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ABSTRACT
◥

Hypoxia induces thousands of mRNAs and miRNAs to mediate
tumor malignancy. However, hypoxia-induced long noncoding
RNA (lncRNA) transcriptome and their role in triple-negative
breast cancer (TNBC) have not been defined. Here we identified
hypoxia-induced lncRNA transcriptome in two human TNBC cell
lines bywhole transcriptome sequencing. AC093818.1was one of 26
validated lncRNAs and abundantly expressed in TNBC in vitro and
in vivo. 50- and 30-rapid amplification of cDNA ends assays revealed
that the isoform 2 was a dominant AC093818.1 transcript in TNBC
cells and thus referred to as lncIHAT (lncRNA induced by hypoxia
and abundant in TNBC). Hypoxia-inducible factor 1 (HIF1) but not
HIF2 bound to the hypoxia response element at the promoter of

lncIHAT to activate its transcription in hypoxic TNBC cells.
LncIHAT promoted TNBC cell survival in vitro and tumor growth
and lungmetastasis inmice.Mechanistically, lncIHATwas required
for the expression of its proximal neighboring oncogenic genes
PDK1 and ITGA6 in TNBC cells and tumors. Reexpression of PDK1
and ITGA6 rescued survival and growth of lncIHAT knockdown
TNBC cells in vitro. Collectively, these findings uncovered lncIHAT
as a new hypoxia-induced oncogenic cis-acting lncRNA in TNBC.

Implications: This study systematically identified hypoxia-induced
lncRNA transcriptome in TNBC and sheds light on multiple layers
of regulatory mechanisms of gene expression under hypoxia.

Introduction
Breast cancer is the most commonly diagnosed cancer and the

second leading cause of cancer death among women (1). There are
currently four major molecular subtypes of breast cancer: luminal A,
luminal B, HER2 positive (HER2þ), and triple negative/basal like.
Although triple-negative breast cancer (TNBC) accounts for 15% to
20% of all breast tumors, TNBC tumors are highly aggressive with few
targeted therapies currently available. Recent studies showed that
TNBC cells addict to dysregulated gene transcription, which provides
a therapeutic vulnerability (2, 3). Tumor microenvironment is one of
the critical factors that contribute to dysregulated gene transcription in
TNBC (4, 5). Hypoxia-inducible factor (HIF) is a master transcrip-
tional regulator of intratumoral hypoxia, a key feature of tumor
microenvironment (6). It consists of an O2-regulated a subunit,
HIF1a, HIF2a, or HIF3a, and a constitutively expressed b subunit,
HIF1b (also known as ARNT) or ARNT2 (7–10). Numerous studies

have demonstrated the role of HIFs in transcription of protein-coding
genes, whose protein products are involved in erythropoiesis, angio-
genesis, metabolism, immune evasion, cell survival, epigenetics, and
tumor growth, invasion, andmetastasis (11). The role of hypoxia/HIFs
in transcription of miRNAs, a subgroup of ncRNAs, has been also well
defined (12). Recently, researchers began to explore the role of HIFs in
long ncRNAs (lncRNA). It was reported that hypoxia induces a subset
of lncRNAs in estrogen receptor–positive (ERþ) breast cancer MCF-7
cells (13). We identified a HIF2-dependent lncRNA RAB11B-AS1 in
all subtypes of breast cancer cells under hypoxia (14). Several other
lncRNAs, including NEAT1, MALAT1, HIF1A-AS2, EFNA3, and
NDRG1-OT1, have been also shown to be induced by HIF1 and/or
HIF2 in breast cancer cells (15–19). However, hypoxia-induced tran-
scriptome of ncRNAs, particularly lncRNAs, in TNBC and their roles
in TNBC progression remain largely unknown.

ncRNAs account for about 98% of transcribed RNAs in human
genome and lncRNA is a subgroup of ncRNAs with > 200 nucleotides
in length (20). The vast majority of lncRNAs have no protein-coding
potential and play a critical role in gene regulation by interacting with
the transcription machinery. Accumulating studies have shown that
lncRNAs are involved in development, differentiation, cell fate, and
tumor progression (21–23). We recently found that RAB11B-AS1
upregulates angiogenic factors in hypoxic breast cancer cells through
increasing the recruitment of RNA polymerase II and promotes breast
tumor angiogenesis and distant metastasis in mice (14). Other hyp-
oxia-induced lncRNAs also contribute to breast cancer cell growth and
mobility via diverse mechanisms (15, 18, 19).

In this study, we systematically identified hypoxia-mediated ncRNA
transcriptome in two TNBC cell lines and characterized a new HIF1-
induced lncRNA AC093818.1 in breast cancer cells. AC093818.1 was
highly expressed in TNBC cells and promoted TNBC tumor growth
and lung metastasis in vitro and in mice. It induced expression of its
proximal neighboring genes PDK1 and ITGA6 in TNBC cells and
tumors, whichmediated AC093818.1’s oncogenic effect in vitro. These
findings uncover an oncogenic lncRNA AC093818.1 as a possible
therapeutic target for the treatment of TNBC.
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Materials and Methods
Cell culture and hypoxia

MDA-MB-231 (from Rolf Brekken at UT Southwestern Medical
Center, Dallas, TX, in 2015), MDA-MB-468, BT-20, MCF-7 (from
ATCC in 2014–2017), ZR-75-1, BT474, HCC1954, T47D, SUM159
(from Gregg L. Semenza at Johns Hopkins School of Medicine,
Baltimore, MD, in 2014), and HEK293FT (from Thermo Fisher
Scientific in 2014) cells were cultured in DMEM, RPMI1640, or
DMEM/Ham’s F-12 supplemented with 10% heat-inactivated FBS at
37�C in a 5% CO2/95% air incubator. Hypoxic cells were placed in a
modular incubator chamber (Billups-Rothenberg) and flushed with a
gas mixture of 1% O2, 5% CO2, and balanced N2. Cells within six
passages were used for experiments. All cell lines were Mycoplasma
free and authenticated by short tandem repeat DNA profiling analysis
in 2016–2017.

Plasmids and lentivirus production
DNA oligonucleotides of lncRNA induced by hypoxia and abun-

dant in TNBC (lncIHAT) short hairpin RNAs (shRNA; Supplemen-
tary Table S1) were annealed and ligated into AgeI/EcoRI-linearized
pLKO.1 vector (Addgene, #8435). DNA oligonucleotides of PDK1 and
ITGA6 single-guide RNAs (sgRNA; Supplementary Table S1) were
annealed and ligated into BsmBI-linearized pLentiCRISPRv2
(Addgene, #52961). Full-length human lncIHAT cDNAwas amplified
by PCR and cloned into EcoRI/XbaI-linearized pcDNA3.1 vector.
Full-length human PDK1 cDNA was amplified by PCR and cloned
into lentiviral pcFUGW-3XFLAG vector. Full-length human ITGA6
cDNA was amplified by PCR and cloned into lentiviral pLvx-Ubc-
FLAG vector. Other plasmid constructs have been described previ-
ously (24, 25). The lentivirus encoding scrambled control (SC) shRNA,
lncIHAT shRNAs, PDK1 sgRNA, ITGA6 sgRNA, FLAG-PDK1, or
FLAG-ITGA6 was generated by transfection of HEK293FT cells with
transducing vector and packaging vectors pMD2.G and psPAX2. After
48 hours, virus particles in the medium were harvested, filtered, and
transduced into cancer cells.

50- and 30-rapid amplification of cDNA ends assays
50- and 30-rapid amplification of cDNA ends (RACE) analyses were

performed using the SMARTer RACE 50/30 kit (Takara Bio) as
described previously (14). Total RNA was extracted using the RNeasy
Micro Kit (Qiagen), treated with DNase I, and reverse transcribed. 50-
and 30-RACE PCRs were performed with the universal and gene-
specific primers listed in Supplementary Table S2 and the resulting
PCR products were cloned into linearized pRACE vector and
sequenced. The nucleotide sequence of lncIHAT was deposited in the
GenBank with accession number MT006230.

Whole transcriptome sequencing
Total RNA was isolated using the RNeasy mini kit and treated with

DNase (Qiagen). The quality of total RNA was confirmed with a RNA
integrity number score 9.0 or higher by the Agilent Tapestation 4200
(Agilent). After rRNA depletion, RNA was fragmented and subject to
strand-specific cDNA synthesis. cDNAs were end repaired, A-tailed,
and ligated with the indexed sequencing adapters. After cDNAs were
amplified by PCR and purified with AmpureXP beads, the samples
were sequenced on the Illumina NextSeq 500 (Illumina) with the read
configuration as 150 bp, paired end. Each sample had approximately
25 to 35 million reads.

The Fastq files were subject to quality check using fastqc (version
0.11.2, http://www.bioinformatics.babraham.ac.uk/projects/fastqc)

and fastq_screen (version 0.4.4, http://www.bioinformatics.babra
ham.ac.uk/projects/fastq_screen), and trimmed using fastq-mcf (ea-
utils/version 1.1.2-806, https://github.com/ExpressionAnalysis/ea-
utils). Trimmed fastq files were mapped to Homo sapiens reference
genome (hg19, UCSC version from igenomes) using Tophat. Dupli-
cates were marked using picard tools (version 1.127, https://broad
institute.github.io/picard/). Read counts were generated using feature-
Counts and the differential expression analysis was performed using
edgeR. edgeR used trimmed mean of M values normalization and
estimated the dispersion of the negative binomial distribution from
replicates in each group. edgeR applied the Benjamini–Hochberg
method on the P values to control for calculation of the FDR.
Heatmaps were generated using ComplexHeatmap package. The
sequencing data were deposited at the Gene Expression Omnibus
database with accession number GSE144569.

qRT-PCR assay
Total RNA was isolated using TRIzol reagent (Thermo Fisher

Scientific), treated with DNase I (Ambion), and reverse transcribed
using the iScript cDNA Synthesis Kit (Bio-Rad). Real-time PCR
was performed by a CFX96 Real-time System (Bio-Rad) using iTaq
Universal SYBR Green Supermix (Bio-Rad) with primers listed in
Supplementary Table S3. The fold change in target mRNA expression
was calculated on the basis of the threshold cycle (Ct) as 2

�D(DCt), where
DCt ¼ Cttarget � Ctinternal control and D(DCt) ¼ DCt1% O2 � DCt20% O2.
18S rRNA and RPL13A (human breast tumor tissues only) were
used as internal controls. The deidentified human breast tumor
tissues were used and approved by the Institutional Review Board at
UT Southwestern Medical Center (Dallas, TX) with informed
written consent.

Immunoblot assay
Cells were lysed in NETN lysis buffer (150mmol/L NaCl, 1 mmol/L

EDTA, 10 mmol/L Tris/HCl, pH 8.0, 0.5% NP-40, and protease
inhibitor cocktail) for 30 minutes on ice and followed by sonication.
After centrifugation at 13,000 g for 15 minutes, the supernatant was
quantified by Bradford assay (Bio-Rad), separated by SDS-PAGE,
transferred to nitrocellulose membrane, and visualized by chemi-
luminescence with ECL prime (GE Healthcare). The following
antibodies were used: anti-HIF1a (homemade), anti-HIF2a (home-
made), anti-PDK1 (Novus Biologicals, catalog no. NB100-2383),
anti-ITGA6 (Cell Signaling Technology, catalog no. 3750), and anti-
b-actin (Proteintech, catalog no. 66009-1-lg).

Clonogenic assay
Single-cell suspensions were seeded on a 6-well plate and cultured

under 20% or 1% O2 for 7 to 14 days. Subsequently, the colonies were
stained with 0.1% crystal violet (Sigma) and counted as described
previously (24).

Animal studies
Animal studies were approved by the Animal Care and Use

Committee at UT Southwestern Medical Center (Dallas, TX). A total
of 2 � 106 cells in 100 mL PBS/Matrigel (1:1, Corning) were injected
into the second left mammary fat pad of 6 to 8 weeks old female SCID
or NOD/SCID IL2Rgnull mice. Tumor volume was measured with a
caliper every 3 days starting day 15 after cell implantation and
calculated according to the formula: volume¼ 0.52� length� height
�width. Lungs were perfusedwith PBS and harvested for hematoxylin
and eosin (H&E) staining as described previously (14, 24). Lung
metastasis was quantified by analysis of human genomic DNA in
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mouse lungs with qPCR using specific human HK2 and human and
mouse 18S rRNA primers (Supplementary Table S3; ref. 24).

Statistical analysis
Statistical analysis was performed by two-tailed Student t test

between two groups, and one-way or two-way ANOVA with multiple
testing correction within multiple groups. Whole transcriptome
sequencing was repeated twice, and other experiments were repeated
at least three times. Data were expressed as mean � SD. P < 0.05 was
considered significant.

Results
Genome-wide identification of hypoxia-induced ncRNA
transcriptome in TNBC cells

To systematically identify hypoxia-induced ncRNAs at the whole
genome level, we performed whole transcriptome sequencing in two
TNBC cell lines MDA-MB-231 and SUM159 exposed to 20% or 1%
O2 for 24 hours. A total of 92 ncRNAs were upregulated and 12
ncRNAs were downregulated in hypoxic MDA-MB-231 cells
(Fig. 1A), whereas upregulation of 192 ncRNAs and downregula-
tion of 90 ncRNAs by hypoxia were found in SUM159 cells (FDR <
0.05; logCPM > 0; fold change > 2; Fig. 1B). The majority of
identified hits belonged to lncRNA because small ncRNAs could not
be picked up by our sequencing protocol. Of these, 43 lncRNAs
were upregulated in both cell lines but no overlapped lncRNAs
among downregulated ones were identified in these cell lines
(Fig. 1A–C; Supplementary Table S4). To validate these results,
we performed qRT-PCR assay in MDA-MB-231 and SUM159 cells
exposed to 20% or 1% O2 for 24 hours. A total of 26 lncRNAs were
confirmed to be induced by at least 2-fold in both cell lines under
hypoxia, whereas other 17 lncRNAs could not be validated in both

cell lines (Supplementary Table S4). On the basis of the abundance
of 26 validated lncRNAs in both TNBC cell lines, AC093818.1 was
ranked as the top one hit and selected for further studies (Supple-
mentary Table S5). AC093818.1 locates at the human chromosome
2 and five isoforms are predicted in human genome (GRCh37/
hg19; Fig. 1D). To determine which AC093818.1 isoform is nat-
urally expressed in TNBC cells, we performed 50- and 30-RACE
assays in MDA-MB-231 cells and detected a 1,539 bp-long
AC093818.1 transcript, whose sequence was 142 bp longer than
the predicted sequence of its isoform 2 in the GENCODE database
(ENST00000450443.1; Supplementary Fig. S1). The RACE assay
revealed that AC093818.1 isoform 2 was dominant in MDA-MB-
231 cells. It was located between PDK1 and ITGA6 genes and had a
partial overlap with these two genes (Fig. 1D). To study whether
AC093818.1 is differentially expressed in four subtypes of breast
cancer cells, we performed qRT-PCR assay in a panel of nine human
luminal, HER2þ, and TNBC cell lines exposed to 20% or 1% O2

for 24 hours. AC093818.1 was significantly upregulated by hypoxia
in all human breast cancer cell lines tested (Table 1). Interestingly,
the basal level of AC093818.1 was much higher in TNBC cell lines as
compared with luminal and HER2þ breast cancer cell lines
(Table 1). We further analyzed AC093818.1 levels in human ERþ,
HER2þ, and TNBC tumors and found increased expression of
AC093818.1 in TNBC as compared with other two types of breast
tumors (Fig. 1E), which is consistent with our findings in breast
cancer cell lines (Table 1). Given that AC093818.1 expression was
much lower (about 6 to 90-fold less) in luminal and HER2þ breast
cancer cells than TNBC cells even under hypoxia (Table 1), we
chose TNBC cells to characterize AC093818.1 functions. Together,
these results indicate that AC093818.1 is a naturally and abundantly
expressed lncRNA in TNBC cells and its expression is induced in
response to hypoxia. It is referred to thereafter as lncIHAT.

Figure 1.

Genome-wide identification of hypoxia-induced ncRNA transcriptome in TNBC cells. A and B, Waterfall plots of dysregulated ncRNAs by hypoxia in TNBC cells.
C,Heatmap of hypoxia-induced ncRNAs overlapped in two TNBC cell lines.D, Localization of lncIHAT in the human genome. Three long isoforms are shown. E, qRT-
PCR analysis of lncIHAT expression in different subtypes of human breast tumors (mean� SD, n¼ 1–3). The statistical analysis was not performed because of a small
number of breast tumor samples.
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LncIHAT is induced by hypoxia in a HIF1-dependent manner
To determine the role of HIF in hypoxia-induced lncIHAT

in breast cancer cells, we analyzed lncIHAT expression in parental,
HIF1a knockout (KO), HIF2a KO, and HIF1/2a double KO (DKO)
MDA-MB-231 cells exposed to 20% or 1% O2 for 24 hours. KO of
HIF1a and HIF2a proteins was confirmed in these cell lines by
immunoblot analysis (Fig. 2A). HIF1a KO or HIF1/2a DKO
completely abolished hypoxia-induced lncIHAT expression in

MDA-MB-231 cells (Fig. 2B). In contrast, HIF2a KO had no
effect on lncIHAT expression in hypoxic MDA-MB-231 cells
(Fig. 2B). Similar results were observed in SUM159 cells
(Fig. 2C and D). To determine whether lncIHAT is a direct HIF1
target gene, we next performed HIF1a chromatin immunoprecip-
itation sequencing (ChIP-seq, GSE108833) in hypoxic MDA-MB-
231 cells and found a robust HIF1a-binding peak annotated with
a putative hypoxia response element 50-ACGTG-30 at the promoter

Table 1. Expression of lncIHAT in different subtypes of breast cancer cell lines.

Subtype Cell line DCt20% O2 DCt1% O2

Hypoxia
induction
(2�D(DCt1% O2-DCt20% O2))

Basal level under
20% O2 relative to
ZR-75-1 cells
(2�D(DCt(cell line)-DCt(ZR-75-1)))

Luminal ZR-75-1 24.12 � 0.17 21.26 � 0.39 7.45 � 2.13b 1.00 � 0.12
T47D 21.09 � 0.54 17.55 � 0.30 11.77 � 2.33b 8.54 � 2.84
MCF-7 20.49 � 1.16 16.50 � 0.21 16.00 � 2.25c 14.80 � 8.58

HER2þ BT474 23.23 � 0.23 19.38 � 0.09 14.48 � 0.93d 1.87 � 0.31
HCC1954 20.12 � 0.45 18.04 � 0.14 4.23 � 0.41c 16.53 � 4.63

TNBC BT-20 17.64 � 0.70 13.88 � 0.66 14.57 � 7.19a 96.94 � 47.14
MDA-MB-231 17.59 � 0.39 15.33 � 0.27 4.86 � 0.96b 94.65 � 26.18
MDA-MB-468 17.23 � 0.38 14.55 � 0.26 6.49 � 1.10b 121.22 � 30.88
SUM159 15.56 � 0.21 14.57 � 0.11 2.00 � 0.15b 379.71 � 54.10

Note:Apanel of breast cancer cell lineswere exposed to 20%or 1%O2 for 24 hours. lncIHATwasquantifiedbyqRT-PCRandnormalized to an internal control 18S rRNA
(mean � SD, n ¼ 3).
aP < 0.05.
bP < 0.01.
cP < 0.001.
dP < 0.0001 versus 20% O2 by Student t test.

Figure 2.

LncIHAT is induced by HIF1 but
not HIF2 in breast cancer cells. A,
Immunoblot analysis of HIF1a, HIF2a,
and b-actin in parental and HIF KO
MDA-MB-231 (MDA231) cells exposed
to 20% or 1% O2 for 24 hours. Repre-
sentative blots from three indepen-
dent experiments are shown. B, qRT-
PCR analysis of lncIHAT expression in
parental andHIF KOMDA-MB-231 cells
exposed to 20% or 1% O2 for 24 hours
(mean � SD, n ¼ 3). ���� , P < 0.0001.
C, Immunoblot analysis of HIF1a,
HIF2a, and b-actin in parental and HIF
KO SUM159 cells exposed to 20% or 1%
O2 for 24 hours. Representative blots
from three independent experiments
are shown. D, qRT-PCR analysis of
lncIHAT expression in parental andHIF
KO SUM159 cells exposed to 20% or 1%
O2 for 24 hours (mean � SD, n ¼ 3).
���� , P < 0.0001. E, The genome
browser snapshot of HIF1a ChIP-seq
peak at the locus of lncIHAT.
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of lncIHAT (Fig. 2E). These results indicate that HIF1 directly
binds to the promoter of lncIHAT to induce its transcription in
breast cancer cells.

LncIHAT increases TNBC cell survival and growth in vitro
Next, we performed clonogenic assay to study whether lncIHAT

regulates TNBC cell survival and growth in vitro. To this end,
we generated two independent lncIHAT KD MDA-MB-231 cells
by lentiviral transduction of its shRNA. Either of the two lncIHAT
shRNAs reduced lncIHAT RNA levels by about 80% (Fig. 3A). SC
and lncIHAT KD (sh1) MDA-MB-231 cells were seeded onto a
6-well plate and exposed to 20% or 1% O2 for 14 days. As expected,
hypoxia significantly increased the number of SC cell colonies
(Fig. 3B and C). LncIHAT KD significantly inhibited colony

survival under both 20% and 1% O2 (Fig. 3B and C). Similar
results were observed in lncIHAT-sh3 MDA-MB-231 cells and
lncIHAT-sh1 SUM159 cells (Fig. 3D–H). These findings indicate
that lncIHAT is required for TNBC cell survival and growth in vitro.

LncIHAT promotes TNBC growth and metastasis to the lungs in
mice

To investigate the potential oncogenic role of lncIHAT in vivo, we
performed the orthotopic implantation of SC or lncIHAT KD (sh3)
MDA-MB-231 cells into the mammary fat pad of female SCID mice.
LncIHAT KD significantly suppressed MDA-MB-231 tumor growth
in mice (Fig. 4A–C). Robust lncIHAT KD was demonstrated in
primary tumors (Fig. 4D). H&E staining showed that lung metastasis
burden was significantly less in mice bearing lncIHAT KD (sh3)

Figure 3.

LncIHAT is required for survival and growth of TNBC cells in vitro.A,Analysis of lncIHATKDefficiency in two independentMDA-MB-231 (MDA231) KD cells exposed to
20% or 1% O2 for 24 hours (mean� SD, n¼ 3). ���� , P < 0.0001. B and C, Clonogenic assay in SC and lncIHAT KD (sh1) MDA-MB-231 cells exposed to 20% or 1% O2 for
14 days. Representative images from three independent experiments are shown in B. The colony numbers were quantified in C (mean � SD, n ¼ 3). ��� , P < 0.001;
���� , P < 0.0001. D and E, Clonogenic assay in SC and lncIHAT KD (sh3) MDA-MB-231 cells exposed to 20% or 1% O2 for 10 days. Representative images from three
independent experiments are shown inD. The colonynumberswerequantified inE (mean�SD,n¼ 3). ���� ,P<0.0001.F,Analysis of lncIHATKDefficiency in SUM159
KD (sh1) cells exposed to 20%or 1%O2 for 24 hours (mean� SD, n¼ 3). ��� ,P <0.0001.G andH,Clonogenic assay in SC and lncIHATKD (sh1) SUM159 cells exposed to
20% or 1% O2 for 14 days. Representative images from three independent experiments are shown inG. The colony numbers were quantified in H (mean� SD, n¼ 3).
�� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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tumors as compared with SC tumor-bearingmice (Fig. 4E), which was
further verified by qPCR analysis of the amount of human genomic
DNA in the mouse lungs (Fig. 4F). Similar results were observed in
SUM159 xenograft mouse model (Supplementary Fig. S2A–S2F).
These results indicate that lncIHAT promotes TNBC growth and
distant metastasis to the lungs in mice.

LncIHAT is required for PDK1 and ITGA6 expression in TNBC
cells in vitro and in vivo

To investigate the potential mechanism of lncIHAT’s oncogenic
function, we studied whether lncIHAT controls the expression of its
neighboring genes PDK1 and ITGA6 in TNBC cells, as both genes
are known to mediate breast tumor malignancy (26–29). LncIHAT
KD by sh1 or sh3 significantly decreased expression of ITGA6 and
PDK1 mRNAs in hypoxic MDA-MB-231 cells (Fig. 5A and B;
Supplementary Fig. S3A and S3B). Modest inhibition of ITGA6 and
PDK1 mRNAs were observed in lncIHAT KD MDA-MB-231 cells
under 20% O2 (Fig. 5A and B; Supplementary Fig. S3A and S3B).
Consistently, levels of ITGA6 and PDK1 proteins were also reduced
by either of the two lncIHAT shRNAs in MDA-MB-231 cells
(Fig. 5C). In contrast, the distal neighboring gene RAPGEF4 mRNA
expression was not affected by lncIHAT KD in MDA-MB-231 cells
(Supplementary Fig. S3C). Similar results were found in SUM159
cells (Fig. 5D–F; Supplementary Fig. S3D and S3E). These results
indicate that lncIHAT is required for expression of its proximal
neighboring genes ITGA6 and PDK1 in TNBC cells.

Next, we studied whether lncIHAT regulates PDK1 and ITGA6
expression in primary tumors. qRT-PCR assay demonstrated
that lncIHAT KD significantly decreased expression of ITGA6
and PDK1 mRNAs, but not RAPGEF4 mRNA, in both MDA-MB-
231 and SUM159 xenograft tumors (Fig. 5G–I and K–M). Con-
sistently, PDK1 and ITGA6 protein levels were also reduced in
lncIHAT KD tumors (Fig. 5J and N). These results indicate that
lncIHAT is necessary for expression of its proximal neighboring
genes PDK1 and ITGA6 but not the distal neighboring gene
RAPGEF4 in vivo.

To complement loss-of-function studies, we next performed gain-
of-function studies in MCF-7 cells overexpressing lncIHAT to study
whether lncIHAT is sufficient to induce PDK1 and ITGA6 expression.
MCF-7-EV and MCF-7-lncIHAT overexpression (OE) cells were
exposed to 20% or 1% O2 for 24 hours. qRT-PCR assay demonstrated
that lncIHAT OE had no effect on mRNA levels of PDK1 and ITGA6
in MCF-7 cells (Supplementary Fig. S4A–S4C). Likewise, PDK1 and
ITGA6 protein levels were not affected by lncIHATOE inMCF-7 cells
(Supplementary Fig. S4D). These results indicate that ectopic expres-
sion of lncIHAT fails to increase expression of PDK1 and ITGA6 in
luminal MCF-7 cells.

To further support that lncIHAT induces PDK1 expression in
TNBC cells under hypoxia, we studied whether hypoxia induction of
lncIHAT occurs earlier than that of PDK1. To this end,MDA-MB-231
cells were exposed to 20% or 1% O2 for 6, 12, and 24 hours. qRT-PCR
assays showed that mRNA expression of lncIHAT was significantly

Figure 4.

LncIHAT promotes TNBC growth and metastasis in mice. A–C, SC and lncIHAT KD (sh3) MDA-MB-231 (MDA231) cells were implanted into the mammary fat pad of
female SCIDmice. The tumor image is shown inA. The tumor growth curve is shown inB (mean�SD,n¼4). The tumorweight in shown inC (mean�SD, n¼4). �� ,P<
0.01; ���� , P < 0.0001. D,Analysis of lncIHAT KD in primary tumors (mean� SD, n¼ 4). �� , P < 0.01. E, Representative H&E of lung metastasis in mice bearing SC and
lncIHAT KD (sh3) MDA-MB-231 tumors. F, qPCR analysis of metastasis burden in the lungs frommice bearing SC and lncIHAT KD (sh3) MDA-MB-231 tumors (mean�
SD, n ¼ 4). �, P < 0.05.
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induced 12 hours after hypoxia and continued to be increased after
24-hour hypoxia in MDA-MB-231 cells (Supplementary Fig. S5A).
However, PDK1 mRNA was significantly induced until 24 hours
after hypoxia in MDA-MB-231 cells (Supplementary Fig. S5B).

ITGA6 was not regulated by hypoxia in MDA-MB-231 cells
(Supplementary Fig. S5C). These results indicate that lncIHAT
induction is an early event prior to PDK1 induction in TNBC cells
under hypoxia.

Figure 5.

LncIHAT is required for expression of PDK1 and ITGA6 in TNBC in vitro and in vivo. ITGA6 (A) and PDK1 (B) mRNA levels in parental, SC, and lncIHAT KD (sh3)
MDA-MB-231 cells exposed to 20% or 1% O2 for 24 hours (mean � SD, n ¼ 3). � , P < 0.05; �� , P < 0.01. C, ITGA6 and PDK1 protein levels in parental (P), SC, and
lncIHAT KD MDA-MB-231 cells exposed to 20% or 1% O2 for 24 hours. Representative blots from three independent experiments are shown. ITGA6 (D) and
PDK1 (E) mRNA levels in parental, SC, and lncIHAT KD (sh1) SUM159 cells exposed to 20% or 1% O2 for 24 hours (mean � SD, n ¼ 3). �� , P < 0.01; ��� , P < 0.001;
���� , P < 0.0001. F, ITGA6 and PDK1 protein levels in parental, SC, and lncIHAT KD (sh1) SUM159 cells exposed to 20% or 1% O2 for 24 hours. Representative
blots from three independent experiments are shown. mRNA levels of ITGA6 (G), PDK1 (H), and RAPGEF4 (I) in SC and lncIHAT KD (sh3) MDA-MB-231 tumors
(mean � SD, n ¼ 4). �� , P < 0.01. J, ITGA6 and PDK1 protein levels in SC and lncIHAT KD (sh3) MDA-MB-231 tumors. mRNA levels of ITGA6 (K), PDK1 (L),
and RAPGEF4 (M) in SC and lncIHAT KD (sh1) SUM159 tumors (mean � SD, n ¼ 5). �� , P < 0.01. N, ITGA6 and PDK1 protein levels in SC and lncIHAT KD (sh1)
SUM159 tumors.
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Figure 6.

PDK1 and ITGA6 mediate the effect of lncIHAT on TNBC cell growth in vitro. A, Immunoblot analysis of PDK1, ITGA6, HIF1a, HIF2a, and b-actin in parental, PDK1 KO,
ITGA6 KO, and PDK1/ITGA6 DKOMDA-MB-231 (MDA231) cells exposed to 20% or 1% O2 for 24 hours. B and C, Clonogenic assay in parental, PDK1 KO, ITGA6 KO, and
PDK1/ITGA6DKOMDA231 cells exposed to 20%or 1%O2 for 13 days. Representative images from three independent experiments are shown inB. The colony numbers
were quantified in C (mean� SD, n¼ 3). �� , P < 0.01; ���� , P < 0.0001.D, Immunoblot analysis of FLAG-PDK1, FLAG-ITGA6, PDK1, ITGA6, HIF1a, HIF2a, and b-actin in
shSCþEV, shIHATþEV, and shIHATþPDK1/ITGA6 MDA-MB-231 cells exposed to 20% or 1% O2 for 24 hours. E and F, Clonogenic assay in shSCþEV, shIHATþEV, and
shIHATþPDK1/ITGA6MDA-MB-231 cells exposed to 20%or 1%O2 for 13 days. Representative images from three independent experiments are shown in E. The colony
numbers were quantified in F (mean � SD, n ¼ 3). �� , P < 0.01; ���� , P < 0.0001.
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PDK1 and ITGA6 mediate the effect of lncIHAT on TNBC cell
growth in vitro

We next studied whether lncIHAT promotes TNBC growth
through inducing expression of PDK1 and ITGA6. To this end,
we generated PDK1 KO, ITGA6 KO, and PDK1/ITGA6 DKO
MDA-MB-231 cells by the CRISPR/Cas9 technique (Fig. 6A) and
examined whether KO of PDK1, ITGA6, or both phenocopies lncI-
HAT loss of function to inhibit TNBC cell growth in vitro. Clonogenic
assay showed that individual KO of PDK1 or ITGA6 significantly
reduced MDA-MB-231 cell growth under hypoxia, although ITGA6
KO but not PDK1 KO had the inhibitory effect on cell growth under
normoxia (Fig. 6B and C). Furthermore, PDK1/ITGA6 DKO signif-
icantly impairedMDA-MB-231 cell growth under both normoxia and
hypoxia (Fig. 6B and C). Similar results were observed in PDK1/
ITGA6 DKO SUM159 cells (Supplementary Fig. S6A–S6C). We next
reintroduced PDK1 and ITGA6 in lncIHAT KD3MDA-MB-231 cells
to generate the rescued cell line (Fig. 6D). As shown by clonogenic
assay, forced expression of PDK1 and ITGA6 restored growth of
lncIHAT KD MDA-MB-231 cells under hypoxia (Fig. 6E and F).
Together, these findings indicate that PDK1 and ITGA6 mediate the
effect of lncIHAT on TNBC cell growth under hypoxia in vitro.

Discussion
In this study, we systematically identified hypoxia-regulated ncRNA

transcriptomes in two human TNBC cell lines. The majority of
hypoxia-induced lncRNAs we identified here have not been reported
previously. Interestingly, only a fraction of lncRNAs is upregulated by
hypoxia in both TNBC cell lines, supporting the notion that lncRNA
expression is heterogenous and cell type specific. We for the first time
annotated the nucleotide sequence of lncIHAT in TNBC cells by 50-
and 30-RACE assays. Despite being universally expressed all subtypes
of breast cancer cells, lncIHAT is abundantly expressed in TNBC
in vitro and in vivo. The profound induction by hypoxia in ERþ and
HER2þ breast cancer cells is possibly due to its very low basal levels in
these cells. Given the extremely low levels of lncIHAT in luminal and
HER2þ breast cancer cells, whether or not lncIHAT regulates the
pathology in these cells remains to be investigated in the future.
AC093818.1 was also identified as a hypoxia-inducible lncRNA in
human umbilical vein endothelial cells, but its isoforms have not yet
been characterized in these cells (30).

Previous studies have shown that several lncRNAs including
RAB11B-AS1, NEAT1, andMALAT1 are induced by HIF2 in hypoxic
breast cancer cells (14, 15, 31). However, we showed here that HIF1
binds to the hypoxia response element at the promoter of lncIHAT to
activate its transcription in breast cancer cells under hypoxia. Future
studies are needed to dissect the role of HIF1 versus HIF2 in the global
ncRNA transcriptomes, whichmay help understanding howHIF1 and
HIF2 differentially regulate the pathologic processes in breast cancer.

LncRNA plays an important role in gene regulation (32). We
showed that lncIHAT is required for expression of its proximal
neighboring genes PDK1 and ITGA6 in breast cancer cells. A recent
study similarly showed that the isoform 5 of AC093818.1 controls
PDK1 expression in gastric cancer (33). In contrast to the proximal
genes, the distal neighboring gene RAPGEF4 is not controlled by
lncIHAT in TNBC cells, indicating the specificity of lncIHAT-
mediated gene regulation. Interestingly, ectopic expression of lncI-
HAT fails to induce PDK1 and ITGA6 expression in MCF-7 cells. cis-
acting lncRNAs regulate their nearby genes by recruiting the tran-
scriptional machinery or altering the chromatin state and their loss-of-

function role in gene regulation cannot be rescued by their ectopic
expression (34). Our gain-of-function and loss-of-function studies
indicate that lncIHAT must be localized at the specific genomic locus
for its gene regulation function and thus it is considered as a cis-acting
lncRNA. Of course, we cannot exclude a possibility that the distinct
properties of luminal MCF-7 cells from TNBC cells may cause the
inability of lncIHATOE to regulate PDK1and ITGA6 gene expression.

PDK1 is a well-known direct HIF1 target gene (35). HIF1a ChIP-
seq studies showed that there is only one hypoxia response element
at the PDK1 and lncIHAT loci, suggesting that lncIHAT and PDK1
are possibly coinduced by HIF1 and lncIHAT in turn is required for
HIF1-induced PDK1 expression in TNBC cells. Interestingly, lncI-
HAT induction is an early event prior to PDK1 induction in
hypoxic TNBC cells, further supporting a role of lncIHAT in PDK1
regulation. Collectively, these findings unravel that lncIHAT repre-
sents another layer of complex mechanism underlying hypoxia-
induced PDK1 expression.

Our present work identified an oncogenic role of lncIHAT in
TNBC via induction of PDK1 and ITGA6 expression. Loss of PDK1
and ITGA6 phenocopies lncIHAT loss of function in TNBC cells
in vitro. PDK1 is highly expressed in cancer cells and phosphor-
ylates pyruvate dehydrogenase to control glycolysis. It has been
documented that PDK1 promotes tumor progression and stem cell
reprogramming in many types of solid tumors, including breast
cancer (26, 27). ITGA6 is also shown to be associated with the
occurrence and development of breast tumors and participates in
tumor angiogenesis and metastasis (28, 29).

In conclusion, lncIHAT is abundantly expressed in TNBC cells and
induced byHIF1 in response to hypoxia. It increases PDK1 and ITGA6
expression in hypoxic TNBC cells and promotes TNBC progression.
These findings suggest that lncIHAT is a possible molecular thera-
peutic target for the treatment of TNBC.
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