Molecules and Cells

Long Noncoding RNA Expression Profiling Reveals
Upregulation of Uroplakin 1A and Uroplakin 1A
Antisense RNA 1 under Hypoxic Conditions in Lung

Cancer Cells

Yuree Byun'?, Young-Chul Choi'?, Yongsu Jeong', Jaeseung Yoon', and Kwanghee Baek'*

'Graduate School of Biotechnology, Kyung Hee University, Yongin 17104, Korea, “These authors contributed equally to this work.

*Correspondence: khbaek@khu.ac kr
https://doi.org/10.14348/molcells.2020.0126
www.molcells.org

Hypoxia plays important roles in cancer progression by
inducing angiogenesis, metastasis, and drug resistance.
However, the effects of hypoxia on long noncoding RNA
(IncRNA) expression have not been clarified. Herein, we
evaluated alterations in IncRNA expression in lung cancer cells
under hypoxic conditions using IncRNA microarray analyses.
Among 40,173 IncRNAs, 211 and 113 IncRNAs were up- and
downregulated, respectively, in both A549 and NCI-H460
cells. Uroplakin 1A (UPK1A) and UPK1A-antisense RNA 1
(AS1), which showed the highest upregulation under hypoxic
conditions, were selected to investigate the effects of UPK1A-
AS1 on the expression of UPK1A and the mechanisms of
hypoxia-inducible expression. Following transfection of
cells with small interfering RNA (siRNA) targeting hypoxia-
inducible factor 1o (HIF-10), the hypoxia-induced expression
of UPK1A and UPK1A-AS1 was significantly reduced,
indicating that HIF-1a played important roles in the hypoxia-
induced expression of these targets. After transfection of
cells with UPK1A siRNA, UPK1A and UPK1A-AS1 levels were
reduced. Moreover, transfection of cells with UPK1A-AS1
siRNA downregulated both UPK1A-AS1 and UPK1A. RNase
protection assays demonstrated that UPK1A and UPK1A-AS1
formed a duplex; thus, transfection with UPK1A-AS1 siRNA
decreased the RNA stability of UPK1A. Overall, these results
indicated that UPK1A and UPK1A-AS1 expression increased

under hypoxic conditions in a HIF-1¢-dependent manner and
that formation of a UPK1A/UPK1A-AS1 duplex affected RNA
stability, enabling each molecule to regulate the expression
of the other,
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INTRODUCTION

Hypoxia-inducible factor 1o, (HIF-1a) is a key transcription
factor that regulates the transcription of target genes under
hypoxic conditions, thereby inducing hypoxic responses (Ke
and Costa, 2006). Under normoxic conditions, HIF-1¢ pro-
tein is rapidly degraded by the ubiquitin-proteasome system
(Maxwell et al., 1999). When oxygen levels are low, HIF-1q. is
stabilized and binds to the hypoxia response element (HRE)
within the promoter to induce the transcription of down-
stream target genes (Jiang et al., 1996). Because HIF-1qa is a
key regulator of hypoxia-induced cellular processes, HIF-1q. is
a promising therapeutic target in the treatment of cancer (Hu
etal, 2013; Semenza, 2003; Yu et al., 2017).

Long noncoding RNAs (IncRNAs) are endogenous,
non-protein-coding RNAs greater than 200 nucleotides in
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length (Mercer et al., 2009). LncRNAs play roles in various
biological processes (Autuoro et al., 2014; Kanduri, 2016;
Penny et al., 1996; Pollex and Heard, 2012) and have been
implicated in pathological processes, such as carcinogenesis
(Faghihi et al., 2008; Scheuermann and Boyer, 2013; Schmitt
and Chang, 2016; Schonrock et al., 2012). In cancer, dysreg-
ulation of IncRNAs affects the expression of oncogenes and
tumor suppressors via epigenetic silencing, transcriptional
regulation, and post-transcriptional processing (Tang et al.,
2017). In tumor hypoxia, the expression of many genes and
microRNAs is altered to adapt to the low oxygen environment
via hypoxia-specific cellular processes (Elvidge et al., 2006;
Hong et al., 2004; Kulshreshtha et al., 2007). However, the
identities, biological functions, and mechanisms of action of
IncRNAs with altered expression under hypoxic conditions
have not been thoroughly studied.

Genome-wide expression profiling approaches such as
microarray analysis and RNA sequencing (RNA-seq), have
been used to identify differentially expressed IncRNAs un-
der hypoxic conditions (Fiedler et al., 2015; Lin et al., 2015;
Mimura et al., 2017; Voellenkle et al., 2016; Zhu et al.,
2017). Recently, IncRNA microarray analysis of oral squamous
cell carcinoma (Zhu et al., 2017) showed that hyaluronan
synthase 2 antisense 1 (HAS2-AST1) contains an HRE within
its promoter and is upregulated under hypoxic conditions
in a HIF-1a-dependent manner. Under hypoxic conditions,
HAS2-AS1 plays roles in the upregulation of HAS2, its sense
counterpart, and induction of invasion in oral squamous cell
carcinoma. In another study in human kidney-2 cells and
renal proximal tubular cells (Mimura et al., 2017), RNA-seq
revealed that aspartyl-tRNA synthetase anti-sense 1 was up-
regulated under hypoxic conditions in a HIF-1a-dependent
manner. In addition, recent studies have investigated hypox-
ia-regulated IncRNAs in endothelial cells at the genome-wide
scale (Fiedler et al., 2015; Voellenkle et al., 2016). Notably,
many hypoxia-regulated IncRNAs are upregulated under hy-
poxic conditions by HIF-1¢, and have roles in hypoxia-induced
cellular processes, including angiogenesis and metastasis
(Chang et al., 2016; Gomez-Maldonado et al., 2015; Shih
and Kung, 2017; Tee et al., 2016, Wang et al., 2014).

Uroplakins (UPKs) are urothelial-specific transmembrane
proteins that form plaques on the asymmetric unit mem-
brane in the umbrella cells of the urothelium (Wu et al.,
2009). The plagues consist of four distinct UPKs, i.e., UP-
K1A, UPK1B, UPKII, and UPKIIl, which are highly expressed
in the urothelium. These proteins regulate the membrane
permeability of umbrella cells and strengthen the urothelium
through interaction between the asymmetric unit membrane
and cytoskeleton structure (Hall et al., 2005). Because of
their specific expression in the urothelium, UPKs have not
been studied in other cell types. However, UPKTA has been
shown to be downregulated in several types of tumor tissues
compared with their adjacent normal tissues (He et al., 2014,
Kong et al., 2010; Zheng et al., 2014). In esophageal squa-
mous cell carcinoma (ESCC) cells, overexpression of UPKTA
inhibits cell proliferation and tumor formation in nude mice,
suggesting that UPKTA is a tumor-suppressor gene (Kong
et al., 2010). In contrast, transfection of T24 human blad-
der carcinoma cells with an antisense nucleotide of UPKTA
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inhibits cell proliferation and enhances apoptosis (Zhu et al.,
2015). It appears that the low expression of UPK1A in various
cell types has led to conflicting results.

In this study, we evaluated the roles of IncRNAs during
hypoxia in lung carcinoma cells using an INcRNA microarray
assay. Our results provided important insights into the altered
expression of INcRNAs in lung cancer cells at a genome-wide
scale and the mechanisms underlying hypoxia-induced ex-
pression of UPK1A and UPK1A-AST.

MATERIALS AND METHODS

RNA oligonucleotides

Small interfering RNA (siRNA) against UPK1A antisense RNA
1 (UPK1A-AST) was obtained from Dharmacon (USA) (Lin-
code Smartpool siRNA). SiRNAs targeting HIF-Ta, UPKTA,
and a negative control (NC) were purchased from Shanghai
GenePharma Company (China). Antisense LNA GapmeRs
targeting UPK1A-AST and a NC (NC-A) were obtained from
Exigon (Denmark). The 19-mer siRNA target sequences are
shown in Supplementary Table S1.

Cell lines and transfection

A549 (human epithelial, lung carcinoma-derived; KCLB
10185), NCI-H460 (human epithelial, lung carcinoma-de-
rived; KCLB 30177), and T24 (human epithelial, bladder
carcinoma; KCLB 30004) cell lines were obtained from the
Korean Cell Line Bank (Korea). Cells were cultured in Roswell
Park Memorial Institute 1640 medium supplemented with
10% fetal bovine serum in a humidified atmosphere of 5%
CO, at 37°C. To mimic hypoxia, HIF-1¢, protein was induced
by treatment with 200 uM cobalt chloride (CoCl,) for 24 h
at 21% oxygen. Cell culture under hypoxic conditions was
achieved by incubation in a hypoxia chamber (MIC-101;
Billups-Rothenberg, USA) containing 1% O,, 5% CO,, and
94% N, at 37°C. For transfection, Lipofectamine 2000 and
RNAIMAX (Invitrogen, USA) were used following the manu-
facturer's protocol, as previously described (Kim et al., 2008).

Western blot analysis

Total protein was isolated using Pro-Prep protein extraction
reagent (iNtRON Biotechnology, Korea). Western blotting
was performed using standard procedures. Briefly, total
proteins (25 ug) were separated on 4% to 12% precast
protein gels (Koma Biotech, Korea) and then transferred to
nitrocellulose membranes. Membranes were briefly washed
with Tris-buffered saline containing 0.05% Tween 20 (TTBS),
blocked for 1 h in TTBS containing 5% nonfat dry milk, and
incubated with antibodies overnight at 4°C. Primary antibod-
ies specific for HIF-1a (cat. No. 610958) and p-actin (C-4)
were purchased from BD Biosciences (USA) and Santa Cruz
Biotechnology (USA), respectively. Blots were then washed,
incubated with secondary antibodies, and visualized using
the Enhanced Chemiluminescence Plus western blotting re-
agent (Amersham Biosciences, USA).

LncRNA microarray experiments
Total RNA was isolated from A549 and NCI-H460 cells cul-
tured under normoxic or hypoxic conditions using an RNeasy



Mini kit (Qiagen, Germany). Each group consisted of three
replicates. Microarray experiments were performed using
Arraystar Human LncRNA Microarray v4.0, which contained
40,173 IncRNA and 20,730 mRNA probes (Arraystar, USA).
Sample labeling and array hybridization were performed
according to the Agilent One-Color Microarray-Based Gene
Expression Analysis protocol (Agilent Technologies, USA),
with minor modifications. Briefly, mRNA was purified from
total RNA after removal of rRNA (MRNA-ONLY Eukaryotic
mRNA lIsolation Kit; Epicentre, USA). Next, each sample was
amplified and transcribed into fluorescent cRNA along the
entire length of the transcripts without 3" bias utilizing a
random priming method (Arraystar Flash RNA Labeling Kit;
Arraystar). The labeled cRNAs were purified using an RNeasy
Mini Kit (Qiagen). One microgram of each labeled cRNA was
fragmented by adding 5 ul of 10x Blocking Agent and 1 pl of
25x Fragmentation Buffer. The mixture was then heated at
60°C for 30 min, and 25 ul of 2x GE Hybridization buffer was
added to dilute the labeled cRNA. Next, 50 pl hybridization
solution was dispensed into the gasket slide and assembled
to produce the IncRNA expression microarray slide. The slides
were incubated for 17 h at 65°C in an Agilent Hybridiza-
tion Oven. The hybridized arrays were washed, fixed, and
scanned using an Agilent DNA Microarray Scanner (part No.
G2505C).

Data analysis

For data analysis, Agilent Feature Extraction software (ver.
11.0.1.1) was used to analyze the acquired array images.
Quantile normalization and subsequent data processing were
performed using GeneSpring GX v12.1 software (Agilent
Technologies). Differentially expressed IncRNAs and mRNAs
with a fold-change of at least 1.5 and statistical significance
were identified through Volcano Plot filtering between the
two groups. Hierarchical clustering was performed using R
software. Gene ontology (GO) analysis was performed using
the topGO package in the R environment for statistical com-
puting and graphics, and pathway analysis was performed
using Fisher's exact test. The microarray data is available in
the Gene Expression Omnibus (GEO)/NCBI repository (acces-
sion No. GSE151120).

Quantitative real-time reverse transcription polymerase
chain reaction (qRT-PCR) analysis

Total RNA was isolated using an RNeasy Mini kit (Qiagen).
Total RNA from human bladder tissues was obtained from
BioChain (USA). For cDNA synthesis, 1 ug total RNA was
reverse transcribed using an iScript cDNA synthesis Kit (Bio-
Rad, USA). To determine relative mRNA levels, gRT-PCR was
performed in triplicate in 384-well plates on an ABI Prism
7900 Sequence Detection System (Applied Biosystems, USA)
using 2x SYBR Green PCR Master Mix (Applied Biosystems).
The thermal cycling conditions consisted of an initial 95°C for
10 min, followed by 40 cycles of 95°C for 30 s, 60°C for 30 s,
and 72°C for 30 s. The expression of each cDNA was normal-
ized to that of p-actin, and the comparative Ct method was
used to obtain relative expression levels. The primers used for
gRT-PCR are shown in Supplementary Table S2.
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Nuclear and cytoplasmic RNA fractionation

Nuclear and cytoplasmic RNA fractions were isolated using a
Cytoplasmic & Nuclear RNA purification kit (Norgen Biotek,
Canada) according to the manufacturer’s instructions. Af-
ter incubating NCI-H460 cells at 37°C for 24 h in a hypoxia
chamber (MIC-101) under conditions of 1% O,, 5% CO,,
and 94% N,, 2 x 10° cells were harvested. The process was
carried out according to the manufacturer's protocol, and ly-
sis buffer J was diluted to 15% before use. The nuclear RNA
and cytoplasmic RNA concentrations were measured using a
NanoDrop ND-1000, after which, qRT-PCR was performed.
The primer sequences used in gRT-PCR are as shown in Sup-
plementary Table S2.

Ribonuclease protection assay

NCI-H460 cells were harvested after incubating in a hypoxia
chamber at 37°C for 24 h. Subsequent to RNA extraction us-
ing an RNeasy Mini kit (Qiagen), 90 ul RNA was incubated at
37°Cfor 1 h. After adding 10 pl of 10x RPA buffer (100 mM
Tris-HCI, 3 M NaCl, and 50 mM ethylenediaminetetraacetic
acid), the mixture was divided into two tubes (50 ul each). In
one tube, 1 pl RNase A + T1 (Thermo Fisher Scientific, USA)
was added, and both tubes were incubated at 37°C for 30
min. Following treatment with 200 pg/ml proteinase K (Bi-
osesang, Korea), the tubes were incubated at 50°C for 1 h.
RNA was isolated using an RNeasy Mini kit (Qiagen), and the
concentration was measured. Subsequently, cDNA was syn-
thesized by adding UPK-ss-primer and UPK-ds-primer using
an iScript Select cDNA Synthesis Kit (Bio-Rad). After using
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) to
perform gRT-PCR on 1.5 ul cDNA, the product was identified
by agarose gel electrophoresis. The thermal cycling condi-
tions were as follows: 95°C for 10 min; and 40 cycles of 95°C
for 30 s, 60°C for 30 s, and 72°C for 30 s. The primers used
were as follows: UPK1A forward/UPK1A reverse and UPK-ds
forward/UPK-ds reverse.

RNA stability

After incubating NCI-H460 cells for 24 h under hypoxic con-
ditions, the cells were treated with 4 pg/ml actinomycin D
(Thermo Fisher Scientific) and transfected with 20 nM NC,
UPK1A siRNA-916, and UPK1A-AST siRNA (Dharmacon).
After incubation for 12 h and 24 h under hypoxic conditions,
the cells were harvested, and RNA was isolated. During
synthesis of cDNA from 1 pg RNA using an iScript cDNA
Synthesis Kit (Bio-Rad), 2 ul TATAA Universal RNA Spike |
(TATAA Biocenter, Sweden) was added. After cDNA synthe-
sis, SsoAdvanced Universal SYBR Green Supermix (Bio-Rad)
was used to perform gRT-PCR with 1.5 ul cDNA. The thermal
cycling conditions were as follows: 95°C for 10 min; and 40
cycles of 95°C for 30 s, 60°C for 30's, and 72°C for 30 s. The
primers used in this assay were as follows: UPK1A forward/
UPK1A reverse, UPK1A-AS1 forward/UPK1A-AS1 reverse,
and Spike | assay primer forward/reverse. TATAA Universal
RNA Spike | serves as a normalization control. For transfec-
tion with plasmids, NCI-H460 cells were transfected with
pcDNA3.1, pcDNA3.1-UPK1A-AS1-Wild, and pcDNA-UP-
K1A-AS1-Mutant at a concentration of 70 ng/well on 6-well
plate using TransIT-X2 transfection reagent (Mirus Bio, USA).
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Fig. 1. Microarray analysis identified mRNAs and IncRNAs with altered expression under hypoxic conditions. (A) Venn diagram of up-
and downregulated mRNAs under hypoxic conditions compared with that under normoxic conditions in A549 and NCI-H460 cells. Cells
were incubated under hypoxic conditions for 24 h, and total RNA was subjected to microarray analysis. (B) Pathway analysis based on
the KEGG database for upregulated mRNAs under hypoxic conditions in A549 and NCI-H460 cells. The top 10 pathways with significant
enrichment of differentially expressed mRNAs are shown. The P value denotes the significance of the pathway (cutoff: P < 0.05). (C)
Venn diagram of up- and downregulated IncRNAs under hypoxic conditions compared with that under normoxic conditions in A549
and NCI-H460 cells. (D) LncRNA subgroup analysis based on the relationship between IncRNAs and their associated protein-coding
genes. LncRNAs upregulated under hypoxic conditions in both A549 and NCI-H460 cells were classified. (E) Chromosomal distribution of
IncRNAs with hypoxia-induced upregulation in both A549 and NCI-H460 cells.
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After 6 h, transfected cells were incubated under hypoxia.
The following day, cells were treated with 4 pg/ml actinomy-
cin D. After 0 h and 24 h, RNA was isolated and subjected to
gRT-PCR as described above. For construction of plasmids,
full-length and deleted UPK1A-AS1 transcripts were cloned
into pcDNA3.1 to yield plasmids pcDNA3.1-UPK1A-AS1-Wild
and pcDNA-UPK1A-AS1-Mutant, respectively (GenScript,
USA). In the pcDNA-UPK1A-AS1-Mutant, 6-300 nt from the
5’ end containing overlapping region between UPK1A and
UPK1A-AS1 was deleted from the UPK1A-AST transcript.

DNA methylation analysis

Genomic DNAs were isolated from A549, NCI-H460, and T24
cells using a Wizard Genomic DNA puirification kit (Promega,
USA). Genomic DNAs from human lung, liver, and bladder
tissues were obtained from BioChain. Genomic DNA was
treated with bisulfite using an EZ DNA Methylation-Gold kit
(Zymo Research, USA). Bisulfite-modified genomic DNA was
then amplified by PCR using EpiMark Hot Start Tag DNA Poly-
merase (New England BioLabs, USA). PCR was performed in a
25 ul reaction volume at 95°C for 60 s, followed by 40 cycles
of 95°C for 25 s, 55°C for 45 s, and 68°C for 45 s. The primer
sequences were as follows: UPK-296, 5" -GGTTTTGGGTTAT-
TATTTTTGTATG-3"; UPK-479, 5" -CTTAACTTATAAATTTAC-
CCATCTAC-3" (bisulfite sequencing for a 184-bp fragment
within a CpG island located approximately 1100 bp upstream
of exon 1); UPK-40, 5 -GGGTGTTTTTTTGTGTAAAATGTTT-3';
UPK-287, 5’-ATATTACCCACAACTAACAAACCCA-3" (bisulfite
sequencing for a 248-bp fragment containing an ATG initia-
tion codon within exon 2); UPKAS-202, 5'-TATTTTTTTAGT-
GATGTTTTTTTGA-3"; UPKAS-402, 5'-CCTCCCATACAAAT-
CAAACC-3’ (bisulfite sequencing for a 201-bp fragment
containing exon 1 of UPK1A-AS1). After purification using a
DNA Clean and Concentrator kit (Zymo Research, USA), PCR
products were cloned into the pGEM-T easy vector (Prome-
ga), and 10 to 20 independent clones were sequenced for
each sample.

Statistical analysis

Data are shown as mean * SD. Differences between groups
were analyzed by two-tailed Student’s t-tests using Microsoft
Excel software (Microsoft, USA). Results with P values of less
than 0.05 were considered statistically significant.

RESULTS

Identification of hypoxia-induced IncRNAs by microarray

To identify INcRNAs whose expression was altered under hy-
poxic conditions, we performed microarray experiments using
total RNA isolated from A549 and NCI-H460 lung carcinoma
cells. The human microarray slides used in the experiment
contained 40,173 IncRNA and 20,730 mRNA probes. Among
40,173 IncRNAs, 7,506 IncRNAs were labeled as “Gold Stan-
dard LncRNASs”; these IncRNAs are well annotated, have been
functionally studied, and have been experimentally identified
as full-length IncRNAs. The cells were cultured under hypoxic
or normoxic conditions, and total RNA was subjected to mi-
croarray analysis. Figs. 1A and 1C show mRNAs and IncRNAs
that were up- or downregulated by greater than 1.5-fold un-
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der hypoxic conditions compared with those under normoxic
conditions in A549 and NCI-H460 cells. For mRNAs, 892 and
1,185 mRNAs were upregulated in A549 and NCI-H460 cells,
respectively. As expected, the gene showing the greatest
upregulation in both A549 and NCI-H460 cells was CA9, a
known marker of hypoxia. Pathway analysis using the Kyo-
to Encyclopedia of Genes and Genomes (KEGG) database
showed that genes upregulated in hypoxia were involved in
the HIF-1 signaling pathway, glycolytic pathway, and pentose
phosphate pathway (Fig. 1B); these genes were also known
downstream target genes of HIF-1q, including SLC2AT,
PGK1, ALDOA, and GAPDH. For IncRNAs, 211 and 113 In-
cRNAs were up- and downregulated, respectively, in both
A549 and NCI-H460 cells. Among the 211 upregulated In-
cRNAs, more than half were classified as intergenic IncRNAs,
followed by intronic and natural antisense IncRNAs (Fig. 1D).
The upregulated IncRNAs were located on all chromosomes,
with more IncRNAs being located on chromosomes 1, 2, and
3 (Fig. 1E). The top 20 IncRNAs upregulated under hypoxic
conditions in both A549 and NCI-H460 cells are shown in Ta-
ble 1.

Real-time PCR validation of mRNAs and associated anti-
sense IncCRNAs

Antisense IncRNAs are a subgroup of IncRNAs that are tran-
scribed in the opposite direction of an associated protein-cod-
ing gene. Increasing evidence indicates that antisense In-
cRNAs regulate the expression of nearby sense coding genes
in cis, often via epigenetic modulation (Su et al., 2017, Yap
etal, 2010; Yu et al., 2008). Therefore, we next focused on
antisense INcRNAs and their nearby coding genes. Microarray
data analysis yielded a table of differentially expressed anti-
sense INncRNAs and their associated coding gene pairs under
hypoxic conditions. Among them, we selected the following
five pairs based on their functions and fold changes in gene
expression under hypoxic conditions compared with those
under normoxic conditions: homeobox A13 (HOXA13) and
HOXA distal transcript antisense RNA (HOTTIP: Gold standard
INcRNA; an oncogenic IncRNA regulating HOXA genes; both
HOTTIP and HOXA13 are upregulated in hypoxia and HOTTIP
might promote glycolysis under hypoxia), platelet derived
growth factor subunit A (PDGFA) and heart tissue-associated
transcript 92 (HRAT92: Gold standard IncRNA; not yet char-
acterized), pyruvate dehydrogenase kinase 1 (PDK1: hypox-
ia-inducible metabolic switch; suppresses the glucose metab-
olism through the tricarboxylic acid cycle (TCA) by inactivating
the TCA enzyme, pyruvate dehydrogenase) and AC093818.1,
solute carrier family 2 member 1 (SLC2A1: HIF-1a-regulated
glucose transporter GLUT1; switch from oxygen mitochon-
drial process to glycolysis by upregulating glycolytic enzymes
including GLUT1—the Warburg effect), SLC2A1 antisense
RNA 1 (SLC2A1-AST), and UPK1A and UPK1A-AS1 (highly
upregulated genes under hypoxia; their role has not yet been
well characterized in cells other than bladder cells). Metasta-
sis-associated lung adenocarcinoma transcript 1 (MALATT),
which is upregulated in hypoxia (Lelli et al., 2015), was in-
cluded as a positive control. As shown in Fig. 2A, PDKT and
AC093818.1, SLC2A1 and SLC2A1-AS1, and UPK1A and UP-
K1A-AS1 pairs were substantially upregulated under hypoxic
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conditions, whereas HOXA 13, HOTTIP, PDGFA, and MALAT1
were not appreciably upregulated under hypoxic conditions
in A549 cells. In NCI-H460 cells, all examined pairs, including
MALAT1, were substantially upregulated under hypoxic con-
ditions (Fig. 2B). Notably, UPK1A and UPK1A-AS1 were the
most upregulated genes under hypoxic conditions in both
A549 and NCI-H460 cells. Consistent with qRT-PCR results,
microarray data revealed that UPKTA and UPK1A-AS1T genes
were highly upregulated under hypoxic conditions in both
A549 and NCI-H460 cells. Therefore, we selected the UPKTA
and UPK1A-AS1 pair for further analyses.

HIF-10-dependent upregulation of UPKTA and UP-
K1A-AS1 under hypoxic conditions

In addition to A549 and NCI-H460 cells, we examined the ex-
pression of UPK1A and UPK1A-AS1 under hypoxic conditions
in T24 bladder carcinoma cells, using human bladder tissues
as a positive control. As shown in Fig. 2C, both UPK1A and
UPK1A-AS1 were upregulated under hypoxic conditions in all
three cell lines; upregulation was greatest in NCI-H460 cells,
followed by A549 cells and then T24 cells. Although UPK1A
was expressed at a very high level in bladder tissue, the ex-
pression level of UPKTA-AST in bladder tissue was very low,
suggesting that UPKTA-AST may have no substantial role in
the expression of UPK1A in the bladder.

To examine whether HIF-1¢ was involved in hypoxia-in-
duced expression of UPK1A and UPK1A-AS1, A549 and
NCI-H460 cells were treated with the hypoxia mimetic CoCl,,
which stabilizes and upregulates HIF-1q, for 24 h. As shown
in Fig. 3A, both UPK1A and UPK1A-AS1 were upregulated
after cells were treated with CoCl,. To further demonstrate
HIF-1a-mediated upregulation of UPK1TA and UPK1A-AS1
under hypoxic conditions, cells were transfected with siRNA
targeting HIF-1¢ (SiRNA-2210), and RNA levels were mea-
sured by gRT-PCR. As shown in Fig. 3B, hypoxia-induced up-
regulation of UPKTA and UPK1A-AST was greatly decreased
following treatment with siRNA-2210, indicating a key role
for HIF-1¢ in upregulation of UPK1A and UPK1A-AST under
hypoxic conditions. The efficient knockdown of HIF-1¢ by
SiRNA-2210 under hypoxic conditions, as determined by
western blot analysis, is shown in Fig. 3C.

Knockdown of UPK1A or UPK1A-AS1 downregulated
both UPK1A and UPK1A-AS1

To investigate the interactions among UPK1A and UP-
K1A-AS1 expression, NCI-H460 cells were transfected with
SiRNA targeting UPK1A or UPK1A-AS1. Notably, knockdown
of UPK1A-AS1 under hypoxic conditions resulted in down-
regulation of both UPK1A-AS1 and UPK1A (Fig. 3D). More-
over, knockdown of UPKTA resulted in downregulation of
both UPK1A and UPK1A-AST (Fig. 3E). Thus, the expression
levels of UPKTA and UPK1A-AS1 were mutually regulated
under hypoxic conditions. One possible explanation for this
mutual dependence of UPKTA and UPKTA-AST expression
is that UPKTA and UPK1A-AST may form a duplex, resulting
in increased stability of UPK1A and UPK1A-AS1. Indeed, we
found that both UPK1A and UPK1A-AS1 were present in the
cytoplasm under hypoxic conditions (Fig. 3F), and we identi-
fied a sequence of approximately 260 bp that was comple-
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mentary between UPK1A and UPK1A-AS1, supporting the
possibility of duplex formation (Fig. 4A).

RNase protection assays revealed duplex formation be-
tween UPK1A and UPK1A-AS1

Next, to investigate the potential of duplex formation be-
tween UPK1A and UPK1A-AS1, we performed RNase protec-
tion assays using total RNA isolated from NCI-H460 cells in-
cubated under hypoxic conditions. As shown in Fig. 4B, after
digestion with RNase, no PCR product was generated for the
nonoverlapping parts, whereas a PCR product was generated
for the overlapping parts. These results indicated that UPK1A
and UPK1A-AS1 formed duplexes in a complementary man-
ner.

siRNA against UPK1A-AS1 negatively affected the RNA
stability of UPK1A

To investigate whether UPK1A-AS1 affected the stability of
UPK1A mRNA, the RNA remaining at 12 h and 24 h after
treatment with actinomycin D was quantified by gRT-PCR.
As shown in Fig. 4C, there was a greater decrease in the
amount UPKTA mRNA after treatment with siRNA against
UPK1A-AS1, as compared with that after treatment with NC.
Thus, we expected that UPKTA-AST affected the stability of
UPK1A mRNA, which could be attributed to duplex forma-
tion between UPK1A and UPK1A-AS1, thereby contributing
to increased stability. To examine whether the overlapping
region of UPK1A-AST is important in modulating the stability
of UPK1A, we constructed two plasmids, pcDNA3.1-UPK1A-
AS1-Wild and pcDNA-UPK1A-AS1-Mutant which express a
full-length UPK1A-AST transcript and a shorter UPK1A-AST
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transcript, respectively, in which the overlapping region was
deleted. The plasmids were transfected into NCI-H460 cells
together with pcDNA3.1 plasmid as a control. Transfected
cells were treated with actinomycin D for 24 h. As shown in
Fig. 4D, transfection of pcDNA3.1-UPK1A-AS1-Wild result-
ed in an increase in the UPKTA mRNA level compared with
the control vector pcDNA3.1. However, UPKTA mRNA level
was not increased when transfected with the pcDNA-UP-
K1A-AS1-Mutant plasmid. Thus, the results indicated that
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the overlapping region of UPK1A-AST is important for the
stability of the UPKTA mRNA.

Methylation of UPK1A and UPK1A-AS1

Because antisense IncRNAs often play important roles in the
expression of their sense counterparts via epigenetic reg-
ulation, we examined the methylation statuses of UPKTA
and UPK1A-AST in several cell lines and human tissues. As
shown in Fig. 5, a CpG island located upstream of exon 1 in



UPK1A was heavily methylated in A549, NCI-H460, and T24
cells and in lung and liver tissues. In a region containing the
ATG initiation codon of UPK1A, a high degree of methyla-
tion was also observed in all examined cell lines and tissues,
although slightly lower levels of methylation were detected
in the three cell lines. In contrast, a region comprising exon 1
of UPK1A-AST was not methylated in all cell lines and tissues
examined. These results suggested that heavy methylation of
UPK1A in several cell lines and tissues could create a closed
chromatin structure in the UPK1A promoter region, which
could be unfavorable for expression. In contrast, the lack of
UPK1A-AST methylation could create a chromatin structure
that was favorable for expression. Notably, methylation of
the UPK1A promoter region was found in the bladder, where
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UPK1A was expressed (data not shown). UPKTA was ex-
pressed only in umbrella cells in the upper-most layer of the
epithelium and not in most bladder cells in the lower layers;
thus, the proportion of umbrella cells was relatively low in
bladder samples, resulting in overall high levels of methyla-
tion.

DISCUSSION

The expression of UPK1A is highly specific to urothelial cells,
although low expression levels have been observed in several
other tissues, including the cervix and esophagus (Hall et
al., 2005; Genotype-Tissue Expression Portal [https://www.
gtexportal.org]). Moreover, the expression of UPKTA-AST is

B

Non-OL OL

1 1 1 1

- + - +

100 A s
% 80 1
<60 -
(n'd
2 40
© cmntpme cDNA3. 1
& 20 A e | JPK-AS Wild
UPK-AS Mutant
0 T .
0 24

Hours after actinomycin D

Fig. 4. UPK1A formed a duplex with UPK1A-AS1. (A) Schematic diagram of UPK1A and UPK1A-AS1 genes. The number above the
black box represents the exon number. (B) Duplex formation between UPKTA and UPK1A-AST. NCI-H460 cells were cultured under
hypoxic conditions for 24 h. Total RNA was isolated and treated (+) or not (-) with RNase. Nonoverlapping (Non-OL) and overlapping (OL)
sequences were analyzed by gqRT-PCR. (C) NCI-H460 cells were treated with actinomycin D (4 pg/ml) and transfected with 20 nM NC,
UPK1A siRNA-916, or UPK1A-AST siRNA. After cultivation under hypoxic conditions for 12 or 24 h, total RNA was isolated and subjected
to gqRT-PCR. (D) NCI-H460 cells were transfected with pcDNA3.1, pcDNA3.1-UPK1A-AS1-Wild, and pcDNA-UPK1A-AS1-Mutant
plasmids. At 0 h and 24 h after treatment of actinomycin D, RNA was isolated and subjected to qRT-PCR. Relative levels of UPK1A mRNA

are shown.
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low in bladder tissues and most other tissues, suggesting that RNA interference (RNAI) experiments. Several studies have

UPK1A-AS1 may not play important roles in the expression of shown that INcRNA expression levels are upregulated under

UPK1A under normoxic conditions. However, under hypoxic hypoxic conditions in a HIF-1a-dependent manner (Lauer et

conditions, both UPK1A-AST and UPK1A showed increased al., 2020; Liet al., 2018; Xue et al., 2014; Zhou et al., 2015).

expression in a HIF-1a-dependent manner, as revealed by In such cases, HIF-1a increases expression under hypoxia by
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Fig. 5. Methylation analysis of UPK1A and UPK1A-AS1. Sodium bisulfite-modified genomic DNA was amplified by PCR. The resulting
fragments were cloned, and 10 to 20 independent clones were sequenced. The top panel shows the MethPrimer results, including the
CpG percentage, CpG distribution, and location of CpG islands (blue regions). The horizontal black boxes (two for UPK1A and one for
UPK1A-AST) below the map represent the regions in which the methylation status of CpG dinucleotides was determined by sequencing.
The vertical black boxes on the map show exons 1 and 2 for UPKTA and exon 1 for UPKTA-AS1. The blue arrows above the black boxes
indicate the direction of transcription. The methylation status of the CpG dinucleotide is indicated by filled (methylated) and open
(not methylated) circles. Each line represents the methylation status of an individual clone. The degree of methylation is indicated by a
percentage.
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binding to HREs (5'-RCGTG-3") present on the promoter or
enhancer regions of INcRNAs. Because HIF-1¢ also acts on
hypoxia-induced expression of UPK1A and UPK1A-AST, the
promoter region containing the HRE site was cloned into
the pGL4.10 luciferase vector to investigate the possibility of
HIF-1o binding directly to the promoter of UPKTA and UP-
K1A-AS1 to modulate expression under hypoxic conditions.
For UPK1A, a 2619-bp region containing four HREs was
cloned, and for UPK1A-AS1, a 1212-bp region containing
two HREs was cloned. In the case of UPK1A, four HREs are
located 1001, 1220, 1513, and 2011 nt upstream of the
first nucleotide of the UPK1A transcript. For UPK1A-AST,
two HREs are located 5 and 283 nt downstream of the first
nucleotide of the UPK1A-AST transcript. In the case of UP-
K1A-AST, several Alu sequences were continuously distribut-
ed outside the 900 bp containing exon 1; thus, the promoter
region may have a small size of approximately 900 bp. When
luciferase activity was measured after transfecting A549 cells
with the pGL4.10 luciferase vector harboring the cloned
promoter region, the results showed no significant increase
under hypoxic conditions compared with that under normox-
ic conditions. Therefore, it may be necessary to repeat these
assays after cloning a larger promoter region. Moreover, ad-
ditional experiments may be required to examine the possi-
bilities that (1) UPK1A and UPK1A-AST may be regulated by
a single HIF-1a molecule rather than regulated independently
by HIF-1a. under hypoxic conditions and (2) UPK1A-AST mol-
ecule may be involved in the transcription of UPK1A.

LncRNAs regulate the expression of many genes at the
transcriptional and post-transcriptional levels (Bach and
Lee, 2018). One of the mechanisms involved in regulation
at the post-transcriptional level is the formation of a duplex
between antisense INcRNA and the neighboring sense gene
RNA to regulate RNA stability (Huang et al., 2016; Kimura et
al., 2013; Sun et al., 2016; Zhang et al., 2019). For example,
the INcRNA MUC5B-AS1 forms a duplex with the sense tran-
script MUC5B, and the two RNAs then mutually regulate their
expression levels (Yuan et al., 2018). Our results showed that
UPK1A and UPK1A-AS1 also formed a duplex based on com-
plementary sequences. When cells were transfected with UP-
K1A-AST siRNA, the stability of UPKTA mRNA was reduced,
suggesting that the formation of a duplex between UPKT1A
and UPKTA-AST could affect the stability of UPKTA mRNA.
It is notable that UPK1A-AS1 contains approximately 100 nt
Alu J element at the 3" end, potentially allowing UPK1A-AS1
to form a duplex with mRNAs and IncRNAs, which have an
Alu sequence in an inverted position in their transcript. It is
known that the Alu element plays a role in subcellular local-
ization and alternative splicing (Hu et al., 2016; Lubelsky and
Ulitsky, 2018). Transfection with an expression plasmid in
which the Alu J sequence is deleted from UPK1A-AS1 and
RNA pulldown experiments would be necessary in future
studies to identify biological functions of the Alu J element of
UPKTA-AST.

DNA methylation regulates gene expression by affecting
the chromatin structure (Jones and Takai, 2001; Klose and
Bird, 2006). In this study, we found that the promoter region
of UPK1A was methylated, whereas the promoter region
of UPKTA-AST was not methylated in several cell and tissue
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types. Bladder tissues showed methylation of the promoter
region of UPK1A; however, the cells that actually expressed
UPK1A were umbrella cells. Therefore, it will be necessary
to isolate only umbrella cells and investigate the methylation
patterns in these cells. Moreover, UPK1A expression was
higher under hypoxic conditions, although the promoter
region of UPK1A was methylated, which would be expect-
ed to suppress expression. When the methylation pattern
was investigated after incubation for 48 h under hypoxic
conditions, the results showed that demethylation of the
UPK1A promoter did not occur. Therefore, further studies
are needed to evaluate the methylation patterns of the pro-
moter region of UPKTA after incubation for a longer period
under hypoxic conditions. In addition, it is noteworthy that
there are increasing number of examples showing that DNA
hypermethylation correlates with gene activation (Chatter-
jee et al., 2017; Guillaumet-Adkins et al., 2014, Smith et
al., 2020). For instance, there is a correlation between DNA
hypermethylation and increased expression of survivin in
endometrial tumors, as revealed by methylation-specific PCR
and pyrosequencing (Nabilsi et al., 2009). Methylation has
been demonstrated to inhibit the binding of p53, a repressor
of survivin expression. Another study showed that methyl-
ation of the promoter region of hTERT gene was positively
correlated with gene expression (Guilleret et al., 2002; Lee et
al., 2019). One possible mechanism of gene activation from
the methylated promoter is the inhibition of the binding of
a transcriptional repressor. Another possibility is the binding
of a transcriptional enhancer to the methylated promoter.
Interestingly, a consensus core motif (5'-A/GCGTG-3") of
the HIF-1a binding site contains a CG sequence which is the
substrate for DNA methyltransferases. Electrophoretic mo-
bility shift and chromatin immunoprecipitation assays may
be necessary to examine the effects of DNA methylation on
HIF-1¢ binding and to identify functional HRE for UPK1A and
UPK1A-AS1 expression in lung cancer cells.

Several studies have indicated UPK1A to be a tumor sup-
pressor which is downregulated in several tumor tissues com-
pared with nontumorous tissues. Recently, it was reported
that UPKTA-AST is downregulated in ESCC and overexpres-
sion of UPKTA-AS1 suppressed the proliferation, migration,
and invasion of ESCC cells (Du et al., 2020). UPK1A-AS1
functions as a tumor suppressor by sponging miR-1248 in
ESCC cells. Herein, we showed that UPK1A-AS1 forms a du-
plex with UPK1A, thereby increasing the stability of UPK1A;
thus, UPK1A-AS1 acts as a tumor suppressor by stabilizing
UPK1A. Therefore, low levels of UPKTA and UPK1A-AST in
tumor cells may be an indication of cancer and overexpres-
sion of UPKTA-AST may have potential in cancer therapy.
Our study also showed that UPKTA and UPKTA-AS1 are
upregulated under hypoxic conditions. As UPK1A-AST was
the most upregulated gold standard IncRNA in both A549
and NCI-H460 cells, it has the potential to serve as a marker
for hypoxia. Although tumor hypoxia provides a survival ad-
vantage to tumor cells by promoting angiogenesis, glycolysis,
proliferation, and metastasis, the reason tumor suppressors
UPK1A and UPK1A-AST are upregulated under hypoxia re-
mains unclear. Recently, the existence of a positive feedback
loop was reported between UPKTA and HIF-1a: Downregu-
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lation of UPK1A was found to decrease the expression levels
of HIF-1a, and the downstream target genes in hepatocellular
carcinoma (Song et al., 2020). Thus, it is likely that the up-
regulation of UPKTA in hypoxia increases the expression of
HIF-1a, and the downstream target genes, which results in
the promotion of glycolysis and proliferation under hypoxia in
hepatocellular carcinoma.

Overall, in this study, we found that UPKTA and UP-
K1A-AS1 expression levels were induced under hypoxic con-
ditions in lung and bladder carcinoma cells. The hypoxia-in-
duced expression of UPK1A and UPK1A-AST was mediated
by HIF-1¢, as revealed by RNAi experiments. Moreover, we
found that UPK1A and UPK1A-AS1 expression levels were
mutually dependent and that duplex formation between
UPK1A and UPK1A-AS1 may be one possible mechanism
responsible for this interdependence. Further studies of hy-
poxia-induced UPK1A protein may provide a basis for under-
standing the role of UPK1A in cancer growth and metastasis
under hypoxic conditions.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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