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Background: Radiation-induced gastrointestinal syndrome (GIS) often occurs after therapeutic or
accidental exposure to high doses of radiation. Unfortunately, there are still no effective medical treatments
for GIS. N-Myc downstream regulated gene 2 (NDRG2), is a tumor suppressor gene and promotes cell
apoptosis and differentiation. The aim of our study was to identify the role of NDRG2 in the progression of
GIS and explore the potential mechanism.

Methods: We generated Ndrg2““ mice, lacking NDRG2 specifically in the intestinal epithelium. Survival
analysis was performed to validate the effect of NDRG2 on GIS, and other common indicators (body weight
loss and diarrhea) were used for the assessment of GIS. Enzyme-linked immunosorbent assay (ELISA) and
reverse transcription-polymerase chain reaction (RT-PCR) were conducted to obtain the expression of pro-
inflammatory interleukin (IL)-1B, IL-6, and tumor necrosis factor alpha (TNF-a). TUNNEL and western
blotting were further adopted to determine the relationship between NDRG2 and apoptosis. Finally, we
performed histology and immunohistochemistry assays to explore the morphological alternations and
changes of proliferation-related molecules, including Ki-67 and proliferating cell nuclear antigen (PCNA).
Results: We found that after 8 gray of total body ¥-irradiation (TBI), the deletion of NDRG2 in the
intestine revealed longer survival time, considerably milder symptoms of GIS, and milder damage to jejunal

tissue, compared with the WT mice. Moreover, the Ndrg2“

mice significantly inhibited the expression of
pro-inflammatory IL-1p, IL-6, and TNF-o0, which were typically increased by irradiation. Apoptosis of the
epithelial cells in the Ndrg2“® mice was significantly milder while the ratio of proliferation cells was larger in
the epithelium of mice 8 days after TBI when compared with the WT mice.

Conclusions: These findings all indicated that NDRG2 deficiency in the intestine protects mice against

radiation-induced GIS mainly through promoting proliferation and suppressing apoptosis of epithelial cells.
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Introduction

Acute radiation syndrome (ARS) is defined as an acute
sickness that occurs when patients receive therapeutic or
unexpected exposure to a super-high dose (>0.7 grays) of
ionizing radiation in a short period of time (1). In humans,
the sensitivity to radiation of each organ is significantly
different, and various radiation syndromes appear at varying
doses of irradiation. At irradiation doses lower than 8 gray,
hematopoietic stem cells are prone to suffer severe injury,
resulting in immunological weakening and hemorrhagic
tendency (2). Patients exposed to irradiation suffer from
infection, hemorrhage, and even death within 30 days
(hematopoietic syndrome; HPS) (3). At doses of more
than 10 gray, villous epithelial cells and crypt stem cells,
which are essential for the regeneration of colon villi and
constitute the epithelial integrity (4,5), were found to be
growth-inhibited and even killed, causing epithelial damage,
loss of intestinal barrier function, inflammation, and even
gut-derived sepsis. Severe injury of gastrointestinal tract
causes bacterial enteritis, malabsorption, diarrhea, and fluid
loss, and has subacute lethality (gastrointestinal syndrome;
GIS) (4,6,7).

Supportive care, infection control, and a bone marrow
transplant are performed as medical countermeasures
against HPS, and can prevent death. However, there are
currently no effective medical treatments for GIS, which
greatly limits the clinical usage in abdominal radiotherapy
(4,6,7). Abundant evidence indicates that death of the
epithelial stem cells in the crypts leads to GIS (4,7), and it
is thus particularly important to identify those novel genes
which are crucial to the cell proliferation and cell death of
villous epithelial cells and crypt stem cells.

N-Myc downstream regulated gene 2 (NDRG2) was
first cloned in our laboratory (8) and belongs to the NDRG
family, which is characterized by an o/p hydrolase-fold motif
and an esterase/lipase/thioesterase active site serine (9-11).
NDRG? is a tumor-suppressor gene, and is associated with
tumorigenesis, development, progression, and metastasis.
Many kinds of tumors have been reported to have close
associations with NDRG?2, including gastrointestinal tumors
(12-15), breast cancer tumors (16-18), lung cancer tumors
(19,20), neurologic tumors (21-23) etc. In the tumor
tissues, the expression level of NDRG?2 has been found to
be considerably lower when compared with the level in
paracarcinoma tissues of normal study groups. NDRG2
expression levels have been reported to be negatively
correlated with TNM stage and lymph node metastasis.
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Furthermore, a tend toward a decrease in NDRG?2 expression
levels with an advanced tumor grade and increased invasive
depth of tumors has been observed (17,24-26).

In the GIS, villous epithelial cells and crypt stem
cells are growth-inhibited and even killed, and epithelial
damage, loss of intestinal barrier function, inflammation,
and even gut-derived sepsis ensue. NDRG?2 suppresses
cell proliferation and promotes apoptosis, indicating that
NDRG?2 may have a role in the progression of GIS. To
analyze the role of NDRG2 in GIS, we generated Ndrg2"®
mice that lacked NDRG?2 specifically in the intestinal
epithelium by crossing C57BL/6 mice which carry the
floxed NDRG?2 gene (Ndrg2"") with C57BL/6 mice which
carry the Cre recombinase and villin promoter (Vil/Cre).

Taken together, we found that Ndrg2*®
significantly milder symptoms of GIS after 8 gray of total
body irradiations (I'BI), owing to reduction of cell death

mice showed

induced by irradiation and promotion of proliferation
of crypt cells. Our findings provide a novel view into
understanding the pathogenesis of GIS, and suggest that
blockade of NDRG2 might be a novel target for mitigating
intestinal radiation injury.

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/jgo-20-564).

Methods
Animal experiments

All animal experiments were approved by the Animal
Experiment Administration Committee of the Fourth
Military Medical University. Experiments were performed
in compliance with institutional guidelines for the care and
use of animals. Ndrg2"“ mice, lacking NDRG?2 specifically in
the intestinal epithelium were first generated by hybridizing
C57BL/6 mice possessing the floxed NDRG2 gene
(Ndrg2fl/fl) with C57BL/6 mice carrying the Cre
recombinase and villin promoter (Vil/Cre) (2). Mice were
raised in cages in a specific pathogen-free (SPF) facility.
Female Ndrg2®® mice aged 8-9 weeks and with normal
body weight (18.5-21.5 g) were adopted in the experiments.
Wild-type (WT) female C57BL/6 mice, age-matched with
Ndrg2* mice, were used as the control group.

Irradiation

We used a ““Go source to irradiate the mice (n=16 per
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Table 1 Histopathological grading standard

Zhu et al. NDRG2-deficient alleviate radio-induced GIS

Scores Epithelial deletion (%) Crypt damage (%) Goblet cell damage Inflammatory cell infiltration
0 Nonexistent Nonexistent Nonexistent Nonexistent

1 0-5 (mild) 0-10 (mild) Mild Mild

2 5-10 (medium) 10-20 (medium) Medium Medium

3 >10 (severe) >20 (severe) Severe Severe

Table 2 Primers for qRT-PCR in this study

Gene Primer sequence

IL-18 Forward 5’-TAGACAACTGCACTACAGGCTCCGA-3’
Reverse 5’-GGGTCCGACAGCACGAGGCT-3’

IL-6 Forward 5’-CTGCAAGAGACTTCCATCCAG-3’
Reverse 5’-AGTGGTATAGACAGGTCTGTTGG-3’

TNF-a Forward 5’-ATGAGCACAGAAAGCATGATC-3’
Reverse 5 -TACAGGCTTGTCACTCGAATT-3’

IL-10 Forward 5’-TCAAGGCGCATGTGAACTCC-3’
Reverse 5-GATGTCAAACTCACTCATGGCT-3’

S-actin Forward 5’ -TGCGTGACATCAAAGAGAAG-3’

Reverse 5’ -TCCATACCCAAGAAGGAAGG-3’

group) to a lethal whole-body y radiation dose at 8 grays
(dose rate 0.7 gray/min). Then, we returned these mice to
individual cages and monitored them carefully. We recorded
the survival time of each mouse in the two groups and
detected the degree of diarrhea and the loss of body weight
to evaluate the severity of GIS.

Assessment of bistopathological score

We placed sections of jejunum in 5% paraformaldehyde and
stained them with hematoxylin and eosin (HE) according
to manufacturer’s instructions. Histopathological score
represents the severity degree of irradiation injury to the
small intestine, and the main indices of the assessment system
in this study included epithelial deletion, crypt damage,
goblet cell damage, and inflammatory cell infiltration. The
detailed assessment used in this study is shown in Zable 1.

Myeloperoxidase (MPO) activity

Jejunal myeloperoxidase (MPO) activity was considered
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as an index of neutrophil infiltration into the injured/
inflamed mucosa. We used an MPO biochemical kit
(Service bio Technology Co. Ltd, Wuhan, China) to
detect the level of MPO activity of the jejunal epithelium.
The intestinal epithelium was isolated using procedures
described previously (27). Concentrations of MPO in
the jejunum are expressed as U/g. Every experiment was
repeated three times.

Enzyme-linked immunosorbent assay (ELISA) and reverse
transcription-polymerase chain reaction (RT-PCR)

For analysis of cytokines in epithelial cells, we used ELISA
kits, including interleukin (IL)-6, IL-10, tumor necrosis
factor alpha (TNF-0); (Thermo Fisher Scientific, USA) to
determine the protein levels of cytokines in the jejunum.
For experiments of quantitative (RT-PCR), total RNA
was extracted from the jejunal epithelium using TRIzol
reagent (Invitrogen, USA). Total RNA (500 ng) was reverse
transcribed to complementary DNA (¢cDNA) using SYBR
Green PCR Light Cycler H, and real-time PCR was
performed by Applied Biosystems PRISM 7500 Real-time
PCR system (Thermo Fisher Scientific, USA). The detailed

primer sequences are shown in Table 2.

Gene set envichment analysis (GSEA) and differential
analysis

"To validate the differential expression of NDRG2 between
tumor and adjacent normal tissues, online analysis (https://
cistrome.shinyapps.io/timer/) with the key input term
being “NDRG2” was performed. Moreover, to explore the
biological function of NDRG2, GSEA was conducted, and
the interested gene sets were Kyoto Encyclopedia of Genes
and Genomes (KEGG) apoptosis and Reactome apoptosis
pathway both downloaded from the Molecular Signatures
Database (MSigDB, https://www.gsea-msigdb.org/gsea/
msigdb/index.jsp). In addition, there is no suitable RNA
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expression of colon after radiation. Thus, colorectal cancer
(CRC) patients from TCGA database were selected to
validate the potential function of NDRG2 by GSEA.

Histology and immunobistochemistry

We cut paraffin sections of jejunum 5 pum size from the
Ndrg2*“ and WT mice and stained them with HE. Then,
the height of the intestinal villus and crypts were measured
by Image] software, and the histopathological scores
of the samples were assessed under a light microscope.
In the immunohistochemistry array, we conducted
the similar procedure to my previous researches (2).
Immunohistochemistry images were scanned by Panoramic
MIDI (Santa Clara, CA, USA), and adjusted with a
histochemical score (H-Score) by Quant Center.

Statistical analysis

Unpaired Student’s #-test was used to compare the two mean
values and one-way ANOVA analysis with Tukey’s multiple
comparison test adopted to compare three or more groups.
Survival analysis was revealed by Kaplan-Meier curves and
log-rank test was used as the main test of survival analysis. P
value <0.05 in all data was considered statistically significant.

Results
Ndrg2"® mice were protected firom intestinal radiation injury

To explore the potential function of NDRG?2 in GIS,
Ndrg2®® mice who lacked NDRG2 in the intestinal
epithelium were generated using the same procedure as
that of a previous study (2). We recorded and analyzed the
survival time of Ndrg2*“ and WT mice after 8 Gray of
TBI. Compared with the WT mice, Ndrg2““ mice showed
longer survival, with a median survival time of 12.3 days,
while the median survival time of WT mice was 9.5 days.
Kaplan-Meier curves showed longer survival time in
Ndrg2*® mice than in WT mice after 8 Gray TBI: the
median survival time of Ndrg2*® mice was 12.3 days and
that of WT mice was 9.5 days (Figure 14,B). The daily
alternation of body weight showed that Ndrg2*“ mice
had milder weight loss compared with WT' mice in days
1-5 (Figure 1C,D). However, weight loss showed no
significant difference in days 6-10, as Ndrg2"“ and WT
mice both began to die of the acute injury on the sixth
day after irradiation. Moreover, the results of the daily
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recording of diarrhea showed that Ndrg2®“ mice had
milder diarrhea compared with WT mice (Figure 1L).
These results suggested that Ndrg2“® mice had significantly
milder symptoms of radiation-induced GIS following TBI
compared with WT mice.

Deficiency of NDRG?2 in the epithelium protected the
Jjejunum from intestinal radiation injury

To investigate whether the deficiency of NDRG?2 in the
mouse epithelium has a protective effect on intestinal
radiation injury, we separated the whole gut from the
duodenum to the anus 0, 6, and 8 days after 8 gray TBI
Compared to the WT mice, the jejunum of Ndrg2*®
mice showed milder hemorrhage and edema (Figure 2A4).
Jejunal tissues were removed from the same position of the
intestine, about 3 cm below the gastroduodenal junction
and stained with HE on days 0 and 8. We then measured
the height of intestinal villus and crypts under a light
microscope, and both Ndrg2*“and WT mice showed a
reduced height of villus and crypts after TBIL; however, the
reduction of height in Ndrg2*“ mice was less than that of
WT mice, showing an improvement of intestine integrity
(Figure 2B,C,D). Moreover, compared with WT mice,
Ndrg2*“ mice manifested lower histopathological scores and
showed a lesser extent of epithelium deletion, crypt damage,
goblet damage, and inflammatory cell infiltration (Figure 2E).

Detecting the activity of MPO in the WT and Ndrg2*®
groups after irvadiation

MPO is a well-known parameter of neutrophil aggregation.
Its activity was detected on day 8 after about 6 sessions of
TBI. The results showed that MPO activity was decreased
in the jejunal epithelium of Ndrg2"“ mice compared to WT
mice (Figure 2F).

Detecting protein and mRNA level of pro-inflainmation
cytokines of jejunal epithelial cells

High levels of pro-inflammatory cytokines including IL-1p,
IL-6, and TNF-a can contribute to severe damage to jejunal
tissue and barrier functions (2). To analyze the cytokines
in jejunal epithelial cells, we detected the protein levels of
cytokines in the jejunum using an ELISA kit and identified
the mRNA levels using relative qRT-PCR. Consistent with
decreased inflammatory score in the jejunum, Ndrg2*“ mice
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Figure 1 NDRG2 contributed to significantly severe symptoms of GIS. (A) Survival analysis of Ndrg2AG (n=16) and WT mice (n=16) after
8 grays of TBI (**log-rank test, P<0.01). (B) Average survival time of Ndrg2“® (n=16) and WT group mice (n=16) after 8 grays of TBI
(*Wilcoxon test; P<0.001). (C) Ndrg2““ mice had milder radiation-induced weight loss compared with WT' mice on days 1-10 after TBI;

* P<0.05; **, P<0.01. (D) Mean body weight loss of Ndrg2*“ mice and

WT mice on day 5 after TBI; **, P<0.01. (E) Ndrg2““ mice showed

milder diarrhea than WT mice; **, P<0.01. GIS, radiation-induced gastrointestinal syndrome; WT, wildtype; TBI, total body ¥-irradiation.

showed significantly downregulated expression for IL-1p,
IL-6, and TNF-a (Figure 34,B,C,D,E,F) and upregulated
expression for IL-10 (Figure 3G,H). In conclusion, Ndrg2*“
mice showed decreased jejunal cytokine expression in both

mRNA and protein level compared with WT mice after TBI.

Potential signaling pathway in the high NDRG2 group

By comparing the 21 kinds of tumor and normal samples,
we found that the expression of NDRG2 was significantly
downregulated in 17 kinds of cancerous tissues compared
to normal tissues (Figure 44). Thereafter, GSEA analysis
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Figure 2 Deletion of NDRG2 in the mice epithelium protected the jejunum from intestinal radiation injury and reduced MPO activity.
(A) Representative intestinal images from the Ndrg2““ and W'T groups on day 0, 6, and 8 after TBI. (B) Representative HE-stained jejunal
sections (magnification, 20x). (C) Height of the intestinal villus (ns, no significance; ****, P<0.0001) and (D) intestinal crypt (***, P<0.001). (E)
Histology scores of the NdrgZAG and WT groups on days 0 and 8 respectively; values are expressed as the mean = SD; **, P<0.01. (F) MPO
levels in the jejunal epithelium of the Ndrg2““ and WT groups on day 8 after TBI; *, P<0.05. MPO, myeloperoxidase; TBI, total body
y-irradiation; HE-stained, hematoxylin and eosin stained; W', wildtype; SD, standard deviation.
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Figure 3 Proteins and mRNA levels of pro- and anti-inflammatory cytokines. (A,B,C) represent the proteins level of IL-1B, IL-6, and
TNF-a on day 8 after TBI. mRNA levels of IL-1B (D), IL-6 (E), and TNF-a (F) on day 8. Proteins (G) and mRNA (H) level of anti-

inflammatory cytokines IL-10 on day 8 after TBI. Unpaired Student’s t-test was performed to validate the difference of WT and Ndrg2

AG

groups. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. mRNA, messenger RNA; TBI, total body ¥-irradiation; WT, wildtype.

was adopted to identify the relationship of NDRG2 with
apoptosis, and results suggested the two similar apoptosis
gene sets were commonly mapped in the high expression
NDRG? group than in the low expression group with CRC
(Figure 4B,C). Likewise, in western blotting assay, the
protein of activated form caspase 3 (cleaved caspase 3) was
decreased 8 days after TBI, with the Ndrg2"“ group having
lower caspase 3 levels than the WT group (Figure 4D),
indicating that NDRG2 depletion could ameliorate the
radiation-induced GIS mainly through enhancing cell

apoptosis after excessive radiation.

Acute radiation-induced apoptosis and cell renewal in WT
and Ndrg2"® mice after TBI

To further validate the role of NDRG2 in apoptosis,
we measured epithelial cell apoptosis by counting
TUNEL(Terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end labeling)-positive cells on day 8 after
TBI In Ndrg2®“ mice, there were less TUNEL-positive
cells than in WT mice after irradiation (Figure 5A4). We also
analyzed cell apoptosis with Bax and caspase 3 staining, and

© Journal of Gastrointestinal Oncology. All rights reserved.

consistent with the results of TUNEL, we found that the
number of apoptotic cells was lower in Ndrg2"“ mice than
in WT mice. Moreover, we analyzed cell anti-apoptosis
with B-cell lymphoma 2 (Bcl-2) staining and, as expected,
the proportion of anti-apoptotic cells in Ndrg2*“ mice was
larger than that in WT mice. The results suggested that
NDRG? deficiency in the intestine suppressed cell apoptosis
and reduced the damage to the intestine villus and crypt
(Figure 5B). To analyze cell proliferation, we quantitatively
evaluated the cells with Ki-67 and proliferating cell nuclear
antigen (PCNA) staining. Compared to WT mice, there
was a higher rate of cell proliferation in Ndrg2*“ mice after
TBI, which subsequently promoted the repair of jejunal
tissue (Figure 5C,D).

Discussion

Accidental or therapeutic exposure to high-dose radiation
results in acute radiation syndrome, which includes two
main life-threatening syndromes: HPS and GIS (4,5).
Death of villous epithelial cells and crypt stem cells is
the leading cause of radiation-induced GIS. However,
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Figure 5 Influence of NDRG?2 deficiency in cell apoptosis of the epithelium and cell proliferation of villus and crypt. (A) TUNEL-positive
cells in Ndrg2“ mice and WT mice on day 8 after TBL (B) Analysis of cell apoptosis with staining of Bax, caspase 3, and Bcl-2 (magnification,
50x). (C) Quantitative analysis of cell proliferation with Ki-67 and (D) PCNA staining (magnification, 50x). **, P<0.01. WT, wildtype; TBI,
total body ¥-irradiation; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling; Ki-67, antigen KI67;
PCNA, proliferating cell nuclear antigen.
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there exist no effective interventions or therapies that
can mitigate intestinal damage or reduce the mortality of
radiation-injured patients (28). There is thus an urgent need
to discover those genes that are integral to regulating the
cell proliferation and cell death of these epithelial and stem
cells. In this study, NDRG?2 deficiency in the intestine could
protect mice against radiation-induced GIS and decrease
the lethality induced by irradiation through promoting cell
proliferation and reducing cell apoptosis of intestinal villus
and crypts.

In our previous study, we identified the function of
NDRG? in apoptosis and cell proliferation in various cancer
cells. Specifically, we found that the proliferation rate of A-498
clear cell renal cell carcinoma (CCRCC) cells significantly
decreased when infected by NDRG?2 recombinant adenovirus,
and NDRG2 could induce CCRCC cycle arrested at the
G1 phase (29). In addition, p53-mediated apoptosis was
decreased by silencing of NDRG?2 in the osteosarcoma
cells and lung cancer cells (30). Likewise, the p53-induced
apoptosis was enhanced by the overexpression of NDRG?2
in the hepatocarcinoma cells (HepG2 and Huh7) (14).
The apoptosis-promoting effect of NDRG2 was also
discovered in CCRCC cells (30), esophageal squamous-cell
carcinoma (ESCC) cells (31), and MKIN28 cells (12). These
findings revealed that NDRG?2 was strongly involved in cell
proliferation and apoptosis, indicating its potential role in
radiation-induced GIS.

Although an increasing number of studies focusing on the
function of NDRG?2 in cell proliferation and apoptosis have
been conducted in tumor cells, no research exists concerning
its role in irradiation-induced GIS. To address this, we
were first to generate Ndrg2*“ mice that lacked NDRG?2
specifically in the intestinal epithelium. We found that after
8 gray of total body ¥-irradiation, the deletion of NDRG?2 in
the intestine revealed considerably milder symptoms of GIS,
including those of mortality (Figure 1A4,B), body weight loss
(Figure 1C,D), and severity of diarrhea (Figure 1C) with less
extensive injury to jejunal tissue (Figure 24), compared with
the WT mice. Moreover, the Ndrg2*® mice significantly
inhibited the messenger RNA (mRINA) (Figure 3D,E,F) and
protein expression (Figure 3A4,B,C) of pro-inflammatory
IL-1B, IL-6, and TNF-a which can exacerbate symptoms
and contribute to the high morality caused by irradiation.
Likewise, the level of anti-inflammatory IL-10 was higher in
Ndrg2*® mice than WT mice (Figure 3G,H). Additionally,
differential analysis (Figure 44) indicated that NDRG2 had
a marked decline in expression in most cancerous tissue
compared to adjacent samples, suggesting that NDRG?2
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contributes to tumor suppression. It appears that NDRG2
has a close correlation with p53-related apoptosis, and GSEA
enrichment (Figure 4B,C) indicated the same conclusion: the
high NDRG?2 group showed a higher level of apoptosis than
its low-expression counterpart. Regarding the alternation of
apoptosis in WT and Ndrg2*“ mice, we performed a series of
assay including western blotting, TUNEL staining, histology,
and immunohistochemistry. Compared with the WT group
on day 8, the Ndrg2*® group had less cleaved caspase 3
(Figure 4D), as revealed by western blotting. Similarly, fewer
TUNEL-positive epithelial cells were present in Ndrg2*“ than
in WT mice on day 8 (Figure 5A4). Immunohistochemistry
assay showed that the two pro-apoptosis proteins (Bax and
caspase 3) were downregulated in the Ndrg2*® group while
the anti-apoptosis protein (Bcl-2) was upregulated in the WT
mice on day 8 (Figure 5B). Ki-67 and PCNA were the two
main molecules used to evaluate the cell proliferation, which
showed that the number of proliferated cells was larger in the
epithelium of mice 8 days after TBI exposure than in the WT
mice. Collectively, the NDRG2-deficient mice had a better
outcome and milder GIS. Mechanistically, NDRG2 (KO) could
bring about the lower levels of pro-inflammatory cytokines,
higher levels of anti-inflammation cytokines (IL-10), less cell
apoptosis, and greater cell proliferation of intestinal villus and
crypt after radiation.

In our study, we speculate that NDRG?2 deficiency in the
intestine plays a crucial role in suppressing cell apoptosis
and promoting cell proliferation of intestinal villus and
crypt, suggesting that NDRG2 might be a novel therapeutic

target for alleviating irradiation-induced intestinal injury.
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