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ABSTRACT

Hypoxia plays a crucial role in the aggressiveness of solid tumors by driving multiple signaling pathways.
Recently, long non-coding RNA (IncRNA) has been reported to promote or inhibit tumor aggressiveness by
regulating gene expression. Previous studies in our laboratory found that the IncRNA NDRG1-OT1 is signifi-
cantly up-regulated under hypoxia and inhibits its target gene NDRGT at both the mRNA and protein levels. At
the protein level, NDRG1-OT1 increases NDRG1 degradation via ubiquitin-mediated proteolysis. However, the
repressive mechanism of NDRGT at the RNA level is still unknown. Therefore, the purpose of this study was to
study how NDRG1-OT1 transcriptionally regulates its target gene NDRG]. Luciferase reporter assays showed
that NDRG1-OT1 decreased NDRGT promoter activities. Mass spectrometry, bioinformatics tools, genetic
manipulation, and immunoblotting were used to identify the interacting proteins. Surprisingly, different
fragments of NDRG1-OT1 had opposite effects on NDRG1. The first quarter fragment (1-149 nt) of NDRG1-OT
1 had no effect on the NDRGT promoter; the second quarter fragment (150-263 nt) repressed NDRGT by
increasing the binding affinity of HNRNPA1; the third quarter fragment (264-392 nt) improved NDRGT
promoter activity by recruiting HIF-1q¢; the fourth quarter fragment (393-508 nt) down-regulated NDRG1
promoter activity via down-regulation of KHSRP under hypoxia. In summary, we have found a novel mechan-
ism by which different fragments of the same IncRNA can cause opposite effects within the same target gene.
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have been reported to respond to several extrinsic stimuli, such as
drugs [15], hypoxia [16], radiation [17], and diet [18], by epigen-
etically regulating gene expression, sponging microRNA
(miRNA) [19], acting as scaffolds to link proteins and DNA
sequences [20], or regulating target RNA stability [21]. In hypoxia,
several IncRNAs have been reported to regulate cell function. For
example, EFNA3 increased breast cancer cell extravasation from
blood vessels into surrounding tissues [22]. HOTTIP promoted
epithelial-mesenchymal transition under hypoxia [23]. MALATI
enhanced arsenite-induced glycolysis under hypoxia [24]. Still, the
detailed mechanisms of IncRNA operating under hypoxia are not
fully understood.

Recently, our laboratory identified several mechanisms
regulating N-myc downstream regulated gene 1 (NDRGI)
under different oxygen concentrations. NDRGI, a highly
conserved stress response gene, played pivotal roles in reg-
ulating cellular differentiation, proliferation, growth arrest,
apoptosis, angiogenesis, spindle checkpoint, tumor progres-
sion and metastasis, and heavy metal or hypoxia sensing
[25-28]. It was modulated by both transcriptional regula-
tors (e.g., AHR [29], TBX-2 and ERGI [30]) and epigenetic
regulation (e.g., miRNA-769-3p [31]). However, it was still
unclear whether IncRNA could be involved in the regula-
tion of NDRGI under hypoxia. In recent research in our

Introduction

Solid tumors are characterized by hypoxia, an imbalance of
oxygen delivery and consumption due to rapid tumor growth
and inadequate vascular distribution [1,2]. Previous studies
have shown that hypoxia is an important factor in the aggres-
siveness of solid tumors [3], and tumors under hypoxia can
activate a series of signaling pathways that adversely affect
cellular function [4-7] and result in poor prognosis [8].

Among these signaling pathways, a key transcription factor is
hypoxia inducible factor-1 (HIF-1) [9]. HIF-1 activates the expres-
sion of its target genes by binding to the hypoxia response ele-
ments (HREs) in the promoters of these genes [10,11]. Recent
studies reported that hypoxia can modulate the process of breast
carcinogenesis by the HIF-1a pathway. For example, DDR2 plays
a role in a series of hypoxia-induced behaviors in breast cancer,
such as metastasis, invasion, and epithelial-mesenchymal transi-
tion, by interacting with HIF-1a under hypoxia [12]. DDX3 also
works with HIF-1a to regulate downstream genes under hypoxia
[13]. Although hypoxia is an indispensable factor in studies of
solid tumors, its regulatory mechanisms remain unclear.

The long non-coding RNAs (IncRNAs), whose sequences con-
tain more than 200 nucleotides, are defined as transcripts that
have limited or no ability to translate into protein [14]. LncRNAs
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laboratory, we first renamed the IncRNA Inc-NDRGI-1 as
NDRGI-OT1 (NDRGI overlapping transcript 1) according
to the guidelines for non-coding RNA nomenclature [32].
NDRGI-OT1 was induced under hypoxia in breast cancer
cells [33], but its function remained unclear. We discovered
that ectopic expression of NDRGI-OTI could inhibit
NDRGI expression at both RNA and protein levels [33].
At the protein level, NDRGI-OTI increased NDRG1 degra-
dation via ubiquitin-mediated proteolysis. However, the
repressive mechanism of NDRGI at the RNA level is still
unknown. Therefore, the purpose of this study was to
investigate the inhibitory mechanism of NDRGI-OTI at
the transcriptional level of NDRGI.

We found that transcriptional inhibition was the main
mechanism for suppressing NDRGI RNA expression levels.
In addition, different fragments of NDRGI-OTI caused dif-
ferent effects on transcriptional activity of NDRGI by recruit-
ing various proteins.

Results

Different fragments of NDRG7-OT1 have different
effects on NDRG1

To investigate the inhibitory mechanism of NDRGI-OTI
on NDRGI at the transcriptional level, NDRGI-OTI was
first overexpressed in MCEF-7 cells, followed by overex-
pressing NDRGI. As shown in Figure 1, the expression
of NDRGI was inhibited after overexpressing NDRGI-OT
1, and could be rescued by overexpressing NDRGI, indi-
cating that NDRGI is the target gene of NDRGI-OTI.

In order to determine how NDRGI-OT1 down-regulates
NDRG]I at the transcriptional level, we first investigated
the major regions of NDRGI-OT1 responsible for inhibit-
ing NDRGI by dividing NDRGI-OT1 into halves and
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Figure 1. The transcriptional levels of NDRG1 were inhibited by overex-
pressing NDRG1-OT1. MCF-7 cells were transfected with NDRGT-OT1 (2 pug) for
24 h, and NDRGT (2 pg) for another 24 h. The expression levels of NDRG1-0T1
and NDRG1 were measured in MCF-7 cells by gqRT-PCR. The relative expression
level was normalized to empty control. Internal control: 18s. Data were repeated
at least 3 times, and the results shown are the means + SDs. *: P < 0.05 versus
empty control.

quarters. In total, six fragments of NDRGI-OTI (1-263,
264-508, 1-149, 150-263, 264-392, and 393-508 nt) were
constructed according to the predicted 2D structure of
NDRGI1-OT1 by NONCODE (http://www.noncode.org/
show_rna.php?id=NONHSAT129220&version=2&utd=1#)

and the predicted 3D structure of each fragment by
SimRNA **(Figure 2(a), The different fragments of
NDRGI1-OT1, as well as Firefly and Renilla luciferase,
were co-transfected into HEK293T cells under CoCl,
treatment. The results showed that NDRGI promoter
activity was suppressed by overexpressing full length
(1-508 nt) and the first half fragment (1-263 nt) of
NDRGI1-OT1, but not the second half fragment (264-508
nt) (Figure 2(b), Furthermore, the first quarter fragment
(1-149 nt) of NDRGI1-OT1 had no effect on NDRGI pro-
moter activity. The second quarter fragment (150-263 nt)
and fourth quarter fragment (393-508 nt) of NDRGI-OT1I
also significantly repressed NDRGI promoter activity.
Interestingly, the third quarter fragment (264-392 nt) of
NDRGI1-OT1 enhanced NDRGI promoter activity (Figure
2(b), The effects of different NDRGI-OTI fragments on
transcriptional levels of NDRGI expression in MCEF-7 cells
treated with CoCl, were similar to those of luciferase
reporter assays in HEK293T cells (Figure 2(c)), indicating
different fragments of NDRGI-OT1, except the first quar-
ter fragment (1-149 nt), had different effects on the same
target gene, NDRGI.

The second quarter fragment (150-263 nt) represses
NDRG1 by increasing the binding of HNRNPA1 under
hypoxia

In order to identify the protein-binding partners of
NDRGI-OT1 that suppressed the promoter activity of
NDRGI, we first performed RNA pull-down assays using
the second quarter biotin-labeled NDRGI-OT1 fragment
(150-263 nt) as a probe to interact with nuclear extracts
from MCE-7 cells. The different amounts of nuclear pro-
teins in normoxia and hypoxia were identified with silver
staining (Figure 3(a)). The nuclear proteins that increased
in hypoxia were observed around 34 kD and were isolated
from the gel and analyzed by mass spectrometry. The
protein candidates were filtered according to protein
score, which is the summation of a statistical score for
individual peptides. The protein with the maximum pos-
sibility of interacting with NDRGI-OTI (150-263 nt) was
HNRNPAIL. We first used bioinformatics tools to predict
the docking between NDRGI-OTI (150-263 nt) and
HNRNPA1 (Figure 3(b)). The 3D protein structure of
HNRNPA1 was modeled by Phyre2 [35]. The docking
was predicted by HDOCK [36]. The docking score, based
on predicted values of the free energy of protein-ligand
binding, indicated binding between NDRGI-OT1 (150-263
nt) and HNRNPA1, which was further validated by anti-
HNRNPA1 immunoblotting (Figure 3(c)). The results of
western blotting showed that more HNRNPAI interacted
with NDRGI-OT1 (150-263 nt) under hypoxia (Figure
3(c)).
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Figure 2. Different fragments of NDRG1-OT1 have different effects on NDRG1. (a) The predicted 2D structure of NDRG1-OT1 by NONCODE (http://www.noncode.org/
show_rna.php?id=NONHSAT129220&version=2&utd=1#) and 3D structure of each fragment by SImRNA [34]. nt: nucleotides. (b) NDRGT promoter activity measured by
luciferase reporter assays. HEK293T cells treated with CoCl, (300 uM) were co-transfected with the Firefly luciferase, Renilla luciferase, and various fragments of NDRG1-OT1 for
24 h. Firefly luciferase activities were first adjusted by Renilla luciferase activities, and then normalized to empty control. AS: antisense. (c) Relative NDRG1 expression levels by
quantitative RT-PCR. MCF-7 cells treated with CoCl, were transfected with different fragments of NDRG1-OT7 for 24 h. The relative expression levels of NDRGT were first
normalized to internal control (18s rRNA), and then adjusted to empty control. Experiments were repeated at least 3 times, and the results shown are the means + SDs. *:
P < 0.05 as compared to empty control.
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Figure 3. The second quarter fragment (150-263 nt) represses NDRG1 by increasing the binding affinity of HNRNPA1 under hypoxia. (a) Gel electrophor-
esis of nuclear proteins after RNA pull-down assays. Nuclear proteins were extracted from MCF-7 cells growing in hypoxia for 24 h or normoxia. Biotin-labeled NDRG1-
OT71 (150-263 nt) was used as the bait to pull down interacting proteins. Total nuclear proteins were visualized with silver staining. Differentially expressed proteins
were isolated from the gel (area indicated by the closed bracket) and analyzed by mass spectrometry. (b) Bioinformatics prediction of docking between NDRG1-OT1
(150-263 nt) and HNRNPA1 (green). Protein 3D structure of HNRNPA1 was modeled by Phyre2 [35]. The docking was predicted by HDOCK [36]. nt: nucleotides. (c)
Western blotting of HNRNPAT1 to validate the results of pull-down assays and mass spectrometry analysis. Western blot (d) and quantification (e) of HNRNPA1 in MCF-
7 cells transfected with NDRGT-OT1 plasmid. Internal control: TUBA1B. The relative expression level was normalized to empty control. (f) Luciferase activity of NDRG1
promoter activity in the absence of HNRNPAT. HEK293T cells treated with CoCl, were co-transfected with Firefly luciferase and the second quarter fragment (150-263
nt) in the absence/presence of si-HNRNPAT for 24 h. The results shown are the means + SDs of at least 3 separate experiments. *: P < 0.05.

Next, since more HNRNPAT1 could be captured in hypoxia of HNRNPAL1 or better binding activity between HNRNPA1
using NDRGI-OTI (150-263 nt) as bait, we further investi- and NDRGI-OTI (150-263 nt). As shown in Figure 3(d,e),
gated whether this phenomenon was due to higher amounts overexpression of NDRGI-OT1 (150-263 nt) did not increase



the amount of HNRNPAI, suggesting that the increase in
HNRNPAL captured in hypoxia was due to improved binding
activity to NDRGI-OT1 (150-263 nt).

Lastly, to further prove that HNRNPA1 participates in the
inhibition of NDRGI, four siRNAs against HNRNPAI were
designed to knock down HNRNPAI. To evaluate the efficacy
of si-HNRNPAI, expression levels of HNRNPAI were mea-
sured by qRT-PCR after transfecting different amounts of si-
HNRNPAI into MCF-7 cells. We found that transfecting
25 nM si-HNRNPAI for 24 h could significantly decrease
HNRNPAI expression at both mRNA and protein levels
(data not shown). Therefore, luciferase reporter assays were
performed with HEK293T cells co-transfected with NDRGI-
OTI (150-263 nt) and 25 nM si-HNRNPAI. The results
showed that si-HNRNPAI relieved the repression of
NDRG! promoter activity by NDRGI-OT1 (150-263 nt)
and the luciferase activity returned to the level of empty
control (Figure 3(f)), confirming that NDRGI-OTI
(150-263 nt) inhibits NDRGI promoter activity by recruiting
HNRNPAL

The third quarter fragment (264-392 nt) increases
NDRG1 promoter activity by recruiting hif-1a

Since HIF-1a up-regulated NDRG]I expression through bind-
ing to its HRE sequence, CGTG, in the NDRGI promoter
[37], we hypothesized that the third quarter fragment
(264-392 nt) of NDRGI-OTI may function as a scaffold to
increase the binding of HIF-la to NDRGI and enhance
NDRGI promoter activity. To test this hypothesis, we mutated
the HRE-binding sequence of NDRGI-OTI (264-392 nt) to
GTAC and performed the luciferase reporter assays. As shown
in Figure 4(a), overexpression of the mutant version
(312_315CGTG>GTAC) of NDRGI1-OT1 (264-392 nt) could
no longer boost NDRGI promoter activity, but a benign
mutation at a non-HRE site (295_298TCCA>AGGT) did not
reduce NDRGI promoter activity. Bioinformatics-based pre-
diction of docking also showed less affinity (higher free
energy) between HIF-la and the NDRGI-OTI third quarter
mutant (312_315CGTG>GTAC) (Figure 4(b)).

Furthermore, RNA immunoprecipitation was conducted using
antibodies against HIF-la in MCF-7 cells overexpressing
NDRGI-OT1 (264-392 nt) and HIF-1a P402A/P564A mutant,
which is resistant to VHL-mediated ubiquitination and degrada-
tion. The purified RNA interacting with HIF-1a was measured by
gRT-PCR. The results showed that more NDRGI1-OT1 (264-392
nt) was measured after immunoprecipitation by HIF-1a antibody
(Figure 4(c)), suggesting that NDRG1-OT1 (264-392 nt) increased
NDRGI promoter activity by interacting with HIF-1a.

The fourth quarter fragment (393-508 nt) represses
NDRG1 promoter activity by down-regulation of KHSRP
under hypoxia

To identify the protein-binding partners of NDRGI-OTI
(393-508 nt), RNA pull-down assays using biotin-labeled
NDRGI1-OT1 (393-508 nt) as the probe were performed. The
different amounts of nuclear proteins interacting with NDRGI-
OT1 (393-508 nt) in normoxia versus hypoxia were identified
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using silver staining. The nuclear proteins that decreased in
hypoxia were observed between 95 and 72 kDa and were isolated
and analyzed by mass spectrometry (Figure 5(a)). Among the
protein candidates, KHSRP had the maximum possibility of bind-
ing to NDRGI1-OT1 (393-508 nt) in response to changes in O,
concentration, which was also shown in the bioinformatics-based
prediction of docking between NDRGI-OTI (393-508 nt) and
KHSRP (Figure 5(b)). The results of western blotting also vali-
dated that KHSRP binding to NDRGI-OTI (393-508 nt) was
lower in hypoxia (Figure 5(c)).

To determine whether KHSRP repressed or inactivated
NDRGI promoter activity, the NDRGI promoter-driven lucifer-
ase assays were performed in HEK293T cells co-overexpressing
NDRGI-OT1 (393-508 nt) and KHSRP. The results showed that
overexpression of KHSRP could eliminate the down-regulatory
effect of NDRGI-OT1 (393-508 nt) on NDRG! promoter activity
(Figure 5(d)), implying that the inhibitory effect of NDRGI-OT1
(393-508 nt) on NDRGI promoter activity was due to down-
regulation of KHSRP in hypoxia.

Lastly, we used bioinformatics tools to perform docking
between NDRGI1-OT1 and HNRNPA1, HIF-1a, and KHSRP.
As shown in Figure 6(a), HNRNPA1 was predicted to bind to
the second quarter fragment (green), HIF-la to the third
quarter fragment (red), and KHSRP to the fourth quarter
fragment (cyan). Also, full length biotin-labeled NDRGI-OT
1 (1-508 nt) was used as a probe to pull down all interacting
proteins under hypoxia. The results of the western blot were
similar to those using different fragments of NDRGI1-OT1I as
probes; namely, NDRGI-OTI increased the binding with
HNRNPAL1 and HIF-1a and decreased the interaction with
HKSRP (Figure 6(b)). We propose a working model based on
these results (Figure 6(c)) and suggest that the second quarter
fragment (150-263 nt) of NDRGI-OT1I represses NDRGI by
recruiting HNRNPA1; the third quarter fragment (264-392
nt) activates NDRGI by recruiting HIF-1a; and the fourth
quarter fragment (393-508 nt) inactivates NDRGI via down-
regulation of KHSRP under hypoxia.

Discussion

LncRNA NDRGI-OT1 was found to be significantly up-
regulated in hypoxia and inhibited the expression of NDRGI
in several breast cancer cell lines [33]. Here, we further dis-
covered that although the overall effect of NDRGI-OT1 on
NDRGI was inhibitory, different fragments of NDRGI1-OT1
played various roles in regulating the target gene via recruit-
ing different proteins. Specifically, the second quarter frag-
ment (150-263 nt) and fourth quarter fragment (393-508 nt)
of NDRGI-OT1 down-regulated the promoter activity of
NDRG]I by increasing the binding of HNRNPA1 and down-
regulation of KHSRP, respectively. Conversely, the third quar-
ter fragment (264-392 nt) recruited HIF-la to increase
NDRGI promoter activity. Our findings revealed a novel
mechanism of IncRNA NDRGI-OT1I in regulating its target
gene, NDRGI.

NDRGI1-OT1 was shown to down-regulate NDRGI at both
the protein and mRNA levels [33]. At the protein level,
NDRGI-OT1 destabilizes NDRG1 by promoting ubiquitin-
mediated proteolysis [33]. At the mRNA level, we only knew
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Figure 4. The third quarter fragment (264-392 nt) increases NDRG 7 promoter activity by recruiting HIF-1a. (a) Luciferase expression via NDRG1 promoter activity in the
absence of the HRE sequence (CGTG) at 312-315 nt. Mutation at 295-298 nt and antisense oligonucleotide (AS) are positive and negative controls, respectively. HEK293T cells
treated with CoCl, were co-transfected with the luciferase vectors, NDRG1-OT1 (264-392 nt), and NDRGT-OTT mutants. (b) Bioinformatics prediction of docking between HIF-1a
(green) and NDRG1-OT1 (264-392 nt) as well as NDRGT-OT1 mutants. (c) Relative expression levels of NDRG1-OT1 (264-392 nt) after immunoprecipitation by antibody against
HIF-1a. MCF-7 cells overexpressed NDRG1-OT1 (264-392 nt) and the HIF-1a P402A/P564A mutant, which is resistant to VHL-mediated ubiquitination and degradation. Relative
expression of NDRG1-OT1 (264-392 nt) was measured by qRT-PCR. The results shown are the means + SDs of at least 3 separate experiments. *: P < 0.05.

that the stability of NDRGI mRNA was not affected by over-  genetic manipulation and luciferase reporter assays to show
expressing NDRG1-OT1 [33]. In this follow-up study, we used that transcriptional inhibition is the major regulatory
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Figure 5. The fourth quarter fragment (393-508 nt) represses NDRG1 promoter activity by down-regulation of KHSRP under hypoxia. (a) Gel electro-
phoresis of nuclear proteins after RNA pull-down assays. The experimental conditions were the same as in Figure 2. (b) Bioinformatics prediction of docking between
NDRG1-0T1 (393-508 nt) and KHSRP (green). Protein 3D structure of KHSRP was modeled by Phyre2 [35]. The docking was predicted by HDOCK [36]. nt: nucleotides.
(c) Western blotting of KHSRP to validate the results of pull-down assays and mass spectrometry analysis. (d) Luciferase expression via NDRG1 promoter activity in
cells overexpressing KHSRP. HEK293T cells treated with CoCl, were co-transfected with the Firefly luciferase and the fourth quarter fragment (393-508 nt) in the
absence/presence of KHSRP for 24 h. The results shown are the means + SDs of at least 3 separate experiments. *: P < 0.05.

mechanism. A similar mechanism has been observed for other
IncRNAs. For example, APTR repressed the CDKNI1A/p21
promoter to increase cell proliferation [38], and the IncRNA
Xist activated HDAC3 to suppress the transcriptional activity
of SHARP [39].

In order to identify proteins that participated in the tran-
scriptional inhibition of NDRGI, we used biotin-labeled
NDRGI-OT1I (150-263 nt) probes to pull down the interact-
ing proteins. HNRNPA1 was identified by mass spectrometry
and validated by western blotting. HNRNPA1 is an inhibitory
protein known to suppress pre-mRNA splicing by blocking
access of the spliceosome to the poly-pyrimidine tract [40,41].
Knockdown of HNRNPAI can significantly reduce the expres-
sion of CD44 isoforms and decrease cancer invasion in breast
cancer [41]. A similar mechanism was reported for the

IncRNA NEATI, which suppressed ADARB2 by interacting
with NEATI-binding paraspeckle protein splicing factor [42].
Although HNRNPA1 repressed NDRGI promoter activity, the
binding sites of HNRNPA1 could not be identified in the
NDRGI promoter, indicating that other unidentified proteins
recruited by NDRGI-OT1 still need to be explored.

HIF-1a was shown to improve NDRGI expression at both
RNA and protein levels by targeting the HRE site, CGTG, in the
NDRGI promoter [37,43,44]. In this study, we discovered that
HIF-1a can also bind to single stranded NDRGI-OT1 at the
HRE site. The NDRGI1 promoter could no longer be activated
once the HRE site was mutated (Figure 4(a)), indicating that the
third quarter NDRGI-OT1I fragment (264-392 nt) could pro-
vide a binding site and function as a scaffold for recruiting HIF-
la to up-regulate the expression of its downstream genes. Other
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IncRNAs have also been reported to interact with HIF-1la to Lastly, an approach similar to that used to identify
improve expression of downstream genes, such as LncHIFCAR/ HNRNPALI interacting with the second quarter NDRGI-OT1
MIR31HG, a HIF-1a co-activator [45]. (150-263 nt) fragment was also used to identify the



interacting proteins associated with the fourth quarter frag-
ment. Biotin-labeled NDRGI1-OT1 (393-508 nt) probes were
used to pull down the interacting proteins. KHSRP was iden-
tified by mass spectrometry and validated by western blotting
(Figure 5). KHSRP was reported to regulate mRNA decay by
binding to AU-rich elements of 3" untranslated regions [46].
Recent studies showed that KHSRP improved cell prolifera-
tion, accelerated G1/S transition in the cell cycle, and was up-
regulated in most breast cancer tissue and cell lines [47]. In
addition, KHSRP directly interacted with the IncRNA HI9
and promoted mRNA decay of target genes [48]. In this
study, we discovered that overexpression of KHSRP could
rescue the inhibitory effect of NDRGI-OT1 (393-508 nt),
suggesting down-regulation of KHSRP might lead to inactiva-
tion of the NDRGI promoter.

Although the second (150-263 nt) and fourth (393-508 nt)
quarter fragments of NDRGI-OT1 repressed NDRGI promoter
activity by interacting with different proteins, the interaction
between HNRNPA1 and KHSRP remains to be determined.
Past research showed that KHSRP interacts with the hnRNP
family. For example, KHSRP and hnRNPA2B1 responded
together to BRCAI loss [49]. Likewise, KHSRP and hnRNPH1
were shown to regulate the expression of human rpL3 [50].

In summary, this is the first paper to reveal that different
fragments of the same IncRNA, NDRGI-OT]1, could produce
opposite effects within a single target gene, NDRGI. These
results shed light on how IncRNA regulates gene expression to
assist cells executing complex and coordinated responses to
environmental cues.

Materials and methods
Cell culture and treatments

MCE-7 breast cancer cells and HEK293T human embryonic
kidney cells were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM) (GIBCO, Carlsbad, CA, USA) with 10% fetal
bovine serum (FBS) (GIBCO) and 1% penicillin-streptomycin-
amphotericin solution (Biological Industries, Beit-Haemek,
Israel), and incubated at 37 °C in a humidified atmosphere with
5% CO,. To mimic hypoxic conditions, cells were treated with
300 puM cobalt chloride (CoCl,) (Sigma, St. Louis, MO, USA).

Plasmid DNA construction and transfection

To construct different fragments of plasmid pcDNA3.1"-NDRG
1-OT1, the nucleotide (nt) fragments 1-149, 150-263, 1-263,
and 264-508, cut by BamH]1 (New England BioLabs, Ipswich,
MA, USA) and EcoR1 (New England BioLabs) from plasmid
pcDNA3.1"-NDRGI-OTI, were inserted into pcDNA3.1" plas-
mid (Addgene, USA). Additionally, fragments 264-392 and
393-508 were synthesized and inserted between EcoR1 (New
England BioLabs) and EcoR5 (New England BioLabs) in
pcDNA3.1*. MCF-7 cells were transfected with the fragments
of pcDNA3.1"-NDRGI1-OT1 or pcDNA3.1" empty vector using
jetPRIME transfection reagent (Polyplus-transfection, Illkirch,
France) according to the manufacturer’s protocol.
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RNA extraction and quantitative RT-PCR

Total RNA was extracted by TRIpure reagent (Roche
Diagnostics, Branchburg, NJ, USA) according to the manufac-
turer’s protocol. One ug of total RNA was reverse-transcribed to
cDNA using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Carlsbad, CA). Five percent of each
cDNA was used as the template for real-time PCR with FastStart
Universal SYBR Green Master (Roche), with primers from
Table 1. The reaction was executed with an ABI Step One plus
system (Applied Biosystems). Each reaction was triplicated, and
data were normalized to 18s rRNA.

Luciferase reporter assay

The plasmids containing luciferase (pGL4.74/NDRG1/IRES/Luc/
Zeo) were constructed by inserting the NDRGI promoter (-800 ~
+353 bp) into pGL4.74/IRES/Luc/Zeo [29], and used for lucifer-
ase reporter assays. HEK293T cells (8 x 10 [4] cells) were seeded
in 24-well plates. After seeding overnight, the cells were cultured
under normoxic or CoCl, conditions, and were co-transfected
with 500 ng of different NDRGI-OTI fragments and 25 ng of
reporter constructs or transfection control (pGL4.74 [Rluc/TK]
plasmid) for 24 h. After the cells were lysed, the promoter
activities were measured using the Dual-Glo luciferase reporter
assay system (Promega, Madison, W1, USA).

Nucleus/cytosol fractionation

MCE-7 cells (1.6 x 10 [7] cells) were seeded on a 15-cm dish and
cultured under normoxia (21% O,; 5% CO,) or hypoxia (0.5%
0,; 5% CO,) after seeding overnight. MCF-7 cells were scraped
down and soaked in hypotonic buffer [10 mM 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (HEPES), 10 mM
KCl, 1 mM ethylenediaminetetraacetic acid (EDTA), and 0.6%
Triton X-100] for 30 min, then centrifuged at 14,000 rpm for
20 min. After removing cytosolic proteins in the supernatant,
hypertonic buffer [10 mM HEPES, 10 mM KCI, 1 mM EDTA,
and 20% glycerol] was added to the centrifuge tube. The nuclear
membrane was then broken by sonication (5 seconds at 20%
vibrating frequency, 3 times). Nuclear protein was separated by
centrifugation at 14,000 rpm for 20 min.

RNA pull-down assay

The RNA pull-down assay was performed using the Pierce™
Magnetic RNA-Protein Pull-Down Kit (Thermo, USA
#20164). Streptavidin beads were mixed with biotin-labeled

Table 1. The primers for quantitative RT-PCR.

Gene/IncRNA Sequence (5' to 3')
NDRG1-0OT1 (F) CTCCCAGGTTCCTGTACTACTG
(R) GGCGGCAGGTAACGAGTCATTG
NDRG1 (F) GGCAACCTGCACCTGTTCATCAAT
(R) TGAGGAGAGTGGTCTTTGTTGGGT
HNRNPA1 (F) TAGGCTGGCAGATACGTTCGTC
(R) GCGCTTGGTGTTTGGATCTCTC
18s rRNA (F) TCAACTTTCGATGGTAGTCGCCGT
(

R) TCCTTGGATGTGGTAGCCGTTTCT

F, forward; R, reverse
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NDRGI-OTI in RNA capture buffer for 30 min. Next, after
the supernatant was removed, the mix buffer containing
nuclear protein (2 mg/mL), protein-RNA binding buffer,
and 50% glycerol was added. After reaction for 1 h, the
beads were heated and the bead-binding proteins were mea-
sured by immunoblotting.

Mass spectrometry

The differential amounts of proteins visualized by silver-
stained gels were analyzed by mass spectrometry in the
Proteomics and Protein Function core lab, Center of
Genomic Medicine, National Taiwan University. The protein
score is the summation of a statistical score for individual
peptides in that protein to evaluate how well the experimental
data match the database sequence. The data were exported by
LC-MS software (Thermo, USA).

Bioinformatics prediction of docking

RNA 2D structure was provided by the NONCODE database with
accession number NONHSAT129220.2 (http://www.noncode.
org) [51]. The 3D structure of the whole RNA transcript of
NDRGI_OTI (up to 500 nucleotides) was modeled by
RNAComposer (http://rnacomposer.cs.put.poznan.pl) [52] and
that of each RNA fragment was predicted by SimRNA [34].

The sequences of the three target proteins, namely
HNRNPA1, KHSRP, and HIF1A, were obtained from the
UniProt database (https://www.uniprot.org) with accession
numbers P09651, Q92945, and Q16665, respectively [53].
The protein 3D structures were then modeled by Protein
Homology/analogY Recognition Engine V2.0 (http://www.
sbg.bio.ic.ac.uk/phyre2) [35]. Based on the alignment cover-
age and confidence level, the most likely correct 3D structure
of each protein was selected.

The molecular docking prediction was done on the
HDOCK web server (http://hdock.phys.hust.edu.cn) [36].
Each docking cluster model was selected based on
a combination of the correctly predicted binding site and
the provided docking score. UCSF Chimera software was
used for 3D structure visualization of the docked protein
and RNA [54]. All results were generated based on the default
setting of each program.

Western blots

To compare nuclear protein expression in normoxia and
hypoxia, the protein lysate was separated by 12% polyacryla-
mide gel electrophoresis and visualized by silver staining. In
western immunoblotting assays, the target proteins were sepa-
rated by 12% SDS-PAGE and transferred to a PVDF mem-
brane (Bio-Rad Laboratories, Hercules, CA, USA). The
membranes were blocked in TBST blocking buffer
(Arrowtec, Taipei, Taiwan) for 10 min and then hybridized
to primary antibodies against NDRG1 (Abcam, England),
heterogeneous nuclear ribonucleoprotein Al (HNRNPAIL;
GeneTex, Irvine, CA, USA), HIF-la (GeneTex), KH-type
splicing regulatory protein (KHSRP; GeneTex), or TUBAIB

(GeneTex). After immunoblotting, the membranes were
washed in Tris-buffered saline (Omics Bio, Taiwan) with
Tween 20 and reacted with horseradish peroxidase-
conjugated goat anti-rabbit IgG or rabbit anti-mouse IgG
(GeneTex). The protein bands were visualized using an
enhanced chemiluminescence system (Millipore, Billerica,
MA, USA).

Site-directed mutagenesis

The HIF-1a core binding site (CGTG) of the HRE sequence was
identified at 312-315 nt of NDRGI-OT1. To mutate the nucleo-
tides CGTG to GTAC, two primer pairs were designed as follows:
5'-GTAACGAGTCATTGCCTCTGTACCACCTGGAAGGCT
GGACT-3' (forward) and 5-AGTCCAGCCTTCCAGGTGG
GTACAGAGGCAATGACTCGTTAC-3' (reverse). The muta-
tion site was in the middle of the primer (underline) flanked
with 19 bases of correct sequence. The mutation experiment was
performed using a QuikChange 1l Site-Directed Mutagenesis kit
(Agilent, USA, #200523). The mutated sequences were validated
by Sanger sequencing.

RNA immunoprecipitation assay

RNA immunoprecipitation was performed by the Magna
RIp™ RNA-Binding Protein Immunoprecipitation Kit
(Millipore, USA #17-700) according to the manufacturer’s
instructions. HEK293T cells (1.5 x 10 [7] cells) were seeded
in a 15-cm dish. After seeding overnight, cells were co-
transfected with 40 pug of NDRGI-OTI1 (264-392 bp) and
HIF-1a P402A/P564A-pcDNA3 (Addgene, USA), a HIF-1a
mutant resistant to PHD2-mediated hydroxylation and VHL-
mediated ubiquitination/degradation, for 24 h. Next, total
RNA was extracted by RNA immunoprecipitation (RIP) lysis
buffer containing a protease inhibitor cocktail. The RNA lysis
sample and HIF-1a bound beads were mixed into immuno-
precipitation buffer overnight. The immunoprecipitation buf-
fer was composed of RIP wash buffer, 0.5 mM EDTA, and
RNase inhibitor. Then, the supernatant was removed and
mixed with proteinase buffer at 55 °C for 30 min. After
removal of the supernatant, the amount of captured RNA
was measured by qRT-PCR.

RNA silencing

The SMARTpool (Dharmacon, Lafayette, CO, USA) targeted
HNRNPAI mRNA was composed of four small interfering (si)
RNA sequences: GGAAUUACAACAAUCAGUC, AAUGACA
ACUUCGGUCGUG, AGGGAUUACCCAAGCAAAA, and
AAACCUUGGUGUAGUUGAA. The MCF-7 cells were trans-
fected with the SMARTpool siRNA or pcDNA3.1" empty vector
using DharmaFECT 1 transfection reagent (Dharmacon)
according to the manufacturer’s protocol. After 48 h, the trans-
fection medium was removed and the total RNA and protein
were extracted. RNA expression was measured by qRT-PCR and
protein expression was examined by immunoblotting assays.


http://www.noncode.org
http://www.noncode.org
http://rnacomposer.cs.put.poznan.pl
https://www.uniprot.org
http://www.sbg.bio.ic.ac.uk/phyre2
http://www.sbg.bio.ic.ac.uk/phyre2
http://hdock.phys.hust.edu.cn

Statistical analysis

All results were reported as the means + SDs from at least 3
independent experiments. The differences between each group
were analyzed using Student’s t test. P < 0.05 was considered
significant.
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