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Abstract: Long thought to be “junk DNA”, in recent years it has become clear that a substan-

tial fraction of intergenic genomic DNA is actually transcribed, forming long noncoding RNA 

(lncRNA). Like mRNA, lncRNA can also be spliced, capped, and polyadenylated, affecting a 

multitude of biological processes. While the molecular mechanisms underlying the function of 

lncRNAs have just begun to be elucidated, the conditional regulation of lncRNAs remains largely 

unexplored. In genome-wide studies our group and others recently found hypoxic transcriptional 

induction of a subset of lncRNAs, whereof nuclear-enriched abundant/autosomal transcript 1 

(NEAT1) and metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) appear to be 

the lncRNAs most ubiquitously and most strongly induced by hypoxia in cultured cells. Hypoxia-

inducible factor (HIF)-2 rather than HIF-1 seems to be the preferred transcriptional activator of 

these lncRNAs. For the first time, we also found strong induction primarily of MALAT1 in organs 

of mice exposed to inspiratory hypoxia. Most abundant hypoxic levels of MALAT1 lncRNA were 

found in kidney and testis. In situ hybridization revealed that the hypoxic induction in the kidney 

was confined to proximal rather than distal tubular epithelial cells. Direct oxygen-dependent 

regulation of MALAT1 lncRNA was confirmed using isolated primary kidney epithelial cells. 

In summary, high expression levels and acute, profound hypoxic induction of MALAT1 suggest 

a hitherto unrecognized role of this lncRNA in renal proximal tubular function.

Keywords: hypoxia-inducible factor, kidney, oxygen, proximal tubule, testis

Introduction
One of the most amazing outcomes of the high-throughput sequencing era is the discovery 

that approximately 75% of the genome is transcribed and that there might be approximately 

as many noncoding (nc) RNAs as protein-coding messenger RNAs (mRNAs). While most 

of our knowledge focuses on small ncRNA functions, much less is known about long 

noncoding RNA (lncRNA; .200 nucleotides). Several recent reports have shown that 

lncRNAs are involved in a wide variety of physiological or pathological processes includ-

ing X-chromosome inactivation, stem cell specification, neurodegenerative disorders, and 

cancer.1,2 Mechanistically, lncRNAs located at regulatory DNA cis-elements can recruit 

RNA-binding proteins to trigger gene expression by transcriptional and/or epigenetic gene 

regulation.3–5 While many of these studies documented a transcriptional dysregulation of 

lncRNAs in pathological states, the actual mechanisms of conditional regulation of lncRNA 

expression under physiological conditions have scarcely been investigated.

Conditional regulation of mRNA expression is a major principle in the adaptation 

of cells and organisms to environmental changes. Conditional regulation of lncRNAs 

in cancer cell lines suggests that this class of RNA also plays a (largely unknown) 
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role in the adaptation to microenvironmental changes such as 

tumor hypoxia. However, as it is unlikely that this mechanism 

evolved in cancer cells, we set out to analyze lncRNA induc-

tion also in normal tissues of animals exposed to inspiratory 

hypoxia.

Hypoxia represents a major microenvironmental condi-

tion that profoundly impacts upon the regulation of several 

hundred protein-coding genes involved in the adaptation to 

limited oxygen supply. Hypoxia-inducible factor (HIF) is a 

heterodimeric DNA-binding protein usually composed of 

a constitutively expressed β subunit and either a HIF-1α or 

a HIF-2α subunit whose stability and activity are regulated 

by oxygen-dependent protein hydroxylation.6,7 HIF-1α and 

HIF-2α show distinct expression kinetics with HIF-1α 

protein levels decreasing under prolonged hypoxia, while 

HIF-2α levels are increasing, suggesting a HIFα isoform-

specific kinetics of target gene expression.8–10

During a microarray study using a prostate cancer cell 

line, we previously found that among 608 genes that were 

induced by at least twofold in hypoxic conditions, more 

than 20 encoded lncRNAs.11 These data were confirmed by 

a recent genome-wide study which focused on the hypoxia-

inducible expression of ncRNA species in a breast cancer cell 

line.12 This study systematically demonstrated for the first 

time that not only the transcription of mRNA but also the 

transcription of virtually all RNA classes, including lncRNA, 

miRNA, piwiRNA, snRNA, and tRNA is conditionally regu-

lated by hypoxia in cultured cells.

Based on their abundant and widespread expression, we 

focused on two highly conserved, mostly nuclear lncRNAs 

that were robustly induced by hypoxia: NEAT1 (nuclear- 

enriched abundant/autosomal transcript 1; also termed 

MENε/β) and MALAT1 (metastasis-associated lung adeno-

carcinoma transcript 1; also termed NEAT2). NEAT1 is a 4 kb 

polyadenylated, unspliced lncRNA known to associate with 

proteins that demark paraspeckles (nuclear domains involved 

in mRNA retention) and to play a central role in paraspeckle 

formation.13 MALAT1 is a .6.5 kb lncRNA that has been 

shown to regulate RNA-splicing factors in nuclear speckles 

that serve the assembly, modification, and storage of splice 

factors.14 However, at least in one report, MALAT1 has been 

shown to translocate to the cytoplasm during the G
2
/M phase, 

which was associated with the cytoplasmic translocation of 

hnRNP C required for cell cycle progression.15

Materials and methods
cell culture and rna interference
Human Hep3B hepatoma, HeLa cervical carcinoma, and 

MCF-7 breast cancer cells were cultured in high-glucose 

Dulbecco’s Modified Eagle’s Medium (Sigma-Aldrich, 

St Louis, MO, USA). The authors advise that their study did 

not require ethics approval from the Cantonal Ethics Com-

mission Zurich, as only established, commercially available 

cancer cell lines were used. Primary mouse kidney epithelial 

cells were isolated and cultured as reported previously.16 

Hypoxic experiments were performed for 24 hours at 0.2% 

oxygen and 5% CO
2
 in a gas-controlled glove box (InvivO

2
 

400; Ruskinn Technology Ltd, Bridgend, UK) as described 

previously.17 Stable knockdown MCF-7 cell lines were 

established by transduction with lentiviral particles contain-

ing short-hairpin RNA expression constructs followed by 

selection with puromycin as described before.10

animal experimentation
Animal housing, hypoxic exposure (inspiratory O

2
 con-

centration of 8% for 0–108 hours), and organ excision for 

RNA isolation of male C57BL/6 mice have been described 

previously.18 For in situ hybridization experiments, male 

C57BL/6 mice were exposed to 8% oxygen for 24 hours in 

a hypoxia tent (Coy Laboratory Products, Grass Lake, MI, 

USA). Control animals were maintained at ambient oxygen 

concentration. Animal experiments were conducted at the 

Zurich Integrative Rodent Physiology (ZIRP) facility with the 

appropriate consent from the Veterinary Office of the Canton 

Zurich (license number 126/13) following consent by the 

Animal Experimentation Commission of the Canton Zurich 

which ensures that the guidelines of the Animal Welfare Act 

will be followed.

lncRNA quantification
Total cellular RNA was extracted as previously described.19 

Total RNA (2 µg) was reverse transcribed (RT) using Affini-

tyScript reverse transcriptase (Agilent, Santa Clara, CA, 

USA) and the cDNA levels were estimated by quantitative 

polymerase chain reaction (qPCR) using a SybrGreen qPCR 

reagent kit (Sigma-Aldrich) in a MX3000P light cycler 

(Agilent). Transcript levels were calculated by comparison 

with a calibrated standard and expressed as ratios relative to 

ribosomal protein L28 or β-actin mRNA levels for MCF-7 

and mouse tissues, respectively.

in situ hybridization
Excised organs were embedded in Tissue Tek O.C.T. (Miles 

Scientific, Naperville, IL, USA), frozen in 2-methylbutane 

in liquid nitrogen and stored at −80°C before 20 µm cryosec-

tions were prepared and mounted on SuperFrost Plus slides 

(ThermoScientific, Waltham, MA, USA). In situ hybrid-

ization was performed according to standard protocols 
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essentially as described previously.20 Briefly, following 

rehydration in phosphate-buffered saline and acetylation, 

the slides were prehybridized at room temperature for 

several hours and then incubated with digoxigenin-labeled 

cRNA probes (200 ng in 200 µL hybridization buffer) at 

60°C overnight. Following sequential washing steps in 

5× saline sodium citrate (SSC), 0.2× SSC (20× SSC is 3 M 

NaCl, 0.3 M Na-citrate, pH 7.0), and Tris-buffered saline 

(TBS), the slides were blocked with 10% fetal calf serum in 

TBS for 2 hours and incubated with alkaline phosphatase-

labeled anti-digoxigenin antibodies (3.75 U/mL; Roche, 

Basel, Switzerland) in TBS at 4°C overnight. After  washing 

in TBS, bound  antibodies were detected by nitro-blue 

tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate 

staining, and mounted in Mowiol-DABCO medium. For 

the preparation of a hybridization probe, a 597 nt fragment 

of MALAT1 was amplified by reverse transcription PCR 

(RT-PCR) using RNA derived from mouse liver and the 

primers forward-5′-taagtctcgagggattgggaagccctagttc-3′ and 

reverse-5′-acttaaagcttcacttgtggggagaccttgt-3′.  Following 

subcloning into pBluescriptKS+, digoxigenin-labeled 

cRNA sense and antisense probes were synthesized using 

T3 and T7 RNA polymerases (ThermoScientific).

Results
Hypoxia-inducible expression of neaT1 
and MalaT1 lncrnas in cultured  
cells in vitro
During a microarray study using PC3 prostate carcinoma 

cells, we detected a previously unrecognized strong oxygen-

dependent regulation of lncRNAs, including NEAT1 and 

MALAT1.11 As shown in Figure 1, robust, albeit some-

what variable, oxygen-dependent regulation of NEAT1 

and MALAT1 lncRNA levels was confirmed by RT-qPCR 

(quantitative RT-PCR) in a number of additional cancer cell 

lines, including Hep3B hepatocellular carcinoma, HeLa 

cervical carcinoma, and MCF-7 breast carcinoma, following 

24 hours of exposure to 0.2% oxygen.

Preferential HiF-2α isoform-specific 
regulation of neaT1 and  
MalaT1 lncrnas
Stable shHIF-1α and/or shHIF-2α MCF-7 knockdown breast 

cancer cell lines were used to assess the role of the HIFα 

isoforms in NEAT1 and MALAT1 regulation. As shown in 

Figure 2, both NEAT1 and MALAT1 showed an increased 

hypoxic induction following knockdown of HIF-1α. Because 

we previously established that in these (and other) cell lines 

knockdown of either HIFα isoform leads to an increase in 

the other isoform,10,21 this result points to a preferential role 

of HIF-2α in the induction of NEAT1 and MALAT1 gene 

expression. Indeed, compared with shHIF-1α, shHIF-2α 

as well as shHIF-1/2α MCF-7 cells showed a significant 

attenuation of the hypoxic induction of both NEAT1 and 

MALAT1 lncRNAs. By contrast, the classical HIF-1 target 

gene carbonic anhydrase 9 (CAIX) displayed an exclusive 

dependency on HIF-1α in the same experiment (Figure 2).

Hypoxic induction of neaT1 and 
MalaT1 lncrnas in mouse organs  
in vivo
To analyze the oxygen-dependent regulation of lncRNAs 

in vivo, groups of three mice were exposed to 8% O
2
 inspira-

tory normobaric hypoxia for 0–108 hours. Eight percent of O
2
 

has been chosen as a compromise between maximizing the 

hypoxic response and minimizing the animal burden. Whole 
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Figure 1 Oxygen-dependent regulation of the lncrnas neaT1 and MalaT1 in vitro.

Notes: The indicated cell lines were exposed to 20% (normoxia) or 0.2% (hypoxia) O
2
 for 24 hours. lncrna levels were determined by rT-qPcr and displayed as ratio to 

the mrna levels of the housekeeping ribosomal protein l28 which served as constitutive control. shown are mean values + seM of three independent experiments. The 

overall significance of the hypoxic induction of both lncRNAs was P,0.05 as assessed by student’s t-test.

Abbreviations: lncrnas, long noncoding rnas; neaT1, nuclear-enriched abundant/autosomal transcript 1; MalaT1, metastasis-associated lung adenocarcinoma 

transcript 1; seM, standard error of mean; rT-qPcr, quantitative reverse transcription polymerase chain reaction.
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Figure 2 HiFα isoform-dependent regulation of the lncrnas neaT1 and MalaT1.

Notes: stable control shrna (shctrl), shHiF-1α and/or shHiF-2α knockdown was achieved by exogenous shrna expression in McF-7 cells. Following exposure to 20% 

(normoxia) or 0.2% (hypoxia) O
2
 for 24 hours, lncrna levels were determined by rT-qPcr, normalized to the mrna levels of the housekeeping ribosomal protein l28, 

and displayed as fold hypoxic induction. shown are mean values + seM of 4–5 independent experiments (*P,0.05, student’s t-test).

Abbreviations: lncrnas, long noncoding rnas; mrna, messenger rna; neaT1, nuclear-enriched abundant/autosomal transcript 1; MalaT1, metastasis-associated 

lung adenocarcinoma transcript 1; shHiF, short-hairpin hypoxia-inducible factor; shrna, short-hairpin rna; rT-qPcr, quantitative reverse transcription polymerase chain 

reaction; seM, standard error of mean.
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Figure 3 Oxygen-dependent regulation of the lncrnas neaT1 and MalaT1 in vivo.

Notes: groups of three mice were exposed to an inspiratory O
2
 concentration of 8% for 0, 4, 24, and 108 hours as indicated. Whole organ lncrna levels were determined 

by rT-qPcr and displayed as ratio to the β-actin constitutive control mrna levels in log2 scale.

Abbreviations: h, hours; lncrnas, long noncoding rnas; mrna, messenger rna; neaT1, nuclear-enriched abundant/autosomal transcript 1; MalaT1, metastasis-associated 

lung adenocarcinoma transcript 1; rT-qPcr, quantitative reverse transcription polymerase chain reaction.

organ levels of NEAT1 and MALAT1 lncRNAs were deter-

mined by RT-qPCR and normalized to β-actin mRNA levels 

which did not show any hypoxic alteration. As illustrated in 

Figure 3, in comparison with β-actin mRNA, NEAT1 (in heart 

and kidney) and especially MALAT1 lncRNA showed consid-

erably high basal expression levels and a rather high degree of 

interindividual variability. While NEAT1 lncRNA levels were 

only slightly induced by chronic (108 vs 0 hours) inspiratory 

hypoxia in heart, lung, and brain, MALAT1 was induced in 

most organs measured, with particularly high induction rates 

in spleen, kidney, testis, lung, and brain. Of note, mainly in 

kidney, testis, and lung, a marked induction of MALAT1 
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Figure 4 in situ expression of the lncrna MalaT1 in vivo. Mice were exposed to normoxia or hypoxia (8% O
2
) for 24 hours.

Notes: in situ hybridization was performed with digoxigenin-labeled antisense or sense probes followed by detection with alkaline phosphatase-labeled anti-digoxigenin 

antibodies and nitro-blue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate staining using kidney (A) and testis (C) tissue slices. (B) MalaT1 positive renal proximal 

and distal tubules of three visual fields were counted and shown as mean values + seM of three independent sections (*P,0.001, student’s t-test).

Abbreviations: h, hours; lncrnas, long noncoding rnas; MalaT1, metastasis-associated lung adenocarcinoma transcript 1; seM, standard error of mean.

lncRNA was already detected following acute inspiratory 

hypoxia of only 4 hours. Because such fast and strong hypoxic 

changes in expression levels are rather unusual in tissues in 

vivo, these results suggest a physiological role of MALAT1 

in the systemic response to hypoxia.

Hypoxic induction of MalaT1 in 
proximal tubules of the kidney
Because the highest MALAT1 lncRNA levels, relative to 

β-actin mRNA levels, were found in kidney and testis, 

we focused on these two organs for further analysis by 

in situ hybridization. As shown in Figure 4A, MALAT1 was 

mainly detected in renal tubular epithelial cells. Hypoxic 

exposure (8% O
2
 for 24 hours) significantly increased 

both signal intensity and the number of positive cells. 

 Quantification of the number of MALAT1 positive tubules 

revealed that proximal but not distal tubules account for 

the hypoxic induction of MALAT1 lncRNA expression 

(Figure 4B). In testis, the most outer layer of the seminifer-

ous tubuli was positive for MALAT1 (Figure 4C), suggesting 

a putative functional role of MALAT1 in spermatogonia. 

 Probably due to the constitutive hypoxic nature of the testis,22 

no clear change upon hypoxic exposure could be detected by 

in situ hybridization (data not shown).
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Oxygen-dependent regulation of neaT1 
and MalaT1 lncrnas in primary mouse 
kidney epithelial cells
In principle, in vivo regulation of MALAT1 lncRNA by 

inspiratory hypoxia could result from indirect physiological 

effects, such as hormonal or sympathetic stimulation, rather 

than from direct tissue hypoxia. To address this issue, primary 

epithelial cells were isolated from mouse kidney and exposed 

to 20% or 0.2% O
2
 for 24 hours. β-Actin mRNA, NEAT1 

and MALAT1 lncRNAs were determined by RT-qPCR and 

normalized to ribosomal protein S12 mRNA levels. As shown 

in Figure 5, β-actin mRNA is not induced by hypoxia, con-

firming its suitability as a constitutive control gene for the in 

vivo experiments (Figure 3). In contrast to the constitutive 

expression and low variance of β-actin mRNA, NEAT1 and 

MALAT1 lncRNAs were induced by hypoxia, albeit with a 

high variance like found before in the kidney in vivo (Figure 3). 

Only hypoxic induction of MALAT1 lncRNA reached a sta-

tistically significant difference when compared with β-actin 

mRNA induction (Figure 5), indicating that oxygen is a direct 

regulator of renal MALAT1 lncRNA expression.

Discussion
During the course of genome-wide studies in PC3 prostate 

and MCF-7 breast cancer cells, our group and others noticed 

that there is no principal difference between lncRNA and 

mRNA expression with regard to the frequency and induc-

ibility of transcriptional regulation by HIFs.11,12 NEAT1 and 

MALAT1 were among the lncRNAs most strongly induced by 

hypoxia. In this study, we confirmed this initial observation 

in several additional cancer cell lines, suggesting that NEAT1 

and MALAT1 could serve as general lncRNA biomarkers 

for tumor hypoxia, which is usually associated with adverse 

clinical outcome.

While the physiological relevance of oxygen-dependent 

MALAT1 regulation remains to be elucidated, hypoxia-

inducibility of NEAT1 has recently been reported to 

induce paraspeckle formation, in line with its function 

as an architectural component of paraspeckles. While the 

precise function of paraspeckles is still unclear, Choudhry 

et al23 demonstrated that NEAT1 was required for the 

hypoxic induction and nuclear retention of F11R/JAM1 

mRNA. F11R mRNA encodes a regulator of tight junc-

tion assembly and was previously known to be subjected 

to increased RNA editing under hypoxic conditions.24 

Consistent with our findings, HIF-2 rather than HIF-1 

induced NEAT1 in hypoxic breast cancer cell lines and 

solid tumor models.23 Interestingly, in a recent report, 

it has been shown that MALAT1 is hypoxically induced 

in endothelial cells in vitro and is involved in balancing 

proliferative and migratory properties of these cells during 

vascular growth in vivo.25

Several additional recent studies identified specific 

 lncRNAs that are regulated by oxygen and often play crucial 

roles in cancer progression. Among others, the lncRNAs 

AK058003, H19, HINCUT-1, UCA1, linc-RoR, lincRNA-

p21, HOTAIR, and EFNA3-derived lncRNAs have all been 

reported to be induced by hypoxia, usually in a HIF-1 depen-

dent manner.26–33 Finally, the HIFα loci themselves have been 

reported to generate lncRNAs. The HIF1A antisense lncRNA 

HIF1A-AS1 has been implicated in apoptosis regulation.34 

HIF1A-AS2 lncRNA is overexpressed in clear cell renal 

cell carcinoma, can be hypoxically induced in lymphocytes, 

affects HIF signaling, and was later also found in several 

other cancer types as well as in normal tissues.35–38 The EPAS1 

(HIF2A) promoter upstream transcript HIF2PUT lncRNA 

has been reported to be a regulatory factor for osteosarcoma 

stem cells.39

However, none of these reports addressed the question of 

whether these lncRNAs are induced by physiological hypoxia 

in normal tissues. Therefore, to the best of our knowledge, 

our study is the first to describe hypoxic induction of lncRNA 

in mouse tissues in vivo. Of note, kidney and testis were the 

two organs with highest hypoxic levels of MALAT1 lncRNA. 

Common to both organs are physiologically low tissue oxygen 

partial pressures.22,40 Typically, bioluminescence in normoxic 
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Figure 5 Oxygen-dependent regulation of the lncrnas neaT1 and MalaT1 in 

primary renal epithelial cells.

Notes: epithelial cells were isolated from mouse kidney and exposed to 20% 

(normoxia) or 0.2% (hypoxia) O
2
 for 24 hours. β-actin mrna and lncrna 

levels were determined by rT-qPcr and corrected for the mrna levels of the 

housekeeping ribosomal protein s12 which served as internal control. shown are 

hypoxic induction factors as mean values + seM of three independent experiments 

(*P,0.05, student’s one-tailed t-test).

Abbreviations: lncrnas, long noncoding rnas; mrna, messenger rna; neaT1, 

nuclear-enriched abundant/autosomal transcript 1; MalaT1, metastasis-associated 

lung adenocarcinoma transcript 1; rT-qPcr, quantitative reverse transcription 

polymerase chain reaction; seM, standard error of mean.
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mice constitutively expressing a luciferase protein fused to 

the oxygen-dependent degradation domain of HIF-1α can be 

readily observed in kidney and testis but not in other organs,41 

consistent with the role of HIF in the oxygen-dependent 

regulation of MALAT1 lncRNA in vivo.

Conclusion
High expression levels and acute hypoxic induction of 

MALAT1 in several mouse organs suggest a hitherto 

unrecognized role of this lncRNA in systemic adaptation 

hypoxia.
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