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Given the relentless renewal ability of intestinal crypt-base
stem cells, small intestine in the gastrointestinal (GI) tract is
more vulnerable to radiation-induced disruption. Through
promoting epithelial integrity and reducing intracellular reac-
tive oxygen species (ROS) levels, hypoxia-inducible factors
(HIFs) have been proved to exhibit radioprotective effects in
the GI tract. Therefore, enhancing stability or transcriptional
activity of HIFs might be a therapeutic strategy for developing
radioprotectors. Factor inhibiting HIF (FIH or HIF-1AN) can
hamper transcriptional capacity of HIF-1a via interacting with
Asn803 in its C-terminal domain. Previously, we discovered
promoting HIF-1a transcriptional activity in vitro by FIH
inhibitor-N-oxalyl-D-phenylalanine (NOFD) exerts radiopro-
tection on cells. However, the radioprotective effect of FIH in-
hibitor on the GI tract and its competing endogenous RNA
(ceRNA) regulatory network from the FIH/HIF axis has never
been addressed. Here we verified radioprotection of NOFD for
the GI tract by an animal model and performed whole-tran-
scriptome analysis to fully elucidate the radioprotective mech-
anism from the FIH/HIF axis against GI syndrome. We identi-
fied two novel circular RNAs (circRNAs) (circRNA_2909 and
circRNA_0323) and two long non-coding RNAs (lncRNAs)
(NONMMUT140549.1 and NONMMUT148249.1) that pro-
mote expression of HIF1A and NOS2 in the HIF-1 pathway
by sponging microRNAs (miRNAs), especially mmu-miR-
92a-1-5p. The de-repression of HIF-1a transcriptional capacity
by inhibiting FIH proteomic activity suggests a new therapeu-
tic strategy in alleviating radiation-induced GI syndrome.
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INTRODUCTION
During nuclear accidents or terrorism, radiation doses exceeding
10 Gy will immediately cause gastrointestinal (GI) damage and
bone marrow failure.1,2 This transient exposure to a large dose of
ionizing radiation (IR) extremely affects the survival of victims. Radi-
ation-induced severe bonemarrow depression can be rescued by bone
marrow transplantation or intravenous hematopoietic growth factors,
while ideal mitigators inmodulating radiation-induced GI toxicity are
still deficient.3–5 Previous studies demonstrated that hypoxia-induc-
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ible factors (HIFs), which are the key regulators in response to an ox-
ygen-deficient condition, can be a therapeutic target for radiation-
induced GI syndrome (RIGS) by promoting epithelial integrity and
regulating immune cell functions.6–8 Additionally, through facili-
tating anaerobic metabolism, HIF-1a reduces intracellular reactive
oxygen species (ROS) levels by inhibiting their production.9 This
conclusion corresponds to the result obtained from our former study,
in which accelerated transcriptional activity of HIF-1a alleviates IR-
induced DNA damage and cellular apoptosis via diminishing ROS
levels.10 Accordingly, enhancing HIF-1a activity has recently been
considered as a new strategy for developing radioprotectors.

The intercellular activity of HIF complex is synergistically modulated
by two oxygen sensors: prolyl hydroxylases (PHDs 1-3) and factor in-
hibiting HIF (FIH or HIF-1AN).11 PHDs determine HIF stability by
hydroxylating proline residues on HIF-a subunits, while FIH regu-
lates its transcriptional capacity via interacting with Asn803 in the
C-terminal domain (C-TAD) of the HIF-1a.12–14 As FIH possesses
higher oxygen affinity than PHDs, it still retains active enzymatic ac-
tivity at lower oxygen conditions, such as the GI tract.15–17 Therefore,
apart from stabilizing the HIF complex via blocking PHDs,8,18 FIH
inhibitors can be another mainstream strategy in developing radio-
protectors (especially for GI) through promoting HIF-1a transcrip-
tional activity.

We demonstrated previously that selective inhibition of FIH by N-
oxalyl-D-phenylalanine (NOFD) exhibits radioprotection on cells
by reducing intracellular ROS levels, hampering DNA damage
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and apoptosis, as well as significantly increasing the transcriptional
level of downstream genes regulated by HIF-1a.10 In this study, we
used a C57BL/6 mouse model of radiation-induced small intestinal
toxicity to further investigate its radioprotection of the GI tract first.
Moreover, to elucidate the underlying mechanism of the FIH/HIF
axis in IR-induced GI syndrome, we performed whole-transcrip-
tome analysis in control and NOFD pre-treatment groups and ob-
tained their competing endogenous RNA (ceRNA) regulatory
network.

The ceRNA hypothesis indicates a novel transcriptional regulatory
network, which was first demonstrated by Salmena et al.19 in
2011. Among this intricate RNA crosstalk, diverse RNA transcripts,
including mRNAs, long non-coding RNAs (lncRNAs), circular
RNAs (circRNAs), and pseudogenes, will co-regulate each other via
competitively binding to shared microRNAs (miRNAs).20

In this study, we utilized a deep RNA sequencing method to obtain
differentially expressed transcripts against radiation-induced GI
toxicity mouse models in NOFD or isotonic saline pre-treatment
groups. After the construction of lncRNA/circRNA-associated ceRNA
networks, we identified 4 crucial hub genes, namely EGFR, HIF1A,
NOS2, and CDKN1A, in this intricate RNA crosstalk. Additionally,
two novel circRNAs (circRNA_2909 and circRNA_0323) and two
lncRNAs (NONMMUT140549.1 and NONMMUT148249.1) were
identified as important upstream regulators in the ceRNA networks
of obtained hub genes. Combining all these results, we illustrate the
ceRNA regulatory network associated with the FIH/HIF axis for the
first time and propose that FIH inhibitors such as NOFD might be a
therapeutic strategy in GI radioprotection.

RESULTS
FIH inhibitor-NOFD ameliorates intestine structural injuries

induced by 13 Gy ABI

Through referencing the synthetic route in our previous study,10 we
successfully synthesized NOFD (Figure 1A) and obtained its
1H-nuclear magnetic resonance (NMR) (Figure S1) and 13C-NMR
spectra (Figure S2). In order to explore the intestinal protective effect
of NOFD in vivo, the survival rate and body weight against mice were
observed after 13 Gy abdominal irradiation (ABI) within 30 days.
C57BL/6 mice were injected with NOFD or saline at the indicated
time point (Figure 1B). Although there was no death in mice after
receiving 13 Gy ABI, NOFD showed a certain protective effect on
body weight, especially on the fourth day after irradiation, compared
with IR group (Figure 1C). To examine the protective effects of
NOFD on radiation-induced GI injuries, we compared the colon
length from irradiated male mice with or without NOFD administra-
tion. As expected, NOFD replenishment reversed shortening of the
colon (Figures 1D and 1E). We further compared the histological
manifestations within the small intestines of NOFD-treated or un-
treated mice post 13 Gy ABI (Figure 1F). At 3.5 days post-irradiation,
mucosal architecture destruction, including villous denudation and
crypt atrophy, was observed in the IR group, whereas the crypt-villi
structures of the small intestine were preserved in NOFD pre-treated
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mice (IR+NOFD group). The staining of villi+ (Figure 1G), which are
intestinal epithelial cells, in small intestinal sections also proved pre-
vious results, with significantly higher amounts of villi+ cells in con-
trol and IR+NOFD groups compared to the IR group. Furthermore,
the crypts and villus heights per circumference were measured as
shown in Figures 1H and 1I. All these results demonstrated that
NOFD can alleviate the rupture of small intestinal villi and crypt
injury caused by high-dose local irradiation.

NOFD improves cell proliferation, reduces cell apoptosis, and

enhances epithelial integrity in intestinal crypts after 13 Gy ABI

Intestinal stem cells that express Lgr5+ are reported to facilitate
regeneration after radiation-induced damage.21 To investigate
whether NOFD can improve the proliferation of mouse intestinal
crypt cells after 13 Gy ABI, we used immunohistochemical staining
to detect the number of Lgr5+ cells in the small intestinal crypts.
As shown in Figures 2A and 2C, compared with the control group,
the number of Lgr5+ intestinal stem cells in the IR group was signif-
icantly lower. Similarly, the number of Ki67+ of NOFD-treated mice
(IR+NOFD) was observably higher than the IR-only mice (Figures 2B
and 2D).

Furthermore, terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assay and immunofluorescence analysis were
performed to examine cell death of crypt epithelial cells in the small
intestine at 3.5 days post ABI. As presented in Figures 2E and 2H,
the number of TUNEL-positive cells per field in the IR+NOFD
group was significantly lower than irradiated mice treated with sa-
line (IR group). To further validate this conclusion, we analyzed the
rate of apoptosis in small intestinal sections of each group post
13 Gy ABI by immunofluorescence staining with caspase-8 and
caspase-9 antibodies (Figures 2F and 2G). At 3.5 days after 13 Gy
ABI, stained intestinal sections in the IR+NOFD group showed a
significantly lower number of apoptotic cells than the IR group
(Figures 2I and 2J). These results indicated that hampering FIH ac-
tivity by NOFD can accelerate the regenerative response of IR-
induced intestinal injury and reduce apoptosis in crypts of the
intestine.

The pathophysiological mechanism of radiation-induced GI syn-
drome is closely related to the loss of upper GI integrity, which
can lead to fluid loss, unfettered diarrhea and electrolyte imbalance,
and, finally, death.22 We used fluorescein isothiocyanate (FITC)-
dextran assay to investigate the integrity of the GI epithelium. After
4 h of gavage, the level of FITC-dextran in the blood was measured.
The uptake of FITC-dextran in the blood of the IR+NOFD group
decreased by 30% compared to the IR group (Figure 2K). We further
validated the upregulated expression of intestinal trefoil factor
(TFF3/ITF1) and multidrug resistance protein 1 (MDR1), which is
critical to maintaining epithelial integrity after toxic stimuli (Fig-
ure 2L), in the IR+NOFD group compared to saline-treated mice
post IR. These data suggested that NOFD can effectively maintain
intestinal barrier function and intestinal epithelial integrity after
13 Gy ABI.



Figure 1. NOFD promotes intestinal structural repair in mice after receiving 13 Gy ABI

(A) Chemical structure of N-oxalyl-D-phenylalanine (NOFD). (B) Mice in the IR+NOFD group received intraperitoneal administration of NOFD (5 mg/kg body weight) as

illustrated in the diagram. Mice in the IR group received saline at the same frequency as the IR+NOFD group. Small intestinal segments were collected from the sham-

irradiated mice and ABI-exposed mice treated with NOFD/saline 3.5 days after 13 Gy ABI. (C) Body weights of sham-irradiated mice (control), irradiated mice treated with

NOFD (IR+NOFD)/saline (IR) in indicated time points before and after 13 Gy ABI. (D and E) Colon tissues and length of mice in control, NOFD, IR, and IR+NOFD groups 4 days

after 13 Gy ABI, n = 3 per group. (F) Representative images showing the structure in cross-sections of the small intestine with hematoxylin and eosin (H&E) staining. Scale bar:

100 mm. (G) Immunohistochemistry images showing the expression of villi. Scale bar: 50 mm. (H and I) Histogram showing the number of crypts and villus length in intestinal

section from the control group, IR group, and IR+NOFD group. The results are represented asmean ±SEM, n = 6mice per group. **p < 0.01, *p < 0.05 by one-way analysis of

variance (ANOVA).
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Differential expression analyses of all transcripts: IR-NOFD

versus IR

To further elucidate the radioprotective mechanism on the FIH/HIF
axis, a whole-transcriptome analysis was constructed on radiation-
induced GI toxicity mouse models pre-treatment with NOFD. After
characterizing RNA transcripts among NOFD or isotonic saline
pre-treated groups, we obtained 81.20 G Clean Data (Table S1). All
clean reads were aligned to our reference genome, and total mapped
reads of 93.28%–97.72% were finally assessed, with 128 lncRNAs and
1,901 circRNAs first identified in this study.

We then analyzed differential expression of these transcripts in
three replicates of NOFD pre-treated groups (IR-NOFD) compared
to isotonic saline (IR) treatment using DESeq. Cluster analyses of
these transcripts were conducted, and the differentially expressed
genes (DEGs) (p value < 0.05, |lg2 fold change (FC)| > 1) were
collected as shown in heatmaps (Figure 3); DE-mRNAs (Figure 3A),
lncRNAs (Figure 3B), circRNAs (Figure 3C), and miRNAs (Fig-
ure 3D) were 2,849, 1,072, 12, and 37, respectively. The upregulated
and downregulated DEGs in NOFD pre-treated groups compared
with isotonic saline are displayed in Table S2. All these results
were further used to construct lncRNA/circRNA-associated ceRNA
networks.

Construction of lncRNA/circRNA-associated ceRNA networks

To improve final prediction accuracy, we combined two analytical
strategies: (1) base pairing between the seed region of miRNA
(conserved 8-mer and 7-mer sites) and sequence of target genes,
and (2) expression profiles among them. The extensively used
miRNA target predictor miRanda23 was first adopted to find their
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 175
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Figure 2. NOFD improves cell proliferation, reduces cell apoptosis, and enhances epithelial integrity in intestinal crypts after 13 Gy ABI

The sections of small intestine were analyzed by immunohistochemical methods. Representative immunostaining images showing the expression of Lgr5+ (A) and Ki67 (B) of

the control group, IR group, and IR+NOFD group. Scale bar: 50 mm, n = 6 mice per group. (C and D) Proportional quantization histogram of Lgr5+ and Ki67-positive area in

each field. (E) Apoptosis was assayed by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL). Scale bar: 50 mm. (F and G) Representative 40,6-diamidino-2-

phenylindole (DAPI) and caspase 8 and caspase 9-staining images of the small intestine (apoptotic cells stained by caspase 8 and caspase 9 indicated in red, while nuclei

were stained by DAPI in blue). Scale bar: 10 mm, n = 6mice per group. (H) Proportional quantization histogram of TUNEL-positive area in each field. Caspase 8-positive cells (I)

and caspase 9-positive cells (J) in a single field of view were quantified. (K) The FITC-dextran in blood serum of mice in the three different groups was assessed at 4 days after

13 Gy ABI. (L) Relative mRNA levels of epithelial barrier genes including TFF3 and MDR1 were evaluated in the intestine of IR and IR+NOFD groups. The results are rep-

resented as mean ± SEM, n = 3 per group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by Student’s t test analysis and one-way ANOVA, respectively.
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genomic targets through base sequence. Furthermore, correlation
analysis was performed to evaluate their expression patterns with
parameters including Pearson’s r > 0.7 and p value < 0.05. We
finally obtained 8,742 miRNA-mRNA, 1,419 miRNA-lncRNA,
and 20 miRNA-circRNA pairs with high prediction accuracy (Fig-
ures 4A–4C). Due to predicted miRNA-target gene pairs, lncRNA/
circRNA-miRNA-mRNA networks were further constructed with
shared miRNAs R 5 and p value < 0.05. As shown in Figures 4D
and 4E, numerous genes were involved in lncRNA/circRNA-associ-
ated ceRNA networks disturbing the identification of key regula-
tors. Therefore, we adopted several strategies in the next step to
discover hub genes in the ceRNA network correlated with NOFD
treatment.

Hub gene identification

Hub genes refer to those genes with high correlation in their regula-
tory network.24 Given this feature, a tiny change of their expression
may cause immense conversion in whole-gene regulatory modules.
Therefore, identifying these key regulators in a tremendous dataset fa-
176 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
cilitates understanding functional mechanisms of drugs more accu-
rately. As shown in Figure 5, we combined 5 strategies to discover 4
hub genes in IR-NOFD compared to IR groups. With indicated pa-
rameters (FC > 2, p < 0.05), 1,425 differentially expressed mRNAs
(DE-mRNAs) were separated from all DEGs. Combining 1,312 DE-
mRNAs in ceRNA networks, we first obtained 469 intersected DE-
mRNAs. Meanwhile, 1,425 DE-mRNAs were analyzed in STRING
11.0 (https://string-db.org/) to construct a protein interaction
network (PPI network) among those genes (Figure S3). Two crucial
plug-ins, involving MCODE and cytoHubba, were adopted to further
refine results after visualizing the PPT network in Cytoscape (v.3.6.0)
software. This procedure facilitated our focus on 33 DE-mRNAs.
Their expression patterns in each group were visualized in a heatmap
(Figure 5A). Several hub genes, including B4GALT1, LMC2,
CDKN1A, CEACAM1, FOS, APOP, and HIF1A, were extraordinary
highly expressed in IR-NOFD groups. Gene Ontology (GO) enrich-
ment (Figure 5B) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses among 33 DE-mRNAs were also
performed to better understand the functions of those genes.

https://string-db.org/


Figure 3. Identification of DEGs between NOFD and isotonic saline pre-treatment groups via deep-sequencing method

Expression profiles for mRNAs (A), lncRNAs (B), circRNAs (C), and miRNAs (D) are visualized in volcano plots and heatmaps.
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The top 20 KEGG pathways are displayed in Figure 5C among 33 DE-
mRNAs. Considering the inhibition role of NOFD on FIH, we proved
that it possesses radioprotective activity mainly through promoting
transcriptional activity of the HIF-1a protein after impeding the
FIH enzyme.10 Consequently, we intersected 33 filtrated hub genes
with 101 genes in the HIF-1 KEGG pathway and finally obtained 4
genes in this process. They were EGFR, HIF1A, NOS2, and CDKN1A
(Figure 5; Figure S4).

Construction of 4 hub-gene-associated ceRNA networks

Four hub-gene-associated ceRNA networks are displayed in Fig-
ure 6. In circRNA-miRNA-mRNA (Figure 6A), only HIF1A and
NOS2 were involved in this network regulated by two novel
circRNAs including circRNA_2909|Chr6:40713489_40747968_+
(circRNA2909) and circRNA_0323|Chr10:94043302_94045633_+
(circRNA0323) through competing the miRNA response elements
(MREs) on 6 different miRNAs. By combining two analytical
plug-ins of MCODE and cytoHubba in Cytoscape, mmu-miR-
148a-3p and mmu-miR-92a-1-5p were identified as central nodes
in this regulatory network. Compared to the concise results in
circRNA-miRNA-mRNA, 4 hub-gene-associated lncRNA networks
displayed more intricately. As shown in Figure 6B, NON-
MMUT140549.1 and NONMMUT148249.1 were eventually fil-
trated in several lncRNAs as core regulators to influence HIF1A
and NOS2 expression through mmu-miR-20a-5p, mmu-miR-92a-
1-5p, and mmu-miR-1983. After we identified crucial transcripts
in ceRNA networks, we decided to verify their expressional associ-
ation through evaluating circRNA/lncRNA-mRNA Pearson corre-
lation coefficients. In total, determined circRNAs and lncRNAs
were highly consistently expressed with HIF1A and NOS2 followed
by Pearson’s r > 0.6 (Figures 6C and 6D). Their expression values
are indicated in Table S3.

Validation

In a previous study, NOFD is a selective inhibitor for FIH.25 To
confirm its suppressing role on FIH, we analyzed asparaginyl hydrox-
ylation activity of FIH on HIF-1a C-TAD transcriptional domain.
Through evaluating a set of hypoxic genes related to C-TAD of
HIF-1a,26 we confirmed that HK2, adrenomedullin (ADM), VEGFA,
and SLC2A1 were upregulated in NOFD pre-treatment groups
without extraordinary change in FIH expression (Figures 7A and
7G). This result was coincident with RNA sequencing (RNA-seq)
analysis, which indicates the impeded enzymatic activity of FIH by
NOFD. In addition, we successfully validated the upregulated expres-
sions of HIF1A, NOS2, EGFR, and CDKN1A in IR-NOFD compared
to IR groups by quantitative real-time PCR (Figure 7B) and western
blot analyses (Figures 7H and 7I) with another six upregulated and
six downregulated mRNAs to prove the accuracy of RNA-seq results
(Figure S5). To determined lncRNAs and circRNAs, specific primers
were designed to verify their upregulated expression trends (Figures
7C and 7E). However, unspecific transcripts easily contaminate
circRNA products due to sequence similarity between back-splice
site regions of circRNA and other linear RNAs. Given the high stabil-
ity of circularized RNA compared to linear RNA, we treated total
RNA with RNase R in order to digest all linear RNAs. As shown in
Figure 7D, 18S and 28S bands were lost in the RNase-R-treated group,
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 177
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Figure 4. Construction of lncRNA/circRNA-miRNA-mRNA regulatory network among identified DEGs between IR-NOFD and IR groups

(A–C) 8,742 paired miRNA-mRNA (A), 1,419 paired miRNA-lncRNA (B), and 20 paired miRNA-circRNA (C) from the intersections predicted by miRanda and correlation

analysis. Parameters for correlation analysis were Pearson’s r > 0.7 and p < 0.05. lncRNA-miRNA-mRNA (D) and circRNA-miRNA-mRNA (E) regulatory networks against

predicted miRNA-target gene pairs with shared miRNAs R 5 and p < 0.05. lncRNA/circRNA, miRNA, and mRNA are indicated in green, blue, and red, respectively.
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demonstrating the successful degradation of linear RNAs. The disap-
peared of HPRT (mRNA) in RNase-R-treated groups also confirmed
this result (Figure 7F).

miRNA binding site prediction for lncRNA/circRNA in ceRNA

networks

The miRNA binding sites for determined lncRNAs and circRNAs
were predicted by RNAhybrid (v.2.2). A miRNA hybridization dia-
gram with minimum free energy (MFE) for each target RNA is dis-
played in Figure 8. Among them, mmu-miR-92a-1-5p might be a
pivotal regulator for all these transcripts, because it was the only
miRNA involved in each regulatory network and it possessed the
lowest MFE with target RNA (Table S4).

DISCUSSION
Given the relentless renewal ability of intestinal crypt-base stem cells,
small intestine in the GI tract is more vulnerable to radiation-induced
disruption. However, ideal mitigators in modulating radiation-
induced GI toxicity are still deficient. Through PHD inhibitors
involving DMOG or FG-4592, the enhancement of HIF stability
has been proved to prevent and/or alleviate radiation-induced GI syn-
drome.27 Compared to stabilizing the HIF complex, elevating HIF-1a
transcriptional activity by selectively blocking its asparaginyl hydrox-
ylase-FIH might be another strategy to exert radioprotection against
the GI tract. Previously, we demonstrated that FIH inhibitor-NOFD
mitigates cellular ROS levels and reduces cell apoptosis through pro-
moting HIF-1 pathway activity.28 In this study, we first verified the
radioprotective role of FIH inhibitor-NOFD on radiation-induced
GI syndrome through observing increased small intestinal integrity,
retained crypt stemness, and maintained barrier function of intestinal
178 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
epithelium. Moreover, we obtained the ceRNA regulatory network of
FIH-inhibited groups (by NOFD pre-treatment) and illustrated the
therapeutic mechanism of the FIH/HIF axis in IR-induced GI syn-
drome for the first time.

Through hydroxylating an asparagine residue of HIF-1a, FIH re-
presses its transcriptional activity, resulting in the inhibition of specific
gene expression.29 These genes, including HK2, ADM, VEGFA,
SLC2A1, and CDKN1A, were observed to have upregulated expression
in NOFD pre-treated groups, indicating successful de-repression of
HIF-1a by NOFD. Accumulated expression of HK2 and SLC2A1
also suggests an accelerated glycolytic pathway,26,30 leading to
restrained ROS production in cells. This result is in line with a previous
report, wherein activated HIF-1a facilitates anaerobic metabolism and
reduces intracellular ROS level by inhibiting its production.9

Apart from stimulating theHIF-1 pathway, the radioprotective effect for
FIH inhibitor-NOFD also involves the activation of the PI3K-AKT
signaling pathway. Their intricate relationship forms a feedback loop:
overexpressed HIF-1a in tumor can activate the EGFR/PI3K/AKT
pathway, and the activated pathway further induces HIF-1a expres-
sion.31–33 We speculated that the activation of this loop contributes to
improving epithelial cell activity by upregulating EGFR and accelerating
immune cell functions via stimulating inflammatory enzymatic gene
NOS2,34,35 resulting in increased radioresistance of the small intestine.

Although the radioprotective effect on normal tissues of HIF-1a has
been proved in this study, it might also cause resistance of tumors
against chemotherapy or radiotherapy. The role of HIF-1a in tumor
progression is controversial. In some tumors HIF-1a appears to drive



Figure 5. Identification of hub genes in in tremendous dataset between IR-NOFD and IR groups

(A) The workflow of identifying regulatory hub genes. (B) Expression profile of 33 hub genes visualized in heatmap with mRNAs indicated in column and groups represented in

row. Top GO functional annotation (C) and KEGG pathway analysis (D) of these hub genes.
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tumorigenesis, while in many others, such as kidney cancer, HIF-1a
displays as a suppressor.36,37 Its bidirectional role in tumorigenesis
might correlate with a specific tumor microenvironment, including
cells of mesenchymal origin, cells of hematopoietic origin, and non-
cellular components.38 Therefore, apart from usage of FIH inhibi-
tor-NOFD in nuclear terrorism as a radioprotector for the GI tract,
its application in protecting normal tissues against abdominal or pel-
vic tumors needs to be precisely determined. GI-tract-targeting ther-
apeutic strategies could be designed to solve this problem.

In addition to activating transcriptional activity of HIF-1a, NOFD can
promote its gene expression directly without interfering with FIH sta-
bility. This upregulated mechanism was revealed by ceRNA network
analysis. In the transcriptional crosstalk, two novel circRNAs
(circRNA_2909 and circRNA_0323) and two lncRNAs (NON-
MMUT140549.1 and NONMMUT148249.1) were identified as vital
upstream regulators. Through competitively binding to miRNAs,
HIF1A and NOS2 were de-repressed and/or stabilized from shared
miRNAs. Among them, mmu-miR-92a-1-5p was the only miRNA
shared by each transcript, and its biological role in cardiac regenerative
capacity had been demonstrated previously.39 Therefore, it might be a
crucial regulator in the FIH/HIF axis to exert radioprotective activity.

Although the transcriptional crosstalk of the FIH/HIF axis was pri-
marily revealed, the verification of this ceRNA regulatory network is
limited in the present study. As crucial regulators in fulfilling biolog-
ical processes, RNAs can interact with diverse macromolecules,
including RNA, DNA, proteins, lipids, and metabolites, to perform
intricate functions.40,41 In addition to the ceRNA regulatory network,
other binding molecules such as RNA-binding proteins in RNA-pro-
tein interaction might also play important roles in the FIH/HIF axis.
Further research needs to be conducted to fully investigate these
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 179
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Figure 6. The construction of ceRNA networks against 4 hub genes: EGFR, HIF1A, NOS2, and CDKN1A

(A) The workflow for screening NOS2- and HIF1A-associated circRNA-miRNA-mRNA regulatory network through two plug-ins in Cytoscape software: cytoHubba and

MCODE. (B) The workflow for confirming 4 hub gene-associated lncRNA-miRNA-mRNA regulatory networks through cytoHubba and MCODE. circRNAs, lncRNAs,

miRNAs, and mRNAs were indicated in triangle, rhombus, circle, and rectangle, respectively. (C) Correlation analyses of circ_2909-HIF1A, circ_2909-NOS2, circ_0323-

HIF1A, and circ_0323-NOS2. (D) Correlation analyses of NONMMUT140549.1-HIF1A, NONMMUT140549.1-NOS2, NONMMUT148249.1-HIF1A, and NON-

MMUT148249.1-NOS2. Pearson’s r > 0.6.
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Figure 7. Validation of transcript expressions by quantitative real-time PCR and western blot among control, NOFD, IR, and IR-NOFD groups

(A) The upregulated expression of HK2, ADM, VEGFA, and SLC2A1 in the IR-NOFD group without interfering FIH protein level, indicating the impeded enzymatic activity of

FIH by NOFD. (B and C) The upregulated expressions of the 4 hub genes HIF1A, NOS2, EGFR, and CDKN1A (B), and the two lncRNAs, NONMMUT140549.1 and

NONMMUT148249.1 (C), in IR-NOFD compared to IR groups by quantitative real-time PCR. (D) The absence of 18S and 28S bands in RNase-R-treated total RNA, indicating

the successful degradation of linear RNAs. (E) The upregulated expressions of two circRNAs, circRNA_2909 and circRNA_0323, in IR-NOFD compared to IR groups by

quantitative real-time PCR. (F) Validation for degrading linear RNA-HPRT in RNase-R-treated total RNA. (G–I) The upregulated expression of HIF1A, NOS2, EGFR, and

CDKN1A in IR-NOFD group compared to IR, without interfering FIH protein level by western blot analysis. A housekeeping gene,HPRT, was used as control for normalization

in quantitative real-time PCR. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Data are reported as mean ± SEM of three independent experiments.
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RNAs and their binding partners in regulating radioprotective
activities.

Given the occupancy of the FIH-active site pocket by NOFD, this com-
pound blocks asparaginyl hydroxylation ofHIF-1a by FIH, resulting in
promoted transcriptional activity of the HIF complex.42 Apart from
enhanced HIF-1a function after occupying active site pocket of FIH
by NOFD, other substrates for FIH, which relate to nuclear factor-kB
(NF-kB) andNotch pathways, might also exert a protective role against
IR as their de-repression byNOFD.43 These substrates share a common
motif, ankyrin repeat domain (ARD), leading to efficient hydroxylation
of their conserved asparaginyl residue by FIH.44 However, whether
these consensus ARD proteins have a radioprotective effect and how
they exert specific functions also need to be addressed in the future.

In total, we verified radioprotection of FIH inhibitor-NOFD in the GI
tract and demonstrated that the FIH/HIF axis might be a therapeutic
strategy in exploring GI radioprotectors. Furthermore, the ceRNA
regulatory network associated with this axis was first illustrated in
this study. These data contribute to better understanding of FIH/
HIF-associated biological process and lay the foundation for devel-
oping radioprotective drugs.

MATERIALS AND METHODS
Synthesis of NOFD

The target compound NOFD was synthesized as reported.10 All 1H
NMR and 13C NMR spectra were recorded on NMR characterization
performed on Bruker 300MHzNMR spectrometers using CDCl3 and
DMSO-d6 as the solvent.

Animals

Male C57BL/6 mice (6–8 weeks) were purchased from Beijing Vital
River Laboratory Animal Technology (Beijing, China) and acclimated
to the environment (specific-pathogen-free, 22�C ± 2�C, 50%
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Figure 8. Predicted miRNA binding sites for determining lncRNA/circRNA via RNAhybrid

(A) Binding sites for NONMMUT140549.1 with three different miRNAs including mmu-miR-20a-5p, mmu-miR-92a-1-5p, and mmu-miR-1983. (B) Binding sites for NON-

MMUT148249.1 with three different miRNAs. (C) Binding sites for circRNA_2909 with two different miRNAs involving mmu-miR-148a-3p and mmu-miR-92a-1-5p. (D)

Predicted binding sites among circRNA_0323 and two miRNAs, mmu-miR-148a-3p and mmu-miR-92a-1-5p.
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humidity, and 12 h light/dark cycle) for 7 days with free access to
standard diet. Mice were intraperitoneally injected with 0.2 mL,
5 mg/kg NOFD or 0.9% isotonic saline (control group) at indicated
time points (Figure 1B). After being anesthetized and fixed on a steel
chamber, they were abdominally irradiated with a single dose of 13 Gy
g-ray by using a Gammacell 40 Exactor (Atomic Energy of Canada,
Chalk River, Ottawa, ON, Canada) at a rate of 1 Gy/min. All animal
experiments were conducted with the guidance of the local animal
care and use committee.

Histology

After receiving 13 Gy ABI for 3.5 days, the small intestines were
collected and stained with hematoxylin and eosin (H&E). In order
to carry out morphological analysis (including the villi length and
crypts) for small intestine, ImageJ 1.37 software was used to blindly
analyze six circular cross-sections from the coded H&E staining dig-
ital photographs.

Immunohistochemical analysis

The paraffin-embedded sections of small intestine were incubated
with anti-Ki67 (1:300 dilution; Novus, Littleton, CO, USA), anti-
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Lgr5 (1:50 dilution; Abcam, Cambridge, MA, USA), and anti-villi
(1:800 dilution; Abcam) in a wet box at 4�C overnight. After incu-
bated for 1 h in secondary antibody for 30 min at 37�C, the sections
were captured by a microscope. Positive cells were detected by DAB
kit (Sigma-Aldrich, St. Louis, MO, USA). Performance primitive
(IPP) software was adopted to objectively capture the image and
quantify the positive staining among these sections.

Terminal deoxynucleotidyl transferase dUTP nick-end labeling

assay

Apoptosis in the intestinal tissue was determined by an in situ Cell
Death Detection Kit (Roche Diagnostic, Mannheim, Germany) ac-
cording to the manufacturer’s protocol and analyzed under a laser
confocal scanning microscope.

Immunofluorescence analysis

As mentioned above, after the paraffin-embedded sections of the
small intestine were repaired with antigens and blocked, the sections
incubated with anti-caspase-8 (1 caspase-8 100 diluted; CST, Dan-
vers, MA, USA), anti-caspase-9 (1 caspase-9 1,000 diluted; CST) at
4�C. Then the sections were incubated in the second antibody at
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37�C after washing with PBS. Finally, the sections were sealed with a
sealant containing 4-methylidene 6-di-mid-2-phenyl indole. The im-
age was captured by laser scanning confocal microscope.

Intestinal permeability assay

After 13 Gy ABI for 3.5 days, the mice were fasted for 12 h and gav-
aged with 0.6 mg/g body weight of a FITC-dextran solution (4 kDa,
Sigma-Aldrich, Spain) for 4 h prior to sacrifice. Blood was taken by
cardiac puncture and serum was obtained by centrifugation at
1,000 rpm for 15 min. Fluorescence intensity of each serum sample
(DTX 880 Multimode Detector, USA) was measured.

Cell preparation and RNA-seq

At 3.5 days post-radiation, all mice were sacrificed, and their small in-
testines were harvested for extracting crypts. The isolation procedures
followed those of O’Rourke et al.45 Total RNAwas extracted from iso-
lated crypts in each group using RNAeasy Plus Animal RNA Isolation
Kit with Spin Column (Beyotime Institute of Biotechnology, China).
RNA integrity was evaluated on Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA) with RNA integrity number
(RIN) R 7 conserved for subsequent analysis. Subsequently, using
TruSeq Stranded Total RNA with Ribo-Zero Gold (Illumina, San
Diego, CA, USA), RNA libraries were prepared and sequenced on
the Illumina sequencing platform (HiSeq 2500).

Sequence assembling

The RNA-seq fastq raw reads were first filtered using Trimmomatic
software to remove low-quality reads. Furthermore, screened clean
reads could align to the mouse reference genome to obtain different
transcripts followed by hisat2. Apart from known transcripts, other
new sequences were spliced using Stringtie software. lncRNA tran-
scripts were constructed using Cuffcompare software followed by
CPC, CNCI, Pfam, and PLEK to screen out coding potential se-
quences of predicted lncRNAs, while circRNA sequences were pre-
dicted based on junction reads and GT-AG cleavage signals using
CIRI software. (Gene sequences were uploaded as SRA accession
number SRA: PRJNA728840.)

Differential expression analysis

Differentially expressed transcripts between NOFD (named as IR_-
NOFD) or 0.9% isotonic saline (named as IR) treatment groups on
the radiation-induced intestinal mouse model were performed using
the DESeq R package (2012). Through the nbinomTest function, all
selected transcripts with p values % 0.05 and |(fold change)| R 2
were finally considered as significantly differentially expressed.

ceRNA network construction

Due to the common MREs, lncRNAs, circRNAs, and mRNAs in the
cytoplasm can compete in binding to miRNAs and influence each
other’s expression. Thereby, to visualize their interaction network,
circRNA/lncRNA-miRNA interactions were predicted usingmiRanda
software, while target genes for those predicted miRNAs were identi-
fied through Targetscan.
Hub gene identification

STRING 11.0 (https://string-db.org/) was used to construct a PPI
network among all DEGs. After visualizing this result in Cytoscape
(v.3.6.0) software, two plug-ins (MCODE and CytoHubba) were
used to identify hub genes in this redundant network through calcu-
lating correlation levels and the highest linkage among those nodes
respectively.

GO, KEGG, and correlation analyses

GO and KEGG pathway analyses of screened genes were performed
by clusterProfiler R package (v.3.18.0). Pearson correlation coeffi-
cients of identified hub genes in the ceRNA network were also
analyzed through the R package.

Quantitative real-time PCR validation

Total RNA was isolated using RNAeasy Plus Animal RNA Isolation
Kit with Spin Column (Beyotime Institute of Biotechnology, China).
PrimeScript RT reagent Kit (Perfect Real Time) (Takara, Japan) was
used to perform reverse transcription of lncRNA and mRNA. After
cDNA was synthesized, quantitative real-time PCR reactions were
conducted on a Bio-Rad CFX96 Real-Time Detection System using
BlasTaq 2X qPCRMasterMix (Applied Biological Materials, Canada).

To evaluate the expression of circRNA, total RNA was first incubated
with RNase R (Epicenter, 40 U, 37�C, 3 h) to degrade straight-chain
RNA, followed by 70�C, 10 min for enzyme inactivation. Subse-
quently, cDNA was synthesized and circRNA expression was moni-
tored by quantitative real-time PCR . Primer pairs are presented in
Table S5.

Binding site prediction for miRNA sponges

Predicted binding sites between lncRNA/circRNA and miRNA were
performed by RNAhybrid tool (https://bibiserv.cebitec.uni-bielefeld.
de/rnahybrid). Through calculating the minimum free energy hybrid-
ization among those RNAs, RNAhybrid can exhibit the best predicted
fitting part.

Western blot analysis

After isolation of crypts in C57BL/6mice, total proteins were extracted
from those cells usingRIPA lysis buffer (1%PMSF) (Solarbio Science&
Technology, China). The primary antibodies included anti-EGFR
(1:1,000; catalog no. Ab52894, Abcam, UK), anti-NOS2 (1:1,000; cata-
log no. Ab178945, Abcam, UK), anti-HIF-1a (1:500; catalog no.
Ab179483, Abcam, UK), anti-FIH (1:1,000; catalog no. Ab178945, Ab-
cam, UK), anti-Cdkn1a (1:1,000; catalog no. Ab188224, Abcam, UK),
and anti-HPRT (1:10,000; catalog no. Ab109021, Abcam, UK). Goat
anti-rabbit immunoglobulin G (IgG)-horseradish peroxidase (HRP)
(1:10,000; catalog no. BS13278, Bioworld Technology) was used as a
secondary antibody.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 8.0
(GraphPad Software, San Diego, CA, USA). Data are reported as
mean ± SEM of three independent experiments. Multiple-group
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comparisons were performed by one-way ANOVA. Significant differ-
ence was considered when p value < 0.05, as indicated in figure
legends.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2021.05.008.
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