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RNA-binding proteins (RBPs) play fundamental roles in cancer;
however, we still lack knowledge about to what extent RBPs are
dysregulated, as well as about perturbed signaling pathways in
cancer. In this study, we integrated analysis of multidimensional
data across >10,000 cancer patients and >1,000 cell lines. We
identified a top candidate RBP: eukaryotic translation initiation
factor 2 subunit beta (EIF2S2). EIF2S2 is highly expressed in tu-
mors and is associated with malignant features as well as patient
prognosis. Functional assays performed in cancer cells revealed
that EIF2S2 promotes cancer cell proliferation, migration, and
invasion in vitro as well as tumor growth and metastasis in vivo.
Mechanistic investigations further demonstrated that EIF2S2
promotes tumorigenesis and progression by directly binding to
a long non-coding RNA, LINC01600, which physically interacts
with the MYC protein and increases its stability. Interestingly, we
revealed that the EIF2S2-LINC01600-MYC axis can activate the
Wnt/B-catenin pathway by inhibiting the activity of FHIT-
related enhancers and FHIT expression. Finally, EIF2S2 knock-
down combined with oxaliplatin treatment could be a potential
combination therapy in cancer. Our integrated analysis provided
detailed knowledge of the function of the EIF2S2-LINC01600-
MYC axis, which will facilitate the development of rational com-
bination therapies for cancer.

INTRODUCTION

Gastrointestinal (GI) cancers are among the most common invasive,
lethal tumors."” Despite tremendous advancements in therapeutic
strategies, the overall survival rate has not yet been improved.” The
initiation and maintenance of tumors are centered on the concept
of cancer hallmarks via genetic and epigenetic mechanisms.*
Although a number of oncogenes and tumor suppressor genes have
been identified in GI cancers,” we still lack knowledge about the
landscape of transcriptome perturbations and the regulators that
contribute to cancer development.
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Updates

Compelling evidence has shown that RNA-binding proteins (RBPs)
play important roles in regulating gene expression and have a pivotal
role in many human diseases, especially cancers.”® Currently, an
increasing number of RBPs have been curated,”'® and some have
been demonstrated to drive tumorigenicity and progression. Dang
et al.'' demonstrated that NELFE functions as an oncogenic protein
and contributes to transcriptome imbalance in hepatocellular carci-
noma (HCC) via MYC signaling. In addition, the RBP quaking (QKI)
was shown to function as a principal regulator in the differentiation
of colonic epithelium, the deregulation of which is involved in the onset
and progression of colon cancer.'” Epithelial splicing regulatory protein
1 (ESRP1) has been reported to act as a pro-oncogenic RBP in colorectal
cancer (CRC) by modulating tumor growth."* These observations sug-
gest that RBPs are key mediators of oncogenic transcriptomic changes.

Moreover, the biggest problems in anticancer drug development
are acquired multidrug resistance and relapse.'* Oxaliplatin
(1,2-diaminocyclohexane-oxalate platinum) is a third-generation
platinum compound with anti-cancer activity in CRC,'” gastric can-
cer (GC), and many other tumors. However, cancer patients treated
with these drugs often develop drug resistance. Studies have reported
possible mechanisms of oxaliplatin resistance, including increased
drug detoxification,'® changes in apoptosis-regulating genes,"” and
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Figure 1. Integrative Analyses of Multidimensional Omics Data Revealed Candidate RBPs in Human Cancers

(A) Flowchart for identifying critical RBPs in cancer. (B) Heatmap showing the proportion of differentially expressed RBPs and other genes. The bar plots on the right show the
results for four types of gastrointestinal cancer. Fisher’s exact test. (C) The top bar plot shows the number of publications reporting RBPs, and the bottom bar plot shows the
number of cancer types in which the RBPs were dysregulated. (D) Venn diagram shows the overlap of pan-cancer RBPs and less frequently reported RBPs. (E) Relative RNA
levels of EIF2S2 in CRC, GC, and HCC patients. Red indicates tumor patients; cyan indicates normal controls. Wilcoxon signed-rank test. (F) Relative RNA level of EIF2S2 in
normal controls and patients with CRC and liver metastasis. Wilcoxon signed-rank test. (G) Kaplan-Meier survival analysis of CRC and HCC patients stratified by the EIF2S2
gene expression level. p = 0.023, log-rank test. *p < 0.05, **p < 0.01, ***p < 0.001.

enhancement of the DNA damage repair capacity.'® These studies re-
vealed the complicity of oxaliplatin resistance, but the detailed under-
lying mechanisms are still poorly understood. One popular solution
to the enduring challenge of drug resistance is rational combinatorial
targeted therapy.'” Thus, it is critical to identify regulators that can
result in impressive therapeutic effects of oxaliplatin in GI cancers.

In this study, we integrated multiple omics data from >10,000 tumor
samples and >1,000 cell lines and found that RBPs are more likely
than other proteins to be perturbed in cancer. Specifically, we identi-
fied a critical RBP regulator, eukaryotic translation initiation factor 2
subunit beta (EIF2S2), in GI cancer. EIF2F2 is upregulated in CRC,
GC, and HCC, and its upregulation is significantly associated with
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the malignant features and poor outcomes of patients. Systematic
investigation showed that the EIF2S2-LINC01600-MYC axis can
bind to the enhancer region of FHIT, further inhibiting the regulatory
effect of FHIT on the Wnt signaling pathway. Finally, our results sug-
gested that ETF2S2 silencing combined with oxaliplatin is a potential
therapeutic strategy for GI cancers.

RESULTS

Global Analyses of RBPs Identify Aberrant EIF2S2 Expression in
Gl Cancers

To characterize the transcriptional alterations in RBPs across cancer
types, we first assembled 860 RBPs from the literature.’ Next, we iden-
tified differentially expressed RBPs in 18 cancer types (Figure 1A).
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Table 1. Relationships between EIF2S2 Expression and Clinical
Pathological Features of Patients with CRC

Parameter No. of Patients EIF2S2 (Low) EIF2S2 (High) p Value
Sex
Male 92 44 48

0.288
Female 73 33 40
Age (years)
<60 69 28 41

0.176
>60 96 54 42
Distant Metastasis
Absent 62 23 39

0.062
Present 103 30 73
Tumor Size (cm)
<5 80 36 28

0.214
>5 85 28 29
Location
Colon 102 34 58

0.056
Rectum 63 18 45
Depth of Tumor
T1+T2 57 18 39

0.036
T3+T4 98 32 66
Vascular Invasion
Absent 72 42 30

0.218
Present 93 32 61
Nervous Invasion
Absent 70 32 68

0.469
Present 95 10 11
Lymphatic Metastasis
Absent 92 57 35

0.018
Present 73 33 40
Differentiation Grade
I-1I 65 32 33

0.025
1I-1v 100 28 72

Interestingly, we observed that transcriptional perturbations in RBPs
were common events in almost all cancer types (Figure 1B, p < 0.05
for all cancer types). For instance, more than 60% of RBPs were differ-
entially expressed in colon adenocarcinoma (COAD; p < 0.01) and
HCC (p < 0.01). These results reveal the widespread transcriptional
perturbations in RBPs across cancer types, particularly GI cancer.

To further screen key RBPs in human cancers, we first identified 87
RBPs that were differentially expressed in more than 80% of cancer
types (Figure 1C; Table S1). By querying the PubMed database, we
concluded that most of these RBPs were involved in tumorigenesis
and progression (Figure 1C). To identify novel cancer-related RBPs,
we focused on 20 RBPs that were reported in fewer than three publi-
cations (Figure 1D; Table S1). In addition, we integrated the genomic

alteration data from 1,019 cell lines and found that four RBPs
(EIF2S2, DDX56, DCAF13, and UTP18) showed genomic alterations
in more than 5% of cell lines. DDX56 was identified as an oncogene in
CRC by promoting the splicing of WEE1.”” DCAF13 was associated
with the survival of HCC and breast cancer.”"*> UTP18 is a compo-
nent of the small subunit processome and is frequently gained and
overexpressed in cancer.”” Of these RBPs, EIF2S2 was more signifi-
cantly aberrantly expressed than the other three RBPs and was
selected for further study.

EIF2S2 catalyzes the exchange of GDP (guanosine 5'-diphosphate)
for GTP (guanosine 5 -triphosphate) during the translation initiation
steps of protein synthesis, and little is known about its role in tumor-
igenesis. Moreover, we collected independent gene expression data
across CRC, GC, and liver cancer patients. We found that EIF2S2
also exhibited significantly higher expression in cancer (Figure S1A).
We also evaluated the expression of EIF2S2 in 317 paired tumor tis-
sues and corresponding noncancerous tissues (NCTs), including 165
CRCs, 80 GCs, and 72 HCCs (Table 1). We found that EIF2S2 was
more highly expressed in tissues from these the three types of cancers
than in the corresponding NCTs (Figure 1E, all p values <0.001).
Moreover, higher EIF2S2 expression was observed in liver metastasis
samples than in primary CRC tumors (Figure 1F). To investigate the
determinants of higher expression of EIF2S2, we first analyzed the
copy number of EIF2S2 across patients in TCGA. We found that
EIF2S2 was amplified across the majority of cancer types, particular
in CRC (Figure S1B). Next, we also performed quantitative polymer-
ase chain reaction (qPCR) to investigate copy number variations in
EIF2S2 in 70 CRCs, 30 GCs, and 30 HCCs. Higher copy number
amplification of EIF2S2 was observed in these cancer samples than
in their corresponding NCT's (Figures S2A-S2C). Finally, we explored
the effects of EIF2S2 on prognosis in GI cancer patients and revealed
that high expression of EIF2S2 is associated with poor survival of CRC
(Figure 1G, p = 0.023) and HCC patients (Figure S2D, p=9.1E—6 and
0.012). Taken together, these results suggested that EIF2S2 plays
oncogenic roles in GI cancers.

EIF2S2 Promotes Tumor Growth and Progression in Gl Cancers

To further analyze the effects of EIF2S2 on GI cancers, we knocked
down or overexpressed EIF2S2 in CRC, GC, and HCC cell lines (Fig-
ures S3A-S3C) and then performed colony and cell proliferation as-
says. We found that EIF2S2 is highly expressed in HCT-116 cells and
lowly expressed in LoVo cells. Thus, we performed functional exper-
iments in LoVo and HCT-116 cell lines. We demonstrated that
silencing EIF2S2 expression significantly inhibited CRC, GC, and
HCC cell colony formation (Figures 2A-2C; Figure S3D) and prolif-
eration (Figure 2D). In contrast, EIF2S2 overexpression significantly
promoted the colony formation and proliferation abilities of cancer
cells (Figures 2A-2D; Figure S3D). We next explored the roles of
EIF2S2 in cell invasion and metastasis. The results of the Matrigel in-
vasion assay showed that EIF2S2 knockdown significantly decreased
migration and invasion (Figures 2F-2H; Figures S3E and S3F),
whereas ectopic EIF2S2 expression significantly enhanced the migra-
tion and invasion of GI cancer cells (Figures 2F-2H; Figures S3E and
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Figure 2. EIF2S2 Increases Gl Cancer Cell Proliferation, Invasion, and Metastasis In Vitro and In Vivo

(A-C) Colony formation assays of the effects of siEIF2S2 or pWPXL-EIF2S2 treatment in CRC, GC, and HCC cell lines. (A) HCT-116 and LoVo; (B) MGC-803 and SGC-7901;
and (C) Huh-7 and SNU-449. (D) Cell Counting Kit-8 (CCK-8) assays showing the growth of CRC, GC, and HCC cells treated with siEIF2S2 (left) or pWPXL-EIF2S2 (right). (E)
Tumor weights were measured in the pWPXL-EIF2S2 and negative control groups in the xenograft mouse models. (F-H) Transwell migration and invasion assays in CRC (F),
GC (G), and HCC (H) cell lines treated with siEIF2S2 or pWPXL-EIF2S2. (-K) The number of metastatic foci in the intestine (), liver (J), and lungs (K) of nude mice at 6 weeks

after injection with stable pWPXL-EIF2S2 LoVo cells. The values are presented as means + standard error of the mean (SEM), n

S3F). Taken together, these results demonstrated that EIF2S2 signif-
icantly promotes the in vitro migration and invasion of GI cancer
cells.

To confirm the effects of EIF2S2 on the tumorigenicity of GI cancer
cells, EIF252-overexpressing cells and control cells, derived from the
LoVo, SGC-7901, and SNU-449 cell lines, were subcutaneously in-
jected into nude mice. After 8 weeks, the volume and weight of tu-
mors were dramatically increased in the EIF2S2 group compared
with the control groups (Figure 2E; Figures S3G-S3I), suggesting
that overexpression of EIF2S2 markedly promoted the tumorigenic
ability of GI cancers. Next, EIF2S2-overexpressing cells and control
cells derived from SNU-449 cells were transplanted into the intestine,
liver, and tail vein of nude mice. After 6 weeks, the mice were sacri-
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=3.**p <0.001, Wilcoxon signed-rank test.

ficed and the nodules were examined. We observed that 90% (9/10)
of mice implanted EIF2S2-overexpressing cells had colorectal meta-
static nodules, whereas only 10% of mice in the control group did
(Figure 21; Figure S3J; p = 0.0007). Moreover, 70% (7/10) of mice im-
planted with EIF2S2-overexpressing cells had distal lung metastases,
whereas 20% of mice in the control group did (Figure 2J; Figure S3J;
p = 0.0011). Regarding lung metastasis, 60% (6/10) of mice in the
EIF2S2 group and no mice in the vector group developed metastatic
nodules (Figure 2K; Figure S3J; p = 0.0032). These findings demon-
strate that EIF2S2 significantly promotes GI cancer metastasis.

EIF2S2 Preferentially Promotes Wnt Signaling
To further investigate the oncogenic roles of EIF2S2, we performed
gene set enrichment analysis (GSEA)** based on the genome-wide
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expression profiles of CRC from The Cancer Genome Atlas (TCGA)
project. We first calculated the Spearman correlation between the
expression of EIF2S2 and that of all other genes. Next, genes were
ranked based on the correlation and were then subjected to GSEA
analysis. In this study, we focused on the signaling pathways in
Reactome.”” We found that genes positively coexpressed with
EIF2S2 were significantly enriched in the “signaling by WNT”
pathway in both COAD and rectal adenocarcinoma (READ) datasets
(Figures S4A-S4C, p < 0.001), suggesting that Wnt signaling is a key
downstream pathway regulated by EIF2S2.

Next, we investigated the expression levels of several representative
genes in the WNT signaling pathway in EIF2S2-depleted or
EIFS2S-overexpressing CRC cells. Most of the genes in the WNT
pathway showed expression perturbations in EIF2S2-overexpressing
or EIF2S2 knockdown tumor cells (Figure S4D). Particularly, we
found that the protein levels of ROCK2 and c-Myc were increased
or decreased in EIF2S2-overexpressing or EIF252-depleted CRC cells,
respectively (Figure S4E). Moreover, the activity of the luciferase re-
porter-containing response element of the core WNT signaling
pathway component B-catenin was augmented in EIF2S2-overex-
pressing CRC cells (Figure S4F, p < 0.001). In contrast, the reporter
activity was diminished after EIF2S2 knockdown (Figure S4F,
p < 0.001). These results suggest that EIF2S2 might exert its tumor-
promoting functions by modulating the WNT signaling pathway.

EIF2S2 Coordinately Regulates with MYC through Binding to
LINC01600

Although EIF2S2 has been previously identified as an RBP,” its targets
are largely unknown. Genetic studies have proven that a significant
number of non-coding RNAs (ncRNAs) are associated with GI
cancers,”® and the expressions of long ncRNAs (IncRNAs) are tightly
regulated by RBPs.”” Thus, we hypothesized that EIF2S2 may bind to
specific ncRNAs to exert its carcinogenic functions in cancer cells. We
measured the expression of ncRNAs using RNA sequencing (RNA-
seq) and found that one IncRNA (LINC01600) showed significant
downregulation after knockdown of EIF2S2 (Figure S5A).
LINCO01600 has been reported to be upregulated in lung cancer and
associated with poor prognosis.”® However, little is known about its
roles in human cancers. The primary LINCO01600 transcript of
2,434 bp was identified by 5" and 3’ RACE and northern blot assays
in LoVo and HCT-116 cells (Figures S5B and S5C). Next, we
measured the expression of LINC01600 and found that it was variable
in CRC cell lines (Figure S5D), with a nuclear distribution of approx-
imately 54% (Figure S5E). Importantly, there was a strong positive
correlation between the expression of LINC01600 and EIF2S2 in
CRC tissues (correlation coefficient [r] = 0.84, p < 0.0001; Figure S5F).
In addition, overexpression of EIF2S2 significantly increased
LINCO01600 expression, while knockdown of EIF2S2 significantly
reduced the expression of LINC01600 (Figure S5G). Furthermore,
we observed that LINC01600 was significantly upregulated in CRC
tissues compared with NCTs (n = 165, Figure S5H). In the 21
CRC:s with liver metastasis, we found higher LINC01600 expression
in metastatic samples than in primary tumors (Figure S5I, all

p values < 0.05). Importantly, patients with higher LINC01600 levels
exhibited poorer overall survival than did those with lower levels (Fig-
ure S5J, p = 0.018). In particular, significantly shorter survival times
were observed in patients with high expression of both EIF2S2 and
LINCO01600 (Figure S5K, p = 0.0004). These results suggest that
LINCO01600 plays critical roles associated with EIF2S2 in GI cancers.

To further explore the molecular mechanism by which EIF2S2 regu-
lates LINC01600 in CRC cells, we performed biotin-labeled RNA
pull-down accompanied by mass spectrometry to identify
LINCO01600-interacting proteins. The results of three independent ex-
periments consistently showed two specific proteins of approximately
60 and 45 kDa in the LINC01600 pull-down samples (Figure 3A). We
obtained seven potential interacting proteins based on a confidence
score cutoff of >50 in mass spectrometry (Figure 3A). Notably, we
found that c-MYGC, a key signaling molecule in the WNT pathway,”’
was confirmed as a specific binding protein of LINC01600. In addi-
tion, EIF2S2 was associated with LINC01600 (Figure 3A). The results
of a western blotting assay using the retrieved protein samples in the
RNA pull-down assay further confirmed the binding of EIF2S2 and
¢-MYC to LINCO01600 (Figure 3B, top panels). These interactions
were further confirmed through RNA immunoprecipitation (RIP) as-
says (Figure 3B, bottom panels). These results suggest that
LINC01600 can bind to EIF2S2 and c-MYC in CRC. Furthermore,
we found that the 5 fragment (nucleotides 1-379) of LINC01600
was responsible for the interaction with EIF2S2 (Figure 3C), and
the 3’ fragment (nucleotides 1,831-2,000) with c-MYC (Figure 3C).

To explore whether EIF2S2 and ¢-MYC bind each other through a
link with LINC01600, we performed coimmunoprecipitation experi-
ments with EIF2S2 and ¢c-MYC. We found that EIF2S2 can interact
with ¢-MYC (Figure 3D, top panels). However, LINC01600 knock-
down significantly blocked the interaction between EIF2S2 and
c¢-MYC (Figure 3D, bottom panels). These results indicate that
LINCO01600 acts as a scaffold in the interaction between EIF2S2 and
c-MYC. Next, we performed RIP assays to determine the interaction
region of EIF2S2 and c-MYC. We found that deletion of the domain
presented in eIF2B (eiF2B_5, amino acids 199-308), eIF5 of EIF2S2,
significantly abolished the association of EIF2S2 with LINC01600
(Figure 3E). In addition, deletion of some helix-loop-helix (HLH) do-
mains (amino acids 370-426) in c-MYC exhibited similar effects (Fig-
ure 3F), indicating that LINC01600 binds to EIF2S2 and ¢-MYC
through these regions, respectively. These results indicate that both
EIF2S2 and c-MYC specifically bind with LINC01600, and that
LINCO01600 plays a scaffolding role to link ¢-MYC to EIF2S2 in
CRC cells.

EIF2S2 Enhances the Stability of the MYC Protein by Reducing
the Degradation of LINC01600

We next characterized the molecular consequences of the associa-
tions among EIF2S2, c-MYC, and LINC01600. Interestingly, the
activity of the luciferase reporter containing the ¢-MYC response
element was diminished in EIF2S2-silenced cells, and it was
augmented LINC01600 (Figure 4A).

after overexpression
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Figure 3. EIF2S2 Interacts with LINC01600 and MYC
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Particularly, EIF2S2 and LINCO01600 double knockdown signifi-
cantly decreased activity of the c-MYC reporter in CRC cells
significantly (Figure 4A). Alternatively, overexpression of EIF2S2
promoted the activity of the ¢-MYC reporter, while ectopic
LINCO01600 expression in EIF2S2-overexpressing CRC cells further
promoted the activity of the c-MYC reporter (Figure 4A). To inves-
tigate the function of LINC01600 in CRC cell lines, cell lines with
stable overexpression (pWPXL-LINC01600) and knockdown
(shLINCO01600) were established (Figure S6A). We found that
LINCO01600 overexpression significantly enhanced CRC cell prolifer-
ation, colony formation, migration, and invasion (Figures S6B-S6E,
all p values <0.001). In contrast, LINC01600 knockdown signifi-
cantly inhibited cell proliferation, colony formation ability, cell
migration, and invasion (Figures S6B-S6E, all p values < 0.001).
These results suggest that LINC01600 plays a carcinogenic role.

Actinomycin D, which effectively inhibits de novo synthesis of RNA,
was used to explore the effects of EIF2S2 on the stability of
LINC01600. Overexpression of EIF2S2 increased the half-life and

1110 Molecular Therapy Vol. 28 No 4 April 2020

15
LINC01600 enrichment
(the fold of 1gG control,
normalized by 18S)

(Figure 4C). Moreover, after treatment with
the protein-synthesis inhibitor cycloheximide
(CHX), LINC01600 knockdown decreased the
half-life of c-MYC protein, whereas ectopic
LINCO01600 expression increased the half-life of the c-MYC protein
in CRC cells (Figure 4D). These results indicate that LINC01600
might inhibit the proteasome-dependent degradation of c-MYC in
CRC cells. Furthermore, the ubiquitination levels of c-Myc were
significantly decreased in LINC01600-OE cells, whereas the ubiquiti-
nation levels of c-Myc were increased in LINC01600-knockdown cells
(Figure 4E). LINC01600 overexpression rescued the effects of EIF2S2
knockdown on the expression of c-MYC target genes, whereas
silencing of LINC01600 expression significantly decreased the expres-
sion levels of the genes induced by ectopic expression of ETIF2S2 (Fig-
ure 4F), suggesting that EIF2S2 might regulate the expression of
¢-MYC downstream genes through modulation of LINC01600.
Moreover, LINC01600 knockdown notably abolished the promotive
effects of EIF2S2 on cell proliferation, migration, and invasion,
whereas LINC01600 overexpression abrogated the inhibitory effects
of EIF2S2 knockdown on cell proliferation, migration, and invasion
(Figures 4G-4I; Figure S7). Taken together, these findings demon-
strate that EIF2S2 acts as an oncogenic driver by activating c-MYC
through LINC01600 in CRC cells.
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Figure 4. EIF2S2 Plays Oncogenic Roles by Blocking the Proteasomal Degradation of MYC in a LINC01600-Dependent Manner

(A) Luciferase assays in CRC cells infected with lentivirus expressing EIF2S2 or transfected with EIF2S2 after LINCO1600 knockdown or overexpression. Wilcoxon signed-
rank test. (B) Densitometric analysis of LINCO1600 RNA levels in cells with EIF2S2 knockdown or overexpression. The relative fold changes are expressed compared to the
level at O h. (C) Immunoblotting to measure the EIF2S2 and MYC protein levels in cancer cells with ectopic expression of LINCO1600 or treated with siLINC0O1600. (D)
Immunoblotting to measure the MYC levels in cells with ectopic expression of LINCO1600 or treated with siLINCO1600 and cycloheximide (CHX, 30 ng/mL) for different
durations. (E) Cells with LINCO1600 knockdown or overexpression were transfected with pCMV-Flag-c-Myc plasmids for 48 h. Cell lysates were immunoprecipitated (IP) with
either control IgG or anti-Flag antibody and immunoblotted with ubiquitin-specific antibody. Flag-tagged c-Myc and GAPDH served as the loading controls. (F) The relative
mMRNA levels of MYC downstream genes in HCT-116 and LoVo cells infected with lentivirus expressing EIF2S2/LINCO1600 or transfected with EIF2S2/LINC0O1600 small
interfering RNAs (siRNAs). (G-I) Proliferation (G), migration (H), and invasion assays (l) in HCT-116 and LoVo cells infected with lentivirus expressing EIF2S2/LINCO1600 or
transfected with EIF2S2/LINC0O1600 siRNAs. **p < 0.01, **p < 0.001, Wilcoxon signed-rank test.
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Figure 5. The Activity of FHIT Is Predominantly Driven by the E4 Constituent Enhancer

(A) The workflow for identifying MYC-regulated enhancers and target genes. (B) Candidate genomic regions harboring enhancers and adjacent target genes in the LoVo cell
line. (C and D) Genomic overview of the DNase and H3K27ac signals in two representative enhancers of FHIT (C, super-enhancer |; D, super-enhancer Il). E1TE5 were
enhancers. (E and F) Luciferase reporter assays were used to measure the enhancer activity of constituent enhancers in LoVo cells. The pCDH plasmid without the enhancer
region (empty) was used as a negative control (E, super-enhancer |; F, super-enhancer ll). (G) Relative expression of FHIT in LoVo cells with different treatments. (H) Luciferase
reporter assays for B-catenin activity in LoVo cells with different treatments. () The effect of the FHIT E4 enhancer on proliferation (left panel), migration (middle panel), and
invasion (right panel) in cells was dependent on the EIF2S2-LINC0O1600-MYC axis. *p < 0.05, **p < 0.01, ***p < 0.001, Wilcoxon signed-rank test.

The EIF2S2-LINC01600-MYC Axis Regulates Enhancers in
Cancer

To further investigate the functional consequence of the EIF2S2-
LINC01600-MYC complex, we next integrated the DNase-seq and
chromatin immunoprecipitation sequencing (ChIP-seq) data to iden-
tify its downstream targets. We identified 606 genomic regions that
were bound by ¢-MYC. By determining the intersection of these
genomic regions, we identified 29 and 17 noncoding regions for
further analyses (Figure 5A). Specifically, we focused on six candidate
regions that were defined as super-enhancers in this study (Figure 5B).
Two distinct focal regions located ~1 and ~97,420 kb far away from
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the FHIT gene in CRC cells were further investigated (Figures 5C and
5D). Interestingly, the tumor suppressor FHIT was demonstrated to
play an unexpected role in the regulation of B-catenin-mediated
gene transcription.’’ To determine the functions of FHIT-related en-
hancers, we integrated DNase clusters in 95 cell types and identified
five nearby constituent enhancers (E1-E5) and three distant constit-
uent enhancers (E1'-E3’). These candidate enhancers overlapped
with H3K27ac signals (Figures 5C and 5D). Next, luciferase reporter
assays were performed to investigate the functions of these enhancers.
We found that the E4 enhancer showed the strongest activity in LoVo
cells (Figures 5E and 5F). However, there was no detectable enhancer
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activity in HEK293 cells, confirming that this super-enhancer was
specific to CRC. Furthermore, duplication of the E4 enhancer in
the luciferase reporter construct resulted in a >2-fold increase in lucif-
erase expression relative to that of the construct with a single copy of
E4 (Figure 5E). These results indicate that an increase in the copy
number of the enhancer region may upregulate the expression of
target genes.

Interestingly, we found that the expression of FHIT was signifi-
cantly increased or decreased in E4-overexpressing or E4-depleted
CRC cells, respectively (Figure S8A). In addition, we found that
FHIT functions as a tumor suppressor in CRC and that dysregu-
lated expression of FHIT is significantly involved in cell prolifera-
tion, migration, and invasion (Figures S8B-S8D). Moreover, we
found that knockdown of the E4 enhancer significantly promoted
cancer cell proliferation, migration, and invasion (Figures S8E
and S8F). In contrast, overexpression of E4 produced the opposite
effects (Figures S8E and S8F). These results suggest that the
enhancer E4 plays critical roles in cancer development and pro-
gression by directly regulating the tumor suppressor FHIT.
Furthermore, c-MYC knockdown markedly promoted the regula-
tory effect of the enhancer E4 on FHIT transcription, which was
further repressed by overexpression of EIF2S2 and LINCO01600
(Figure 5G). Alternatively, E4 restoration significantly restored
the expression levels of FHIT, which were decreased by c-MYC,
and FHIT expression was further activated by knockdown of
EIF2S2 and LINCO01600 (Figure 5G). Next, we further investigated
the effects of the EIF2S2-LINC01600-MYC axis on the Wnt
signaling pathway. We found that FHIT significantly inhibited
the activity of the Wnt pathway, which was regulated by the
EIF2S2-LINC01600-MYC axis (Figure 5H). Moreover, restoration
of c-MYC markedly blocked the inhibitory effects of E4 on cell
proliferation, migration, and invasion, which were further restored
by overexpression of EIF2S2 and LINC01600 (Figure 5I). Taken
together, these findings demonstrate that EIF2S2, LINCO01600,
and MYC formed a complex to regulate the E4 enhancer region,
which further inhibits the regulatory effect of FHIT on the Wnt
signaling pathway in CRC cells.

EIF2S2 Is a Candidate Therapeutic Target for Gl Cancers

Because EIF2S2 expression was found to be significantly associated
with poor patient survival and increased tumor growth in GI cancers,
it may be a good candidate therapeutic target. Thus, we next assessed
the potential effect of EIF2S2 on sensitivity to oxaliplatin, the most
commonly used drug for CRC treatment.’’ We first assessed
EIF2S2 and c-MYC protein expression levels and LINC01600 RNA
levels using immunohistochemistry (IHC) and qPCR, respectively,
in 35 paired CRC tissues, and NCT's and the corresponding oxalipla-
tin-resistant tissue specimens. The expression levels of EIF2S2,
¢-MYC, and LINCO01600 were significantly higher in oxaliplatin-
resistant patients (Figures 6A and 6B, p < 0.001). In addition, there
was strong positive correlation between the expression of EIF2S2
and LINCO01600 in oxaliplatin-resistant tissue specimens (Figure 6C,
r = 0.70, p < 0.001).

Next, we investigated the effects of EIF2S2 and LINC01600 on oxali-
platin sensitivity. We demonstrated that ectopic EIF2S2 expression
significantly decreased the sensitivity of CRC cells to oxaliplatin
compared with that of cells treated with the vector control (50%
inhibitory concentration [ICso], 19.5 versus 7.48 nM) (Figure 6D,
left panel), whereas LINC01600 knockdown restored the sensitivity
of these cells to oxaliplatin (Figure 6D, right panel). Notably, the
ICso of oxaliplatin in EIF2S2-silenced cells was dramatically
decreased, by ~89% relative to that in control cells (Figure 6E, left
panel), whereas overexpression of LINC01600 blocked siEIF2S2-
induced chemo-sensitization to oxaliplatin (Figure 6E, right panel).
These results suggest that EIF2S2 is a key factor accounting for oxa-
liplatin resistance in CRC. To further assess the effect of EIF2S2 on
chemo-resistance to oxaliplatin in vivo, we established a xenograft tu-
mor model in nude mice. We observed that EIF2S2 knockdown
significantly reduced the tumor growth compared to that in the con-
trol group (Figure 6F). Furthermore, an in situ mouse intestinal
perfusion model was used to evaluate the effect of EIF2S2 on oxalipla-
tin resistance. The results showed that the number of metastatic
foci derived from EIF2S2 knockdown tumors was dramatically
decreased in the intestinal and liver tissues (Figures 6G and 6H, all
p values <0.001). These results suggest that EIF2S2 could be a poten-
tial therapeutic target in CRC.

DISCUSSION

Accumulating studies have revealed that RBPs regulate the expression
of thousands of transcripts,”> and some have been reported to be
involved in various types of cancer.’>** Discovering the driver
RBPs in cancer is critical for precision oncology. In the present study,
we integrated multidimensional genomic and transcriptomic data
from ~10,000 tumor patients and ~1,000 cancer cell lines in the
TCGA and Cancer Cell Line Encyclopedia (CCLE) projects. Our inte-
grative analyses revealed a top candidate RBP, EIF2S2, which plays
oncogenic roles in GI cancers. Our work provides several lines of ev-
idence to support the model indicating that the oncogenic EIF2S2-
LINCO01600-MYC axis blocks the inhibitory effect of FHIT on the
WNT signaling pathway in cancer (Figure 6I). Specifically, we found
that EIF2S2, LINC01600, and MYC are highly expressed in CRC (Fig-
ure S9A). These oncogenic molecules form a IncRNA-centered com-
plex and further suppress the regulatory effect of FHIT on the WNT
signaling. Specifically, we demonstrated that siEIF2S2 treatment com-
bined with oxaliplatin treatment may be a potential therapeutic
approach in CRC.

With the development of high-throughput sequencing, an
increasing number of IncRNAs have been identified.”> However,
little is known about the functions of these IncRNAs.’*”” IncRNAs
are involved in various types of biological functions through
diverse mechanisms, often including interactions with protein part-
ners.””*® In the current study, we identified LINC01600 as a candi-
date target of EIF2S2 and demonstrated that this IncRNA plays an
oncogenic role in GI cancers. Furthermore, we validated that
LINCO01600 interacts with the MYC protein. The oncogenic role

of c-MYC has been thoroughly investigated in cancer development
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Figure 6. Combination Treatment with siEIF2S2 and Oxaliplatin in CRC
(A) IHC images indicating EIF2S2 and MYC expression levels in adjacent normal tissues, CRC tissues, and oxaliplatin-resistant intestinal cancer tissues (original magnifi-
cation, x200). (B) LINCO1600 RNA expression levels in CRC tissues and oxaliplatin-resistant intestinal cancer tissues. (C) Scatterplot of gene expression correlations
between EIF2S2 and LINC01600 in CRC oxaliplatin-resistant intestinal cancer tissues. (D) Distribution of ICsq values in cells transfected with EIF2S2 or the EIF2S2-
siLINCO1600 mixture, and exposed to oxaliplatin for 3 days. (E) The distribution of the ICsq values in cells transfected with siEIF2S2 or the siEIF2S2-pWPXLLINCO1600
mixture and exposed to oxaliplatin for 3 days. (F) Tumor weights and volumes in nude mice bearing subcutaneous tumor xenografts from shNC (control) cells or shEIF2S2
cells injected in situ with oxaliplatin. (G) Number of metastatic loci in the intestines of mice treated with oxaliplatin and shEIF2S2+oxaliplatin. (H) Number of metastatic loci in
the livers of mice treated with oxaliplatin and shEIF2S2+oxaliplatin. The values are expressed as the means + SEM. *p < 0.05, **p < 0.01, **p < 0.001, Wilcoxon signed-rank
test. (l) Proposed model depicting the role of EIF2S2 as an oncogene in CRC.
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and progression.””** MYC can be activated by multiple mecha-
nisms in cancer, and emerging evidence has uncovered the role
of IncRNAs, such as CCATI-L (CRC-associated transcript 1),
PCGMI1 (prostate cancer gene expression marker 1), GHET1
(gastric carcinoma highly expressed marker 1), and EPICI
(epigenetically induced IncRNA1),** in MYC activation. In this
study, we reveal that LINC01600 can bind to the HLH domain
of MYC and further stabilize the MYC protein. These results sug-
gest that LINC01600 may function as a “guide” RNA to facilitate
EIF252-MYC regulation on MYC targets, further activating the
Wnt signaling pathway. Since MYC amplification is the cancer-
driven event, we next explored whether there is an association be-
tween EIF2S2 overexpression and MYC amplification. We found
that although there was higher expression in the MYC-amplified
patients, the difference was not significant (p = 0.215). These re-
sults suggest that EIF2S2 overexpression was likely to be an inde-
pendent cancer-driven event.

Encouraged by the recapitulation of MYC function, we mechanisti-
cally validated the hypothesis that the EIF2S2-LINC01600-MYC
axis can regulate the function of FHIT-related enhancers. Similar to
our findings, focal amplification of different enhancer regions down-
stream of MYC has been reported in other cancer types.*”*® Interest-
ingly, we found that FHIT is a tumor suppressor that is highly
expressed in cancers (Figure S9B). FHIT can inhibit the activity of
the Wnt signaling pathway. We demonstrated that the EIF2S2-
LINCO01600-MYC axis can suppress the inhibitory effect of FHIT
on Wnt signaling, providing a potential explanation for the activation
of Wnt signaling in cancer. Moreover, oxaliplatin is the first platinum
drug with proven activity to treat CRC.*” However, only subsets of pa-
tients respond to this treatment. It is important to identify a new ther-
apeutic approach to overcome oxaliplatin resistance.”® Because the
dysregulation of RBPs can affect many pathways of cancer, RBPs
might be good therapeutic targets.*” There are several clinical trials
for targeting RBPs as cancer therapy. Intravenous injection of anti-
sense oligonucleotide (ASO) against eIF4E can suppress tumor
growth without any side effect.”” In addition, siHuR has shown dra-
matic anti-oncogenic activity in cancer.’' In this study, we demon-
strated that decreased EIF2SE expression appears to be a major
contributor to chemosensitivity to oxaliplatin treatment, suggesting
a rational combination of EIF2S2i and oxaliplatin. Moreover, we
found that the expression of EIF2S2 is associated with poor prognosis
of patients in various types of cancer (Figure S9C). These data suggest
that EIF2S2 silencing has the potential to increase the effectiveness of
oxaliplatin treatment. Clinical trials are needed to determine whether
the combination of siEIF2S2 and oxaliplatin will benefit these pa-
tients. All of these results suggest that identification of RBPs can be
developed as therapeutic drugs for cancer therapy.

In summary, our results provide a detailed knowledge base for the
function of the EIF2S2-LINC01600-MYC axis in cancer. Our integra-
tive analysis reveals a candidate driver RBP, and the mechanistic char-
acterization of EIF2S2 helps to pave the way for the development of
cancer therapies.

MATERIALS AND METHODS

Clinical Samples and Cell Lines

We collected 79 paired human CRC tissues and NCTs at the Affiliated
Hospital of Jiangnan University, and 86 paired CRC tissues and NCT's
at Fudan University Zhongshan Hospital. The patient information is
shown in Table 1. In addition, a total of 80 pairs of human primary
GC tissues and adjacent NCTs were collected between 2008 and
2012 at the Affiliated Hospital of Jiangnan University. The tissue sam-
ples were immediately snap frozen in liquid nitrogen and were histo-
logically confirmed. Another 72 paired HCC samples and adjacent
NT liver tissues from patients with HCC were obtained from the sur-
gical specimen archives of Fudan University Zhongshan Hospital,
Shanghai, China. All of these human materials were obtained with
informed consent.

Cells were cultured following the instructions recommended by the
American Type Culture Collection (ATCC). HEK293T cells were
purchased from ATCC, and human GC cell lines (MGC-803 and
SGC-7901) were purchased from Shanghai Meixuan. The CRC cell
lines LoVo, Caco2, HT29, HCTS, HCT116, CCH-HE-2, DLDI1, and
SW480 were purchased from ATCC between 2008 and 2014.
Huh-7 cells were obtained from the Japanese Collection of Research
Bioresources (JCRB, Tokyo, Japan). The SNU-449 cell line was pur-
chased from the Shanghai Cell Bank Type Culture Collection Com-
mittee (CBTCCC, Shanghai, China). All media (HyClone, USA)
were supplemented with 10% fetal bovine serum (FBS) (Gibco,
USA). SGC-7901, MKN45, and HEK293T cells were cultured in
DMEM. This study was carried out with the permission of the Clinical
Research Ethics Committees of the Affiliated Hospital of Jiangnan
University and the Institutional Review Board of the Shanghai Med-
ical College of Fudan University.

Gene Expression Analysis of Human RBPs across Cancer Types
We assembled 860 RBPs from a recent study.” Next, we obtained
genome-wide gene expression data across 10,699 samples of 33 cancer
types from the TCGA project.”® Gene expression was measured as
fragments per kilobase of transcript per million mapped reads
(FPKM). First, we excluded the genes that were not expressed in
more than 30% of the samples. Next, the gene expression values
were log transformed. To identify the RBPs that are perturbed in can-
cer, we used the Wilcoxon rank-sum test to identify the RBPs differ-
entially expressed in cancer. Here, only the 18 cancer types with more
than five corresponding normal samples were considered. The
p values were adjusted by the Benjamini-Hochberg procedure.
RBPs with adjusted p values <0.005 were considered differentially ex-
pressed in cancer.

Identification of Critical RBPs in Gl Cancer

To evaluate whether RBPs were more likely than other proteins to be
perturbed in cancer, we first calculated the proportion of RBP-encod-
ing genes that showed transcriptomic perturbations and the propor-
tion of other genes perturbed in cancer. The differences between the
two proportions were compared with Fisher’s exact test. Next, to
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identify the critical RBPs in cancer, we first identified RBPs that show
transcriptional perturbations in more than 80% of cancer types.
Moreover, we used the corresponding gene symbols and “cancer”
as keywords to query the PubMed database for these RBPs. This pro-
cess was performed with the R package RISmed (https://rdrr.io/cran/
RISmed/). We focused on the RBPs reported in fewer than three pub-
lications and obtained 20 RBPs. Moreover, we obtained the genomic
alterations in 1,019 cell lines from the CCLE project.”” We calculated
the genetic alteration frequency (including all types of somatic muta-
tions and copy number variations) for each RBP across the cell lines.
We found that four RBPs had a frequency of >5%. These RBPs were
identified as critical RBPs in cancer.

GSEA

To identify the pathways potentially regulated by EIF2S2, we first
calculated the expression correlation coefficient for each gene with
EIF2S2. In this study, we analyzed the gene expression data from
the COAD, READ, and LIHC projects in TCGA.>* We next ranked
all genes based on the correlation coefficient, and these genes were
subjected to GSEA analysis (see details in Supplemental Materials
and Methods).**>> The signaling pathways from Reactome were
considered.”

Identification of the Candidate Enhancer Targets of MYC

We obtained the DNase-seq peak files in the LoVo cell line from the
Encyclopedia of DNA Elements (ENCODE) project. In this study,
two replicates were analyzed separately. In addition, we downloaded
the MYC binding sites obtained from ChIP-seq data in the LoVo cell
line. After mapping the reads to the human genome, we obtained
128,447 and 149,118 regulatory regions in LoVo cells. The peak coor-
dinates were transformed to the hg38 version by liftover.”® Next, we
used BEDtools to obtain the overlapped genomic region from the
DNase-seq and ChIP-seq data.’” Finally, the genes nearest these peaks
were taken as candidate target genes.

Supporting Materials and Methods

For details regarding the RNA pull-down assays and mass spec-
trometry analyses, RNA immunoprecipitation assay, DNA and
RNA isolation, western blotting, Northern blot, 5 and 3’ RACE
assay, subcellular fractionation, cell proliferation and colony forma-
tion assays, invasion and migration assays, luciferase assay, in vivo
assays, RNA interference and generation of lentivirus particles,
immunoblotting analysis, IHC, in vitro cellular ICs, assays, and
other related procedures, refer Supplemental Materials and Methods
and Table S2. Mixed clone cells of EIF2S2 stable cell lines were used
in our current study.

Statistical Analysis

All data are presented as mean + standard deviation (SD) of at least
three independent experiments. The Kaplan-Meier method was
used to determine overall survival rates, and the p values were calcu-
lated with the log-rank test. A Wilcoxon rank sum test was used to
identify the differentially expressed RBPs. All statistical analyses
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were performed using R 3.5.1 program. A p value of <0.05 was consid-
ered to indicate statistical significance.
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