family in GBM genesis has implications for their potential
as therapeutic targets. For instance, Notch-activated TUG1 has
been shown to promote self-renewal of glioma stem cells (GSCs)
by sponging mir-145 and recruiting polycomb proteins, which
results in the repression of genes critical for differentiation (35).
Antisense oligonucleotides targeting TUG]1 injected intravenously
with the help of a special drug delivery tool successfully sup-
pressed the stemness and growth of GSCs (35). BET proteins have
been well-established as viable therapeutic targets in GBM; how-
ever, the mechanisms underlying BET inhibitor-regulated GBM
progression remain unclear (36). An encouraging study has
however demonstrated that the GBM-promoting IncRNA
HOTAIR can be repressed by treatment with the BET bromdomain
inhibitor I-BET151 (36), which further supports the consider-
ation of IncRNAs as novel targets to beat GBM.

HNRNPL has been found to bind IncRNAs, forming a func-
tional complex active in biological processes of human cells.
TNFo. and HNRNPL related immunoregulatory LincRNA
(THRIL; also known as Linc1992) was found to bind to
HNRNPL, generating a complex that regulates the expression
of TNFo at transcriptional and posttranscriptional levels and
ultimately mediating response of the innate immune sys-
tem (24). In another study conducted in hepatocellular carci-
noma cells, a complex formed between LncCASCY (cancer
susceptibility 9) and HNRNPL was demonstrated to activate
AKT signaling and participate in multiple biological processes,
including cell proliferation, apoptosis, and DNA damage (19).
These studies concluded that HNRNPL could serve as a protein
partner of IncRNAs in human disease. This evidence is consis-
tent with our findings that HNRNPL is a protein partner of
SChLAP1 in GBM cells. Furthermore, HNRNPL stabilized
SChLAP1 when binding to the 338-433nt region (exon 2)
through RRM2 (at amino acids 189-319). In fact, HNRNPL
was observed to form a 69-kDa protein-RNA complex with the
hypoxia stability region of VEGF, which is a critical gene
promoting angiogenesis in GBM (23). HNRNPL has also been
reported to affect the stability of Glutl in brain tumor cells.
Consistent with these results, we found that HNRNPL also
stabilized SChLAP1 and confirmed a specific interaction
between exon 2 of SChLAP1 and RRM2 of HNRNPL, thus
supporting HNRNPL as a protein partner of IncRNA in human
cancer cells.

The selectivity for RRM2 may be related to a higher binding
affinity of RNA for the fifth B-strand-modified vRRMs provid-
ing an extension of the RNA-binding interface, and thus allow-
ing the accommodation of two more nucleotides (37). Therein
lies a potential viable therapeutic strategy: to screen for small
molecules with satisfying affinity and specificity for the motif of
SChLAP1, which would potentially inhibit complex formation
with HNRNPL. The therapeutic strategy of small molecules
targeting RNA binding unfortunately has many significant
challenges. However, some critical achievements have already
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been reached in this field, such as the approved linezolid
antibiotics, which bind RNA (38), and LMI070, which binds
the pre-mRNA for survival of motor neuron 2 (SMN2) to
enhance the expression of the protein in patients with spinal
muscular atrophy (39, 40).
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The key finding to identifying a function for SChLAPI in tumor
development is the physical association between SChLAPI-
HNRNPL and the protein ACTN4, which becomes stabilized in
this complex through suppression of its proteasomal mediated
degradation. Although we identified ACTN4 as a SChLAPI-
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HNRNPL binding partner using mass spectrometry, many other
results support ACTN4 as a putative oncogene in GBM. First,
ACTN4 has been previously associated with the development of
human cancer. ACIN4 was found to be associated with the
protein hnRNPK, another member in the HNRNPL family, in
prostate cancer cell lines (29). Second, IHC and in silico analysis
demonstrated that increased ACTN4 was associated with more
aggressive gliomas and also poorer overall survival in patients.
Third, efficient binding between HNRNPL and ACIN4 is pro-
moted by SChLAP1, which is also present at signficantly higher
levels in GBM.

Finally, the elevated ACTN4 protein appears to induce acti-
vation of NF-kB signaling. NF-«B signaling functions as a key
driving force underlying many tumor behaviors, such as uncon-
trolled proliferation, migration and invasion, and resistance
to standard therapies (41-44). Furthermore, the activation of
NF-xB signaling facilitates transdifferentiation into the mesen-
chymal molecular GBM subtype, which is highly invasive
and radioresistant relative to other molecular subtypes, such
as IDH1/2-mutated GBM (41). NF-xB signaling has critical
cross-talk with the other cancer-related pathways, such as
Notch, which is an essential factor in the maintainence of GSC
stemness (43). In our study, we found enhanced nuclear
translocation of p65 in GBM cells, which leads to activation
of NF-kB signaling, to be a downstream event of increased
SChLAP1 expression. These results raise the possibility of tar-
geting the physical association between the proteins HNRNPL
and ACTN4 to eliminate the GBM-promoting effects of
SChLAP1. In addition, we have identified the specific structural
HNRNPL and ACTN4 domains that mediate their interaction.
Thus, our work may have more practical implications for
clinical use, as small molecules are more easily developed to
effectively target protein complexes compared with RNAs.

In summary, we identified SChLAP1 as a growth-promoting
IncRNA in GBM and as a potential therapeutic target in GBM
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