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Abstract

Increasing evidence has indicated that long noncoding RNAs (IncRNAs) play important roles in human diseases, including
cancer; however, only a few of them have been experimentally validated and functionally annotated. Here, we identify a
novel IncRNA that we term HITT (HIF-1a inhibitor at translation level). HITT is commonly decreased in multiple human
cancers. Decreased HITT is associated with advanced stages of colon cancer. Restoration of the expression of HITT in cancer
cells inhibits angiogenesis and tumor growth in vivo in an HIF-la-dependent manner. Further study reveals that HITT
inhibits HIF-1a expression, mainly by interfering with its translation. Mechanically, HITT titrates away YB-1 from the 5'-
UTR of HIF-Ia mRNA via a high-stringency YB-1-binding motif. The reverse correlation between HITT and HIF-la
expression is further validated in human colon cancer tissues. Moreover, HITT is one of the most altered IncRNAs upon the
hypoxic switch and HITT downregulation is required for hypoxia-induced HIF-1a expression. We further demonstrate that
HITT and HIF-1a form an autoregulatory feedback loop where HIF-1a destabilizes HITT by inducing MiR-205, which
directly targets HITT for degradation. Together, these results expand our understanding of the cancer-associated functions of
IncRNAs, highlighting the HITT-HIF-1a axis as constituting an additional layer of regulation of angiogenesis and tumor
growth, with potential implications for therapeutic targeting.

Introduction

Long noncoding RNAs (IncRNAs), defined as transcribed
RNA molecules that are >200 nt in length, have attracted
increasing attention [1, 2]. It has been shown that the central
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functions of IncRNAs encompass every level of the gene
expression program involved in regulating multiple biolo-
gical processes [3, 4], and aberrant IncRNA expression is
associated with complex human diseases, such as cancer
[5-7]. Further study of IncRNA functions is expected to
revise our understanding of cancer biology and open up
new opportunities for cancer treatment [8, 9]. However, the
functions and regulation of the vast majority of IncRNAs
currently remain completely unknown.

Hypoxia is a hallmark of the solid tumor microenviron-
ment. Activation of the transcription factor hypoxia-
inducible factor (HIF-1) enables cancer cells to adapt to
the hypoxic environment via the transactivation of down-
stream target genes [10, 11]. Vascular endothelial growth
factor (VEGF) is a well-established HIF-1 target that plays
essential roles in promoting tumor angiogenesis [12, 13].
Once expressed upon HIF-la activation, it stimulates the
development of new blood vessels within tumors, providing
nutrients and oxygen to facilitate tumor growth and meta-
bolism, clearing metabolic waste and CO, [13], and also
providing a main route for tumor cells to metastasize to
distant organs [14]. Increased expression of HIF-1
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correlates with the promotion of angiogenesis, tumor
metastasis, and poor prognosis in multiple types of solid
tumors, including those of the colon and cervix [15, 16].
Thus, increasing our understanding of the regulatory
mechanisms underlying HIF-1a expression and activation
may lead to the development of new anticancer therapies
that target HIF-1a [17, 18].

It is well established that HIF-1a is subjected to pro-
teasome degradation under normal oxygen tension. Under
hypoxia, HIF-1a escapes degradation and translocates to the
nucleus, where it binds with the hypoxia response element
(HRE) on promoters to initiate gene expression [19].
Although it is believed that such an increase in HIF-1a
activity is mainly due to increased protein stability, recent
evidence indicates that translational regulation of HIF-1a
after the hypoxic switch may also play an important role.
Galban et al. and Hui et al. have both shown that HIF-1a
translation accounts for 40-50% of HIF-1a induction under
hypoxia [20, 21]. It has been also reported that the activa-
tion of translational signals is correlated with elevated rates
of HIF-1a translation and subsequent protein output [22—
24]. However, although the regulation of HIF-1a degrada-
tion is well understood, much less is known about the
regulation of HIF-1a biosynthesis.

Interestingly, evidence for the roles of IncRNAs in reg-
ulating HIF-1a activity is beginning to emerge. For exam-
ple, an HIF-1a IncRNA can directly regulate the stability of
HIF-1a mRNA and thus confers poor prognosis in lung
cancer [25]. LncRNAs, such as LincRNA-p21 [26] and
RERT [27], regulate HIF-1a indirectly by interfering with
the proteasome degradation machinery that regulates HIF-
la. Without doubt, IncRNAs have added an additional layer
of complexity to the HIF-1a-signaling network [28]; how-
ever, whether or not HIF-1a biosynthesis can be directly
modulated by IncRNA:s is still beyond our understanding. In
particular, whether IncRNAs play any roles in HIF-1a’s
regulation at the translational level remains unknown.

Chromosomal abnormalities are defining features of
solid tumors. Frequently lost chromosome regions in can-
cer cells can unmask the locations of putative tumor sup-
pressor genes. Notably, loss of 14q32 has been associated
with the early onset and metastatic recurrence of colon
cancer, as well as many other types of cancer [29-31],
suggesting that important tumor suppressor genes might
exist in this region. Among them, a previously unchar-
acterized IncRNA called 1linc00637 (we name this gene
HITT: HIF-1a inhibitor at translation level) has attracted
our attention because analysis of The Cancer Genome Atlas
(TCGA) data sets reveals that this gene is significantly
downregulated in multiple cancer types. We speculate that
HITT may be one such 14q32 entity that possesses poten-
tial tumor suppressive activity and then selected it for
further functional analysis.
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Materials and methods
Cell lines and treatments

The human colorectal cancer (HCT116, HCT15, SW480,
SW620, Colo205, and HT29), cervical cancer (HelLa,
CASKi, SiHa, and C33A) cells, and HUVECs were cul-
tured in RPMI-1640 medium (Gibco, Carlsbad, CA, USA)
or Dulbecco’s modified Eagle’s medium supplemented with
10% (v/v) fetal bovine serum (Biological industries). All
cells were grown at 37 °C in the humidified incubator with
5% CO,. For hypoxia treatment, cells were cultured in an
atmosphere of 1% O, at 37 °C in a hypoxia incubator for the
indicated periods of time. All cell lines were authenticated
and characterized by the supplier and were monitored reg-
ularly for their authenticity (Genetic Testing Biotechnology
Corporation, Suzhou, China) and to be free of mycoplasma
contamination.

Tissue samples

Human colorectal cancer tissues and their corresponding
adjacent normal controls were collected from the Third
Affiliated Hospital of Harbin Medical University in China.
Written informed consent was obtained from all patients.
The study has been approved by the Research Ethics
Committee of Harbin Medical University, China. Speci-
mens were collected and stored in liquid nitrogen immedi-
ately after surgery.

Xenografted tumor model in vivo

HITT expression was stably restored in HCT116 cells, by
using empty vector as a control. The female nude mice
between 4 and 5 weeks were purchased from Beijing HFK
Bioscience Co., Ltd. The cells were paired and 1 x 107
paired cells were inoculated subcutaneously into either
side of flank of the same female nude mouse. The tumor
volumes were measured every week and calculated
as lengthxwidthsz.S. After 4 weeks, the mice were
anesthetized and culled. The tumor was carefully
removed, photographed, and weighed. All animal proce-
dures were performed according to protocols approved by
the Rules for Animal Experiments published by the Chi-
nese Government (Beijing, China) and approved by the
Research Ethics Committee of Harbin Medical
University, China.

Small interfering RNA (siRNA) transfection
siRNA specifically targeting HITT, YB-1, HIF-1a, HIF-2a,

or Ago2, and nonspecific si-scramble control were synthe-
sized by GenePharma (Shanghai, China). All transfection



A novel LncRNA HITT forms a regulatory loop with HIF-1a to modulate angiogenesis and tumor growth 1433

experiments were conducted by using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) following the manu-
facturer’s instructions. The siRNA sequences are listed in
Supplementary Table S1.

RNA extraction and qRT-PCR

Total RNA was isolated using Trizol Reagent (Invitrogen,
Carlsbad, CA, USA) following the manufacture’s protocol.
gRT-PCR was performed in triplicate with an Applied Bio-
systems Prism 7500 Fast Sequence Detection System using
TagqMan universal PCR master mix according to the manu-
facture’s protocol (Applied Biosystems Inc, Foster City, CA,
USA). Gene expression levels relative to GAPDH, U6, or
18S rRNA were calculated by 2722°T method. The primer
sequences used in qRT-PCR are listed in Supplementary
Table S2.

Western blot

Total proteins from cell lines or tissue samples were
isolated with UREA buffer (8§ M Urea, 1 M Thiourea,
0.5% CHAPS, 50Mm DTT, and 24 Mm Spermine).
Equal amount of proteins were separated at sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). After incubation with the indicated primary and
secondary antibodies, signals were visualized by ECL.
Membrane was then ready for scanning by Image studio
system. Protein quantification was conducted by imagel
software. The antibodies were listed in Supplementary
Table S3.

Immunohistochemistry

The tissue sample was subjected to antigen retrieval by
boiling in 0.01 mol/L citrate buffer for 5 min (min). Slides
were then incubated with anti-CD31 or anti-Ki-67 anti-
body at room temperature for 1h. Detection was carried
out by the REAL EnVision detection system (Dako) with
diaminobenzidine peroxidase serving as chromogen. After
that, the slides were briefly counterstained with hematox-
ylin before mounting. The images were captured under the
same conditions and quantitative analysis using Imagel
software.

Tube formation assay

Each well of 24-well plates was coated with 200 ul of
Matrigel (Corning, NY, USA) and polymerized for 1h at
37°C. HUVECs and 0.5 ml culture medium were seeded
onto the solidified gel. After 8h, tube formation was
observed and captured with microscopy.

Luciferase assay

3x HRE sequence (GCATACGTGGGCGCATACGTGG
GCGCATACGTGGGC) was cloned into PGL3-basic
luciferase reporter plasmid, namely HRE-luciferase repor-
ter. HIF-1o wild type (WT) 5’-UTR(1-256), 5'-UTR(1-138,
mutant type, MT1), and 5'-UTR(139-256, MT2) were
cloned into a PGL3 vector, respectively, with CMV pro-
moter at upstream of the insert to generate reporter plas-
mids, namely HIF-1a-5"-UTR (1-256), HIF-1a-5'-UTR (1-
138), and HIF-1a-5'-UTR (139-256), respectively. WT or
MiR-205 binding site mutant (MT) HITT were cloned into
PMIR-Reporter downstream of luciferase, namely WT
HITT reporter and MT HITT reporter, respectively. After
the indicated treatment, cells were harvested and subjected
to an assay by using the Dual Luciferase Reporter Assay
system (Promega, Madison, USA). The relative luciferase
activities were normalized with the Renilla luciferase
activities.

Chromatin immunoprecipitation (ChiIP)

Chromatin immunoprecipitation (ChIP) assay was per-
formed to estimate protein binding at specific promoter as
described [32]. Briefly, 1 x 107 cells were collected in lysis
buffer A and B (buffer A: 5 mM PIPES, 85 mM KClI, 0.5%
NP40. buffer B: 1% SDS, 10 mM EDTA, 50 mM Tris-
HCL.) supplemented with Protease Inhibitor Cocktail
(MedChemExpress, Shanghai, China) and sonicated to
generate chromatin samples with average fragment sizes of
100-500 bp. Cell lysates were treated with the indicated
antibodies or IgG control at 4 °C overnight. Then, the
supernatants were mixed with the blocked Protein A/D
sepharose beads to collect the antibody—chromatin com-
plexes. After washing four times, the immunoprecipitated
DNA was eluted and purified for the subsequent qPCR
analysis.

UV-cross-linking RNA-IP (CLIP)

RNP assay was performed to estimate physiological inter-
action between protein and RNA as described [32]. Briefly,
1 x 107 cells were washed and UV cross-linked at 400 mJ/
cm?® and collected in lysis buffer supplemented with Pro-
tease Inhibitor Cocktail and RNase inhibitor (Thermo
Fisher, Rockford, IL). After the cells were precleared with
protein A/G sepharose beads, cell lysates were treated with
indicated antibody or IgG control at 4 °C overnight. Then,
the antibody—RNA complexes were collected by using the
blocked Protein A/G sepharose beads. After four times
washes in the presence of Protease Inhibitor Cocktail and
RNase inhibitor, the immunoprecipitated RNA was eluted
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and Isolated for the subsequent reaction to reverse tran-
scribed into first-strand cDNA and using for further qRT-
PCR analysis for the target RNA of interest.

L-azidohomoalanine labeling to identify newly
synthesized proteins

HeLa cells were washed and incubated for 30 min in
methionine-free medium to deplete intracellular methionine,
followed by incubation with 50 uM r-azidohomoalanine
(AHA, Invitrogen, Carlsbad, CA, USA) for 4h under
hypoxia. Cells were washed twice with PBS, lysis buffer
were added, and then sonicated for two cycles of 30 s each
and centrifuged cell at 13,000 g. Fifty micrograms of lysates
were subjected to Click reactions according to the manu-
facturer’s instructions (Click-iT® Protein Reaction Buffer
Kit; Invitrogen, Carlsbad, CA, USA). Total proteins from
Click reactions were precipitated with methanol/chloroform
and resolubilized in 50 mM Tris, pH 7.5, 0.01% SDS, and
then incubated with 50 ul of Streptavidin coupled magnetic
beads for 5h at room temperature. Streptavidin coupled
magnetic beads were incubated in 50 ul of 2x loading blue
for 10 min at 100 °C and detected by western blots.

In vitro RNA pull-down assay

Biotin-labeled RNA were in vitro synthesized by Biotin
RNA Labeling Mix (Roche, St Louis, MO, USA). After
treatment with RNase-free DNase I, Biotin-labeled RNA
was heated at 95 °C for 2 min and then cooled on ice for 3
min. Then secondary structure recovered Biotin-labeled
RNA reacted with streptavidin agarose beads (Invitrogen,
Carlsbad, CA, USA) overnight. The fresh HCT116 and
HeLa lysates were collected and incubated with RNA-
captured beads at 4 °C for 1 h. Beads were briefly washed
for five times with wishing buffer (50 mM Tris-HCI (PH
7.4), 150mM NaCl, 1 mM MgCl,, 0.05% NP40). The
resulting beads were boiled at 95°C for Smin in SDS
loading buffer and then subjected to western blot analysis.
Than the samples were detected on 15% polyacrylamide
TBE gel at 4 °C for 60 min at 200 V.

EMSA

In vitro synthesized RNA oligonucleotides were heated at
70 °C for 5 min and then cooled on ice for 2 min ready for
EMSA. One picomole in vitro synthesized dsDNA and 20
pmol prepared ssSRNA were incubated in 10 pl buffer that
contain 1 ul 10x triplex forming buffer (100 mM Tris pH
7.5, 25mM NaCl, and MgCl,) at 37°C for 30 min. In
control assay, triplex reaction was treated with either 5 U of
RNase H or 20 mg/ml RNase A at 37 °C for 30 min.

SPRINGER NATURE

Polysome fractionation

Cells were treated with 100 pg/ml cycloheximide (CHX) for
5 min and then lysed in polysome lysis buffer (15 mM Tris-
HCL PH 7.5, 15mM MgCl,, 0.3M NaCl, 1% Triton X-
100, 0.1 U/ul RNA inhibitor, 100 pg/ml CHX, 1 pg/ml
Heparin, and 1x protease inhibitor cocktail). The sucrose
gradient samples were obtained by centrifuge at 39,000 rpm
for 2 h at 4 °C using SW40Ti rotor in a Beckman Coulter
and monitored by using ultraviolet spectrophotometer at
254 nm. RNA in each sucrose gradient was collected and
extracted in 3 volumes of Trizol, followed by qRT-PCR
assay for the indicated genes.

ELISA

VEGF concentration of cell culture medium was measured
by ELISA using the Quantikine human VEGF ELISA Kit
according to the manufacturer’s instructions (R&D Sys-
tems, Minneapolis, MN, USA). The sample absorbance was
determined at 450 and 540nm. Each experiment was
repeated three times.

Statistical analysis

Statistical analysis was done by GraphPad software, version
5. Data are presented as the means + standard error of the
means (SEM) or standard Deviation (SD). Student 7 test was
applied to assess the statistical significance. Correlations
were calculated according to Spearmen or Pearson corre-
lation. p value <0.05 were considered significant.

Results

LncRNA HITT is commonly reduced in human
cancers

Rapid amplification of 3’- and 5’-complementary DNA ends
(3’- and 5’-RACE) assays confirmed that HITT (linc00637,
Fig. S1A) is a 2050-nt transcript possessing a poly-
adenylation site (Fig. S1B), with the expected size (~2 kb)
as revealed by northern blot assay (Fig. S1C). HITT
received a coding potential value of 0.387, similar to other
well-characterized IncRNAs and much lower than protein-
coding genes, as analyzed by Coding Potential Calculation
(Fig. S1D). Comparable amounts of HITT were detected in
both the nucleus and cytoplasm, using cytoplasmic GAPDH
mRNA and the nuclear IncRNA MALATI [33] as controls
(Fig. S1E).

Remarkably, qRT-PCR results revealed that HITT was
significantly downregulated in the colon cancer tissues
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analyzed relative to the paired normal controls (Fig. 1a).
Absolute values of fold-change increased according to
TNM stages (Fig. 1b). HITT levels were much lower in
colon cancer cell lines than in pooled independent normal
tissue controls (Fig. S2A). Furthermore, HITT levels were
reduced in the cervical (n =6) and renal cell carcinoma
tissues (n=17), and cervical cancer cell lines examined

W Vect./si-Ctl. @ HITT & HITT+HIF-1a

(Fig. S2B—C). Analysis of the TCGA database revealed that
HITT is downregulated in multiple cancer types, such as
colon cancer, thyroid cancer, and chromophobe renal cell
carcinoma (Fig. S2D), and that decreased HITT is asso-
ciated with advanced stages of bladder, breast, and liver
cancers (Fig. S2E). Lower levels of HITT also predict poor
clinical outcomes in lung and rectal cancers (Fig. S2F).
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« Fig. 1 HITT prevents tumor growth in vivo by inhibiting angiogenesis

in a HIF-1a dependent manner. The expression levels of HITT in
human colorectal tumors (T) of different stages (B) relative to their
paired adjacent normal controls (N) (n =46, a, b) were determined by
gRT-PCR. Tumor volumes at the indicated dates (c), as well as images
(left) and tumor weights (right) at 4 weeks (d) of HCT116/vector
(Vect.), HIC116/HITT, HCT116/(Vect. + si-HIF-1a), and HCT116/
(HITT + si-HIF-1a) xenografts. The average values are present as bar
graphs (means +SD) (n =6 for each group). Representative immu-
nohistochemistry staining for Ki-67 (top) and CD31 (bottom) in the
indicated xenografts (e), and the quantification of bar graphs (f). g
HIF-1o and VEGF protein (upper panel) and VEGF mRNA (lower
panel) levels were measured by WB and qRT-PCR, respectively, in
HCT116 xenografts. Representative images are presented. h, i VEGF
protein levels were measured by ELISA in clone stably transfected
with HITT and vector controls after HIF-lo knockdown (KD) or
ectopic HIF-1a expression under hypoxia. The KD efficiency of HIF-
la was confirmed by WB. j Representative images of HUVECs are
presented (left) and quantification of HUVEC tube formation assays is
presented in the bar graph (right). Data derived from three independent
experiments are presented as mean + SEM in the bar graph. Values in
controls were normalized to 1 (a, f, g). *P <0.05; **P<0.01; ##P <
0.01, compared with hypoxia-treated controls (h—j). Vect. vector
control, Ctl. control. Scale bar 50 um. See also Fig. S1-S3

These findings collectively indicate that HITT is commonly
downregulated in human cancers.

HITT suppresses angiogenesis and tumor growth in
a HIF-1a-dependent manner

To understand its functional significance, single clones of
HeLa and HCT116 cells stably expressing HITT at levels
similar to those of normal controls were used for further
analysis (Fig. S3A). However, no obvious differences in the
anchorage-dependent or -independent growth capabilities
was observed after restoration of HITT expression
(Fig. S3B-C). Whereas HITT expression significantly
reduced the tumor volumes and weights of HCT116 xeno-
grafts implanted in nude mice (Fig. lc, d). These data
suggest that HITT inhibits tumor growth, possibly by
antagonizing detrimental microenvironmental factors.
Hypoxia is a principle microenvironment factor that
initiates angiogenesis and promotes tumor growth. Given
that HIF-1« is a master regulator of tumor angiogenesis, we
examined whether the antitumor effect of HITT relies on the
presence of HIF-1a protein. To this end, HIF-1a expression
was inhibited using siRNA specifically targeted to HIF-1a.
In line with previous reports, HIF-la knockdown (KD)
abolished HIF-1a expression and significantly reduced the
tumor growth of HCT116 xenografts (2.5-3-fold, Fig. Ic,
d). Importantly, the effect of HITT on tumor growth was
completely abrogated by HIF-la KD (Fig. 1c, d). Con-
sistently, Ki-67 intensity and vascular density were reduced
with HITT expression or HIF-la KD, and no further
reduction was observed upon their combination (Fig. le, f).

SPRINGER NATURE

VEGF, a known HIF-la downstream pro-angiogenesis
target [13], was inhibited by HITT (Fig. 1g), paralleling
the decreased tumor vasculature (Fig. le, f) and HIF-1a
protein levels (Figs. 1g and S3D).

The effect of HITT on HIF-1a-induced angiogenesis was
verified using in vitro models. The conditioned medium
from cells cultured under hypoxia significantly stimulated
the branching abilities of HUVECS relative to the normoxia
control (Fig. 1h—j). HITT transfection abrogated conditioned
medium-induced HUVEC branching (Fig. 1j). HIF-1ao KD
also abrogated hypoxia-induced VEGF expression and
HUVEC branching, and, interestingly, completely abol-
ished the antiangiogenic effect of HITT (Fig. 1i). In con-
trast, HIF-la overexpression rescued HITT-repressed
HUVEC:s branching (Figs. 1h, j). Collectively, the findings
indicate that HITT inhibits angiogenesis and tumor growth
by interfering with HIF-1a-dependent signals.

HITT inhibits HIF-1a expression and activity

We next sought out to understand how HITT regulates HIF-
la signals. The results show that HITT markedly dimin-
ished hypoxia-induced HIF-1a expression by approximately
five to sixfold (Fig. 2a, b), while HITT KD increased HIF-
Lo under normoxia (Fig. 2c—e). We also noticed that HITT
consistently inhibited HIF-Ia mRNA expression by
approximately twofold (lower panel, Fig. 2b), while HITT
KD promoted it (lower panel, Fig. 2e). However, the effect
of HITT s regulation of HIF-la protein was much more
dramatic than its effect on HIF-/a mRNA under the same
conditions (Fig. 2b, e). These data indicate that HITT
mainly regulates HIF-1a at protein levels. The inhibitory
effect of HITT on HIF-1« is likely specific, as HITT over-
expression or KD failed to change the mRNA or protein
expression levels of its family member HIF-2a
(Fig. S4A-B).

More importantly, the transcriptional activity of HIF-1a,
as evidenced by HRE-dependent reporter activity, was
markedly increased by hypoxia and this effect was abol-
ished in a stable HITT-expressing cell line (Fig. 2f), while
ectopic HIF-1a expression dampened the effect of HITT
(Fig. 2f). In addition, the expression of well-established
HIF-1o targets, such as VEGF and angiogenin-1, were
increased by hypoxia (Fig. 2g), which was significantly
blunted by HITT (Fig. 2g). These data collectively illustrate
that HITT inhibits the transcriptional activity of HIF-la,
mainly by regulating its protein levels.

HITT inhibits HIF-1a translation
HITT 1is unlikely to affect HIF-la protein stability. As

shown, HIF-la decayed at similar rates after cells were
treated with the protein synthesis inhibitor CHX in a HITT-
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Fig. 2 HITT inhibits HIF-1a expression and activity. HIF-1a protein
was detected by WB of lysates from control and HITT stably trans-
fected lines (a). Quantification of WB bands was conducted by ImagelJ
(b). HIF-1a mRNA relative to 18 s was detected by qRT-PCR (lower
panel, b). The KD efficiency of HITT was confirmed by gqRT-PCR (c).
HIF-1a protein levels were measured by WB after HITT KD under
normoxia in the presence or absence of proteasome inhibitor MG132
(d). Quantification of WB bands was conducted by Imagel (e). HIF-1a
mRNA relative to 18s was detected by qRT-PCR (lower panel, e).

transfected stable line and control line (Fig. 3a). HITT
similarly inhibited HIF-1a regardless of MG132 (Fig. 3b).
We further compared the efficiency of HIF-la protein
synthesis by polysome fractionation. HITT expression did
not change the polysome distribution profile (Fig. 3c), while
polysome-associated HIF-Ia mRNA was increased with
hypoxia (Fig. 3c), which is in line with a previous report
[21]. Importantly, ectopic HITT expression compromised
hypoxia-induced association of HIF-1a mRNA with poly-
somes (Fig. 3c), while HITT KD increased their association

W 5i-Ctl. 3 si-HITT-1 M8 si-HITT-2

Hypoxia

Hypoxia

Hypoxic response element (HRE) luciferase activity (f), and expres-
sion levels of VEGF and Angiogenin-1 (g), were measured by luci-
ferase reporter assay or qRT-PCR, respectively, under the indicated
conditions. Data derived from three independent experiments are
presented as mean + SEM in the bar graph. Values in controls were
normalized to 1 (b, ¢, e-g). *P <0.05; **P<0.01; ##P <0.01, com-
pared with hypoxia-treated controls (b, f-g). Vect. vector control. See
also Fig. S4

(Fig. 3d). In contrast, the distribution of GAPDH mRNA
remained unaltered, regardless of oxygen concentration or
HITT levels (Fig. 3d). The role of HITT in regulating HIF-
la translation was further verified by a Click chemistry and
AHA-labeled assay. As shown, HITT overexpression
inhibited the newly synthesized HIF-la protein (Fig. 3e),
while HITT KD increased it under hypoxia (Fig. 3f). Newly
synthesized a-tubulin served as a negative control, and was
not changed by ectopic HITT expression or KD (Fig. 3e, f).
Therefore, HITT inhibits HIF-1a mRNA translation.
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Fig. 3 HITT inhibits HIF-1a translation. a Representative images of
HIF-1a protein levels detected by WB (left) and quantification of HIF-
la band intensities by ImageJ (right) for vector control and HITT ectopic
expression HCT116 cells, in the presence of CHX, for the indicate time
periods under hypoxia. HIF-1a levels in the CHX untreated group were
normalized to 1. b HIF-1a protein levels were determined by WB after
ectopic HITT expression in the presence or absence of MGI132 in
HCT116 and HeLa cells under hypoxia. ¢, d Polysomes in cytoplasmic

HITT acts by serving as a decoy of HIF-1a
translational regulator YB-1

Recent evidence has shown that YB-1 promotes HIF-1a
translation by directly interacting with its 5’-UTR [34, 35].
Although HITT had no obvious impact on YB-1 protein
expression both in vitro and in vivo in HCT116 nude mice
xenografts (Fig. 4a and Fig. S5A), eight YB-1-binding
sequences were predicted in HITT via a high-stringency
search using an online bioinformatics tool (Fig. 4b). YB-1
KD reduced HIF-1a levels and HITT lost its ability to affect
HIF-1a expression in YB-1 KD cells (Fig. 4a). This brought
us to ask whether HITT regulates HIF-1a transcription by
competitively binding with YB-1.

SPRINGER NATURE

extracts were fractionated through sucrose gradients, and mRNA levels
of HIF-1a and GAPDH in HCT116 cells were measured by gqRT-PCR in
gradient fractions after HITT overexpression or KD. Representative data,
as a percentage of total RNA of interest in the gradient from three
independent experiments, are presented. e, f Affinity purification of
biotinylated r-azidohomoalanine (AHA)-labeled acutely synthesized
proteins from cell lysates. Purified HIF-1a and o-tubulin proteins were
detected by WB

As shown, YB-1 was co-precipitated with biotin-HITT
in vitro (Fig. 4c). Both HITT and the HIF-1a 5'-UTR, but
not GAPDH mRNA, were physically associated with YB-
1, as revealed by CLIP assays (Figs. 4d, e and S5B). The
enrichment of HITT was significantly decreased, while
that of the 5'-UTR was increased in response to the
hypoxic switch (Figs. 4d, e and S5B). Ectopic HITT
expression restored the association of HITT with YB-1
under hypoxia and simultaneously abrogated the hypoxia-
promoted association of the HIF-1a 5’-UTR with YB-1
(Figs. 4d, e and S5B). In contrast, HITT KD led to pro-
motion of the association between YB-1 and the HIF-1a
5'-UTR (Fig. 4f). HITT containing the predicted YB-1-
binding motif contributed to its associated with YB-1
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(Fig. 4g). A HITT mutant that had lost the potential YB-1
binding sites completely lost its regulatory effect towards
HIF-1a (Figs. 4h and S5C). These data together suggest
that binding of YB-1 is required for HITT-mediated HIF-
la inhibition.

Furthermore, both YB-1 KD and ectopic HITT expres-
sion prevented hypoxia-induced WT HIF-1a-5’-UTR-luci-
ferase reporter activity, while no further reduction was
detected when they were introduced in combination
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(Figs. 4i and S5D). The truncated mutant reporters MT1 and
MT?2, were also induced by hypoxia but to a much lower
extent (Figs. 41 and S5D). However, only MT2 responded to
YB-1 KD and ectopic HITT expression, suggesting that
sequences 2 and 3 in MT?2 are the major YB-1 binding sites
in HIF-1a-5’-UTR (Figs. 4i and S5D).

Altogether, HITT directly binds with YB-1 and prevents
its association with HIF-lao 5'-UTR, leading to reduced
HIF-1a translation.

SPRINGER NATURE



1440

X. Wang et al.

Fig. 4 HITT inhibits HIF-1a translation by competing with YB-1 for
binding with HIF-1a 5’-UTR. a The expression levels of HIF-1a were
measured by WB in HITT stable lines, with or without YB-1 KD,
under hypoxia in HCT116 and HeLa cells. The KD efficiency of YB-1
was confirmed by WB. b Schematic of the positions of high-stringency
YB-1 binding sites in HITT predicted by a bioinformatics online tool
(http://rbpmap.technion.ac.il/). ¢ Biotin-HITT pull-down using HeLa
cell lysates showed that YB-1 bands were present in Biotin-HITT
precipitates. YB-1-associated HITT (d) and HIF-1a 5’-UTR (e, f), as
measured by gRT-PCR following CLIP YB-1 after HITT over-
expression or KD, under normoxia or hypoxia, in HCT116 cells, as
indicated in the figures. GAPDH mRNA and CLIP IgG were used as
negative controls. g Schematic of the positions of high-stringency YB-
1 binding sites in HITT (left). CLIP assay was used to detect the
binding of YB-1 with full-length or fragmented HITT in 4T1 cells, a
cell line with no endogenous HITT, after ectopic expression of the
indicated HITT. CLIP IgG and 18s were used as negative controls
(lower panel). Similar expression levels of HITT were confirmed by
qRT-PCR (upper panel). h Schematic of full-length and fragmented
HITT, and the predicted YB-1 binding sites (upper panel). HIF-1a
protein levels were measured by WB after transfection with full-length
(1-2050) HITT and MT (1-1029) HITT (lower right panel). Similar
expression levels of HITT were confirmed by qRT-PCR (lower left
panel). i Schematic of positions of all potential YB-1 binding sites in
HIF-1a 5'-UTR predicted by a bioinformatics online tool (http:/rbpma
p-technion.ac.il/)(Left). Luciferase reporter containing HIF-1oe 5'-UTR
(1-256) or two truncated mutants (1-138: M1 and 139-256: M2) was
used to assess translational efficiency after HITT overexpression with
or without YB-1 KD (right). Data derived from three independent
experiments are presented as mean+SEM in the bar graph (d-i).
Values in controls were normalized to 1. **P <0.01 (d-i); #P <0.05,
##P < 0.01, compared with hypoxia-treated controls (d, e, and i). N.S.
not significant (d—g). See also Fig. S5

HIF-1a lowers HITT's stability via a feedback loop

To understand the physiological relevance of HITT in reg-
ulating HIF-1a under hypoxia, we examined the change in
HITT expression under hypoxia. Interestingly, HITT was
significantly reduced under hypoxia and the extent of the
reduction was similar to that of the most dramatically
altered IncRNAs reported previously [28] (Fig. 5a). In
addition, HITT reduction was oxygen dose- and hypoxia
duration-dependent (Fig. 5b, ¢). si-HIF-1a reduced HIF-1a
levels and simultaneously restored the expression of HITT
(Figs. 5d and S6A). In contrast, ectopic HIF-1a expression
lowered HITT (Figs. Se and S6B). HIF-2a did not show any
obvious impact on the expression of HITT (Fig. S6C-D),
suggesting that HITT is specifically regulated by HIF-1a via
a feedback loop.

Hypoxia/HIF-1a-induced HITT suppression is unlikely
to occur at the transcriptional level. Firstly, no HRE motif
was identified in HITT s promoter. Secondly, neither ecto-
pic HIF-1a expression nor KD had a significant effect on
HITT promoter-driven luciferase activity (Figs. 5d, e and
S6A-B). Nonetheless, the half-life of HITT, but not
GAPDH mRNA, was decreased by hypoxia. HIF-1oo KD
blocked the effect of hypoxia (Figs. 5f and S6E).

SPRINGER NATURE

Consistently, comparable HITT levels were detected under
normoxia and hypoxia in HIF-la-deficient 786-O cells
(Fig. S6F-G). These data demonstrate that HIF-1a governs
HITT s stability.

HIF-1a promotes HITT's decay by MiR-205-mediated
RNA degradation

We next sought to investigate the mechanisms underlying
HIF-1o-mediated HITT destabilization. Two independent
bioinformatics tools predicted that HITT is a candidate
target of a number of microRNAs, of which MiR-205 was
the most likely (Fig. 6a). In addition, among the micro-
RNAs that indeed possess the ability to inhibit HITT
expression as validated by qRT-PCR (Fig. S7A), only MiR-
205 was induced over twofold by hypoxia (Fig. S7B). We
also found that the expression of MiR-205 was dependent
on the levels of HIF-1a, because hypoxia-induced MiR-205
was completely abolished by siRNA-mediated HIF-1a KD
in both HCT116 and HeLa cells (Fig. 6b). Thus, it is pos-
sible that MiR-205 mediates HIF-1a-induced downstream
events, such as HITT destabilization. Therefore, we further
investigated the impacts of MiR-205 on HITT expression.
As shown, a MiR-205 inhibitor prevented hypoxia-induced
MiR-205 and also restored reduced levels of HITT under
hypoxia (Figs. 6¢ and S7C), whereas the induction of MiR-
205 under normoxia by transfecting MiR-205 mimics sig-
nificantly reduced HITT (Fig. 6d). MiR-205 mimics also
abolished HIF-laa KD-induced HITT recovery under
hypoxia (Figs. 6e and S7D).

Furthermore, the activity of WT HITT luciferase reporter
was decreased by hypoxia. MiR-205 inhibitor completely
reversed the inhibitory effect of hypoxia on WT HITT
luciferase activity (Figs. 6g and S7E). However, neither
hypoxia nor the MiR-205 inhibitor influenced the luciferase
activity of the MiR-205-binding defective MT reporter
(Figs. 6g and S7E). In contrast, MiR-205 significantly
reduced WT, but not MT, HITT luciferase activity (Figs. 6h
and S7F). Furthermore, the direct association between MiR-
205 and HITT was verified by pull-down biotinylated pre-
cursor MiR-205 followed by qRT-PCR analysis of HITT
(Fig. 61). Moreover, KD of Ago2, an important component
of the RNA-induced silencing complex/MiR-205, produced
a similar effect on HITT as MiR-205 inhibitors (Figs. 6j and
S7G). RIP Ago2 showed that HITT was associated with
Ago2 (Fig. 6k). Although the expression levels of Ago2
were not changed under hypoxia (Fig. S7H), levels of
Ago2-associated HITT were increased (Fig. 6k), under
which conditions HITT was destabilized. A MiR-205 inhi-
bitor reduced the hypoxia-induced association between
Ago2 and HITT (Fig. 6k), with MiR-205 losing its ability to
affect HITT expression in Ago2 KD cells (Fig. 61). Con-
sistently, the MiR-205 inhibitor or Ago2 KD prolonged
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Fig. 5 HIF-1a lowers HITT's stability via negative feedback. a
Hypoxia-responsive IncRNAs reported previously and HITT were
measured by qRT-PCR under hypoxia relative to normoxia. HIF-1a
expression was determined by WB, and HITT was measured by qRT-
PCR in samples derived from cells subjected to dose- (b) and time-
dependent (c¢) hypoxia treatment. The expression levels of HITHITT
and HITT promoter luciferase reporter activity were detected by qRT-

HITT s half-life, while no further change was observed
when they were combined (Fig. 6m).

Collectively, these data suggest a model where Ago2/
miR-205 physiologically binds with HITT, facilitating MiR-
205-mediated HITT destabilization.

HITT downregulation is correlated with high levels
of HIF-1a in human colon cancer tissues

Having uncovered a novel HITT-HIF-1a axis, we verified
the correlation between HIF-la and HITT expression in
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human cancer tissues. The protein levels of HIF-1a and its
target, VEGF, were examined in human colon cancer tissues
and matched adjacent controls (n = 46). HIF-1a and VEGF
protein levels were commonly increased in colon cancer
tissues compared with their matched normal controls
(Fig. 7a—c). Interestingly, reduced HITT levels were sig-
nificantly correlated with increased HIF-la protein and
VEGF mRNA expression (Fig. 7d, e). These findings,
combined with our in vitro and xenograft data, demonstrate
that HITT regulates HIF-1a at the translational level, which
results in reduced expression of HIF-1a and its targets.
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Fig. 6 HIF-1a promotes HITT decay via MiR-205-mediated RNA
degradation. a MiR-205 was predicted to be a potent microRNA that
can bind HITT by two independent bioinformatics tools: http://www.
mircode.org/index.php and http://annolnc.cbi.pku.edu.cn/index.jsp. b
Expression levels of MiR-205 normalized to U6 were measured by
qRT-PCR after HIF-1ae KD under hypoxia. Relative expression levels
of HITT were determined by qRT-PCR after transfection of MiR-205
inhibitors (Inh., ¢) or MiR-205 mimics (d) into HCT116 cells. MiR-
205 levels normalized to U6 were measured by qRT-PCR. e The
expression levels of HITT were determined by qRT-PCR in HCT116
cells after HIF-la KD with or without MiR-205 inhibitor treatment.
f-h Schematic of the hypothetical duplexes formed by interactions
between the binding site in HITT (top), MiR-205 (middle), and
mutated HITT (bottom) (f). The activities of wild type (WT) or MiR-
205-binding defective mutant (MT) HITT luciferase reporters were
detected in HCT116 cells after transfection of MiR-205 inhibitor (Inh.,
g) or mimics (h) under normoxia or hypoxia, as indicated in the fig-
ures. i Biotinylated precursor MiR-205 was transfected into HCT116
cells. MiR-205-associated endogenous HITT relative to total HITT was
determined by qRT-PCR following CLIP biotin. CLIP GAPDH and
nonbiotinylated MiR-205 were used as negative controls. j The
expression levels of HITT were determined by qRT-PCR in HCT116
cells after Ago2 KD (right). KD efficiency was confirmed by WB
(left). k Ago2-associated HITT levels relative to total HITT were
determined by qRT-PCR following formaldehyde cross-linked IP of
Ago2 in HCT116 cells under normoxia and hypoxia, with or without
treatment with MiR-205 inhibitors (Inh.). GAPDH and IgG were used
as negative controls. 1 Relative expression levels of HITT determined
by gqRT-PCR after treatment with MiR-205 mimics in control and
Ago2 KD HCT116 cells. m HITT s half-life was determined by qRT-
PCR after treatment with MiR-205 inhibitor (Inh.) alone, Ago2 KD
alone, or a combination of the two in the presences of RNA synthesis
inhibitor ActD under hypoxia in HCT116 cells. Data derived from
three independent experiments are presented as mean + SEM in the bar
graph. Values in controls were normalized to 1. *P < 0.05; **P < 0.01;
#P < 0.05, compared with hypoxia treatment controls (c, e, g, k). N.S.
not significant (e, g—i, k, 1). See also Fig. S7

Discussion

The discovery of the functional significance of protein-
coding genes has led to great successes in the development
of targeted therapies against cancer. Increasing evidence has
suggested that nonprotein-coding genes account for the
overwhelming majority of RNA transcripts and can drive
important cancer phenotypes. Such discoveries have
sparked great interest in the functions and regulation of
IncRNAs [9, 36], with a view to improving the diagnosis
and treatment of cancers.

HITT is one such as yet uncharacterized IncRNA in the
human genome. We found that the expression of HITT was
downregulated in multiple human tumors. Although it had
no obvious impact on tumor growth in vitro, HITT elicited a
marked suppressive effect in vivo by influencing angio-
genesis. The key mechanism that we elucidated as
accounting for this function of HITT is that it inhibits HIF-
la expression (Fig. 7f). The significance of our in vitro and
animal experiment data is further strengthened by the fact
that a reverse association between HITT and key

components of this pathway, i.e. HIF-1a protein and VEGF
transcripts, were detected in human colon cancer tissues. Of
note, angiogenesis and increased HIF-1la levels are asso-
ciated with poor prognosis in multiple cancers [11, 37]. In
line with this notion, HITT levels were inversely correlated
with advanced stages of colon cancers. These data encou-
rage the future development of HITT-based cancer therapies
for patients with increased HIF-1a, who are at high risk of
metastasis [38], an outcome that results in ~90% of cancer-
related deaths.

HIF-1a is a core transcription factor for the adaptive
survival of cancer cells under hypoxia. The mechanisms
underlying HIF-lo protein stability have been studied
extensively and are also considered to be critical for the
accumulation of HIF-1a under hypoxia [39]. Here, we have
demonstrated that HITT is an important HIF-1o negative
regulator. Intriguingly, the action of HITT is mainly fulfilled
via its regulating of HIF-1a translation, but not its protein
stability (Fig. 7f). This mechanism is distinct from IncRNA-
mediated HIF-la regulation reported previously, through
which IncRNAs mainly effect the HIF-1a protein stabili-
zation machinery [26] or sponging microRNAs target HIF-
la [40].

LncRNAs can act as ‘molecular decoys for RNA-binding
proteins, which are themselves regulatory factors of gene
expression [41, 42]. YB-1 is a well-characterized transla-
tional regulator. It has recently been reported to regulate
HIF-1a translation. Like the typical YB-1 target SNAIL1
[43], HIF-1a 5'-UTR contains a complex stem-loop struc-
ture. Thereby, El-Naggar et al. have proposed that YB-1
binding may unwind such secondary structures, leading to
the promotion of HIF-1a translation [34]. Our study reveals
an additional level of regulation for YB-1-mediated HIF-1a
translation via IncRNA. HITT prevents or interrupts the
interaction of YB-1 with HIF-1a 5’-UTR to suppress HIF-
la expression. In fact, the IncRNAs CAR10 [44], TP53TGl1
[45], and GASS5 [46] have been recently documented as
regulators of YB-1 activity. These IncRNAs act by con-
trolling YB-1’s localization or protein stability. In contrast
to these IncRNAs, HITT inhibits YB-1 via a distinct
mechanism by acting as a protein decoy. These findings
combined suggest that IncRNAs may be important com-
ponents of the regulatory machinery for modulating YB-1’s
activity by diverse means. It will be also interesting to
explore in the future whether HITT is involved in regulating
multiple functions of YB-1 [47].

Given its importance in sensing hypoxic tension, it is not
surprising that cells utilize feedback mechanisms to pre-
cisely control HIF-1a signals. In fact, a number of hypoxia-
responsive IncRNAs contain HREs and subjected to direct
regulation by HIF-1a [48]. However, the feedback regula-
tion of HIF-1a by HITT, identified here, is unlikely to occur
through a direct mechanism [49]. Our data suggest that
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MiR-205 is a primary microRNA to inhibit HITT under
hypoxia. However, HITT may be regulated by additional
microRNAs, as more microRNAs are predicted to undergo
complementary base pairing with HITT. It will be interest-
ing to explore the roles of these microRNAs on HITT
expression under different physiological and pathological
conditions in future studies. Furthermore, besides micro-
RNAs, IncRNAs may also be regulated by typical tran-
scription factors [26] or RNA-binding proteins [33]. The
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precise molecular mechanism of the downregulation of
HITT requires further research.

Taken together, we have identified HITT, a novel
IncRNA. Our data highlight the significance of the newly
identified HITT-HIF-1a axis in regulating angiogenesis and
tumor growth. Detailed dissection of the molecular
mechanisms of HITT-mediated HIF-la synthesis have
provided insights into novel strategies to inhibit HIF-1a by
restoring HITT activity.
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