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Background: Hypoxia suppresses global protein production, yet certain essential proteins are translated through
alternative pathways to survive under hypoxic stress. Translation via the internal ribosome entry site (IRES) is a
means to produce proteins under stress conditions such as hypoxia; however, the underlying mechanism
remains largely uncharacterized.
Methods: Proteomic and bioinformatic analyseswere employed to identify hnRNPM as an IRES interacting factor.
Clinical specimens andmousemodel of tumorigenesis were used for determining the expression and correlation
of hnRNPM and its target gene. Transcriptomic and translatomic analyseswere performed to profile target genes
regulated by hnRNPM.
Findings:Hypoxia increases cytosolic hnRNPMbinding onto its targetmRNAs and promotes translation initiation.
Clinical colon cancer specimens and mouse carcinogenesis model showed that hnRNPM is elevated during the
development of colorectal cancer, and is associated with poor prognosis. Genome-wide transcriptomics and
translatomics analyses revealed a unique set of hnRNPM-targeted genes involved in metabolic processes and
cancer neoplasia are selectively translated under hypoxia.
Interpretation: These data highlight the critical role of hnRNPM-IRES-mediated translation in transforming
hypoxia-induced proteome toward malignancy.
Fund: This workwas supported by theMinistry of Science and Technology, Taiwan (MOST 104–2320-B-006-042
to HSS and MOST 105–2628-B-001-MY3 to TMC).

© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Because fast expanding tumor cells outgrow their vasculatures and
cause regional lowoxygen tension, hypoxia is a commonly knownpath-
ophysiological feature in many solid tumors [1]. As hypoxia inhibited
mTORC1 activity results in increases the association of dephosphory-
lated eukaryotic translation initiation factor 4E (eIF4E)-binding protein
1 (4E-BP1) with the cap-binding protein eIF4E, the low oxygen condi-
tion often prevents cap-dependent translation initiation and leads to a
seantsai@mail.ncku.edu.tw
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decrease in global translation rates [1]. On the other hand, certain essen-
tial proteins, with important physiological functions which allow cells
to adapt to hypoxic conditions and to acquire sufficient oxygen and
energy, are translated through IRES- [2] or an eIF4E2-dependent [3]
manner. This translational switch is an essential mechanism for cancer
cell survival and growth in unfavorable conditions. In contrast to the
well documented mechanism that triggers translation through the use
of cap-binding protein eIF4E2 and the O2-regulated hypoxia-inducible
factor (HIF)-2α [4,5], the molecular details of how hypoxia activates
IRES-mediated translation is largely unknown.

Themolecularmechanisms of ribosome recruitment and translation
initiation on cellular IRES are still unclear. A growing list of IRES trans-
acting factors (ITAFs) has been identified to control IRES-mediated
translation in response to different stress conditions in a target-
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in Context

Evidence before this study

Hypoxia prevents cap-dependent translation initiation and leads to
a decrease in global translation rates. However, essential proteins
with important physiological functions need to be translated to en-
sure cell survival and growth in unfavorable conditions. Transla-
tion via the internal ribosome entry site has been discovered
under hypoxia; however, the underlying mechanism remains
largely uncharacterized.

Added value of this study

The finding that hnRNPM promotes IRES-containing mRNA trans-
lation under hypoxia fills a critical missing piece of the fact that
critical genes are actively translated under low oxygen condition.
A unique set of genes involved in metabolic processes and cancer
neoplasia are selectively translated under hypoxia via hnRNPM-
dependent mechanism.

Implications of all the available evidence

Genome-wide profiling of the translational signature of hnRNPM
demonstrates that the hnRNPM-IRES-mediated protein production
is involved in cancer development,which provides a newdirection
in searching for anti-tumor therapies.

300 T.-M. Chen et al. / EBioMedicine 41 (2019) 299–309
specific manner [6,7]. For example, the polypyrimidine tract-binding
protein 1 (PTBP1) is known to stimulate IRES-mediated translation of
HIF-1α when oxygen supply is limited and the heterogeneous nuclear
ribonucleoprotein A1 (hnRNP A1) is an ITAF which controls cell type
or cell status-specific expression of fibroblast growth factor 2 (FGF2)
isoforms [8], resulting in different subcellular localizations and func-
tions of FGF2. It has been suggested that these cellular IRESs also rely
on regional RNA organization and the ITAFs to recruit translation ma-
chinery [9]. The characterization at the molecular level of IRES-
mediated translation machinery will open new opportunities to better
control protein production formRNAs using this specializedmechanism
of translation initiation under various stress conditions such as ER
stress, viral infection, and hypoxia.

Human fibroblast growth factor 9 (FGF9) is a potent mitogen in-
volved in many physiological processes including endometriosis [10],
neuronal degeneration [11], and various cancers including prostate,
brain, lung, and colorectal cancers [12–15]. This study aims to investi-
gate the mechanism underlying the hypoxia-induced, IRES-mediated
translational switch using FGF9 as a model. Herein, we identified
hnRNPM as a novel and pivotal ITAF to regulated translational switch
under hypoxia. The novel hnRNPM-IRES-mediated translation activates
a specific set of mRNAs that are involved in promoting tumorigenesis,
which demonstrates a dynamic and multi-dimensional mechanism of
mRNA translation is utilized by hypoxic cancer cells.
2. Materials and methods

2.1. Clinical samples and cell lines

Paired normal and tumor specimens from 29 patients with colorec-
tal cancer (CRC) employed in our previous study [12] as well as tissue
slides from 220 paired CRC cases arranged into 11 tissue arrays were
used to study the control of hnRNPM on FGF9 expression. This study
was approved by the Clinical Research Ethics Committee at National
Cheng Kung University Medical Center, and informed consent was ob-
tained from all subjects who participated in this study.

HEK293 and colon cancer cell lines used in this studywere routinely
maintained according to the guidelines from ATCC and the detailed in-
formation is shown in supplementary Table S2. For hypoxia treatment,
the cells were incubated for 9 h at 37 °C in a hypoxic chamber with 1%
O2.
2.2. In vitro transcription

All constructs were made based on the human cDNA sequence of
FGF9 (D14838.1) and FGF2 (NM_002006.2). The cloning strategy was
described previously [12]. DNA templates for the synthesis of the FGF9
and FGF2 RNA probes were generated. Plasmid DNAs were linearized
by NcoI restriction enzyme (NEB, Massachusetts, UK). Two microgram
of linearized DNA was used as the template for RNA probe synthesis.
For biotinylated RNA, the Riboprobe systems (Promega, Madison, WI,
USA) were used and mixed with the biotin-labeled dUTP (Roche Diag-
nostics, Indianapolis, IN, USA). The reaction mixture was incubated at
37 °C for 1.5 h, DNA template was digested by RQ1 DNase (Promega,
Madison, WI, USA) for 15 min. The RNA probes were purified by
phenochloroform precipitation.
2.3. RNA pull-down and protein identification

Biotinylated RNAs containing full length (FL) IRES only (IRES), or
5’UTR sequences without IRES (ΔIRES) sequences were in vitro tran-
scribed (Riboprobe systems, Promega) and used in pull-down assays.
The differentially stained bands were analyzed by matrix-assisted
laser desorption/ionization time-of-flight mass spectrometer (MALDI-
TOF MS). The Mass Spec data were uploaded to ProteomeXchange
(http://www.proteomexchange.org/) under the accession number of
PXD012892.

In parallel, the protein tryptic digests were fractionated using a
nano-UPLC system (nanoACQUITY UPLC, Waters, Milford, MA) coupled
to an ion trapmass spectrometer (LTQOrbitrap Discovery Hybrid FTMS,
Thermo Fisher Scientific) equipped with an electrospray ionization
source. The raw data were searched against the NCBI-nr database
(18132328 sequences, 6219145704 residues) using the Mascot search
engine (Matrix Science) with the Proteome Discoverer 1.4 interface
(Thermo Fisher Scientific).
2.4. Transient transfection and luciferase reporter assay

HEK293 cells were transfected with each plasmid construct (0.5 μg)
plus plasmids carrying Renilla luciferase or β-galactosidase as an inter-
nal control. The cells were incubated for 24 h and harvested by adding
100 μl of reporter lysis buffer (Luciferase Assay System; Promega). The
activity of firefly and Renilla luciferase in cell lysates was measured
using a dual-luciferase reporter assay system (Promega) and TD20/20
luminometer from Turner BioSystems. β-galactosidase activity was
assayed using a β-galactosidase enzyme assay system (Promega).
2.5. Overexpression and knockdown assays

The hnRNPM expression vector was purchased from Origene and
the pCMV5 empty vector was used as negative control. In addition,
Pseudotyped lentiviruses containing short hairpin RNA (shRNA) se-
quence against hnRNPM (TRCN0000001246, TRCN0000350395) were
obtained from the RNAi core facility at the Academia Sinica (http://
rnai.genmed.sinica.edu.tw/about) and were used to knockdown
hnRNPM expression. Lentiviruses containing shRNA against luciferase
(TRCN0000231693) was used as control.

http://www.proteomexchange.org/
http://rnai.genmed.sinica.edu.tw/about
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2.6. Quantitative real-time PCR (RT-qPCR)

RNAwas isolated and reverse-transcribed into cDNA using theHigh-
Capacity cDNA Reverse Transcription Kits (Applied Biosystems). The
cDNA was subjected to conventional PCR or quantitative real-time PCR
amplification. The TaqMan assays for FGF9, PLOD2, and ACTB (Applied
Biosystems) were performed and the levels of FGF9 and PLOD2 mRNA
were measured using the 2-ΔΔCt method, and normalized to the expres-
sion levels of ACTB. In addition, SYBR qPCR assays were developed to
measure relative amount of CYR61 mRNA and 18S rRNA. Information
for the primers and probes designed for these assays is given in Supple-
mentary Table S4.

2.7. RNA immunoprecipitation (RIP) and RIP sequencing

RNA immunoprecipitation (RIP) assay was performed using EZ-
Magna RIP™ RNA-Binding Protein Immunoprecipitation Kit (Millipore).
The isolated RNAs were reverse-transcribed to cDNA for RT-PCR or
high-throughput sequencing (RIP-Seq). The RIP was conducted under
the use of RNase inhibitor to protect RNA from RNase degradation (Re-
combinant RNasin® Ribonuclease Inhibitor, Promega Cat. No. N2515).
In brief, cells were lysed and incubated with hnRNPM antibody
(sc-20,002; 5 μg) or control IgG (SC-2025; 5 μg) conjugated with
magnetic beads (50 μl) for 4 h. The protein-RNA complexes were
immunoprecipitated and magnetically separated. The RNAs were iso-
lated by RNeasy mini kit (QIAGEN, Hilden, Germany), and treated
with a DNA-free kit (Ambion) to eliminate any DNA contamination.

2.8. Polysome profiling and polysome-bound RNA sequencing

Polysomal fraction assay was performed according to our pervious
study [12]. In parallel, puromycin treatment was performed with
2 μg/ml puromycin for 4 h in HEK293 cells prior to sucrose gradient sed-
imentation. For the genome-wide translatomic analysis, RNAs isolated
from the fractions 8–11were pooled to form the polysome-bound sam-
ples. The pooled polysome samples from normoxic and hypoxic condi-
tions were used for the preparation of fragment libraries, followed
by high-throughput sequencing using a SOLiD™ 5500xl sequencer
(Applied Biosystems, Foster City, CA, USA). The raw reads were further
analyzed using LifeScope™ Genomic Analysis Software (version 2.5)
and mapped to human genome (hg19) released from UCSC database.
To identify the differentially polysome-boundmRNAs, themapped pro-
files from duplicated experiments were analyzed using the Partek
Genomics Suite (version 4.9, http://www.partek.com/).

2.9. Western blotting, immunohistochemistry, immunofluorescence stain-
ing and enzyme-linked immunosorbent assay

Procedures of Western blotting, immunohistochemistry, immuno-
fluorescence staining and Enzyme-linked immunosorbent assay were
performed routinely in the lab using standard protocols. Antibodies
used in this study are listed in Supplementary Table S3.

2.10. RNA-protein network analyses

RNA-Protein Network Analyses were performed on translationally
upregulated, hnRNPM-target transcripts using the Database for Annota-
tion, Visualization and Integrated Discovery (DAVID,v6.7, https://david.
ncifcrf.gov/tools.jsp) web-accessible programs [16]. Only enriched fold
changes N2 and P b .05 were considered as significant pathway/process
presented in the dataset.

2.11. In vivo AOM/DSS-induced colon carcinogenesis mouse model

On day 1, themale B6mice in the treatment group (n=6mice/time
point) were injected with azoxymethane (AOM) working solution
(10 mg/kg body weight) while the control mice (n = 6 mice/time
point) received sterile isotonic saline injection. The dextran sodium sul-
fate (DSS, MP Biomedicals, Santa Ana, CA, USA)-containing water (2%)
was given at weeks 1, 4, and 7 to mice in the AOM group. Mice were
sacrificed at 1, 2, 3, 4, 8, 12, 16, and 20 weeks after AOM injection. The
study was approved by the Animal Ethics Committee at National
Cheng Kung University and all experiments applied to the animals
have followed the relevant regulatory standards.

2.12. Statistical analysis

Data were analyzed with Student's t-test or one-way ANOVA
followed by Tukey's multiple test using GraphPad Prism 5.0 (GraphPad
Software). Kaplan-Meier estimator and Mann-Whitney test were used
for survival and non-parametric analysis, respectively. All data are pre-
sented as the means ± SEM and the significance was set at P b .05.

3. Results

3.1. hnRNPM is a novel IRES-binding protein

We have previously shown that FGF9 is overexpressed in colon can-
cer and contributes to treatment failure of patients [12]. To determine
the relative contributions of cap-dependent and -independent path-
ways to FGF9 protein production, we first knocked down eIF4E2, a key
factor that regulates cap-dependent translation, in the HEK293 cells
and measured the amount of FGF9 protein under hypoxia (Fig. 1a and
Fig. S1a). Knockdown of eIF4E2 did not affect the FGF9 protein levels
(Fig. 1b), indicating that cap-dependent translation contributes very lit-
tle to the translational activation of FGF9 protein in low oxygen condi-
tions. We then sought to identify the protein that binds to FGF9 IRES
and controls FGF9 protein synthesis in hypoxia. RNA pulled-down
followed by immunoblotting results showed no interactions between
FGF9 5’UTR (FL)/IRES RNAs and the known hypoxia-responsible ITAFs,
such as PTBP1 and hnRNPA1 (Fig. S1b), suggesting unidentified ITAFs
may interact with FGF9-IRES under hypoxia. To identify the proteins
that bind to FGF9-IRES, the RNA-protein complexes were visualized by
sliver staining (Fig. 1c), followed by cutting specific bands for protein
identification using matrix-assisted laser desorption/ionization time-
of-flight mass spectrometer (MALDI-TOF MS). Four proteins, nucleolin
(~110KD), hnRNPM (~80kD), albumin (~72kD), and pleckstrin
(~45kD) were identified (Table S1). In parallel, the digested protein
fragmentswere analyzed using an ion trapmass spectrometer to obtain
matched peptide sequences. Results from the ion trapmass spectrome-
try showed a match of 5 peptides to just one protein, the human
hnRNPM. As only the hnRNPM was confirmed with Linear Trap
Quadropole (LTQ)-Orbitrap analysis, we then focused on the hnRNPM
for further investigation.

To confirm the binding of hnRNPM and FGF9-IRES, biotinylated FGF9
5’UTRRNA fragmentswere incubatedwithHEK293whole cell lysates to
pull down interacting proteins. Using a pan-antibody which recognizes
different hnRNPM isoforms [17], an immunoblot showed that the upper
band of hnRNPM interacts with all in vitro transcribed FGF9 RNAs
(Fig. 1d). However, the low molecular weight isoform of hnRNPM was
found to specifically bind to RNAs containing IRES (Fig. 1d). Result of
RNA immunoprecipitation (RIP) assay showed that the FGF9 signal
was enriched in hnRNPM precipitated RNAs in comparison to the IgG
control (Fig. 1e). Taken together, these data suggest that hnRNPM
binds to FGF9 IRES and may control FGF9 protein synthesis under
hypoxia.

3.2. hnRNPM controls IRES-mediated FGF9 overexpression in hypoxia

We then determined if hnRNPM regulates FGF9 expression. Forced
expression of hnRNPM induced a significant increase of luciferase activ-
ity in FL and IRES reporter constructs, respectively, while the luciferase

http://www.partek.com/
https://david.ncifcrf.gov/tools.jsp
https://david.ncifcrf.gov/tools.jsp


Fig. 1. hnRNPM is a novel FGF9 IRES-binding protein. (a) Immunoblot of HEK293 cells expressing control shRNA (sh_Luc) or three eIF4E2-specific shRNAs (sh_eIF4E2–1–3, left). Relative
knockdown efficiency of each shRNA compared to sh_Lucwas shown (right). The bars represent themean± SEM(n=3). ⁎⁎⁎P b .001 (ANOVA followed by Tukey'smultiple test). (b) FGF9
ELISA shows that all three eIF4E2-specific shRNAs knockdown do not change the FGF9 protein production during hypoxia (n= 3). (c) A silver stain image representing unique proteins
identified by MALDI-TOF mass spectrometry (indicated by arrows). The Input and NTC were used to show the target proteins in the cell lysates and a negative control for the pull-down
assay. (d) Alignment of peptide sequences from LTQ-Orbitrap analysis matched to the human hnRNPM protein sequences. (e) Immunoblot of hnRNPM and hnRNPA1 that were pulled
down by indicated biotinylated probes. The FGF2/hnRNPA1 and NTC were used as positive and negative controls for the pull-down assay. Input was used to show the target proteins
in the cell lysates. (f) Representative gel image shows that FGF9 mRNAs specifically interact with hnRNPM. β-actin and normal mouse IgG were used as a control transcript and a
negative control, respectively for RNA immunoprecipitation assay.
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activity of construct without IRES sequences (ΔIRES) was not changed
(Fig. 2a and S2a). To further verify that hnRNPM-induced luciferase ac-
tivity is through FGF9 IRES, we co-transfected hnRNPM expression vec-
tor and various FGF9 5’UTR bicistronic constructs in HEK293 cells.
Overexpression of hnRNPM induced ~15- and ~35-folds increases of
the luciferase activity in phpFL and phpIRES, respectively (Fig. 2b). In
contrast, the ΔIRES construct only exerted a minor increase (Fig. 2b).
Fig. 2. hnRNPM controls hypoxia-induced FGF9 overexpression. (a-b) Relative luciferase activi
transfectedwith pCMV5or phnRNPM.Data show fold-increase of pGL3-P of pCMV5. (c) Represe
cells. The detection of endogenous FGF9 protein productions in sh_Luc- or hnRNPM-knockdow
respective normoxia group. All data in this figure represent the mean ± SEM (n = 3). ⁎⁎P b .01
Similar result was also obtained in a colon cancer cell line, indicating
that overexpression of hnRNPM significantly elevates IRES activity
(Fig. S2b). Next, we determined whether hnRNPM is required for
hypoxia-induced FGF9 protein expression. As shown in Fig. 2C, level of
FGF9 proteinwas increased ~2·2 folds by hypoxia, whichwas abolished
by knockdown of hnRNPM (Fig. 2c). Furthermore, the drop of FGF9 pro-
tein expressionwas not resulted from a decrease of FGF9mRNA level or
ties of indicated monocistronic (a) or bicistronic (b) reporter constructs (upper panel) co-
ntativeWestern blot (upper panel) of hnRNPMknockdown (sh_hnRNPM-1&2) inHEK293
n HEK293 cells exposed to hypoxia or normoxia (lower panel). Data were normalized to
; ⁎⁎⁎P b .001 (Student's t-test).
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a reduction of FGF9 protein stability (Fig. S2c, d). Collectively, these
data support the role of hnRNPM in controlling hypoxia-induced,
IRES-mediated upregulation of FGF9 protein expression.

3.3. hnRNPM-mediated translational activation is involved in colon cancer
development and prognosis

As the results suggest that hnRNPM is a critical ITAF for IRES-
mediated translational activation under hypoxia, we speculated that
hnRNPM may play a vital role in aberrant expression of FGF9 in colon
cancer cells. To test this hypothesis, we first evaluated the expression
of hnRNPM in one normal and 8 colorectal cancer (CRC) cell lines. As
shown in Fig. 3a, only a basal level of hnRNPMwas detected in the nor-
mal human colon epithelial cell, CRL1790, while all CRC cell lines
showed overexpression of hnRNPM (Fig. 3a).

Next, the expression of hnRNPM protein was examined in 229 pairs
of colon cancer and adjacent normal tissues using tissue arrays. An ele-
vated level of hnRNPM was found in cancer tissues when compared to
the adjacent non-cancerous counterparts (Fig. 3b, c) and in metastatic
liver nodules (Fig. S3a, b). Interestingly, the presence of hnRNPM pro-
tein in cytosolic fraction was more evident in the cancer cells as com-
pared to that in non-cancer counterparts (Fig. 3b, lowest panel).
Moreover, the overall survival rate of patients with high hnRNPM levels
was significantly lower than those with low expression levels (Fig. 3d).
Fig. 3. hnRNPM expression is associated with colon cancer (CRC) development and prognosi
hnRNPM in normal colon cells (CRL1790) and 8 CRC cell lines (n=3). α–tubulin served as a lo
nochemical (IHC) staining of hnRNPM in paired CRC tumor and noncancerous tissueswith indic
each tissue sample indicates amplified images from the box marked region. (c) A Box andWhis
cancer (Ca) tissues. The number (N) of involved cases for each indicated stage is shown. ⁎⁎P b .01
theWhisker shows standard deviation. (d) Kaplan-Meier survival curve shows the overall surv
hnRNPM expressions. (e) Representative images (case number #28) show the IHC staining of
correlations between hnRNPM- and FGF9-positive cells (left), and between hnRNPM- and HIF
(Spearman's correlation test).
To illustrate the control of hnRNPM on FGF9 translation, immuno-
staining was performed using antibodies specific against hnRNPM,
HIF1-α, and FGF9 in serial sections of 49 pairs of CRC tissues. Our data
revealed the upregulation of all three proteins in the tumor part when
compared to the non-tumor part of CRC tissues (Fig. 3e). Consistent
with its role in controlling FGF9 protein translation, we found the levels
of hnRNPM and FGF9 were positively correlated (Fig. 3f, left). In addi-
tion, the concordant expression of hnRNPM and HIF1-α indicates that
a hypoxic microenvironment triggers hnRNPM expression (Fig. 3f,
right). Together with the in vitro promoter activity assay, our data dem-
onstrate that hnRNPM activates the translation of FGF9 through binding
to the IRES in the 5’UTR, which is correlated with poor prognosis.

3.4. Expression of hnRNPM is associated with colon cancer development
in vivo

To investigate when hnRNPM is expressed during cancer develop-
ment, an azoxymethane/dextran sodium sulfate (AOM/DSS)-induced
CRC mouse model was used (Fig. 4a). Using immunohistochemical
staining, the expression of hnRNPM was detected at the nucleus of
pre-neoplastic colitis in AOM/DSSmice after 1week treatment. Notably,
hnRNPM-positive cellswere abundant in the area surrounding the aber-
rant crypt foci in colon tumors from AOM/DSS mice at 3 weeks, and
their expression was observed in the nucleus and cytoplasm of tumor
s. (a) Immunoblots (upper panel) and quantified results (lower panel panel) of levels of
ading control. ⁎⁎P b .01; ⁎⁎⁎P b .001 (Student's t-test). (b) Representative images of immu-
atedDuke's stage A to D (number indicates patient ID used for the IHC). Lower panel under
ker plot shows the quantified IHC intensity of hnRNPM in paired noncancerous (Nor) and
; ⁎⁎⁎P b .001 (Student's t-test). The ends of the box are the upper and lower quartileswhile
ival probability between CRCs with high (top 30%, n=43) and low (bottom 30%, n=35)
hnRNPM, FGF9 and HIF-1α in paired noncancerous (Normal) and cancer tissues. (f) The
1-α-positive cells (right) in paired non-cancerous and CRC cases (n = 40) were plotted
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cells (Fig. 4b). Our data demonstrated that the expression levels of
hnRNPM in colon tissues of the AOM/DSS mice increased as the cancer
progressed (Fig. 4c). These data clearly showed that overexpression of
hnRNPM occurs at an early stage of colon cancer development and
throughout the course of CRC progression.

3.5. Hypoxia increases binding of cytosolic hnRNPMonto its target and pro-
motes translation

Using an hnRNPM-IP followed by reverse transcriptase quantitative
PCR (RT-qPCR), our data showed a 2-fold enrichment of FGF9 mRNA
under hypoxia (Fig. 5a, b). Similarly, marked increase of hnRNPM pro-
teinswere pulled down by FGF9 FL and IRES RNAs under hypoxic condi-
tions compared to those under normoxia (Fig. 5c). These data indicate
that hypoxia enhances the interaction between hnRNPM and IRES-
containing target transcripts (i.e., FGF9mRNA).

As hnRNPM is a knownRNA binding protein that is involved in splic-
ing and mRNA processing [18], shuttling between nucleus and cyto-
plasm would be predicted in order for hnRNPM to exert its biological
function. To examinewhether hypoxia changes the cellular distribution
of hnRNPM, we performed immunofluorescent staining to detect cellu-
lar distribution of hnRNPM. As shown in Fig. 5d, hnRNPM is predomi-
nantly co-localized with DAPI in the nucleus under both normoxic and
Fig. 4. Expression of hnRNPM is positively correlated with cancer progression in the mouse m
protocol of AOM/DSS murine model to induce CRC. The AOM was injected at Day 1 (arrow)
points when the tissues were collected. (b) IHC images shows the IHC staining of hnRNPM in
used as control for AOM/DSS treatment; normal rabbit IgG was used as negative control for
indicated AOM/DSS-treated mice groups (n = 3–6). ⁎⁎⁎P b .001 (ANOVA followed by Tukey's m
hypoxic conditions. Notably, an increase in cytosolic hnRNPM was de-
tected when cells were cultured under hypoxia (Fig. 5e). Both the num-
ber of cells with cytosolic hnRNPM staining and the fluorescent
intensity of cytosolic hnRNPM were significantly increased under hyp-
oxia (Fig. 5e and Fig. S4a). In parallel, we performed Western blot on
fractionated cell lysates in Caco2 andHCT116 colon cancer cells cultured
under normoxia or hypoxia to support the observation. As shown in the
Fig. 5f, hnRNPM was predominantly present in the nuclear fraction in
both normoxic and hypoxic conditions. While the levels of hnRNPM in
nuclear fraction showed no differences between normoxia and hypoxia,
a significant increase of hnRNPM expression in cytosolic fraction were
observed in hypoxic condition (Fig. 5f and S4b).

To examine whether cytosolic hnRNPM would interact with IRES-
containing mRNA to promote translation, we investigated whether
hnRNPM is associated with translation machinery to activate transla-
tion. Cytoplasmic fractions of HEK293 in normoxia and hypoxia were
subjected to sucrose density gradient centrifugation. The distribution
of 28S and 18S rRNA in all fractionswas analyzed by denaturing agarose
gel electrophoresis (Fig. 5g, upper). Results showed that hnRNPM was
largely associated with fractions 3–6 under normoxia, while the distri-
bution of hnRNPM was mostly found in fractions 7–11 (polysome)
under hypoxia, indicating a switch to active translation under low oxy-
gen conditions (Fig. 5g, lower). On the other hand, such hypoxia-
odel of AOM-induced tumorigenesis. (a), Schematic representation of the experimental
, followed by giving DSS at weeks 1, 4, and 7 (Bold line). The arrowhead indicates time
the colon sections of AOM/DSS-treated mice. Saline-injected and age-matched mice were
IHC. (c), The plot shows the comparison of hnRNPM-positive cells from IHC staining in
ultiple test).



Fig. 5. Hypoxia enhances interaction between hnRNPM and FGF9 mRNA and promotes translation. (a) Gel image of FGF9 RT-PCR from hnRNPM-immunoprecipitation assay. RNase
treatment was performed to indicate that PCR products were amplified from RNA origin. (b) The quantitative measurement of FGF9 TaqMan assays from hnRNPM-
immunoprecipitation assay. The relative FGF9 mRNA level was shown as the amount measured in hypoxia normalized to the amount in normoxia. (c) Representative Western blot
image shows levels of hnRNPM pulldown by full length FGF9 RNA 5’UTR (FL) or just IRES sequences from cells cultured under normoxia or hypoxia conditions. (d) Immunofluorescent
images showed cellular distribution of hnRNPM (red) in HEK293 cells cultured in normoxia or hypoxia conditions. The arrowheads indicate cytosolic hnRNPM. Nuclei were marked
with DAPI (blue). (e) Number of cytosolic hnRNPM positive cells in normoxia or hypoxia (A total of 100 cells per independent experiment were counted). (f) Representative Western
blot image shows the expression of hnRNPM in the cytosolic and nuclear fractions of indicated cells treated with normoxia or hypoxia for 9 h (n = 3 independent experiments). The
levels of α-tubulin and lamin A/C are used as markers for cytosolic and nuclear fractions, respectively. (g) The 18S and 28S rRNAs were resolved on a 1% formaldehyde/agarose gel and
visualized by ethidium bromide staining (Upper panel). Immunoblotting analysis of gradient fractions was performed using antibodies against hnRNPM, PTBP1, eIF3, eIF4A1, and
ribosomal protein RPS6 (Lower panel). (h) The quantitative measurement of mRNAs from hnRNPM-knockdown cytoplasmic extracts. Bar graphs represent the proportion of actively
translated mRNA of FGF9 (left panel) and β-actin (right panel) from 3 independent experiments. ⁎P b .05; ⁎⁎P b .01; ⁎⁎⁎P b .001 (Student's t-test).
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induced polysome association shift was not observed in eIF3 and
eIF4A1, two well-known translation initiation factors, in cells treated
with hypoxia. To conclude whether the sedimentation of the hypoxic
hnRNPM reflected their association with polysomes, cells were treated
with puromycin prior to sucrose gradient sedimentation. As expected,
puromycin treatment caused the relocation of hnRNPM, and RPS6 to
lower sedimenting fractions in the gradient (Fig. S4c). The relocation
of hnRNPM toward the less dense fractions in the gradient after puro-
mycin treatment suggests that a portion of hnRNPM was associated
with ribosomes in hypoxia. Furthermore, we observed that hnRNPM
distributed together with several translation initiation factors (eIF3
and eIF4A1) in fractions enriched with the 40S ribosome subunit
(Fig. 5g, right lower panel, fractions 1–2), implying that hnRNPM may
be associated with the 43S preinitiation complex and participate in
translational control during hypoxia. Nevertheless, further in-depth in-
vestigation is needed to verify whether hnRNPM can be involved in the
translation initiation to regulate protein synthesis under hypoxia.

Next, we examined the role of hnRNPM in controlling hypoxia-
induced FGF9 translation. Knockdown of hnRNPM significantly de-
creased the actively translated FGF9 mRNA under hypoxia but not in
normoxia as compared to the Luc knockdown control (Fig. 5h, left
panel). It is noticed that the proportion of actively translated ACTB
mRNA is elevated in hnRNPM-knockdown cells under both hypoxia
and normoxia (Fig. 5h, right panel). Whether the results suggest that
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hnRNPM may function as a negative regulator for ACTB mRNA transla-
tion remains to be determined. Nevertheless, altogether these data
strongly support the novel role of hnRNPM in controlling FGF9 mRNA
translation under low oxygen condition.

3.6. hnRMPM activates translation in a specific set of IRES-containing tran-
scripts and promotes colon cancer tumorigenesis in response to hypoxia

To study the global impact of hnRNPM regulation, we performed RIP
followed by deep sequencing (RIP-seq) to identify hnRNPM-bound RNA
targets in low oxygen condition (SRA submission #: SUB2903395). The
RIP-seq results revealed that the global RNA-hnRNPM interaction
changed dramatically from normoxia to hypoxia (Fig. 6a). In parallel,
we combined polysome-bound RNA fractions (fractions 7–11) and ran
deep sequencing to identify genes that are regulated through hypoxia-
Fig. 6. hnRMPM selectively controls IRES-mediated translation in response to hypoxia. (a) Hier
N2) or hypoxia (H1 and H2). Each column represents individual transcripts with significant (P
from hnRNPMRIP-Seq (HEK293), translatome (HT-29), and predicted IRES-containing gen
translation efficiency (lower) among hnRNPM-IRES targets (red), hnRNPM-splicing targets
Mann-Whitney test (two-sided). (d) Gene ontology (biological processes, left) and KEGG path
showing with each bar represents targets identified in each designated category. P value was
the RIP-seq and Ribo-Seq reads of represented genes. The upper panels show the hnRNPM
precipitated RNAs), and the lower panels depict the Ribosome profiling (Ribo-Seq) reads o
RNAs). Normalized read densities of indicated dataset were shown for normoxia (blue) and
cytoplasmic extracts. Bar graphs represent the proportion of actively translated mRNA of PL
(Student's t-test).
induced translational reprograming (SRA submission #: SUB2978848).
The integration of results from RIP-seq (12,495 transcripts with overall
read counts N10) and translatomics (11,997 transcripts with overall
read counts N10) revealed that over 87% of polysome-bound mRNAs
are also targeted by hnRNPM. The ribosome occupancy was compared
between non-targets (absent from hnRNPM-RIP, 1502 transcripts) and
common targets (present in hnRNPM-RIP with N40% of changing reads,
7353 transcripts). The results revealed that the numbers of reads in asso-
ciation with ribosome-bound mRNA for non-targets were significantly
more than those for common targets (Fig. S5a), suggesting that the func-
tion of hnRNPMbinding onto its targetmRNA is not to change translation
efficiency but to select specific mRNAs for translation under hypoxia.

As our previous study suggested that cellular IRES may function as
an RNA switch to turn protein synthesis “on” during hypoxia and/or in
cancer cells [12], we then cross-referenced the hnRNPM common
archical clustering of duplicated hnRNPM-IP-seq from cells exposed to normoxia (N1 and
b .05) up- (red) or down-expression (green). (b) Venn diagram shows overlapped targets
e datasets. (c) Cumulative distribution log10-fold changes of mRNA input (upper) and
(green), and cap-dependent translational targets (blue). P values were calculated using
ways (right) analysis of 546 translation efficiency (TE) up-regulated targets. The number
presented as transformed –log10 value. (e) Genome browser view of the distribution of
-binding targets identified by RIP-seq (input, input RNA; RIP-Seq, hnRNPM immuno-
f the represented genes (Transcriptome, input RNAs; Translatome, polyribome-bound
hypoxia (red) (f) The quantitative measurement of mRNAs from hnRNPM-knockdown
OD2 (upper panel) and CYR61 (lower panel) from 3 independent experiments. ⁎P b .05
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targets identified in this study to the dataset of 5226 IRES-containing
genes obtained previously to identify those transcripts that are poten-
tially controlled by the hnRNPM-IRES-mediated translational switch.
We found that 1875 hnRNPM-target, polysome-bound mRNAs contain
the predicted IRES motif (Fig. 6b), indicating the protein synthesis of
these mRNAs may be controlled by hypoxia-induced, hnRNPM-IRES-
mediation. The possibilities that the identified hnRNPM-bound tran-
scripts may represent either the hnRNPM splicing targets [19] or that
the observed polysome-association may result from cap-dependent
translation in hypoxia [5] were then considered. The comparison of
three datasets revealed that only a very small proportion of hnRNPM-
IRES-target genes overlap with hnRNPM-splicing targets (8 genes,
0.43%) or cap-dependent translated targets (175 genes, 9.3%, Fig. S5b).
In addition, while the amounts of mRNA input in the hnRNPM-IRES tar-
gets aremuch less than in hnRNPM-splicing targets (Fig. 6c, upper), the
overall translation efficiencies (TE, defined by normalized ribosome-
bound reads with its mRNA input) are similar between the two groups
(Fig. 6c, lower). We also found a higher amount of input mRNA (P b

.001, Fig. 6c, upper) and better TE (P b .05, Fig. 6c, lower) in association
with cap-dependent translated targets than the hnRNPM-IRES targets.
These results confirmed the notion that cap-dependent translation is
still the most efficient way to generate proteins even under stress con-
ditions. Nevertheless, our data also demonstrated that the hnRNPM-
IRES-transcripts represent a unique mRNA population that is regulated
by cap-independent translation in hypoxia.

The biological significance of hypoxia-induced, hnRNPM-IRES-medi-
ated translational activation was explored using 546 TE up-regulated
targets with enhanced binding of hnRNPM. GO terms enrichment anal-
ysis revealed that many of these IRES-containingmRNAs translationally
activated by hnRNPMeither participated in themitochondrial process, a
well-known role of mitochondrial function in cellular energy and reac-
tive oxygen species homeostasis in hypoxia (Fig. S5c, left), or functioned
in the regulation of transcriptional activity (Fig. S5c, right). In addition,
these hnRNPM-IRES translated targets are likely to be involved in
the processes including cellular protein localization, regulation of pro-
tein modification, regulation of cellular response to stress and cell
redox homeostasis (Fig. 6d, left). Furthermore, the hypoxia-induced,
hnRNPM-IRES targets were highly enriched in various pathways includ-
ing lysosome, apoptosis, and various types of cancers (Fig. 6d, right).
Detailed read distribution of RIP-seq and polysome-bound RNA-seq
analyses showed that the genomic regions of transcripts functioning
in the response to oxygen levels, such as ALDH2 [20], ADAM17 [21]
and P4HA1 [22], or which are involved in cancer/ catabolic pathways,
such as Procollagen-Lysine,2-Oxoglutarate 5-Dioxygenase 1 (PLOD2
[23], FGF9 [12], DCUN1D5 [24], CKS1B [25] and PSMD13 [26], were
bound by hnRNPM and that their polysome-bound reads were up-
regulated by hypoxia treatment (Fig. 6e and Fig. S5d).

To validate the role of hnRNPM as a master regulator for controlling
IRES-mediated translational activation in hypoxia, hnRNPM was
knocked down in cells and the proportion of actively translated mRNA
for the predicted hnRNPM target gene, PLOD2, was quantified. Result
showed that hypoxia significantly increased hnRNPM-bound PLOD2
mRNA (Fig. S5e, left) while knockdown of hnRNPM drastically re-
pressed hypoxia-induced PLOD2 mRNA translation (Fig. 6f, upper). On
the other hand, neither oxygen levels nor hnRNPM-knockdown affected
the interaction of CYR61 mRNA, an IRES-containing non-hnRNPM-tar-
get gene, with hnRNPM (Fig. S5e, right) or changed the translation effi-
ciency (Fig. 6f, lower). Collectively, these results provide strong
evidence to support the notion that hnRNPM activates translation in a
specific subset of mRNAs that are involved in hypoxic responses to pro-
moting tumorigenesis in cancer cells.

4. Discussion

Translation of cellular mRNAs via initiation at IRESs has received in-
creasing attention in recent years because it controls important cell-fate
decisions under stress, leading to either survival or cell death [27,28].
While ITAFs are believed to play a pivotal role in IRES-mediated transla-
tion and function in a target-specific manner [7], the key player(s) that
guide cellular IRES-mediated expression under hypoxic stress remain
largely unknown. Herein, we provide compelling evidence to show that
hnRNPM binds to IRES-containingmRNAs and activates their translation
in hypoxia. Overexpression of hnRNPM increased FGF9 protein produc-
tion in hypoxic conditions, while knockdown of hnRNPM abolished
hypoxia-induced FGF9 protein synthesis. Since FGF9 has been shown to
play critical roles in tumorigenesis and cancer malignancy [12,13,15],
these results, for the first time, demonstrate that hnRNPM is a novel
hypoxia-induced ITAF that activates IRES-mediated translation in stress
conditions and offer a new avenue in studying aberrant gene expression
during cancer progression. Nevertheless, it is of notice thatwe focused on
selected bands for proteomic analysis. Thus the approach limited thepro-
tein identified in the current study restrict to the IRES sequences but not a
complete list of interacting proteins for FGF9 5’UTR. To reconstruct the
complete RNA-protein interaction of FGF9 5’UTR under hypoxia, a com-
prehensive approach will be employed in the future.

Prior to this study, hnRNPMwas a protein known for its regulation of
pre-mRNA splicing [29], alternative splicing site selection [30], and RNA
quality control [31]. Hypoxia has been shown to have a significant effect
on the alternative splicing of genes in various conditions including nor-
mal endothelial cells [32] and human breast cancer cells [33], perhaps
through the upregulation of many splice factors and splice factor ki-
nases that helps cells adapt through and/or survive under hypoxia
[34]. In supporting previous findings, hnRNPM has been suggested to
promote breast cancer metastasis via regulating alternative splicing
[35]. Notably, the hnRNPM-IRES-target genes identified in this study
only overlapped 8 genes with previously discovered hnRNPM-splicing
targets [19] (0.43%), demonstrating that the hnRNPM-IRES targets are
a novel population of mRNA that is controlled by hypoxia-induced
translation machinery. Taken together, these results showed that
hnRNPM is a versatile molecule to promote cancer development
through multiple mechanisms.

It is known that cells activate alternative translations, including cap-
dependent and IRES-dependent pathways, when eIF4F activity is
inhibited by hypoxia. While the cap-dependent protein synthesis path-
way is well documented [5], the control of IRES-dependent pathway re-
mains unclear [36]. Our experimental evidence supports a role of
hnRNPM in binding IRES-containing cellular mRNAs and directly facili-
tating translation. In addition to the significant elevation of hnRNPM-
bound mRNAs associated with polysomes when oxygen is limited,
hnRNPM-bound mRNAs were found to uniquely co-exist with eIF3
and eIF4A1 in free mRNA and pre-40S ribosomal particles in hypoxia-
treated fractions. Taken together, these data imply that hnRNPM partic-
ipates in the formation of a specific translational initiation complex, and
promotes protein synthesis for hnRNPM-target mRNAs under hypoxia
(Fig. 7). Recent studies have shown that an eIF4G homolog, DAP5, asso-
ciates with eIF2β and eIF4A1 to stimulate IRES-dependent translation of
some cellular mRNAs [37], and XIAP IRES directly recruited eIF3 to the
precise structural conformation near the initiating AUG in a poly(A)-
and PABP-dependentmanner [38]. Our findings that hnRNPM facilitates
the formation of initiation complex provide further insights into thema-
chinery of IRES-mediated translation under stress conditions, and sug-
gest that hnRNPM may represent the key regulator to control cap-
independent translation in hypoxia. Whether hnRNPM would partner
with DAP5 and/or PABP to drive IRES-dependent translation in hypoxia
is unclear and warrants further investigation.

The translational reprogramming is known to be an essential mech-
anism for cancer cell growth, progression, and survival in unfavorable
conditions. The hypoxia-induced translational switch through the use
of the eIF4E2-dependent pathway has been well documented [4,39];
however, the key regulators of hypoxic IRES-mediated translation and
their contribution to tumorigenesis remain amissing piece of the cancer
genome. By cross-referencing predicted IRES-containing geneswith our



Fig. 7. Aworking model of hnRNPM-IRES-mediated translational switch in hypoxia. There are 3 types of cytoplasmic mRNAs (labeled with different colors) in themRNA pool in the cells.
Cap-dependent translation carried out by eIF4F (eIF4E-eIF4A-eIF4G1) is predominately used for protein synthesis in normoxia (left).When eIF4F-dependent translation is inhibited during
hypoxia (transcripts in black), mRNA translation is then carried out selectively by the hypoxic eIF4F (eIF4E2-eIF4A-eIF4G3)-dependent (transcripts in orange) pathway [5] (right).
Alternatively, a subset of IRES-containing mRNAs (transcripts in green) undergoes conformational change in hypoxia and is recognized by the novel hypoxia-induced ITAF hnRNPM.
Together with the help from complex X (other RBPs like hnRNPC1/C2 and HuR) and the interaction of hnRNPM-IRES trigger the formation of a new translation initiation complex and
prime cap-independent translation to take place (right). Overall, protein synthesis through co-regulated, co-occupied IRES-containing mRNAs by hnRNPM can achieve vital
physiological responses to combat environmental hypoxic stress.
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transcriptomic and translatomic datasets, we identified a subset of
hnRNPM-targeted mRNAs actively translated in low oxygen conditions
through an IRES-mediated mechanism. b10% of genes on the hnRNPM-
IRES-targeted mRNA list are overlapped with previous identified genes
that are translated through cap-dependent translation [5], indicating
that the hnRNPM-IRES targets represent a unique population of mRNA
that is regulated by different translation machinery in hypoxia. By ana-
lyzing the ontology of these genes, we found that a large number of up-
regulated genes participate in themitochondrial process, in which their
functions concerning cellular energy and reactive oxygen species
homeostasis in hypoxia are well recognized. Furthermore, these
hypoxia-induced, hnRNPM-IRES targets are highly enriched in various
pathways, such as lysosome and apoptosis, and are involved in the tu-
morigenesis for several different types of cancers. In supporting this no-
tion, our recent study also found that hypoxia induces autophagy
through translational up-regulation of lysosomal proteins in human
colon cancer cells [40]. In addition, hnRNPM has been suggested as a
novel biomarker for colorectal carcinoma [41]. Collectively, these results
suggest the possibility of using hnRNPM as an anticancer target for fu-
ture research.

In summary, the role of hnRNPM in promoting IRES-containing
mRNA translation fills a critical missing piece of the hypoxia-induced
gene activation. This hnRNPM-IRES-dependent function complements
the mRNA translation pathway mediated through eIF4E2-HIF2α to
implement dynamic gene regulation and offers an alternative path
for translation recovery from stress-mediated global translational
suppression. Our study provides the first genome-wide profile of
the translational signature of hnRNPM, and demonstrates that the
hnRNPM-IRES-mediated protein production is involved in cancer devel-
opment and treatment outcomes. These findings not only support the
notion that IRES-mediated translation acts at an important node in tu-
morigenesis [27], but also provide a new direction in searching for
anti-tumor therapies.
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