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Abstract

Low expression of long intergenic non-coding RNA L/NC00472in breast cancer is associated
with aggressive tumors and unfavorable disease outcomes. To study the mechanisms underlying
these associations, we investigated the molecular targets and regulation of L/NC00472 in breast
cancer cells, and analyzed relevant molecular features in relation to patient survival. Gene
expression profiles of breast cancer cells overexpressing L/NC00472 were analyzed for its
regulatory pathways and downstream targets. Effects of L/NC00472 overexpression on cell
behaviors were evaluated /n vitroand in vivo. Meta-analysis was performed using online datasets
and our own study. Analysis of L/INC00472transcriptome revealed ERa upregulation of
LINC00472 expression, and an ERa-binding site in the L/NC00472 promoter was identified.
Evaluation of L/INC00472 overexpression also indicated a possible link between L/NC00472 and
NF-xB. Cell experiments confirmed that L/NC00472 suppressed the phosphorylation of p65 and
IxBa through binding to IKK, inhibiting its phosphorylation. High L/NC00472 expression
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inhibited tumor growth both /n vitro and /n vivo and suppressed aggressive tumor cell behaviors /in
vitro. Suppressing LINC00472 expression in ER-positive tumor cells increased cell aggressive
behaviors. Tamoxifen treatment of ER-positive cells inhibited ERa and L/NC00472 expression
and increased p65 and IxBa phosphorylation. Meta-analysis showed that L/NC00472 expression
were higher in ER-positive than ER-negative tumors and that high expression was associated with
better disease outcomes in ER-positive patients. The study demonstrates that ERa upregulates
LINC00472which suppresses the phosphorylation of NF-xB, and suggests that endocrine
treatment may lower L/NC00472 and increase NF-xB activities, leading to tumor progression and
disease recurrence.
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Introduction

Status of estrogen receptor (ER) in breast cancer is a valuable biomarker for prediction of
disease prognosis and patient response to endocrine therapy. Most patients with ER-positive
breast cancer are responsive to tamoxifen treatment with favorable prognosis, but some of
them develop endocrine resistance, which leads to disease recurrence and tumor metastasis
(1-3). Several theories have been proposed to explain the mechanisms of endocrine
resistance in breast cancer, one of which is the reciprocal suppression between two
important cell signaling pathways, ERa and NF-xB (4). Evidence suggests that ER may
suppress the activity of NF-xB and that endocrine therapy blocks the action of ER, which
reduces NF-xB suppression by ER. NF-xB, a transcription factor regulating immunity,
inflammation and many important cell functions, is known to play a crucial role in tumor
progression and metastasis (5-9).

Long non-coding RNAs (IncRNAs) have important biological functions (10), and are
significantly involved in the development and progression of malignant tumors (11, 12). We
found a long intergenic non-coding RNA, L/NC00472, in breast cancer, low expression of
which was associated with aggressive tumor features and unfavorable disease outcomes (13,
14). Our experiments also showed that overexpression of L/INC00472in breast cancer cells
could suppress cell proliferation and migration. Why L/NC00472 had tumor suppressive
effects on breast cancer was unknown. To elucidate the function and regulation of
LINC00472in breast cancer and explore its clinical implications, we conducted experiments
on cell lines and xenograft mouse models, and analyzed clinical datasets. Our investigation
revealed that ERa upregulated L/NC00472 expression which suppressed the
phosphorylation of NF-xB, and that tamoxifen treatment could reduce L/INC00472
expression which led to increases in NF-xB phosphorylation. Low expression of
LINC00472was associated with ER-negative breast cancer and unfavorable survival
outcomes.
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Breast cancer cell lines, MCF-7, T47D, MDA-MB-231 (MB231) and Hs578T, were
obtained as part of the NCI-60 DTP Human Tumor Cell Screening Panel. SKBR3 (ATCC ®
HTB-30™), ZR-75-1(ATCC ® CRL-1500™) and 293T (ATCC ® CRL-3216™) cells were
purchased from the American Type Culture Collection. Human mammary epithelial cells
(H-6035) were purchased from Cell Biologics, Inc. Cells were cultured according to the
manufacturer’s instruction, and no ethics approval was required for the use of these cell
lines.

Plasmid transfection

A LINC00472transcript (2933 bp, NR_026807.1) was assembled and inserted in a lentiviral
vector, pPCDH-EF1-MCS-pA-PGK-copGFP-T2A-Puro (pCDH), as previously described
(13). The sequence of the insert has been confirmed by sequencing. MB231 and Hs578T
cells were transfected with the L/NC00472 plasmid or an empty plasmid (pCDH vector
only) using the Lipofectamine 3000 reagent (Thermo Fisher Scientific) following the
manufacturer's protocol. Cells with stable expression of L/NC00472 were selected through
puromycin screening (Thermo Fisher Scientific). To maintain stably transfected cells,
puromycin was added into culture medium, and the puromycin-containing culture medium
was replaced every 3 days. A single cell clone was also generated from the stable cell pool
through the limiting dilution cloning. Plasmids (pCMV-ESR1) with and without the full-
length of human £5/R1 (NM_000125, #RC213277) and (pCMV-vector, #PS100001),
respectively, were purchased from Origene Technologies, and the plasmids were transfected
into the 293T cells and breast cancer cell lines using the Lipofectamine 3000 reagent
(Themo Fisher Scientific).

Cell proliferation, migration, and invasion

Cell proliferation, migration and invasion were analyzed as previously described (15).
Briefly, for cell proliferation, we seeded the cells onto 96-well plates at 3 x 103 cells per
well. After 2 hours of incubation with the WST-1 cell proliferation reagent (Roche
Diagnostics GmbH), cell concentrations were measured at 0, 24, 48 and 72 hours of culture
with Optical Density (OD) at 450 nm wavelength using a microplate spectrophotometer
(Biotek Synergy 2). Cell migration and invasion assays were performed using the Costar
Transwell permeable polycarbonate supports (8.0 um pores) in 24-well plates (Corning Inc.).
Cells at a concentration of 1 x 104 per well were seeded onto the upper chambers of the
Transwell permeable supports coated with 1 mg/ml growth factor-reduced Matrigel matrix
for invasion assay and without the Matrigel coating for migration assay (BD Pharmingen).
The lower chambers were filled with 600 ul complete culture medium. Cells migrating to the
lower chambers were stained with HEME 3 Solution (Fisher Diagnostics) after 36 hours of
incubation. All the assay results were measured in triplicate, and each assay was repeated 3
times.
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Colony formation assay

Cells at a concentration of 1 x 103 per well were seeded on 0.3% agarose overlaid onto
solidified 0.6% agarose in RPMI11640 with 10% FBS in a 6-well plate. Culture medium (200
ul) containing puromycin was added in each well every three days. After 5 weeks, colonies
were counted in 5 selected fields from 3 representative wells using the Bid-Rad colony
counter. The assay was repeated 3 times.

Flow cytometry analysis of cell cycle

Cells were first cultured in serum-free medium for 24 hours, followed by replacing it with a
medium containing 10% FBS. These cells were harvested after 48 hours of incubation and
PBS washing twice, and were fixed in 70% ice-cold ethanol and stained with propidium
iodide (BD Biosciences) at a concentration of 1 x 106. Cell population data in different cell
cycles were collected using the BD Accuri C6 flow cytometer (BD Biosciences) and
analyzed with the FlowJo software. The analysis was performed in triplicate for each
experiment, and the experiment was repeated 3 times.

Tumor xenograft model

Seven 5-week old BALB/c female nude mice, SPF grade, were purchased from Shanghai
SLAC Laboratory Animal Co., Ltd. for tumor xenograft experiment. The mice were injected
with 100 pl of 5 x 10 MB231 cells (50 pl cell solution mixed with 50 ul Matrigel), and the
injections were made in the inguinal mammary fat pad with mock cells on the right and
LINC00472 overexpression cells on the left. The mice were monitored for 25 days after
injection, and body weight and tumor size were measured every 2-3 days after the first two
weeks of injection. Animal procedures were performed according to a study protocol that
was approved by the university’s Animal Care and Use Committee.

RNA extraction and LINC00472 measurement

Total RNA were extracted from fresh-frozen tumor samples, animal models, and cultured
cells using the Allprep DNA/RNA kit (Qiagen). RNA samples were reverse-transcribed (RT)
using the cDNA Reverse Transcription kit (LifeTech), and the cDNA samples were analyzed
for LINC00472 expression with quantitative PCR (qPCR) described elsewhere (13).

RNA immunoprecipitation (RIP)

Magna RIP RNA-Binding Protein Immunoprecipitation kit (Millipore) was used for RIP
analysis. Antibodies against IKKa (#2682S) and IKKB (#8943S) were purchased from Cell
Signaling Technology. Rabbit IgG antibody (#12-370 from EMD Millipore) was used as
control. The RIP assay was performed according to the manufacturer's instructions. In brief,
magnetic beads were mixed with cell lysates and antibodies of interest (anti-IKKa., anti-
IKKB, or IgG), and the mixtures were incubated with gentle rotation at room temperature for
4 hours. After incubation, beads were isolated by centrifugation and washed with RIP buffer
for 3 times. The beads were re-suspended and divided into two portions, one for western blot
analysis after proteins were denatured by heat and one for RNA analysis after co-
precipitated RNAs were isolated from the beads according to the protocol. The extracted
RNAs were analyzed for L/NC00472with gRT-PCR.
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Western blot analysis

Cell lysates were prepared in a lysis buffer purchased from Roche. The lysates containing
40-60 pg proteins were analyzed with SDS-PAGE under a denaturing condition and the
resulting gels were transferred to polyvinylidene difluoride (PVVDF) membranes (Millipore).
The membranes were blocked with 5% non-fat milk for 45 minutes, and then incubated with
a primary antibody followed by a secondary antibody. The signals were detected by an
enhanced chemiluminescence system (ECL) following the manufacturer’s manual (Pierce).
Antibodies used for western blot included anti-Phospho-NF-xB p65 (Ser536) (#3033), anti-
NF-xB p65 (#8242), anti-Phospho-IxBa (Ser32) (#2895), anti-IxBa. (#9242), anti-IKKa
(#2682S), anti-IKKp (#8943S), anti-ERa (#8644), all of which purchased from Cell
Signaling Technology, anti-phospho-IKKp (ab53694) from Abcam, and antip-actin (A2228)
from Sigma-Aldrich.

siRNA knockdown

Breast cancer cells and human mammary epithelial cells were transfected with Lincode
Human L/INC00472 (79940) siRNA-SMART pool (D-001320-10-05) or Lincode Non-
targeting Pool (D-001320-10-05), negative control from Dharmacon, following the
manufacturer’s protocol for Lipofectamine RNAIMAX (Thermo Fisher Scientific). The
method of transfection was described elsewhere (15). Cell lysates were prepared for analysis
after 36 hours of incubation of the transfected cells.

Luciferase reporter assay

The pGL4.27 [luc2P/minP/Hygro] vector was purchased from Promega. Synthesizing and
inserting the wild and mutant L/NC00472 promoter sequences into the pGL4.27 vector to
make pGL4.27-1inc00472-wt and pGL4.27-1inc00472-mut plasmids were completed and
verified by GENEWIZ LLC. The 293T cells were first transiently transfected with pCMV-
ESR1 using the Lipofectamine 3000 reagent (Themo Fisher Scientific). After 36 hours of
incubation, the plasmid of pGL4.27-linc00472-wt or pGL4.27-1inc00472-mut, together with
the renilla reporter vector, were transfected into the £RSZ-expressing cells. Renilla and
firefly luciferase activities were measured using the Dual-Luciferase kit (Promega). The
results were normalized with the renilla reporter for transfection efficiency. Each assay was
performed in triplicate.

Chromatin immunoprecipitation (ChlP)-gPCR assay

ChlIP assay was performed using a Chromatin Immunoprecipitation (ChIP) Assay kit (EMD
Millipore). After 48-hour incubation of the 293T cells transfected with pPCMV-ESR1 or
pCMV-vector, formaldehyde was added directly into the culture medium at a final
concentration of 1% to crosslink histones and DNA. About 200 pl cell lysates were
sonicated to shear DNA into lengths between 200 and 1,000 base pairs. Sonicated nuclear
fractions were incubated overnight at 4°C with a rabbit polyclonal antibody against ERa
(#8644T from Cell Signaling Technology) or a rabbit polyclonal antibody against IgG
(#12-370 from EMD Millipore) as a control. After that, 60 pl of Protein A Agarose/Salmon
Sperm DNA (50% Slurry) were added for another hour of incubation at 4°C and then the
antibody/histone complex were collected. The complex was washed and eluted with a buffer
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supplied in the kit. The eluted histone complex was mixed with 20 pl of 5 M NaCl and
heated at 65°C for 4 hours to break the histone-DNA crosslink. Then, 10 ul of 0.5 M EDTA,
20 pl of 1 M Tris-HCI, pH 6.5, and 2 pl of 10 mg/ml Proteinase K were added, and the
mixtures were incubated for 1 hour at 45°C. DNA in the samples were isolated through
phenol/chloroform extraction and ethanol precipitation. L/NC00472 promoter in the samples
was quantified by gPCR using the primers: CTTTCCGACACCTGATT (forward) and
TAGCCAATTGGGGTCTTTG (reverse).

TNF-a treatment

TNF-a (Sigma-Aldrich), diluted in the culture medium immediately before experiment, was
added to cultured cells with a final concentration of 10 ng/ml. The cells were incubated for
24 hours before analysis. DMSO (Sigma-Aldrich) treated cells were used as control. Total
RNA and proteins were extracted for analysis of L/NC00472 expression and NF-xB
activation.

Tamoxifen treatment

T-47D cells were cultured in the complete culture medium supplemented with 10uM 4-
Hydroxytamoxifen (Sigma-Aldrich), and the medium was changed every two days. After
two and eight days of culture, cells were collected, and total RNA and proteins were
extracted for qRT-PCR analysis of L/INC00472and ESRI and western blot of ERa and NF-
kB, respectively.

Analysis of cell metabolome

Cell lysates were prepared following protocols described previously (16-18). Briefly,
appropriate weight of homogenizer beads and 50 pl of cold water were added to cell samples
for initial extraction. A 270 pl mixture of ethanol and chloroform, 3:1 (v/v), was added to
the initial extracts for second extraction. The final extracts were centrifuged at 14,500 rpm
for 20 min at 4°C. The supernatants were used for targeted metabolic profiling of 140 lipids
with an Acquity ultra-performance liquid-chromatography coupled with a Xevo TQ-S mass
spectrometry (UPLC-TQ-MS, Waters Corp.) (17). The same materials were also utilized for
untargeted metabolic profiling using an Agilent 7890A gas chromatography with a Leco
Pegasus time-of-flight mass spectrometer (GC-TOF-MS, Leco Corp.) (18). The raw UPLC-
TQ-MS data files were processed with Target Lynx Application Manager (Waters Corp.) to
extract peak area and retention time of each metabolite. The raw GC-TOF-MS data files
were processed with Chroma TOF software (v4.22, Leco Corp.) which performed de-
noising, peak detection and compound deconvolution. Internal standards and any known
artificial peaks, such as peaks caused by noise, column bleed and BSTFA derivatization
procedure, were removed from the data set. For UPLC-TQ-MS, metabolite annotation was
performed by comparing the accurate mass (/m/2) and retention time (Rt) of reference
standards in our in-house library and the accurate mass of compounds obtained from the
web-based resources such as the Human Metabolome Database (http://www.hmdb.ca). For
GC-TOF-MS, metabolites were identified by comparing the mass spectral similarity and
retention index distance between the samples and standards of our in-house library. A
similarity score of more than 70% was selected for identification.
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Analysis of cell transcriptome

Total RNA was extracted from cell lines using the method described earlier. The RNA
quality was evaluated with absorbance and RNA Integrity Number (RIN) using the
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific) and Agilent 2100
Bioanalyzer System (Agilent Technologies), respectively. Gene expression data were
generated using the Affymetrix Human Transcriptome Array 2.0 (Affymetrix). DNA
labeling, probe hybridization, and signal scanning were performed by the Genomic Shared
Resource at University of Hawaii Cancer Center. Expression intensities were stored as CEL-
files which were processed using the robust multi-array average (RMA) algorithm in the
Affymetrix Expression Console for inter-chip quantile normalization. Transcriptome
Analysis Console (TAC) v3.0 (Affymetrix) was used to identify genes which were
differentially expressed between mock and L/INC00472 cells.

Study patients

We enrolled 525 breast cancer patients in a clinical study. These patients were identified
from two hospitals affiliated with University of Torino in Turin, Italy, including 348 patients
from the University Hospital enrolled between January 1998 and July 1999 and 177 patients
from Mauriziano Hospital recruited between October 1996 and August 2012. Patients gave
informed consent for research use of clinical information and tumor specimens. The average
age of the patients at surgery was 58 years, and the age range was between 23 and 89 years.
Information on disease stage, tumor grade, hormone receptor status, follow-up time and
survival outcomes was extracted from medical records. The patient data are shown in
Supplementary Table 1. The study was approved by the ethic review committees at the
University Hospital and Mauriziano Hospital.

Online datasets

Data on LINC00472 expression in breast cancer were extracted from the NCBI GEO
database (https://www.ncbi.nlm.nih.gov/gds). A total of 15 datasets with at least 100 patients
in each were identified from the database, of which 13 had relapse-free survival information
(GSE19615, GSE42568, GSE1456, GSE53031, GSE7390, GSE11121, GSE22219,
GSE3494, GSE21653, GSE4922, GSE31448, GSE2034, GSE25066), and 5 had overall
survival data (GSE42568, GSE16446, GSE1458, GSE7390, GSE20685). Of these datasets,
10 and 2, respectively, had information on both survival and ER status. Compared to the
datasets used before (13), four more with relapse-free or overall survival information were
identified (GSE22219, GSE53031, GSE25066, and GSE16446). We excluded two previous
datasets (GSE25065 and GSE25055) because they were subsets of GSE25066. Datasets
without survival information or ER status were not included.

Bioinformatics and statistical analysis

Ingenuity Pathway Analysis (IPA) was used to analyze the transcriptomic and metabolomic
data in prediction of the biological network associated with L/NC00472 overexpression.
Transcripts and metabolites which had 2-fold changes in expression or concentration,
respectively, due to L/INC00472 overexpression (p<0.05) were included in the IPA.
Downstream pathways (or targets) and upstream signals (or transcription factors) predicted
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by IPA were considered for further evaluation only when the prediction was made identical
in both cell lines. PROMO (http://alggen.lsi.upc.es) was employed with 5% dissimilarity for
predicting the binding sites of transcription factors in the L/NC00472 promoter (19).

Values of LINC00472 expression in our study and from online datasets were log2
transformed, and their differences by ER status were compared using the Student t test.
Meta-analysis was performed to evaluate L/NC00472 expression in association with ER
status after the expression was dichotomized using the study-specific median as cutoff. For
survival analysis, LINC00472 expression was also dichotomized as described above.
Unadjusted hazards ratios (HRs) and 95% confidence interval (CI) for relapse and death
were calculated for each dataset. Pooled HR and 95%CI were estimated using the random-
effect model (the DerSimonian and Laird method) (20, 21). Comprehensive Meta-Analysis
(v2.0, BIOSTAT) was used for meta-analysis. Values shown in cell experiments were means
and standard deviations (SD). Two-tailed Student t test was used to compare means between
groups. Paired t-test was used to compare paired differences in the same animals. Two-side p
value less than 0.05 was considered statistical significance. Statistical Analysis System v9.4
(SAS Institute Inc.) was used for data analysis.

LINCO00472 expression in breast cancer cells

LINCO00472 expression was analyzed in one human mammary epithelial cells and six breast
cancer cell lines, including three sex hormone receptor-positive (MCF-7, T47D, ZR-75-1),
two triple-negative (MB231, Hs578T), and one Her2-positive (SKBR3). The expression was
quite high in normal cells, but low in all the cell lines, except for T47D which had higher
expression than other tumor cells but lower than the normal one (Fig. 1A). To evaluate the
effect of L/INC00472 overexpression on aggressive breast cancer cells, we stably transfected
MB231 and Hs578T with a LINC00472-expressing plasmid. After transfection, LINC0O0472
expression was significantly increased in the cell lines, both in pool and a single clone (Fig.
1B).

Suppression of tumor cell aggressive behaviors by LINC00472

LINC00472 overexpression significantly reduced cell proliferation (Fig. 1C) as well as
inhibited cell migration (Fig. 1D) and invasion (Fig. 1E). The overexpression cells were less
likely to form colonies in soft agar (Fig. 1F), and had fewer cells in G2 phase (Fig. 1G). All
the findings were consistent between the two cell lines.

Suppression of tumor growth by LINC00472

A xenograft model was developed by injecting MB231cells into the mammary fat pad of
seven BALB/c female nude mice. Tumors from the L/NC00472 overexpression cells grew
much smaller (Fig. 2A), with slower tumor growth rate (Fig. 2B) and higher LINC00472
expression in the tumors (Fig. 2C). Tissue analysis showed less malignant morphology in
tumors with L/NC00472 overexpression (left) than those without overexpression (Fig. 2D).
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Analysis of LINC00472-related transcription and metabolism

Gene expression profiles of MB231 and Hs578T cells were analyzed with an Affymetrix
microarray chip. Comparing the expression data from 8 cell samples (two pools and two
single colons in each of the two cell lines), we found 2 up- and 2 down-regulated transcripts
shared by all the 8 samples (Fig. 3A), including L/INC00472, DXO, LINC01061 and
MALATI, respectively. Upregulated L/NC00472 expression was expected in the cells
transfected with a L/NC00472 plasmid. To validate the microarray findings, we performed
gRT-PCR analysis on three top transcripts, and the PCR results were consistent with the
microarray findings (Fig. 3B). The gene expression profiles related to L/INC00472
overexpression were interrogated by the Ingenuity Pathway Analysis (IPA) for gene-
enriched biological network. Fig. 3C shows the top five canonical pathways where
significant gene enrichment was observed due to L/NC00472 overexpression. The two cell
lines had five different canonical pathways ranked at the top for gene-enrichment, but the
TNF-a pathway was suggested by IPA in both cell lines, although it was not included in the
top five pathways ranked by the number of genes enriched.

In the analysis of metabolomes, we found 30 metabolites in MB231 and 15 in Hs578T
significantly associated with L/NC00472 overexpression. IPA of these metabolites showed
that the top five canonical pathways, except tRNA Charging, were different between the cell
lines (Fig. 3D). Upregulation of super pathway of methionine degradation was indicated by
IPA in both cell lines, although it was not listed in the top five pathways in one cell line
(MB231).

Inhibition of NF-kB phosphorylation by LINC00472

Following the IPA prediction, we tested if TNF-a had any influences on L/INC00472
expression in breast cancer cells. Our experiments showed no changes in LINC00472
expression in relation to TNF-a, but NF-xB phosphorylation, a downstream target of TNF-
a, was suppressed by L/NC00472 overexpression. Based on the observation of L/NC00472-
related super pathway of methionine degradation in our metabolomics analysis and possible
involvement of NF-xB in the super pathway of methionine degradation reported in the
literature (22, 23), we examined the effect of L/NC00472 on NF-xB, and found significant
decreases in phosphorylation of 1xBa (one of the 1xB proteins) and p65 (RelA) when
LINC00472was overexpressed (Fig. 3E), suggesting NF-xB being a possible target of
LINC00472. Further analysis of the kB kinase (IKK) which activates NF-xB, we found that
LINC00472interacted with IKKB (Fig. 3F), but not IKKa (Fig. 3G).

Upregulation of LINC00472 by ERa

IPA predicted eight molecules as possible upstream signals for L/NC00472in both cell lines
(Fig. 4A), one of which was £SRI, the estrogen receptor alpha (ERa) gene. We also used
PROMO to interrogate the promoter sequence of L/NC00472 in search for its transcription
factors (TF). The software predicted a region, =591 to —595, as a possible binding site for
ERa (Fig. 4B). We performed a luciferase reporter assay to evaluate the interaction between
ERa and the L/NC00472 promoter. The assay results showed that after overexpressing
ESR1in 293T (Fig. 4C), cells transfected with an intact promoter of L/NC00472had
elevated luciferase signals, whereas the cells with a mutant L/NC00472 promoter that did
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not contain the ERa binding site had no increase in luciferase activity (Fig. 4D). A ChIP
assay further demonstrated that ERa was able to bind to the L/NC00472 promoter (Fig. 4E).
Transfecting Hs578T and MB231 with the £SR1 plasmid (Fig. 4F and 4H) increased
LINC00472 expression in both cells (Fig. 4G and 41). Cells with overexpressed ERa. had
reduced phosphorylation of IxBa and p65 (Fig. 4J). Suppressing LINC00472 expression by
SiRNA (Fig. 4K) could increase NF-xB phosphorylation suppressed by ERa (Fig. 4L),
suggesting that the inhibitory effect of ERa on NF-xB be mediated by L/NC00472.

Suppression of NF-xB phosphorylation by ERa mediated through L/NC00472 was further
verified in T47D cells after L/INC00472 expression was suppressed by siRNA (Fig. 5A).
Suppressing LINC00472 expression could increase the phosphorylation of 1xBa and p65
while ERa expression was not changed (Fig. 5B). Reducing L/NC00472 expression by
SiRNA in T47D also increased cell proliferation (Fig. 5C), migration (Fig. 5D) and invasion
(Fig. 5E). We also treated T47D cells with tamoxifen for 2 days and 8 days to examine the
anti-ER effects on L/INC00472 and NF-xB. As expected, the treatment at both time points
lowered the expression of ERa. and L/NC00472, and increased the phosphorylation of IxBa
and p65 (Fig. 5F, 5G, and 5H, only the 8-day results shown), further confirming the
interactions among ERa., L/INC00472 and NF-xB. Suppressing L/NC00472 expression in
human mammary epithelial cells also increased the phosphorylation of IKK, IxBa and p65
(Fig. 51), indicating that the suppression of NF-xB phosphorylation by L/NC00472 occurred
in normal cells.

Associations of LINC00472 expression with ER status and patient survival

Of the 11 clinical datasets (our study plus 10 online datasets) with information on ER status
and LINC00472, 10 showed higher L/NC00472 expression in ER-positive than ER-negative
tumors (Fig. 6A). The summarized odds ratio for high L/NC00472 in ER-negative tumors
was low, only 0.425 (Fig. 6B). ER-positive patients with high L/NC00472had better
relapse-free survival (Fig. 6C) and overall survival (Fig. 6D) compared to ER-positive
patients with low L/NC00472. The risk for relapse or death was reduced by more than 40%
when ER-positive patients had higher LINC00472.

Discussion

In this study, we tested L/NC00472 expression in six breast cancer cell lines, all of which
had low expression, except T47D. Of these cell lines, three (MCF-7, T47D and ZR-75-1)
were ER-positive, but their L/NC00472 expression was quite different. MCF-7 had the
lowest expression, while the expression was relatively high in T47D. However, compared to
the normal mammary epithelial cells, LINC00472 expression was low in all the tumor cells.
Increasing the expression of L/NC00472in MCF-7and SKBR3 through transient
transfection of a L/NC00472 plasmid could suppress the growth and migration of these
cells, suggesting that L/NC00472 may play a role in suppressing breast cancer (13). In order
to further evaluate its anti-tumor effects, we stably transfected the L/NC00472 plasmid into
two aggressive breast cancer cell lines (MB231 and Hs578T), and the transfection resulted
in high expression of L/NC00472in these cells. Cells with high L/INC00472 expression
showed slower growth both /n vitroand in vivo. Furthermore, these cells were less likely to

Breast Cancer Res Treat. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 11

migrate and invade, and formed fewer colonies. The observations were consistent with the
findings of our previous study (13).

To elucidate the molecular targets and regulation, we analyzed the transcription profiles of
breast cancer cells overexpressing L/NC00472, and the analysis indicated a possible effect
of the IncRNA on the TNF-a pathway in both cell lines (MB231 and Hs578T). Following
the lead, we tested the effect of TNF-a on L/NC00472 expression, and found no direct
influence. However, in the experiments, we found that L /NC00472 inhibited the
phosphorylation of 1xBa and p65, and interacted with one of the NF-xB activating enzymes,
IKK, suppressing its phosphorylation Our analysis of metabolomes also indicated a
possible interaction between L/NC00472 and NF-xB as the IncRNA was predicted to
upregulate the degradation of methionine. One study found that methionine restriction
inhibited nuclear translocation of NF-xB in tumor cell lines of the central nervous system
(22). Another reported that low methionine inhibited the migration and invasion of MB231
and Hs578T cells (23).

Analysis of the transcriptomes of MB231 and Hs578T with L/NC00472 overexpression
suggested that £SR1 be a possible transcription factor for L/NC00472. An ERa—binding site
was also predicted in the L/INC00472 promoter, and the prediction was confirmed by our
experiments, showing that ERa was able to bind to the predicted region, upregulating its
expression. These results were further supported by our experiments on an ER-positive cell
line, T47D, in which LINC00472 expression was high and suppressing ER by tamoxifen
could lower the expression of L/INC00472. Analysis of multiple online clinical datasets as
well as our own study also demonstrated that high expression of L/NC00472 was associated
with ER-positive tumors and favorable prognosis in ER-positive patients. Furthermore, our
experiments demonstrated that suppression of NF—xB by ERa was mediated through
LINC00472and that inhibiting L/NC00472 expression in cells could increase the
phosphorylation of IKK, IxBa and p65. All these findings suggest that L/NC00472 may
play an important role in the interaction between NF-xB and ERa which has been
implicated in the possible mechanism of endocrine resistance in breast cancer (4).

Some breast cancer patients are resistant or develop resistance to endocrine therapy (3).
Several molecular mechanisms have been proposed to explain the phenomenon, one of
which is the interaction between ERa and NF-xB (4). Estrogen was found to inhibit
inflammation by suppressing the DNA-binding ability of NF-xB (24) or blocking the
translocation of NF-xB from cytoplasm to nucleus (25). NF-xB inhibition by estrogen was
also observed in a number of studies (26-29). In addition, NF-xB could suppress estrogen
(30) and inhibit the activity of ERa. (31) or its expression (32). Analysis of tumor samples
showed an inverse correlation between ERa and NF-xB in terms of their expression (4, 30,
33, 34). Thus, a reciprocal inhibition was proposed for ERa and NF-«xB.

NF-xB is known to be involved in the progression of ER-negative tumors (35-37). In ER-
positive tumors, patients with high NF-xB developed resistance to tamoxifen compared to
those with low NF-xB (38). Furthermore, ER-positive tumor cells with high NF-xB did not
respond well to tamoxifen treatment, and inhibition of NF-xB could reduce tumor resistance
to tamoxifen therapy (38-40). Studies also demonstrated that the development of tamoxifen
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resistance was accompanied by increased NF-xB activities (41, 42). These observations led
to the speculation that ER suppression by endocrine therapy may release NF-xB inhibition,
resulting in increased NF-xB activities that promote tumor growth and invasion, leading to
disease recurrence and tumor metastasis. In agreement with this speculation, our
experiments on T47D showed that tamoxifen treatment of this ER-positive tumor cell line
resulted in suppression of L/NC00472, which led to increased phosphorylation of 1xBa and
p65.

Our finding of LINC00472s connection to ERa and NF-xB in tumor cells and observations
of associations between L/NC00472 expression and ER status and disease outcomes in
multiple breast cancer datasets provide new insights into the relationship between ERa and
NF-xB and their possible role in endocrine resistance. However, our findings on the link
between L/NC00472 expression and ER status was not entirely consistent in cell lines.
MCEF-7 is ER-positive, but L/NC00472 expression in the cells is quite low compared to
T47D. The reason for this difference is not known. There may be other factors, in addition to
ER, affecting the expression of L/INC00472. To test if estrogen affects the expression of
LINC00472, we treated T47D and MCF-7 with 17p-estradiol (E2) at 100 nM for 0-4 hours.
ERa was declined (both mRNA and protein) after the treatment, and L/NC00472 expression
was also decreased. The decline of ERa expression after E2 treatment in MCF-7 and T47D
has been observed in several other studies (43-45), suggesting the possibility of a negative
signal feedback loop in these ER-positive tumor cell lines. Since estrogen metabolism and
ER expression are regulated by different mechanisms and ER has estrogen-dependent and
independent activities, it is difficult for us to determine the effect of estrogen on ER
regulation of L/NC00472 expression in this study. More experiments are needed to address
these relationships.

In our analysis of the L/NC00472transcriptomes, we found an inverse correlation between
LINC00472and MALATI in tumor cells, but this correlation could not be confirmed in
breast cancer patients. We analyzed the expression of MALATI in relation to L/INC00472in
over 300 breast tumor samples, and did not find a significant correlation between these
InNcRNAs. MATLAT1 (Metastasis-Associated Lung Adenocarcinoma Transcript 1) is a well-
known IncRNA with oncogenic effects on multiple cancer sites (46-49). Our study also
showed that high MALAT1 expression in breast cancer was associated with poor disease-
free survival (50).

In summary, increasing L/NC00472 expression in breast tumor cells reduced their
aggressive behaviors and suppressed tumor growth. ERa could bind to the L/NC00472
promoter, upregulating its expression. L/NC00472 inhibited the activity of NF-xB and
mediated the effect of ERa on suppression of NF-xB phosphorylation. High expression of
LINC00472was associated with ER-positive breast tumors and favorable survival of ER-
positive patients. Tamoxifen treatment of ER-positive tumor cells suppressed LINC00472
expression, increasing NF-xB phosphorylation. Taken together, we speculate that long-term
use of tamoxifen may reduce the suppression of NF-xB phosphorylation by L/NC00472,
leading to endocrine resistance and tumor progression. Further elucidating the role of
LINCO00472in breast cancer may help to understand the mechanism of endocrine resistance
and develop new strategies in breast cancer treatment.
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Figure 1. LINCO00472 expression in breast cell lines and suppression of tumor cell proliferation,
migration, invasion, and colony formation by LINC00472.

A. LINC00472 expression was low in all the breast cancer cell lines tested, except T47D.

Human primary mammary epithelial cells had the highest expression of L/INC00472.

Comparisons were made between MCF-7 and other cell lines. *=P<0.05, ***=P<0.0001.
B. LINC00472 expression was significantly increased in MB231 and Hs578T cells
transfected with a L/NC00472-expressing plasmid (pool: MB231-LINC00472 and Hs578T-
LINC00472; single clone: MB231-LINC00472-1 and Hs578T-LINC00472-1), in
comparison to those transfected with an empty vector (mock) (pool: MB231-Mock and

Hs578T-Mock; single clone: MB231-Mock-1 and Hs578T-Mock-1). p-actin was used as
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reference in expression analysis. Comparisons were made between cells transfected with a
LINC00472plasmid and mock plasmid. ***=P<0.0001.

C. Cell proliferation assay showed that MB231 and Hs578T cells with LINC00472
overexpression grew slower than those without overexpression. ***=P<0.0001.

D. Cell migration assay showed that fewer MB231 and Hs578T cells with L/INC00472
overexpression migrated compared to those without overexpression. ***=P<0.0001.

E. Cell invasion assay showed that fewer MB231 and Hs578T cells with L/INC00472
overexpression invaded compared to those without overexpression. ***=pP<0.0001.

F. Colony formation assay showed that fewer colonies were formed in MB231 and Hs578T
cells with L/INC00472 overexpression compared to those without overexpression.
**=P<0.001, ***=P<0.0001.

G. Flow cytometry analysis of cell cycle showed that fewer MB231 and Hs578T cells with
LINCO00472 overexpression were in G, phase compared to those without overexpression.
*=P<0.05, ***=P<0.0001.
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Figure 2. Inhibition of breast tumor growth by LINC00472 in a xenograft mouse model.
A. Seven BALB/c female nude mice received mammary fat pad injection of MB231cells.

Cells with LINC00472 overexpression were on the left side and those without
overexpression were on the right. Seven pairs of tumors dissected from the left (top line) and
right (bottom line) mammary fat pad after 25 weeks of injection were displayed. Tumors on
the top were smaller than those on the bottom. No tumors were detected in the left fat pad of
two mice.

B. Average tumor volumes (mm?3) measured at each time post injection (days) were
significantly smaller in the side with L/NC00472 overexpression cells (left) than the side
without overexpression (right). ***=P<0.0001.

C. LINC004721evels in tumor samples were much higher in the side with L/INC00472
overexpression (left) than the side without overexpression (right). ***=P<0.0001.

D. H&E staining of tumor tissues showed that tumors with L/NC00472 overexpression had
fewer cells and less malignant morphology than those without overexpression.
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Figure 3. Analysis of transcriptome and metabolome and suppression of p65 and | xBa
phosphorylation by LINC00472.

A. Venn diagram showed the number of genes up- and down-regulated in MB231 and
Hs578T cells due to L/NC00472 overexpression (two pools and two single clones in each
cell line, a total 8 samples in 4 strips in the up- and down-regulated expression panels).

B. Expression of one up- (D.X0) and two down-regulated (L/NC01061, MALATI) genes
measured by qRT-PCR in MB231 (3B left) and Hs578T (3B right). Sequences of the PCR
primers are shown in Supplementary Table 2. ***=P<0.0001.

C. Heatmap showed differentially expressed genes in MB231 and Hs578T cells due to
LINC00472 overexpression; top five canonical pathways were predicted by Ingenuity
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Pathway Analysis (IPA) based on the differentially expressed genes (2-fold change in
expression due to L/NC00472 overexpression and p<0.05) in MB231 and Hs578T.

D. Heatmap showed differentially detected metabolites in MB231 and Hs578T cells due to
LINC00472 overexpression; top five canonical pathways were predicted by IPA based on the
differentially detected metabolites in MB231 and Hs578T.

E. Western blot analysis showed reduced phosphorylation of p65 (p-P65) and IxBa. (p-
IxBa in MB231 and Hs578T cells with L/NC00472 overexpression.

F. RIP assay results indicated the binding of IKKp to L/NC00472. ***=P<0.0001.

G. RIP assay results indicated no binding between IKKa and L/INC00472.
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Figure 4. Upregulation of LINC00472 expression by ERa and ERa-suppressed phosphorylation
of p65 and IxBa mediated by LINC00472.

A. IPA predicted 743 and 288 possible upstream signals for L/NC00472in MB231 and

Hs578T, respectively. Among these genes, 8, including £SR1, FOX0O1, HMOX1, IKBKE,
NCRZ, PTGERZ, RELB and SLAMF7, were shared in both cell lines.
B. PROMO predicted an ERa. binding site in the L/NC00472 promoter between —591 and

-595.

C. Western blot analysis showed increased ERa expression in 293T cells after an £SR1-
expressing plasmid (pCMV-ESR1) was transfected into the cells.
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D. Luciferase reporter assay showed an interaction between ERa and the L/INC00472
promoter predicted by PROMO (Figure 4B) in 293T after the cells were co-transfected with
the £SR1 plasmid (pCMV-ESRL1) and a luciferase report, linked either to a wild type of
LINC00472 promoter (pGL4-LINCO00472-wt) or a mutant (pGL4-LINC00472-mut).

E. ChIP-gqPCR analysis showed an interaction between ERa and the L/NC00472 promoter
in 293T transfected with pPCMV-ESR1 compared to 293T transfected with pCMV-vector.
**%*=P<0.0001.

F. Western blot analysis showed increased ERa expression in Hs578T after the cells were
transfected with the £SR1 plasmid ()CMV-ESR1).

G. gRT-PCR analysis showed increased L/NCO00472 expression after 72-hour incubation of
Hs578T cells with ERa overexpression. ***=P<0.0001.

H. Western blot analysis showed increased ERa expression in MB231 after the cells were
transfected with the £SR1 plasmid (pCMV-ESR1).

I. qRT-PCR analysis showed increased L/NC00472 expression after 72-hour incubation of
MB231 cells with ERa overexpression. ***=P<0.0001.

J. Western blot analysis showed suppression of p65 (p-p65) and IxBa (p-1xBa)
phosphorylation by ERa in Hs578T and MB231 after the cells were transfected with the
ESR1 plasmid (PCMV-ESR1).

K. gRT-PCR analysis showed significant reduction of L/NC00472 expression in Hs578T
and MB231 after knockdown L/NC00472 by siRNA (siLINC00472). ***=pP<0.0001.

L. Western blot analysis showed reduced phosphorylation of p65 and 1xBa by ERa
overexpression in Hs578T and MB231, and increased phosphorylation of p65 and IxBa
when LINC00472 expression in these cells was inhibited by siRNA, suggesting that
LINC00472 may mediate the effect of ERa on suppression of NF-xB.
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Figure5. Increased p65 and 1xBa phosphorylation, cell proliferation, migration, and invasion
after LINC00472 suppression by siRNA or tamoxifen treatment of T47D cells.

A. gRT-PCR analysis showed reduced L/NC00472 expression in T47D after treatment of
LINC00472 siRNA (siLINC00472). ***=p<(.0001.

B. Western blot analysis showed increased phosphorylation of p65 and IxBa and no change
in ERa in T47D after treatment of L/NC00472 siRNA (siLINC00472).

C. Cell proliferation assay showed increased T47D growth after treatment of L/NC00472
SiIRNA (siLINC00472) compared to control siRNA (siCtrl).

D. Cell migration assay showed increased T47D migration after treatment of L/INC00472
SIRNA (siLINC00472) compared to control siRNA (siCtrl).
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E. Cell invasion assay showed increased T47D invasion after treatment of L/INC00472
SIRNA (siLINC00472) compared to control siRNA (siCtrl).

F. Western blot analysis showed increased phosphorylation of p65 and IxBa and decreased
expression of ERa in T47D cells after treatment of 4-hydroxytamoxifen for 8 days.

G. gRT-PCR analysis showed decreased expression of ESR1 in T47D cells after treatment of
the cells with 4-hydroxytamoxifen for 8 days. **=P<0.001

H. gRT-PCR analysis showed decreased expression of LINC00472in TATD cells after
treatment of the cells with 4-hydroxytamoxifen for 8 days. ***=P<0.0001.

I. Western blot analysis showed increased phosphorylation of p65, IxBa and IKK in
human mammary epithelial cells after L/NC00472 expression was suppressed by siRNA.
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Figure 6. Associations of LINC00472 expression with ER status and breast cancer survival in

patientswith ER-positive tumors.

A. Levels of LINCO0472 expression by ER status in our study and 10 online datasets.
LINC00472 expression was significantly higher (p<0.05) in ER-positive than ER-negative

tumors in 9 of the 10 datasets.

B. Meta-analysis of the association between L/NC00472 expression and ER status. High
LINCO00472 expression was less likely to be in ER-negative tumors (summarized odds ratio

=0.425, 95%CIl 0.334-0.541).

C. Meta-analysis of the association between L/NC00472 expression and disease-free
survival in patients with ER-positive breast cancer. High L/NC00472 expression was
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associated with reduced risk of relapse (summarized hazards ratio for relapse was 0.530,
95%Cl 0.445-0.631).

D. Meta-analysis of the association between L/NC00472 expression and overall survival in
patients with ER-positive breast cancer. High L/NC00472 expression was associated with
reduced risk of death (summarized hazards ratio for death was 0.510, 95%Cl: 0.332-0.782).
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