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Genome-wide long non-coding RNA association study on Han
Chinese women identifies IncHSAT164 as a novel susceptibility gene
for breast cancer
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Abstract \
Background: Single-nucleotide polymorphisms (SNPs)-associated genes and long non-coding RNAs (IncRNAs) can contribute to
human disease. To comprehensively investigate the contribution of IncRNAs to breast cancer, we performed the first genome-wide
IncRNA association study on Han Chinese women.

Methods: We designed an IncRNA array containing >800,000 SNPs, which was incorporated into a 96-array plate by Affymetrix
(CapitalBio Technology, China). Subsequently, we performed a two-stage genome-wide IncRNA association study on Han Chinese
women covering 11,942 individuals (5634 breast cancer patients and 6308 healthy controls). Additionally, iz vitro gain or loss of
function strategies were performed to clarify the function of a novel SNP-associated gene.

Results: We identified a novel breast cancer-associated susceptibility SNP, rs11066150 (P e =2.34 x 107%), and a previously
reported SNP, rs9397435 (Ppea =4.32 x 107%®%), in Han Chinese women. rs11066150 is located in NONHSAT164009.1
(IncHSAT164), which is highly expressed in breast cancer tissues and cell lines. IncHSAT164 overexpression promoted colony
formation, whereas IncHSAT164 knockdown promoted cell apoptosis and reduced colony formation by regulating the cell cycle.
Conclusions: Based on our IncRNA array, we identified a novel breast cancer-associated IncRNA and found that IncHSAT164 may
contribute to breast cancer by regulating the cell cycle. These findings suggest a potential therapeutic target in breast cancer.
Keywords: Breast cancer; IncHSAT164; Single-nucleotide polymorphisms

Introduction non-coding RNAs. Among these non-coding transcripts,
transcripts of long non-coding RNAs (IncRNAs) can work
together with other groteins and participate in various
biological processes,!'> ' including carcinogenesis, tumor
growth, and patient prognosis. Recent technological
advances in high-throughput sequencing have created an
opportunity to identify breast cancer-associated IncRNAs
and generated compelling evidence that IncRNAs contrib-
ute to the metastasis of breast cancer.l'’2° In addition,
the SNPs in IncRNA regions can also promote disease
development.!*!*2 However, investigations about IncRNAs
are still limited due to small sample sizes and weak statistical
power, rendering it imperative to thoroughly study the
correlation between IncRNA SNPs and disease development.

Breast cancer is a leading cause of cancer-related deaths
in women worldwide.!"! The 5-year prevalence statistics
indicate that approximately 11% of breast cancers
worldwide occur in China, and the incidence has increased
rapidly in recent decades.”! Genome-wide association
studies and exome sequencing have been widely used to
identify disease-associated susceptibility single-nucleotide
polymorphisms (SNPs)/genes/loci,* %" and >180 breast
cancer-associated SNPs have been identified in over 100
susceptibility genes/loci. The majority of identified SNPs
fall outside of the protein—codinﬁ re§i0ns, which comprise
only 2% of the whole genome.!'>!%!

In the whole genome, the vast majority of transcribed

. To comprehensively investigate the contribution of
sequences does not encode proteins and are thus called

IncRNAs to breast cancer, we designed a genome-wide
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IncRNA array containing >800,000 SNPs and performed
a genome-wide IncRNA association study on Han Chinese
women. Furthermore, we investigated the function of SNP-
associated genes in breast cancer.

Methods

Ethical approval

This study was approved by the Ethics Committee of
Anhui Medical University (No. 20131301). All partic-
ipants provided written informed consent. The current
study was conducted according to the principles of the
Declaration of Helsinki.

IncRNA array

Based on the NONCODE database, the Run-Sheng Chen
team independently designed an IncRNA array,!'???!
which included >800,000 SNPs in total. Among these
SNPs, 425,000 were located in the whole-genome non-
coding region, 8187 were located in the non-coding gene
regulatory region (promoter and enhancer regions), and
11,466 were located in the miRNA binding region. A total
of 130,831 of these SNPs were recruited from Regulo-
meDB  (https://www.regulomedb.org/regulome-search/),
and 11,764 were associated with tumors, immune diseases,
and cardiovascular diseases. This IncRNA array covers
150,000 SNPs in the Illumina Human OmniZhongHua
array (https://www.illumina. com/products/by -type/micro
array-kits/infinium-omni-zhonghua. html),'**" and >60%
of SNPs in this IncRNA array were distributed in the
[llumina Human OmniZhongHua array SNP genome
linkage disequilibrium (LD) region. All SNP data were
collected from the 1000 Genomes Project (> =0.8).

Study subjects

A total of 5634 cases and 6308 healthy controls were
enrolled in our study through a collaborative consortium
in China. All cases were diagnosed with breast cancer by at
least two pathologists, and their clinical information was
collected by professional investigators with a comprehen-
sive clinical check-up. All of the healthy controls were
clinically determined to be breast cancer free and to have
no family history of breast cancer (including first- and
second-degree relatives). Peripheral blood was collected
from all participants with an anticoagulation tube and
stored in a —80°C freezer for sequencing analysis.
Specimens of cancer tissues and para-cancerous tissues
were obtained with informed consent from patients
(all Han Chinese women) at the No. 2 Hospital, Anhui
Medical University (Hefei, China), between July 2011
and September 2016. For specimens of para-carcinoma
tissues or healthy controls, we collected a small amount of
adipose/skin tissue from breast cancer patients who
underwent radical mastectomy. All tissue samples were
stored in liquid nitrogen immediately after surgical
resection. All participants provided written informed
consent, and all investigators were blinded to the group
allocation during the experiment when assessing out-
comes.
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Quality control (QC) and statistical analysis

PLINK 1.07 software (developed by Christopher Chang
with support from NIH-NIDDK’s Laboratory of B1olog1—
cal Modeling, the Purcell Lab and others; USA)**) was
used to examine potential genetic relatedness based on
pairwise identity by state for all the successfully genotyped
samples. A principal component analysis (PCA)-based
approach was used to assess population outliers and
stratification.?®! All human leukocyte antigen SNPs on
chromosome 6 between 25 and 34 Mb and SNPs on non-
autosomes were removed. We excluded SNPs with a call
rate <99%, a minor allele frequency <0.0001, and/or a
significant deviation from Hardy-Weinberg equ1hbr1um in
the controls (P < 10~*) during each stage. LD pruning was
carried out by using the PLINK option “-indep-pairwise 50
5 0.20.”

Cell culture

MCF10A, MC7F, T47D, and HEK293T cell lines were
purchased from the Institute of Basic Medical Sciences of
the Chinese Academy of Medical Sciences. MCF10A cells
were grown in Dulbecco’s modified eagle medium/nutrient
mixture F-12 (DMEM/F12; 1:1, Gibco, Life, USA) medium
supplemented with 10% fetal bovine serum (FBS) (Gibco,
Australia), 10 pg/mL insulin (Macklin, China), 20 ng/mL
epidermal growth factor (EGF) (Peprotech, China), 0.5 pg/
mL hydrocortisone Macklin, China), and 100 U/mL
penicillin-streptomycin. MCF7 cells were maintained in
Dulbecco’s modified eagle medium (DMEM; Gibco, Life,
USA) supplemented with 10% FBS (Gibco, Australia) and
100 U/mL penicillin-streptomycin. T47D cells were main-
tained in Roswell Park Memorial Institute-1640 (RPMI-
1640) medium (Gibco, Life, USA) supplemented with 10%
FBS (Gibco, Australia) and 100 U/mL penicillin-streptomy-
cin. All cells were maintained at 37°C in a humidified
atmosphere containing 5% CO, and confirmed to be
mycoplasma free.

RNA extraction and quantitative real-time PCR (RT-qPCR)
analysis

The total RNA from the cell lines, human breast cancer
tissues, and para-cancerous tissues used in this study, was
extracted with TRIzol reagent and incubated with DNase I
(Thermo Fisher, USA) to remove genomic DNA. First-
strand complementary DNA (cDNA) was synthesized by
using the SuperScript III Reverse Transcriptase Kit
(Thermo Fisher, USA). Relative RNA levels determined
by RT-qPCR were measured on a Rotor-Gene Q real-time
PCR machine (Qiagen, Germany). Glyceraldehyde-3-
phosphate dehydrogenase was employed as an internal
control. The relative expression of RNAs was calculated
using the 2724 method.

Subcellular fractionation

The separation of nuclear and cytosolic fractions was
performed using NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Thermo Fisher, USA) according to
the manufacturer’s instructions. RNA was extracted and
RT-qPCR was performed to assess IncHSAT164 expres-
sion in the nuclear and cytosolic fractions.
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5 and 3 rapid amplification of cDNA ends (RACE) and
northern blot analysis

5" and 3’ RACE was performed with a SMARTer” RACE
5'/3' Kit (Takara, China). PCR products were obtained by
using SeqAmp™ DNA Polymerase (Takara, China) and
separated on a 2% agarose gel. Gel bands were purified,
cloned into the pEASY-TS Zero vector (Transgen, China),
and sequenced at Beijing Genomics Institute. Northern
blot analysis was carried out with a NorthernMax-Gly Kit
(Ambion, USA) according to the manufacturer’s instruc-
tions. For this procedure, 30 ug of the total RNA was
mixed with the glyoxal loading dye, denatured, and loaded
onto a 1% agarose gel to detect IncHSAT164.

Plasmid construction, transfection, and lentivirus infection

Full-length IncHSAT164 was amplified according to
RACE results and cloned into the pcDNA3.1 vector
(Invitrogen, Waltham, MA, USA) according to the
manufacturer’s instructions. In total, 5 x 10° cells were
seeded into each well of a six-well plate and transfected
with plasmids upon reaching 80% to 90% confluence. The
recombinant plasmid pcDNA3.1 (normal control [NC])-
IncHSAT164+ (164+) and the control plasmid pcDNA3.1
(normal control [NC]) were constructed and transfected
separately into cells using Lipofectamine 3000 (Invitrogen,
USA) according to the instruction manual. Cells were
harvested 48 h after transfection for further experiments.

Short hairpin RNAs against IncHSAT164 were designed
and cloned into the enhanced green fluorescent protein-
puromycin-pll3.7 plasmid. Based on the psPAX2-pMD2G
lentiviral system (Addgene, Beijing, China), a lentivirus
was constructed according to the manufacturer’s instruc-
tions. After lentivirus infection, 1 ug/mL puromycin
(Invitrogen, USA) was added for selection, and 48 to
72 h later, the cells were harvested for further experiments.

Colony formation assay

Cells (1 x 10° cells/well) were seeded in a six-well plate and
incubated for 10 to 15 days at 37°C. Then, the cells were
washed twice in phosphate buffered solution (PBS), fixed
with 90% ethanol for 15 min, and stained with 0.1%
crystal violet for 20 min. Images of colonies were taken
with a digital camera, and the number of colonies was
analyzed by Image] v1.8.0 software.

Flow cytometry analyses of apoptosis and the cell cycle

For apoptosis analysis, target cells were transferred to a
15 mL centrifuge tube, and annexin V binding buffer was
added. After being centrifugated at 1000 rpm for 5 min at
4°C, the cells were washed three times in PBS. Then,
100 L of binding buffer was added, and 5 p.L of Annexin
V-APC and 1 pL of 100 pg/mL propidium iodide (PI) stain
(Thermo Fisher, USA) were added and incubated in the
dark for 25 min. For cell cycle analysis, target cells were
fixed with 75% ice-cold ethanol at 4°C overnight. Then,
the cells were suspended in PBS supplemented with
100 mg/mL RNAse A for 30 min at 37°C and then stained
with 50 pg/mL PI (Thermo Fisher, USA) in the dark at
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room temperature for 15 min. Finally, a total of 20,000
cells were analyzed on a FACSCalibur flow cytometer
equipped with Cell Quest software (BD Biosciences, USA).

Results

Identification of breast cancer-associated SNPs

Based on our IncRNA array, 1496 cases and 1257 controls
of Han Chinese women were genotyped in the first stage.
After QC filtering and PCA, 1675 SNPs with P values <
10~* were identified [Supplementary Table 1, http://links.
lww.com/CM9/A495]. Based on the previously reported
SNP selection criteria,*”-*8! 70 SNPs with P values < 10~°
were selected for replication through the Sequenom
MassARRAY system. An independent cohort including
4138 cases and 5051 controls was involved in the second
replication stage, and after QC, 23 SNPs were replicated
(P value < 0.05). A meta-analysis of the 70 SNPs in
this IncRNA array discovery and replication stage study
identified two variant SNPs and two suggestive SNPs
[Figure 1 and Table 1]. All four SNPs were subjected to
PCA [Supplementary Figure 1A-H, http:/links.lww.com/

All data combind (5634
cases and 6 308 controls)

Figure 1: Flow chart of the genome-wide IncRNA analysis of breast cancer in Chinese Han
women. CHB: Chinese Han Beijing; HWE: Hardy-Weinberg equilibrium; IncRNA: Long non-
coding RNA; MAF: Minor allele frequency; PCA: Principal component analysis; SNPs: Single-
nucleotide polymorphisms.
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B § g % g CM9/A492]. The novel breast cancer-associated SNP
gl 2SS |2 verified in this work, rs11066150 (Ppera =2.34 x 1078,
T - odds ratio [OR] = 1.13), is located at 12q24.13. According
HER R to the NONCODE database, rs11066150 was located in
- . = the NONHSAT164009.1 transcript intron (IncHSAT164).
g o LLLELI|E A previously reported breast cancer-associated variant
= BRSS! 1$9397435 (CCDC170, Prera=4.32 x 107°%, OR =1.41)
il = = was also confirmed by our data,’® which suggests that the
N B genotype data in this IncRNA array are highly reliable for
SR EREIE future studies.
422228
Z
_|1 3828 |% Characterization of IncHSAT164 in breast cancer
=] — = o o |8
- 2 g', é clE According to the NONCODE database, rs11066150 is
=| T SS|2 located in the IncHSAT164 transcript, which is >867 bp. It
g ClTz2x ?:' is highly expressed in HepG2 (hepatocellular carcinoma
g .. ..o cell line exosomes), invasive non-functional pituitary
E sl ccocol|d adenomas exosomes (NFPAs), non-invasive NFPAs, and
2| Bl XXX Z tuberculosis patients serum (active tuberculosis patients
g = § 3 [g;\ A serum exosomes), but did not express in A431 cell line
g R (squamous cell carcinoma cell line exosomes) and MCF7
317238 z cell line (human breast cancer cell line exosomes)
“lesss a [Supplementary Figure 2, http://links.lww.com/CM9/
<| 22pg|§ A493]. We performed the gPCR analysis with four paired
uw! i g E g = breast cancer tissues and para-cancerous tissues and found
wl e s =z that IncHSAT164 was more highly expressed in the cancer
E|g2Ir Eé tissues than in the para-cancerous tissues [Figure 2A].
dlcscscece|= Furthermore, the qPCR analysis was performed among
SZgg § the normal breast cell line MCF10A and the breast cancer
S| i 555|£ cell lines MCF7 and T47D. The results demonstrated
Bl2=S |2 that IncHSAT164 was highly expressed in T47D cells
| S22 5 igure 2B]. To determine the full length of Inc ,
=S B [Figure 2B]. To d ine the full length of IncHSAT164
5 SRR IR I 5" and 3’ RACE [Supplementary Figure 3A, http://links.
e S o .. | B lww.com/CM9/A494]| and Northern blotting were per-
2 E| 8|lscsce-=s i formed [Figure 2C]. Our results revealed that IncHSAT164
s = S| x x x x |5 is an ~ -nucleotide-long transcript with a polyadeny-
g = Sl xxxx|® i 1700-nucleotide-1 i ith lyad
& 22InT lated tail.
-g v [o\o v ;
2 MR Next, we examined the subcellular localization of
2 S s s o | IncHSAT164 in the MCF7 and T47D cell lines and
S <| 22 AR5 iscovered that Inc predominately resided in the
5 2 aR|s di d that IncHSAT164 predominately resided in th
B wl 23 x| 8 nucleus [Figure 2D]. Colony formation assays illustrated
S ® g that clonogenic survival remarkably increased following
@ 21 5S2¢% |2 IncHSAT164 overexpression [Figure 2F-G]. We reasoned
2 - g that IncHSAT164 might play an important role in the
% 5' il < nucleus and could promote the growth of breast cancer
s I A cells.
-5} e =]
E = % = 2
= -5 § § g IncHSAT164 knockdown regulates cell proliferation and the
g g g EE 2 cell cycle
£ = 3 S &
2 g5 T & To further investigate the function of IncHSAT164 in
E § g = °9 = P breast cancer, a lentivirus was constructed to knockdown
o B O I IncHSAT164 in T47D cells [Figure 3A]. In addition, face
= 2283 é shorting was used to examine the impact of IncHSAT164
° 278 3|8 knockdown on cell apoptosis and the cell cycle, and the
S & 2SSz ge results showed that the number of apoptotic cells increased
s Bl Udde E after IncHSAT164 knockdown (P < 0.01) [Figures 3B and
2 5| £545 4|8 3D]. Fewer cells remained in the GO/G1 phase, but
< .2 =|a more cells were arrested in the G2/M phase (P < 0.05)
= 2T g4 [Figures 3C and 3E]. Colony formation assays revealed that
= R R % clonogenic survival greatly decreased after IncHSAT164
= 5l 222 8l knockdown [Figures 3F and 3G], and this result was also
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Figure 2: Characterization of IncHSAT164 in breast cancer. (A) IncHSAT164 mRNA expression in four paired human breast cancer tissues and para-cancerous tissues. (B) Relative
IncHSAT164 expression levels in breast cancer cells. (C) Northern blot analysis of IncHSAT164 in T47D cells. (D) Subcellular localization of IncHSAT164 in breast cancer cells. Blue indicates
cytoplasmic extracts. Red indicates nuclear extracts. (E) IncHSAT164 was overexpressed in MCF7 and T47D cells. (F-G) Overexpressed IncHSAT164 promotes the clonogenic potential of
MCF7 and T47D cells. Data are presented as the mean + standarad error (SE), and P values were computed by unpaired Student’s £ test. P> 0.05; /P < 0.05; *P< 0.01; *P< 0.001.

T47D-NC

found for MCF7 cells [Supplementary Figure 3B-D, http://
links.lww.com/CM9/A494]. Subsequently, a pull-down
analysis was applied to identify IncHSAT164-associated
proteins, but unfortunately, we failed to identify any related
proteins (data not shown). Based on the above analysis, it is
reasonable to suggest that IncHSAT164 could promote
tumor proliferation by regulating cell proliferation and the
cell state.

Discussion

To our knowledge, this study was among the first attempts
to perform a genome-wide IncRNA analysis based on an
IncRNA array. In addition to the target sites in non-coding
areas, this IncRNA array also includes thousands of SNPs
in the Illumina Human OmniZhongHua array and its
genome LD region. Despite the fact that only 1675 SNPs in
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Figure 3: IncHSAT164 knockdown increases cell apoptosis and disturbs the cell cycle in breast cancer. (A) mRNA expression of IncHSAT164 after its knockdown in T47D cells. (B) Apoptosis
analysis of the IncHSAT164-deficient T47D cell line. (C) Cell cycle analysis of the IncHSAT164-deficient T47D cell line. (D) and (E) Cell apoptosis and cell cycle analyses were assessed by
flow cytometry assays after IncHSAT164 knockdown. (F) and (G) Downregulated IncHSAT164 reduced the clonogenic potential of T47D cells. Data are presented as the means -+ standard
error (SE), and P values were computed by an unpaired Student’s t test. “P>0. 05; TP < 0.05; ¥P< 0.01; ¥ < 0.001; 'P < 0.0001. NC: Normal control; shRNA: Short hairpin RNA.

our array had P values < 10™%, resulting in lower array
recovery than in the Illumina Human OmniZhongHua
array, the current study still supports the existence of the
breast cancer-associated SNP rs9397435 reported previ-

ously,??”! which also demonstrates that the data pre-

sented herein are reliable. The aforementioned results also
suggest that this IncRNA array can be widely used to
identify more disease-associated SNPs in future studies.
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In this study, we identified a novel breast cancer-associated
SNP, rs11066150 on Han Chinese. This SNP is an intron
variant located on chr12q24.13. Based on the NONCODE
database, rs11066150 was annotated to transcript
IncHSAT164. It was first identified by Sharon et al*”! in
2013 based on the single-molecule long-read sequencing
technology. However, they did not go further and conduct
functional studies on IncHAST164. Due to the limitation
of samples, we did not study the relationship between
rs11066150 variant and IncHSAT164 expression, and
further studies are needed to clarify their correlations.

Currently, IncRNAs have been verified to be involved in
breast cancer prO%ression by regulating cell proliferation
and metastasis.®" IncHSAT164, as a newly identified
IncRNA, is highly expressed in breast cancer and other
cancers. Downregulated IncHSAT164 can regulate the cell
cycle and promote cell apoptosis in breast cancer cell lines.
These findings suggest a potential therapeutic target in
breast cancer. As previously reported, pull-down analysis
or chromatin immunoprecipitation sequencing (ChiP-seq)
analysis can be performed to identify IncRNA binding
proteins or miRNAs,!"*323* but we did not obtain any
positive data associated with IncHSAT164 in the current
study. Therefore, the mechanisms by which IncHSAT164
contributes to breast cancer are still unclear, and further
studies are required to fully understand how IncHSAT164
predisposes patients to breast cancer and other cancers.
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