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IncRNA ST3GAL6-AS1 promotes invasion by inhibiting
hnRNPA2B1-mediated ST3GALG6 expression in multiple myeloma
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Abstract. Multiple myeloma (MM) is an incurable disease
caused by the infiltration of malignant plasma B cells into
bone marrow, whose pathogenesis remains largely unknown.
Long non-coding RNAs (IncRNAs) have emerged as impor-
tant factors in pathogenesis. Our previous study validated that
IncRNA ST3 fB-galactoside a-2,3-sialyltransferase 6 antisense
RNA 1 (ST3GAL6-AS1) was upregulated markedly in MM.
Therefore, the aim of the study was to investigate the molecular
mechanisms of ST3GAL6-AS1 in MM cells. ST3GAL6-ASI
expression levels in MM cells was detected using reverse
transcription-quantitative PCR. ST3GAL6-AS1 antisense
oligonucleotides and small interfering RNAs were transfected
into MM cells to downregulate expression. In vitro assays were
performed to investigate the functional role of ST3GAL6-AS1
in MM cells. RNA pull-down, RNA immunoprecipitation and
comprehensive identification of RNA-binding proteins using
mass spectrometry assays were used to determine the mecha-
nism of ST3GAL6-ASI-mediated regulation of underlying
targets. It was reported that knockdown of ST3GAL6-AS1
suppressed the adhesion, migration and invasion ability of
MM cells in vitro. Expression of ST3GAL6 was signifi-
cantly reduced when ST3GAL6-AS1 was knock downed in
MM cells. Moreover, mechanistic investigation showed that
ST3GALG6-ASI could suppress ST3GAL6 mRNA degradation
via interacting with heterogeneous nuclear ribonucleopro-
tein A2B1 (hnRNPA2BI1). The present results suggested that
upregulated IncRNA ST3GAL6-AS1 promotes adhesion and
invasion of MM cells by binding with hnRNPA2BI to regulate
ST3GALG expression.
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Introduction

Multiple myeloma (MM) is a fatal malignant proliferation of
antibody-secreting plasma cells (PCs) in bone marrow (BM) (1),
the second most common hematological malignancy in the
world in 2019 (2-4). Driven by access to more efficacious drugs
and clinical trials, an increasing number of newly diagnosed
patients with MM have an overall survival of >10 years on
average globally in recent years (5-7). However, MM is still an
incurable disease due to drug resistance and relapse (8).

Over the past decade, studies have demonstrated that
non-coding RNAs are dysregulated and play key roles in the
pathogenesis of MM, similar to protein coding genes (9,10). Long
non-coding RNA (IncRNA) is a sort of non-coding transcripts
>200 nucleotides in length (11), which regulate gene transcrip-
tion and mRNA translation through various mechanisms, such as
interaction with RNA-binding proteins, epigenetic modification
of gene expression and microRNA modulation (11). Therefore,
IncRNAs may have potential as new therapeutic targets of MM.

In our preceding study, a landscape of differentially
expressed IncRNAs and mRNAs was identified in five newly
diagnosed cases of MM using microarray analysis (12). It was
reported that IncRNA ST3 [3-galactoside a-2,3-sialyltransferase
6 antisense RNA 1 (ST3GAL6-AS]I) is upregulated in patients
with newly diagnosed MM and relapse. Based on these results,
it was hypothesized that ST3GAL6-AS1 may be closely related
to the pathogenesis of MM. We confirmed the co-expression
relationship between ST3GAL6-AS1 and ST3GALG6, and
the correlation coefficient was >0.6 among pan-cancer and
0.563 in MM (12). Moreover, ST3GALG6 has been proved to
be upregulated in MM and influencing homing and survival
of MM cells (13). The present study investigated the role
of ST3GALG6-ASI in MM and explored the mechanisms of
ST3GAL6-AS1 and ST3GALSG interaction.

Materials and methods

MM specimens. Approval was obtained from The Ethics
Committee of the Second Affiliated Hospital of Xi'an
Jiaotong University (Xi'an, China; approval no. 2015186).
When the written informed consent was obtained from
all patients, bone marrow specimens were obtained using
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aspiration from 83 patients with newly diagnosed MM. All
patients with MM were diagnosed according to International
Myeloma Working Group (IMWG) (14) criteria after bone
marrow morphology, biochemical parameters, imaging data,
chromosomal and genetic examinations. Patient staging and
stratification were according to 2016 IMWG staging (15)
and 2013 Mayo Stratification of Myeloma and Risk-Adapted
Therapy (nSMART) stratification (16). Patients with concom-
itant cardiopulmonary and other cancer types were excluded.
The other related information was as previously described (12).
The general clinical and laboratory features of the 83 patients
with newly MM are summarized in Table I.

Cell culture and transfection. The human MM cell lines
RPMI 8226 and MM.1S and human umbilical vein endothelial
cells (HUVEC) were purchased from American Type Culture
Collection, and the mycoplasma testing were negative. All cells
were cultured in RPMI 1640 medium (HyClone; GE Healthcare
Life Sciences) or Dulbecco's modified Eagle's medium (HyClone;
GE Healthcare Life Sciences) supplemented with penicillin/strep-
tomycin (100 U/ml) (Thermo Fisher Scientific, Inc.) in 10% fetal
bovine serum (FBS) (Biological Industries, Inc.). RPMI 8226 and
MMLIS cells were seeded in 10 cm diameter culture dishes at a
density of 8x10° cells. HUVEC cells were seeded in 5-cm diam-
eter culture dishes at a density of 3x10° cells. The cells were
cultured in an incubator at 37°C with a 5% CO, atmosphere. All
transfection experiments were carried out using electroporation
(CUY21 EDIT II electroporator; BEX, Co., Ltd.; http://www.
bexnet.co.jp/english/product/device/in-vivo-in-vitro-electroporator/
cuy2ledit2.html) according to the manufacturer's instructions.
Opti-MEM (Gibco; Thermo Fisher Scientific, Inc.) was used as
pulsing buffer to suspend the cells in electroporation cuvette. In
total, 25 pl of cell suspension (1x10° cells) containing 1 1 smart
silencer or NC (20 uM) was dispensed into electric cuvettes (elec-
trode spacing =2 mm; material aluminum electrode; cat.
no. SE-202; BEX, Co., Ltd.). The electroporation conditions are
shown in Table SI. After electroporation, cells were cultured in
RPMI 1640 medium supplemented with 10% FBS (Biological
Industries) in an incubator at 37°C with a 5% CO, atmosphere.
Cells were harvested 24 h after transfection for subsequent
experiment. The target sequences of ST3GAL6-ASI siRNA were
as follows: 5“TCCAGATCATCCAGGATCA-3', 5~ ACCTCTCA
TCAGAAATCAA-3' and 5-GGACTAAACTATATTCACT-3..
The target sequences of ST3GAL6-ASI antisense oligonucle-
otides (ASO) were 5'-CCCAAATTCGAGGAGGAAGG-3',
5-GCCTGAAGATGTGGCATCTA-3' and 5-GAATCCTGACA
AACCTCTCA-3'. The mixture of siRNA and ASO was denoted
as a smart silencer (ss-ST3GALG6-AS1), which was purchased
from Guangzhou RiboBio Co., Ltd. The siRNA sequence target
ST3GAL6 and hnRNPA2BI1 are shown in Table SII. The sequence
of the negative control (NC) was forward, 5-UUCUCCGAAC
GUGUCACGUTT-3' and reverse, 5~ ACGUGACACGUUCGG
AGAATT-3'". Actinomycin D was utilized to affect the synthesis of
RNA in this study. Initial solution concentration was 10 ug/ul, and
the effective density was 10 pg/ml (17).

Cell viability assay. A Cell Counting Kit-8 (CCK-8) assay
was used to signify the viability and proliferation ability of
MM cells. After being transfected with ST3GAL6-ASI smart
silencer, RPMI 8226 and MM.1S cells (4,000 cells/well) were

seeded in three duplicates on a 96-well plate. A CCK-8 prolif-
eration assay kit (Shanghai Qihai Futai Biotechnology Co.,
Ltd.) was employed according to the manufacturer's instruc-
tions. The experiments were repeated three times.

Apoptosis assay. RPMI 8226 and MM.1S cells were collected
24 h after transfection and washed twice with cold phos-
phate-buffered saline (PBS). Annexin V-FITC and propidium
iodide (PI) (BD Biosciences) were used to mark the cells. The
apoptosis rate was determined using a BD FACSCanto II flow
cytometer (BD Biosciences) within 30 min. The data was
analyzed by FlowJo version 10 (BD Biosciences). All assays
were repeated at least three times.

Cell cycle assay. RPMI 8226 and MM.1S cells were collected
24 h after transfection and washed twice with cold PBS, and
were then suspended in the cold 75% ethanol and fixed over-
night at 4°C. After fixation, the cells were washed twice in cold
PBS, suspended in 300 il PBS containing 40 pg/ml RNase A
and incubated for 30 min at room temperature before 300 ul
staining solution (50 xg/ml PI in PBS/5 mM EDTA) was added.
Cell cycle analysis was detected using a BD FACSCanto 11
flow cytometer (BD Biosciences) within 24 h. The data was
analyzed by FlowJo version 10 (BD Biosciences). All assays
were repeated at least three times.

Cell adhesion assay. Assays for adhesion of MM cells to collagen I,
fibronectin and HUVEC were performed using 96-well plates.
Collagen and fibronectin (both BD Biosciences) were coated in
96-well plate overnight. HUVEC cells (7,000 cells/well) were
cultured to confluence overnight in 96-well plates to establish a
monolayer. MM cells were labeled with 5 uM CFSE (Thermo
Fisher Scientific, Inc.) for 30 min in dark at 37°C. After being
prelabeled with CFSE (Thermo Fisher Scientific, Inc.) and trans-
fection, MM cells were added to the collagen I, fibronectin and
HUVEC and allowed to adhere for 60 min at 37°C. Non-adherent
cells were aspirated off, 96-well plates coated with collagen I,
fibronectin and HUVEC were washed with PBS for three times.
Images were captured using a fluorescence microscope in three
different views of each well. ImageJ version 1.8.0 (National
Institutes of Health) was used to count the number of the cells.
All assays were repeated at least three times.

Cell migration and invasion assay. To determine the migra-
tory and invasive potential of cells, a 24-well culture plate and
Transwell chamber (Corning, Inc.) were used. For the migra-
tion assay, MM.1S and RPMI 8226 cells (5x10°) were washed
once in serum free medium and seeded into the upper chamber
onto a rehydrated basal layer membrane with a diameter of
8 um. The lower chamber was filled with complete medium
containing 10% FBS. For invasion analysis, the procedure
was the same as above except that the upper chamber was
precoated with Matrigel (BD Biosciences) overnight in 37°C.
After incubation at 37°C with a 5% CO, atmosphere for 24 h,
the cells in lower chamber were collected to be counted by
flow cytometry (18). The cells were counted three times and
all assays were repeated at least three times.

RNA isolation and reverse transcription-quantitative (RT-q)
PCR.Total RNA was extracted from bone marrow mononuclear
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Table I. Information of 83 newly diagnosed patients with
multiple myeloma.

Characteristics Value

Sex, n (%) 39 (47.0)
Male 44 (53.0)
Female

Age, median (range) years 57 (42-75)

WBC, median (range) x10%/1 49 (3.1-12.3)

Hb, median (range) g/l 82 (60-103)

PLT, median (range) x10%/1 193 (43-367)

Type. n (%)
IeG 55 (66.3)
IgA 15 (18.1)
IgD 3(3.6)
Light chain 8 (9.6)
NS 2124)

D-S stage, n (%)

I 27 (32.5)
1I 24 (28.9)
111 32 (38.6)

ISS stage, n (%)

I 37 (44.6)
1I 20 (24.1)
111 26 (31.3)

R-ISS stage, n (%)

I 3542.2)

1I 23 (27.7)

111 25 (30.1)
mSMART risk status, n (%)

Low 46 (55.4)

Intermediate 21 (25.3)

High 16 (19.3)

Percentage of MM cells in 37 (14-73)

bone marrow, median (range)

Bence-Jone protein, n (%) 59 (71.1)

ESR elevated 63 (75.9)

LDH elevated 41 (49.4)

Hypercalcemia, n (%) 9 (10.8)

Renal failure?, n (%) 27 (32.5)

Bone lesions 42 (50.6)

*Serum creatinine =2 mg/100 ml. NS, non-secretory; D-S, Durie-Salmon;
ISS, International Staging System; R-ISS, Revised International Staging
System; ESR, erythrocyte sedimentation; LDH, lactate dehydrogenase;
mSMART, Mayo Stratification of Myeloma and Risk-Adapted Therapy.

cell (BMSCs) samples of patients with MM, healthy donors
and MM cells using TRIzol® reagent (Invitrogen; Thermo
Fisher Scientific, Inc.). RNA purity and concentration were
determined using NanoDrop ND-1000 (Thermo Fisher
Scientific, Inc.). RNA samples were reverse transcribed into

cDNA using a Primescript RT master mix with Oligo(dT)
primers and random primers in accordance with manufac-
turer's protocols (Takara Biotechnology Co., Ltd.). Then,
the qPCR was performed using SYBR Premix Ex Taq™ II
(TliRNaseH Plus; Takara Biotechnology Co., Ltd.) and a
CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad
Laboratories, Inc.) according to the manufacturer's instruc-
tions. Primers of ST3GAL6-AS1, ST3GAL6 and (-actin used
performed as previously described (11), and the sequence of
all the primers are presented in Table SIII. The thermocycling
conditions were: 10 min at 95°C, followed by 40 cycles of 95°C
for 15 sec and 60°C for 1 min. Cq values were collected for
B-actin and the genes of interest during the log phase of the
cycle and results were quantified using the 222 method (19).

Western blot analysis. Cultured cells were lysed with RIPA
buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1% Nonidet
P-40, 0.5% Sodium Deoxycholate, 1 mM EDTA, 0.1% SDS)
containing complete protease inhibitors and phosphatase inhib-
itor cocktail (Xi'an Hat Biotechnology Co., Ltd, http://www.
fiveheart.com/) after washing with cold PBS three times. The
enriched cell lysate was centrifuged at 12,000 x g for 15 min at
4°C. Protein concentration was determined using a BCA assay
(Xi'an Hat Biotechnology Co., Ltd.; http:/www.fiveheart.com/)
according to the manufacturer's instructions. The acquired
supernatant was boiled in loading buffer and separated using
a 10% SDS-PAGE gel. The quantity of protein loaded per lane
was 50 ng. The separated proteins were transferred to a 0.45 ym
polyvinylidene fluoride (PVDF; Merck KGaA) membrane.
After blocking with 5% non-fat milk in PBS containing
0.1% Tween-20 (PBST) at room temperature, the PVDF
membrane was incubated with antibodies overnight at 4°C and
then with HRP-conjugated goat anti-rabbit (cat. no. SAO0001-2,
1:10,000 dilution) or goat anti-mouse IgG (cat. no. SAO0001-1;
1:10,000 dilution) (both ProteinTech Group, Inc.) for 1 h at
room temperature. All bands were detected using an ECL
Western blot kit (EMD Millipore). The following antibodies
were used in this study: Anti-ST3GALG6 Polyclonal antibody
(cat. no. 13154-1-AP; 1:1,000 dilution; ProteinTech Group,
Inc.), anti-hnRNPA2B1 monoclonal antibody (cat. no. ab6102;
1:2,000 dilution; Abcam) and anti-B-actin monoclonal antibody
(cat. no. HRP-66009; 1:2,000 dilution; ProteinTech Group, Inc.).

Cell nucleus/cytoplasm isolation. MM.1S and RPMI 8226
cells were cultured and washed twice with cold PBS.
Nucleo-cytoplasmic fractionation was performed using a
PARIS™ kit (Thermo Fisher Scientific, Inc.) according to the
manufacturer's instructions. The purity of the cytoplasmic and
nuclear fraction was confirmed by NanoDrop-1000. GAPDH,
[B-actin and U6 were used as markers of cytoplasm and nucleus
in RT-gPCR and performed as aforementioned.

Comprehensive identification of RNA-binding proteins by
mass spectrometry (ChIRP-MS). ChIRP-MS, performed by
KangChen Biotech, was used to search for proteins interacting
with IncRNA ST3GALG6-ASI1. In general, harvested cells were
re-suspend with pre-cold PBS, reversibly crosslinked with
UV/formaldehyde at room temperature, then hybridized with
biotinylated DNA antisense and pulled down using strepta-
vidin dynabeads (Thermo Fisher Scientific, Inc.). The mixture
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after elution underwent tryptic digestion and desalting into
peptides before MS. For MS detection, ~1/2 peptides of each
sample were separated and analyzed using a nano-UPLC
(EASY-nLC1200) coupled to Q-Exactive MS (Thermo Fisher
Scientific, Inc.). Raw MS files were processed using MaxQuant
(version 1.5.6.0). The protein sequence database (Uniprot_
organism_2016_09) was downloaded from UNIPROT. This
database and its reverse decoy were then searched against
using MaxQuant software. Both peptide and protein false
discovery rate (FDR) should be <0.01.

RNA pull-down. Desthiobiotinylation labeled RNAs were
synthesized using a Pierce™ RNA 3' End Desthiobiotinylation
kit (cat. no. 20163; Thermo Fisher Scientific, Inc.) according to
the manufacturer's instruction. The RNA pull-down assay was
conducted using Pierce™ Magnetic RNA-Protein Pull-Down
kit (cat. no. 20164; Thermo Fisher Scientific, Inc.) according
to the manufacturer's instruction. Finally, retrieved proteins
were analyzed using western blot as before mentioned.
Antisense ST3GAL6-AS1 fragment (5-UGCACCUUCCUC
CUCGAAUUUGGGGGCGGCCACCGUGCAACUGGC-3")
was taken as a NC.

RNA immunoprecipitation (RIP). RIP was performed utilizing
aMagna RIP™ RNA-Binding Protein Immunoprecipitation kit
(cat. no. 17-700; Sigma-Aldrich; Merck KGaA) according to the
manufacturer's instruction. Equal amounts of anti-hnRNPA2B1
antibody (cat. no. ab31645; 5 ug per immunoprecipitation;
Abcam) and IgG antibody (contained in aforementioned kit;
5 ug per immunoprecipitation) were used in each RIP reaction.
Obtained RNA after elution was isolated by phenol-chloro-
formisoamyl alcohol for RT-qPCR as aforementioned.

Online software. Oncomine (https:/www.oncomine.org) is
an online database, integrating RNA and DNA-seq data from
Gene Expression Omnibus (GEO), The Cancer Genome Atlas
(TCGA) database and published literature. It was used to vali-
date the expression of ST3GAL6 and hnRNPA2BI in patients
with MM in the present study. RNAfold web server (http://rna.
tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) online
software could predict secondary structures of single stranded
RNA or DNA sequences, which was used to predict secondary
structures of ST3GAL6-ASI.

Statistical analysis. Each experiment was performed at least
three times, and values were reported as mean + SD. The
unpaired independent t-test and Mann-Whitney U test were
used to compare the two groups. For the comparison of multiple
groups, Kruskal-Wallis test was used for non-parametric data,
while ANOVA followed by Tukey post hoc test was used for
parametric data. SPSS for Windows, version 18.0 (IBM Corp.)
and GraphPad Prism version 7.0 (GraphPad Software) were
used for data analysis. P<0.05 was considered to indicate a
statistically significant difference.

Results
Expressionof ST3GAL6-ASI isassociatedwith stage of patients

with MM. We identified that ST3GAL6-ASI was upregulated
in patients with newly diagnosed and relapse/refractory MM

in previous study (12). The present study further validated that
ST3GALG6-ASI was overexpressed in MM cell lines (Fig. S1)
and newly diagnosed MM by comparing cells from 83
patients with MM with normal plasma cells from healthy
donors. The patient group included 39 males and 44 females
with a median age of 57 (range, 42-75) years. Patients with
MM were classified according to IMWG classification (14)
as IgG (n=55), IgA (n=15), IgD (n=3), light chain (n=8) and
non-secretory (n=2). At diagnosis, the peripheral WBC
count ranged from 3.1 to 12.3x10%1, concentration of hemo-
globin from 60 to 103 g/I, PLT count from 43 to 367x10%/1,
and myeloma cell percentage from 14 to 73%. Other basic
characteristics of patients are shown in Table I, which were
similar to our previous research results (12). ST3GAL6-ASI
was overexpressed in MM (P<0.0001; Fig. 1A) compared with
healthy donors. Consistently, the expression of ST3GAL6-AS1
in patients with MM was also associated with ISS (P=0.288
for stage I vs. stage II, P=0.005 for stage I vs. stage III,
P=0.790 for stage II vs. stage III; Fig. 1B), R-ISS (P=0.033 for
stage I vs. stage II, P=0.005 for stage I vs. stage I1I, P=0.999 for
stage II vs. stage III; Fig. 1C) and mSMART stage (P=0.772 for
stage low vs. intermediate, P=0.001 for low vs. high, P=0.063
for intermediate vs. high; Fig. 1D). These data revealed that the
levels of ST3GAL6-ASI were increased at advanced stages.

Knockdown of ST3GAL6-ASI has no influence on prolifera-
tion, cell cycle or apoptosis of MM cells. To investigate the
biological significance of ST3GAL6-ASI in MM, siRNA and
ASO-mediated knockdown was performed in two MM cell
lines, MM.1S and RPMI 8226. The efficiency of knockdown
was measured using RT-qPCR and ST3GALG6-AS1 was
effectively downregulated in MM.1S and RPMI 8226 cells
(P=0.0007 for MM.1S, P=0.005 for RPMI 8226; Fig. S2A).
Cell proliferation was assessed using CCK-8 assays and it was
demonstrated that the expression changes of ST3GAL6-AS1
did not affect MM cell proliferation (P=0.083; Fig. S2B).
Furthermore, as determined by flow cytometric analysis, the
expression level change of ST3GAL6-ASI had no effect on the
cell cycle (P=0.058 for MM.1S and P=0.130 for RPMI 8226
at G,/M phase in ST3GAL6-AS1-knockdown group vs. NC
group; Fig. S2C) or apoptosis (P=0.071 for MM.1S, P=0.082
for RPMI 8226 in ST3GAL6-AS1-knockdown group vs. NC
group; Fig. S2D).

Knockdown of ST3GAL6-ASI decreases the adhesion,
migration and invasion ability of MM cells. Given the
evidence for strong co-expression between ST3GAL6-AS1
and ST3GALG6 (12), and knockdown of ST3GALG resulting
in alternated MM cell adhesion and migration (13), adhesion
and Transwell assays were performed. A significant reduc-
tion in adhesion to collagen I-coated and fibronectin-coated
plates was reported for ST3GAL6-AS1-knockdown in MM.1S
(P=0.032 for collagen I, P=0.029 for fibronectin; Fig. 2A)
and RPMI 8226 cells (P=0.042 for collagen I, P=0.007 for
fibronectin; Fig. 2A). The ability of ss-ST3GAL6-ASI cells
to adhere to endothelial cells was also assessed. Knockdown
of ST3GAL6-ASI in both MM.1S and RPMI 8226 cells
resulted in decreased cell adhesion to HUVEC in vitro
compared with control cells (P=0.0006 for MM.1S, P=0.0009
for RPMI 8226; Fig. 2A). Migration and invasion was also
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Figure 1. ST3GAL6-ASI is overexpressed in MM and predicts poor prognosis in patients with MM. (A) IncRNA ST3GALG6-AS1 was upregulated in patients with
newly diagnosed MM, compared with healthy donors. Expression level of ST3GAL6-AS1 was related to (B) ISS, (C) R-ISS and (D) mSMART stage. "'P<0.05,
“P<0.01, ""P<0.001 vs. respective control. MM, multiple myeloma; Inc, long non-coding; R-ISS Revised International Staging System; ISS, International
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Figure 2. Effect of long non-coding RNA ST3GAL6-ASI on adhesion, migration and invasion ability of MM cells in vitro. After ST3GAL6-ASI knockdown,
the MM cell lines exhibited significant decrease in (A) cell adhesion, (B) migration and (C) invasion ability, compared with the control group. "P<0.05,
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Figure 3. Cellular localization of ST3GAL6-AS1 and its downstream target analysis. (A) Cell nucleus/cytoplasm isolation following by RT-qPCR of MM cell
lines indicated that ST3GALG6-ASI located in cell nucleus. (B) RT-qPCR and (C) western blot analysis of ST3GALG6 expression after ST3GAL6-AS1-knockdown
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affected in ST3GALG6-AS1-knockdown in MM cells. As
shown in Fig. 2B, a reduced number of ss-ST3GAL6-AS1
cells migrated through the bottom membrane of Transwell
chamber compared with control cells (P=0.037 for MM.1S,
P=0.032 for RPMI 8226; Fig. 2B). Furthermore, knockdown
of ST3GALG6-ASI also decreased the number of invading
cells (P=0.041 for MM.1S, P=0.0008 for RPMI 8226; Fig. 2C).

These data demonstrated that ST3GAL6-AS1 promoted MM
cell adhesion, migration and invasion ability in vitro.

ST3GAL6-ASI is a nuclear IncRNA and regulates the expres-
sion of ST3GALG. By isolating nuclear and cytoplasmic RNA,
it was confirmed that the ST3GAL6-ASI transcript was mainly
present in the nucleus in MM.1S and RPMI 8226 cell (Fig. 3A).
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Since nuclear IncRNAs usually coordinate the transcriptional
or translational regulation of nearby protein-coding genes (11),
and we previously confirmed the co-expression relationship
between ST3GAL6-ASI and ST3GAL6 among pan-cancer
with correlation coefficient >0.6 (12), it was investigated
whether ST3GALG6 expression was mediated by IncRNA
ST3GALG6-ASI1. After knocking down ST3GAL6-AS1 with
ss-ST3GAL6-AS1, ST3GALG6 expression was significantly
reduced in MM cells at both the mRNA and protein levels
in MM.1S (P=0.034 for RNA level, P=0.0083 for protein
level; Fig. 3B) and RPMI 8226 cells (P=0.029 for RNA level,
P=0.030 for protein level; Fig. 3C). Our previous study indi-
cated that ST3GAL6 was upregulated in MM (11), which is
entirely consistent with the data from Oncomine database
(https://www.oncomine.org) (P=0.021; Fig. S3). So, the
study further explored the role of ST3GAL6 in MM cells
by downregulating its expression using siRNA. Following
ST3GALG6-knockdown, a significant reduction in adhesion
to collagen I-coated, fibronectin-coated plates and HUVEC
was observed in MM.1S (P=0.002 for collagen I, P=0.007 for
fibronectin, P<0.001 for HUVEC; Fig. S4A) and RPMI 8226
(P=0.033 for collagen I, P<0.001 for fibronectin, P=0.002
for HUVEC; Fig. S4B). Migration ability was also affected
in ST3GAL6-knockdown MM cells (P=0.031 for MM.18,
P=0.016 for RPMI 8226; Fig. S4C), as well as invasion ability
(P=0.029 for MM.1S, P<0.001 for RPMI 8226; Fig. S4D). Cell
proliferation, cell cycle and apoptosis were not changed when
ST3GAL6 downregulated (P>0.05; Fig. SSA-D). These data

showed that nuclear IncRNA ST3GALG6-AS1 increases the
expression of its downstream target gene, ST3GALG6.

ST3GALG6-ASI interacts with heterogeneous nuclear ribo-
nucleoprotein A2B1 (hnRNPA2BI) protein. To determine
the precise mechanism underlying ST3GAL6-AS1-guided
ST3GALG regulation, a ChIRP assay with biotin-labeled
oligos was performed and ChIRP-purified proteins were
identified using MS. Through screening and analyzing
the peptide signals, hnRNPA2BI protein was found to be
enriched in the ChIRP lysate (Fig. 4A). hnRNPA2BI was
upregulated in patients with MM (P=0.048) based on the
Oncomine database (Fig. S6). To confirm that hnRNPA2B1
protein interacted with ST3GAL6-AS1, RNA pull-down was
performed with biotinylated ST3GAL6-ASI1, having taken
antisense ST3GALG6-ASI as a NC. Finally, hnRNPA2B1
was identified as a direct interacting protein of IncRNA
ST3GAL6-AS1 using an RNA pull-down assay (Fig. 4B).
Moreover, RIP verified the interaction between hnRNPA2B1
and ST3GALG6-AS1 (P=0.026; Fig. 4C) in vitro, and
hnRNPA2BI1 also bound to ST3GAL6 mRNA (P=0.019;
Fig.4C). To further clarify the binding area of ST3GAL6-AS1
to hnRNPA2BI, its secondary construction was calculated
using the RNAfold web server. ST3GAL6-ASI1 had five
stem loops, which were coded by Arabic number from
5' stem loop (Fig. 4D). Fragments of its six stem loops from
5' to 3' were synthesized separately, which were utilized to
conduct RNA pull-down after biotinylated (Fig. 4D). As
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Figure 5. ST3GAL6-ASI1 recruits hnRNPA2BI in nucleus to promote ST3GALG6 translation in cytoplasm. (A) hnRNPA2BI protein translocated to cell
cytoplasm when ST3GAL6-ASI knockdown in MM cell lines. (B) Efficiency of hnRNPA2BI1-knockdown measured by reverse transcription quantitative PCR
and western blotting. (C) Knockdown of hnRNPA2BI significantly decreased the degradation of ST3GAL6 mRNA when MM cells were treated with acti-
nomycin D. 18S rRNA was the normalizer. ‘P<0.05, “P<0.01, “"P<0.001 vs. respective control. hnRNPA2BI, heterogeneous nuclear ribonucleoprotein A2B1;

MM, multiple myeloma; si, small interfering; NC, negative control.

shown in Fig. 4E, fragment 5 was confirmed to interact with
hnRNPA2BI.

ST3GAL6-ASI recruits hnRNPA2BI to promote ST3GAL6
translation. After confirming that ST3GAL6-ASI could
bind to hnRNPA2BI1 as demonstrated by ChIRP and RNA
pull-down assays, and hnRNPA2BI also bound to ST3GAL6
mRNA in the RIP assay, it was necessary to determine whether
ST3GALG6-ASI-mediated regulation of ST3GAL6 expression
was induced by hnRNPA2BI1. In ST3GAL6-AS1-knockdown
RPMI 8226 cells, the expression of hnRNPA2BI1 protein
increased in the cytoplasm and decreased in the nucleus, but
not in the total expression level (Fig. 5SA). This phenomenon
indicated that hnRNPA2BI protein translocated to cell cyto-
plasm when ST3GAL6-AS1 was downregulated, without the
total expression change. Furthermore, following knock down
of hnRNPA2BI both on mRNA and protein levels (P<0.05;
Fig. 5B), ST3GALG expression was upregulated both at the
mRNA (P=0.008; Fig. 5B) and protein levels (P=0.039;
Fig. 5B), but ST3GAL6-AS1 was unchanged (P=0.812;
Fig. 5B). hnRNPA2B1-downregulated RPMI 8226 cells were
treated with actinomycin D to block the synthesis of new RNA
and then mRNA levels of ST3GALG6 at different time points
were measured. Knockdown of hnRNPA2BI1 elongated the
mRNA half-life of ST3GALG6 (P=0.024; Fig. 5C).

Discussion
Research has revealed the dysregulation of IncRNAs in

MM (20). Our previous study reported a landscape of differ-
entially expressed IncRNAs in newly diagnosed MM using

microarray and bioinformatics analyses. These previous
results showed that IncRNA ST3GAL6-ASI is significantly
overexpressed in BMSCs of patients with MM and associated
with ST3GALG6 expression (12). Furthermore, the present
study reported that upregulated-ST3GAL6-AS1 promoted
MM cell adhesion, migration and invasion ability in vitro, via
interacting with hnRNPA2BI protein to decrease the degra-
dation of ST3GAL6 mRNA. These findings suggested that
ST3GALG6-ASI exerts an oncogenic function in MM, and its
overexpression contributes to MM pathogenesis and progres-
sion.

Studies have shown that IncRNAs contribute to MM
pathogenesis and progression, such as MALAT1 (9,21-25),
UCAL1 (26) and NEAT1 (27). However, until now, the function
and molecular mechanism of IncRNA ST3GAL6-AS1 in MM
were far from being well understood. One recent study showed
ST3GALG6-ASI expression was low in tumor tissues and cell
lines of colorectal cancer (CRC), and inhibited CRC cell
proliferation, migration and promoted apoptosis. The group
also demonstrated that ST3GAL6-AS1 activated ST3GAL6
transcription by recruiting histone methyltransferase MLL1
to the ST3GALG promoter region (28). On the contrary, our
previous study confirmed that ST3GAL6-ASI is significantly
upregulated in patients with MM and MM cell lines (12). The
aforementioned studies results suggested that ST3GAL6-AS1
may be a novel multifunctional regulator in different cancer
types. There are some IncRNAs in similar situations. For
example, H19 is upregulated and acts as an oncogene in
gastric (29) and bladder cancer (30) and CRC (31). High expres-
sion of H19 can also significantly promote tumor proliferation,
invasion and migration (29,30). Conversely, H19 acts as a tumor
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suppressor in prostate (32) and liver cancer (33), and its high
expression can inhibit tumor proliferation and migration and
reduce the sensitivity of liver cancer cells to chemotherapeutic
drugs (34). The present study confirmed that overexpressed
ST3GALG6-AS1 in MM predicted poor prognosis. After iden-
tifying the importance of ST3GAL6-AS1 in MM, knockdown
experiments were conducted to elucidate the specific role of
ST3GAL6-AS1. Knockdown of ST3GAL6-ASI decreased
ST3GALG6 expression and inhibited the adhesion, migration
and invasion ability of MM cells.

Sialyltransferases (STs) are a group of enzymes that mediate
protein sialylation by conjugating sialic acids to other sugar
molecules in glycans. ST family of proteins is divided into
three subfamilies: a-2,3- (ST3GAL I-VI), a-2,6- (ST6GAL I-11
And ST6GALNAc I-VI) and a-2,8-STs (ST8SIA I-V]) (29) ,
according to the type of linkage form (35). Alterations in the
protein sialylation process have been associated with malignant
transformation and metastasis (36). Up to now, only a small
number of studies investigating ST3GALG6 in cancer progres-
sion were published. ST3GALSG is upregulated in hepatocellular
carcinoma cell lines and tissue samples, and negatively regu-
lated by miR-26a through Akt/mTOR signaling pathway to
promote cell proliferation, migration and invasion (36). Another
study identified that ST3GALSG is highly expressed in MM cell
lines and patients, influenced MM cell adhesion and migration
in vitro and homing to bone marrow in vivo (13). In an effort to
understand the molecular mechanism of how ST3GAL6-AS1
regulates the expression of ST3GALG, the present study
conducted a ChIRP-MS assay to identify the possible interacting
proteins with ST3GALG6-ASI, since numerous existing studies
have demonstrated that IncRNA in nucleus might regulate the
gene expression at the transcription level by interacting with
some regulatory factors (11,20,37,38).

Most IncRNAs display strong nuclear localization (39),
including ST3GALG6-ASI based on the cell nucleus/cytoplasm
isolation assay of the present study. It was demonstrated
that IncRNA ST3GALG6-ASI interacted with hnRNPA2B1
protein directly with its stem loop 5. Heterogeneous nuclear
ribonucleoproteins (hnRNPs), predominantly expressed in
the nucleus, are a large family of RNA-binding proteins that
contribute to multiple aspects of nucleic acid metabolism,
including alternative splicing, mRNA stabilization and tran-
scriptional and translational regulation (40). hnRNPA2BI is
among the most abundant hnRNPs, with a multitude of func-
tions such as telomere maintenance (41,42), DNA replication
and repair, transcription, pre-mRNA splicing and mRNA
nucleo-cytoplasmic export, via interacting with DNA or, more
commonly, RNA (43,44). An increasing number of studies
have demonstrated the vital role of IncRNA and hnRNP
interactions in regulating gene expression (39,45). It has been
reported that hnRNPA2BI could bind with IncRNA Inc-HC
to regulate cholesterol metabolism in hepatocytes (46), and
interacts with LNMAT?2 to promote lymphatic metastasis in
bladder cancer (47).

The present study observed that hnRNPA2BI1 also bound
to ST3GAL6 mRNA using a RIP assay. The expression of
ST3GALG6 in mRNA and protein level was increased when
hnRNPA2B1 was downregulated. Following ST3GAL6-AS1
knockdown, hnRNPA2BI translocated to the cytoplasm where
it bound to ST3GAL6 mRNA, leading its degradation. These

results indicated that ST3GAL6-ASI increased hnRNPA2B1
protein localization in the nucleus, thereby decreasing the
degradation of ST3GALG via hnRNPA2BI in the cytoplasm.

There are some limitations of the present study. First,
in vivo experiments were not performed to verify the func-
tion of ST3GAL6-AS1 in MM. In further studies, we
plan to construct a ST3GAL6-AS1 knockout model using
CRISPER/Cas9 technology to verify the in vitro experiment
results. Second, we did not conduct an analysis of overall
survival of patients with MM based on ST3GAL6-ASI expres-
sion level due to the short follow-up period. The significance
of ST3GALG6-ASI on survival of patients should be clarified
in further investigations.

Taken together, the present study confirmed that
ST3GAL6-ASI, located in the nucleus, promotes adhe-
sion, migration and invasion of MM cells by binding with
hnRNPA2BI to regulate ST3GALG6 expression. These find-
ings indicate that ST3GAL6-AS] may help us improve the
understanding of the mechanism of MM invasion, which may
imply new strategies and targets for MM treatment.
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