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Abstract 

BACKGROUND & AIMS: High doses of radiation induce severe DNA damage in intestinal 
epithelial cells, especially crypt cells, and cause intestinal injury, but the underlying molecular 
mechanisms remain unclear. Krüppel-like factor 5 (KLF5), a zinc finger-containing transcription 
factor, is induced by various stress stimuli and is involved in cell proliferation and survival. The role 
of KLF5 in radiation-induced intestinal injury was investigated here. 
METHODS: Wild type mice were treated with 8 or 15 Gy total body irradiation (TBI). KLF5 
content and cellular localization in the small intestines of irradiated mice were detected by 
Western blot and immunohistochemical analysis. Mice with intestinal-specific knockdown of KLF5 
(Vil-Cre; Klf5fl/+ mice) were generated and their response to radiation was compared with controls. 
Morphological changes were determined by hematoxylin and eosin staining. Proliferation was 
examined by Ki67 immunostaining. The molecular response of the small intestine after KLF5 
knockdown was investigated using microarrays. 
RESULTS: KLF5 expression correlated with the progression of intestinal damage. Decreased 
levels of KLF5 in the gut were associated with increased damage to the intestinal mucosa and 
reduced epithelial proliferation after TBI. Our microarray data disclosed that KLF5 knockdown 
down-regulated genes related to DNA damage repair pathways such as nucleotide excision repair, 
mismatch repair, non-homologous end joining and the Fanconi anemia pathway, which may suggest 
a novel function of KLF5. 
CONCLUSIONS: Our study illustrates that KLF5 may modulate DNA repair pathways to 
prevent intestinal injury induced by TBI. KLF5 signaling provides a novel field for identification of 
potential therapeutic targets for the treatment of radiation-induced intestinal damage. 
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Introduction 
The small intestine is the major site of nutrient 

digestion and absorption and serves as a vital barrier 
against diverse harmful and immunogenic substances 

within the mammalian intestinal lumen. Gut integrity 
is important for its function. However, the small in-
testinal epithelium is inherently sensitive to irradia-
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tion due to rapid cell turnover [1-3]. High doses of 
radiation cause apoptosis in crypts, shortening of villi, 
and even loss of intestinal mucosa. Radiation-induced 
intestinal injuries are common side-effects of radio-
therapy for abdominal or pelvic cancer. Additionally, 
accidental radiation exposure may alter the small in-
testine structurally and functionally. Morphological 
changes of the intestinal mucosa after ionizing radia-
tion have been well documented [4-6], but molecular 
events that regulate intestinal epithelial cells radio-
sensitivity and radiation-induced intestinal injuries 
are not fully understood.  

Ionizing radiation can induce DNA damage, 
producing single- and double-strand DNA breaks [7]. 
Mammals have evolved several DNA repair path-
ways to maintain genomic stability, including mis-
match repair (MMR), base excision repair (BER), nu-
cleotide excision repair (NER), homologous recombi-
nation repair (HR), and non-homologous end joining 
(NHEJ). In addition, the Fanconi anemia pathway 
promotes HR. Previous studies confirm that DNA 
repair protein deficiencies such as ataxia telangiecta-
sia mutated (ATM) [8], 53BP1 [9], poly ADP-ribose 
polymerase-1 (PARP-1) [10], and NHEJ factors 
RAD50, MRE11, or DNA-PK [11] generally elevate 
intestinal sensitivity and promote intestinal injury 
and subsequent lethality. Moreover, deficiencies in 
MMR proteins MSH2 [12], MLH1, or PMS2 [13] lead 
to enhanced carcinogenesis, probably by increasing 
stem cell survival and mutation rates. Recent studies 
have shown that crypt base columnar stem cells 
(CBCs) are radiation resistant, repairing DNA damage 
by HR [14]. However, there is still much to be dis-
covered about DNA repair mechanisms in radia-
tion-induced intestinal injury. 

Krüppel-like factor 5 (KLF5, also named BTEB2 
[15] and intestine-enriched KLF, IKLF) is an evolu-
tionarily conserved zinc finger-containing transcrip-
tion factor that belongs to the KLF family. KLF5 reg-
ulates a diverse array of important target genes, in-
cluding those encoding as cyclin D1 [16], cyclin B1 
[17], fibroblast growth factor binding protein 1 
(FGF-BP) [18], epithelial growth factor receptor 
(EGFR) [19] and survivin [20], and plays important 
roles in multiple cellular processes such as cell prolif-
eration, differentiation, migration, cell cycle, apopto-
sis and tissue development [21]. KLF5 is highly ex-
pressed in proliferating cells of intestinal crypts [22] 
and accumulated evidence from studies with genet-
ically manipulated mice suggest that KLF5 is critical 
for regulating intestinal homeostasis and disease 
[23-28]. However, the role of KLF5 in radia-
tion-induced intestinal injuries has not yet been in-
vestigated. 

The best known function of KLF5 is its 
pro-proliferative role in different cell types. Mecha-
nistically, KLF5 promotes cell proliferation by accel-
erating G1/S [29] and G2/M [17, 30] cell cycle pro-
gression and up-regulating EGFR and MEK/ERK 
pathways [19]. In addition to stimulation of cell pro-
liferation, KLF5 is also thought to be a stress response 
mediator. Several studies indicate that KLF5 is in-
duced in response to various external stimuli and is 
involved in cell proliferation and survival. For exam-
ple, KLF5 is up-regulated in response to 
DNA-damaging agents such as 5-fluorouracil and 
ultraviolet rays in HCT116 colon cancer cells. Cells 
deficient in KLF5 become more sensitive to 
5-fluorouracil-induced apoptosis [31]. Additionally, 
KLF5 is induced by the bacterial membrane compo-
nent lipopolysaccharide (LPS) through the MAPK 
pathway in IEC-6 rat intestinal epithelial cells [32]. 
KLF5 induction correlates with NF-κB induction and 
its downstream targets including interleukin-6 (IL-6) 
and tumor necrosis factor-α (TNF-α). In vivo studies 
conducted in mice treated with dextran sulfate so-
dium (DSS) [26] or infected with Citrobacter rodentium 
[25] confirm increased KLF5 expression in colon tis-
sues. Reduced KLF5 enhances susceptibility to DSS- 
and Citrobacter rodentium-induced damage. However, 
whether KLF5 is activated in response to ionizing 
radiation and plays any role in radiation-induced in-
testinal injuries remains elusive. 

Here, we report studies of KLF5 expression in 
intestinal tissues of wild type (WT) mice after expo-
sure to total body irradiation (TBI) at two different 
doses. Mice with intestinal-specific knockdown of the 
Klf5 gene (Vil-Cre; Klf5fl/+) were generated using the 
Cre-LoxP system and studied to explore the role of 
KLF5 in TBI-induced intestinal injuries. Our data in-
dicate that KLF5 expression correlated with progres-
sion of intestinal damages. KLF5 knockdown in-
creased intestinal mucosal damage induced by TBI. 
More importantly, our microarray data revealed that 
KLF5 knockdown down-regulated genes related to 
NER, MMR, NHEJ and the Fanconi anemia pathway, 
which may suggest a novel function of KLF5.  

Materials and Methods 
Experimental animals 

WT male C57BL/6 mice (18-22g) were pur-
chased from Shanghai SLAC Laboratory Animal Co., 
Ltd. (Shanghai, China). Mice with intestinal-specific 
knockdown of KLF5 were generated according to 
published methods [24]. Animals were housed in a 
pathogen-free barrier facility under controlled condi-
tions, including a 12:12-h light-dark cycle, with ad 
libitum access to food and water. The study was car-
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ried out in accordance with protocols approved by the 
Animal Ethics Committee of Soochow University. 

Radiation procedure 
A single dose of 8 or 15 Gy TBI was delivered to 

mice using a 6-MeV electron linear accelerator (Clinac 
2100EX; Varian Medical Systems, Palo Alto, CA, USA) 
at 2 Gy per minute.  

Protein extraction and Western blot 
Animals were killed at the indicated times after 

TBI and rapidly dissected. Small intestine tissues were 
flushed with phosphate-buffered saline (PBS). Protein 
extraction and Western blot were performed accord-
ing to published methods [33]. Antibodies are listed in 
Supplementary methods and materials. 

Histology 
Small intestine tissues were isolated and fixed in 

4% paraformaldehyde overnight and embedded in 
paraffin. Then, 3 µm-thick paraffin sections were 
stained with hematoxylin and eosin (H&E) or appro-
priate staining reagents. Images of tissue sections 
were captured using an Olympus optical microscope 
(Olympus Corp., Tokyo, Japan). 

Immunohistochemical (IHC) analysis 
Localization of KLF5, Ki67 and Musashi-1 was 

examined by IHC according to published methods 
[33].  

Immunofluorescence (IF) assay 
The paraffin sections were deparaffinized and 

rehydrated. Heat-mediated antigen retrieval, blocking 
of non-specific binding sites and primary antibody 
incubation were performed as for IHC analysis. Flu-
orescein-labeled diluted secondary antibody was 
added and incubated at 37 °C for 1 h. Sections were 
counterstained with DAPI and imaged under a con-
focal laser scanning microscope (Leica Microsystems 
GmbH, Wetzlar, Germany). 

Microarray analysis of gene expression 
Small intestines were isolated from control and 

Vil-Cre; Klf5fl/+ mice treated with 15 Gy TBI or no ra-
diation. The microarray analysis protocol is provided 
in the Supplementary methods and materials. 

Quantitative real-time PCR (qRT-PCR) analy-
sis 

Total RNA was isolated from tissues using Trizol 
reagent (Invitrogen, Carlsbad, CA, USA) according to 
the manufacturer’s protocol. First-strand cDNA was 
synthesized from 3 µg of total RNA using a Prime-
ScriptTM RT reagent Kit (Perfect Real Time) 
(TAKARA, Otsu, Japan). Primers are listed in Table 

S1. QRT-PCR was performed using a SYBR○R Premix 
Ex TaqTM (Tli RNaseH Plus) Real-Time PCR assay kit 
(TAKARA, Otsu, Japan) in a 7500 Real-Time PCR 
system (Applied Biosystems, Foster City, CA, USA). 
All samples were examined in triplicate. 

Statistical analysis 
Data are presented as means ± SEM. SPSS 16.0 

software (SPSS Inc., San Rafael, CA, USA) was used to 
perform statistical analysis. Equality of variances was 
tested by Levene’s test. Data involving only two 
groups were analyzed using a Student’s t-test. Data 
were assessed by one-way ANOVA when more than 
two groups were compared. Data were considered 
statistically significant if the P value was less than 
0.05. 

Results 
Alterations of KLF5 expression after radiation 
exposure 

Although small intestinal epithelia are sensitive 
to radiation exposure, intestinal structure can be re-
newed at a radiation dose of 8 Gy or less. At high 
doses of radiation (≥ 14 Gy), mice die between 7 and 
12 days due to irreparable intestinal damage concom-
itant with crypts loss and destruction of villus epithe-
lium in the small intestine [34, 35]. To investigate 
whether KLF5 is expressed differently in these two 
settings, WT mice were given 8 or 15 Gy TBI to estab-
lish reparable and irreparable intestinal damage 
models. Small intestines were collected at different 
time points after irradiation for histopathological 
examination. H&E staining of tissue sections con-
firmed that 8 Gy TBI induced reparable intestinal 
damage and 15 Gy TBI induced irreparable intestinal 
damage (Fig. S1). 

Next, we measured KLF5 and its cellular locali-
zation in the small intestines of irradiated mice with 
Western blot and IHC. Western blot analysis indicated 
that KLF5 expression was induced in small intestines 
of 8 Gy-irradiated WT mice 3 days after exposure. 
KLF5 returned to baseline on day 7 (Fig. 1A). In 15 
Gy-treated mice, intestinal KLF5 expression sharply 
decreased as early as 2 days post-TBI and recovered 
from day 4 (Fig. 1B).  

The expression pattern of KLF5 revealed by IHC 
staining was consistent with the Western blotting re-
sults (Fig. 1C). In non-irradiated mice, KLF5 exhibited 
nuclear expression in proliferating epithelial cells at 
the base of the crypts in small intestines. At day 3 post 
8 Gy TBI, the depth of the crypts increased noticeably 
and intense KLF5 staining was observed throughout 
the crypts. When the structure of the intestine had 
nearly returned to normal on day 7, the expression of 
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KLF5 was similar to that in the non-irradiated mice. 
However, in mice exposed to 15 Gy TBI, reduced 
crypt KLF5 was observed as early as 1 day after irra-
diation. When crypts disappeared from the intestinal 
mucosa on day 3, KLF5 expression was undetectable. 
On day 5, when aberrant regenerative crypts 
reemerged, KLF5 was strongly expressed in regener-
ative crypt epithelial cells. Thus, expression of KLF5 

correlates with the progression of intestinal damage, 
suggesting an important role of KLF5 in radia-
tion-induced intestinal injury. 

In addition, analysis of serial sections revealed 
that KLF5 was expressed in Ki67-positive proliferative 
zones of the intestine, and in some cells that were 
positive for Musashi-1, a marker of intestinal stem 
cells (Fig. 1D).  

 

 
Fig 1. The levels and cellular localization of KLF5 in small intestine epithelia of WT mice after TBI. Animals were treated as depicted in Methods. Western blots 
of lysates from WT mice after 8 (A) or 15 Gy (B) TBI over 1 week. NC, non-irradiated control. For each time point, lysates were pooled from 3 separate mice. (C) Immuno-
histochemical staining of KLF5 in paraffin sections from small intestines of NC WT mice or those after 8 or 15 Gy TBI (magnification 200×). (D) Immunohistochemical analysis 
of sequential sections using antibodies against KLF5, Musashi-1 or Ki67 (magnification 1000×). (Black arrows indicate cells positive for KLF5 and Ki67; red arrowheads indicate 
cells positive for KLF5 and Musashi-1). 
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Histological analysis of increased intestinal 
damage in Vil-Cre; Klf5fl/+ irradiated mice 

Mice with intestinal-specific deletion of KLF5 
(Vil-Cre; Klf5fl/fl mice) were created according to pub-
lished methods [24] and theoretically ideal for exam-
ining the role of KLF5 in radiation-induced intestinal 
injury. However, approximately two-thirds of Vil-Cre; 
Klf5fl/fl mice died within 2 days after birth and the re-
mainder survived up to 8 weeks before dying due to 

significant weight loss and rectal prolapse. Therefore, 
mice with intestinal-specific knockdown of KLF5 
(Vil-Cre; Klf5fl/+ mice) were created and used in the 
following studies described here. Decreased KLF5 
protein in knockdown animals was confirmed by IF 
(Fig. 2A) and Western blot (Fig. 2B). H&E staining of 
ileal tissues revealed no obvious morphological 
changes in Vil-Cre; Klf5fl/+ mice compared to control 
mice (Fig. 3).  

 

 
Fig 2. KLF5 expression is reduced in the small intestine epithelia of Vil-Cre; Klf5fl/+ mice. (A) Immunofluorescent staining of KLF5 in small intestine sections from 
control and Vil-Cre; Klf5fl/+ mice (magnification 400×). DAPI was used for nuclear counterstaining. (B) Detection of KLF5 levels in small intestines of control and Vil-Cre; Klf5fl/+ mice 
by Western blot, using pooled lysates from 3 mice per group.  

 
 

 
Fig 3. Vil-Cre; Klf5fl/+ mice exhibit severe histological intestinal injuries after 8 or 15 Gy TBI. Representative H&E staining of intestinal sections from control and 
Vil-Cre; Klf5fl/+ mice after 8 (A) or 15 Gy (E) TBI at indicated times (magnification 200×). NC, non-irradiated control. Bar graph of villus height (B), crypt depth (C) and crypts per 
circumference (D) determined by measuring vertically well-oriented crypt villus units from H&E-stained sections of mice after 8 Gy TBI. For villus height or crypt depth 
measurement, at least 30 villi or crypts per mouse were measured. Crypts per circumference were counted in 3 separate tubular intestinal slices for each mouse. *P < 0.05; n = 
6. 
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Vil-Cre; Klf5fl/+ and control mice were given 8 or 
15 Gy TBI. At 3.5 days post 8 Gy TBI, villus heights of 
Vil-Cre; Klf5fl/+ mice were reduced 32.3% compared to 
control mice (P < 0.05, n = 6) (Figs. 3A and B). Crypt 
depths were 20.9% lower in Vil-Cre; Klf5fl/+ mice than 
in control mice (P < 0.05, n=6) (Fig. 3C). Similar re-
sponses were observed when comparing crypts per 
circumference. There were 14.1% fewer crypts per 
circumference in Vil-Cre; Klf5fl/+ mice than in control 
mice (P < 0.05, n = 6) (Fig. 3D). On day 7 
post-irradiation, although the intestinal mucosal 
morphology in both control and Vil-Cre; Klf5fl/+ mice 
had almost recovered, there were still obvious dif-
ferences between them. Villus heights, crypt depths, 
and crypts per circumference of Vil-Cre; Klf5fl/+ mice 
were reduced by 21.7% (P < 0.05, n = 6), 16.6% (P < 
0.05, n = 6) and 9.8% (P < 0.05, n = 6), respectively, 
compared to control mice.  

Destruction of villi and crypt disappearance oc-
curred in both control and Vil-Cre; Klf5fl/+ mice on day 
3 post 15 Gy TBI (Fig. 3E). Aberrant regenerative 
crypts reemerged in intestinal mucosa of control mice 
but fewer crypts were observed in Vil-Cre; Klf5fl/+ mice 
at 5 days (Fig. 4F). Thus, Vil-Cre; Klf5fl/+ mice had more 
severe tissue damage and poorer recovery of the in-
testinal mucosa compared to control mice. 

Decreased epithelial proliferation in Vil-Cre; 
Klf5fl/+ irradiated mice 

To determine whether KLF5 affects proliferation 
after irradiation, IHC for Ki67 was performed in in-
testinal tissues of control and Vil-Cre; Klf5fl/+ mice and 
Ki67-positive cells per crypt were counted. As shown 
in Fig. 4A, Ki67-positive cells increased in both control 
and Vil-Cre; Klf5fl/+ mice at 3.5 days after 8 Gy TBI. 
Compared to the non-irradiated cohort, Ki67-positive 
cells per crypt increased by 105.9% ± 19.8% in irradi-
ated control mice, and Vil-Cre; Klf5fl/+ mice had a 
smaller increase of 76.7% ± 18.4% (P < 0.05, n = 6) (Fig. 
4B). IF analysis revealed that cells with more KLF5 
expression had stronger Ki67 signals (Fig. 4C). In 
Vil-Cre; Klf5fl/+ mice, KLF5 was lower than in control 
mice, and there were fewer Ki67-positive cells per 
crypt (Fig. 4C). Thus, KLF5 and Ki67 expression are 
positively correlated. 

At 6 h post 15 Gy TBI, Ki67 staining in Vil-Cre; 
Klf5fl/+ mice was weaker than in control mice and 
Ki67-positive cells per crypt in Vil-Cre; Klf5fl/+ mice 
(4.2 ± 2.1) were significantly lower than in control 
mice (9.4 ± 2.3) (P < 0.05, n=6) (Fig. 4D). On day 3, 
some Ki67-positive cells remained in control mice 
where crypts had been located, but few Ki67-positive 
cells remained in the intestinal mucosa of Vil-Cre; 
Klf5fl/+ mice. At day 5, regenerative crypts that stained 

positive for Ki67 reemerged in control mice, but fewer 
regenerative crypts were observed in Vil-Cre; Klf5fl/+ 
mice (P < 0.05, n=6; Fig. 4E, F). Thus, KLF5 is indis-
pensable for crypt regeneration after irreparable in-
testinal damage.  

Multiple signaling pathways are altered in re-
sponse to down-regulation of KLF5 in the small 
intestine 

To understand the molecular response within 
the small intestine after down-regulation of KLF5, 
gene expression profiles of Vil-Cre; Klf5fl/+ and control 
mice without TBI or 6 h post 15 Gy TBI were assessed 
with microarray. A total of 11,004 genes were ex-
pressed differentially (absolute fold change ≥ 2) be-
tween non-irradiated control and Vil-Cre; Klf5fl/+ mice. 
Of these, 3,421 genes were up-regulated and 7,583 
genes were down-regulated (Fig. 5A). At 6 h after 15 
Gy TBI, 2,466 genes were differentially expressed 
between control and Vil-Cre; Klf5fl/+ mice, with 1,094 
genes up-regulated and 1,372 down-regulated (Fig. 
5A). The distribution of the differentially expressed 
genes, grouped according to fold-change, is shown in 
Table S2. Most differentially expressed genes fell into 
the 2- to 10-fold range.  

Pathway analysis revealed that knockdown of 
Klf5 down-regulated genes associated with prolifera-
tion-related signaling networks such as MAPK, 
mTOR and PI3K/Akt pathways (Fig. 5B). Genes re-
lated to major signaling pathways in intestinal stem 
cells, such as Wnt, Hippo and Notch pathways, were 
also down-regulated in response to Klf5 knockdown.  

We also noted that DNA damage repair-related 
genes were influenced by KLF5. Fig. 5B and C show 
that multiple DNA repair pathways were influenced 
by Klf5 knockdown. Genes related to the Fanconi 
anemia pathway (Fig. 6A), MMR (Fig. 6B) and NER 
(Fig. 6C) were down-regulated before irradiation, and 
at 6 h post 15 Gy TBI, genes involved in NHEJ (Fig. 
6D), a pathway that repairs DNA double-strand 
breaks, were down-regulated. Table S3 and Table S4 
show differentially expressed genes involved in the 
Fanconi anemia pathway, MMR, NER and NHEJ. 
Expression patterns of 8 representative genes related 
to DNA damage repair (Ercc5, Culb4, Xpc, Revl, Lig1, 
Usp1, Nhej1 and Dcire1c) were assessed with 
qRT-PCR (Fig. 6E). Expression of all 8 genes was 
down-regulated, which is consistent with microarray 
assay data. Thus, KLF5 possibly promotes intestinal 
wound healing by regulating major signaling path-
ways associated with proliferation, intestinal stem 
cells, and DNA damage repair. 
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Fig 4. Proliferation is reduced in Vil-Cre; Klf5fl/+ mice compared to control cohorts after 8 or 15 Gy TBI. Intestinal tissues were treated as described in Methods 
after 8 (A) or 15 Gy (D) TBI and analyzed immunohistochemically for Ki67 expression (magnification 200×). NC, non-irradiated control. (B) Quantification of Ki67-positive cells 
per crypt determined from Ki67-immunostained sections of small intestines of control and Vil-Cre; Klf5fl/+ mice 3.5 days after 8 Gy TBI. At least 30 well-oriented crypts per mouse 
were counted. *P < 0.05; n = 6. (C) Cellular localization of Ki67 and KLF5 in small intestines of control and Vil-Cre; Klf5fl/+ mice at 3.5 days post 8 Gy TBI, as determined by confocal 
immunofluorescent staining (magnification 400×). Nuclear DNA (blue) was stained with DAPI. (E) Ki67 immunostaining in small intestines of control and Vil-Cre; Klf5fl/+ mice at 5 
days after 15 Gy TBI (magnification 40×). (F) Quantification of crypts per circumference determined from Ki67-immunostained sections of small intestines at 5 days after 15 Gy 
TBI. Crypts were counted in 3 separate tubular intestinal slices per mouse. *P < 0.05; n = 6. 
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Fig 5. Significant pathways altered by down-regulation of KLF5 in the small intestine. (A) Clustering map of genes differentially expressed between Vil-Cre; Klf5fl/+ and 
control mice without TBI or at 6 h post 15 Gy TBI. (B) Significant pathways altered in non-irradiated mice (Vil-Cre; Klf5fl/+ mice vs. control mice). (C) Significant pathways altered 
in mice 6 h post 15 Gy TBI (Vil-Cre; Klf5fl/+ mice vs. control mice). Red bars represent significant pathways for up-regulated genes. Blue bars represent significant pathways for 
down-regulated genes. DE, differentially expressed. 

 

Discussion 
The small intestinal epithelium is one of the most 

rapidly renewing mammalian tissues, renewing every 
3-5 days. Thus, epithelial cells, especially crypt stem 
cells, are highly sensitive to radiation [36], which 
causes a deficient supply of intestinal epithelial cells, 
villus denudation, crypt atrophy or disappearance 
and mucosal architecture disruption. Little is known 
about the molecular mechanisms underlying intesti-
nal damage and regeneration after exposure to ioniz-
ing radiation. Recent studies indicate that KLF5 is 
involved in protecting tissues from various injuries 
and promoting tissue restoration in response to ex-
ternal stresses such as bacterial pathogens [25] or 
chemical irritants [26]. Here, we report that KLF5 is 
induced in mouse intestinal tissues in instances of 
reversible damage induced by 8 Gy TBI, and elevated 

KLF5 expression is concomitant with crypt regenera-
tion. In contrast, after irreversible intestinal damage 
induced by 15 Gy exposure, expression of KLF5 is 
reduced in crypts prior to crypt disappearance. These 
results suggest that KLF5 expression correlates with 
the progression of intestinal damage. However, the 
mechanism responsible for opposing patterns of KLF5 
expression in response to different doses of radiation 
needs further investigation.  

Although we have determined that KLF5 ex-
pression was associated with the progression of in-
testinal damage, whether KLF5 has a predominant or 
subordinate role in this process is unclear. We ob-
served that the intestinal tissue damage was more 
severe after irradiation in the Klf5 knockdown mouse 
model compared to control mice. In addition, fewer 
regenerating crypts were observed in intestinal mu-
cosa of Vil-Cre; Klf5fl/+ mice compared to control mice, 
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especially after 15 Gy TBI. Thus, KLF5 is indispensa-
ble for crypt regeneration when the intestine has been 
irreparably damaged. Other studies with genetically 
modified mice suggest that loss of KLF5 in adult 
mouse intestinal tissues causes loss of crypt architec-
ture and barrier function [24, 28, 37]. Our results un-
derscore the important role of KLF5 in intestinal epi-
thelial repair after irradiation, which may contribute 
to the etiology and treatment of radiation-induced 
intestinal damage. 

Consistent with previous studies [25], KLF5 was 
expressed in Ki67-positive cells. We also found that 
KLF5 was expressed in Musashi-1-positive intestinal 
stem cells. Accumulating evidence suggested that 
KLF5 may be essential for self-renewal and mainte-
nance of stemness in embryonic stem cells [38-41]. 
However, little is known about the functions of KLF5 
in adult stem cell regulation. A recent study con-
firmed that inducible deletion of Klf5 in adult intes-

tinal epithelium causes long-term loss of stem cell 
markers Lgr5, Ascl2 and Olf4 [28]. Another study 
suggested that inducible deletion of Klf5 in Lgr5+ in-
testinal stem cells induces apoptosis in some stem and 
transit amplifying cells [23], indicating that KLF5 
positively regulates intestinal stem cell survival but 
how this occurs is unclear. We found that KLF5 may 
regulate major signaling pathways in intestinal stem 
cells such as Wnt, Hippo and Notch pathways. 
Moreover, damage to stem cells is thought to be im-
portant for radiation-induced intestinal injury [42]. 
Hence, knockdown of KLF5 may exacerbate radia-
tion-induced intestinal injury due to its effects on in-
testinal stem cells. Studies using mice with stem 
cell-specific inducible ablation of KLF5 will be re-
quired to determine whether a protective role of KLF5 
in radiation-induced intestinal damage is mediated 
through intestinal stem cells. 

 
 
 

 
Fig 6. Heat maps and validation of differentially expressed genes related to DNA damage repair in response to knockdown of KLF5. (A) Fanconi anemia 
pathway genes in non-irradiated mice (Vil-Cre; Klf5fl/+ mice vs. control mice). (B) Mismatch repair genes in non-irradiated mice (Vil-Cre; Klf5fl/+ mice vs. control mice). (C) Nucleotide 
excision repair genes in non-irradiated mice (Vil-Cre; Klf5fl/+ mice vs. control mice). (D) Non-homologous end-joining genes in mice 6 h post 15 Gy TBI (Vil-Cre; Klf5fl/+ mice vs. 
control mice). (E) Quantitative real-time PCR validation for selected genes involved in DNA damage repair in control and Vil-Cre; Klf5fl/+ mice (n = 3). 
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DNA is the major target of ionizing radiation. A 
recent work indicated that double-strand DNA breaks 
(detected by γH2AX foci) exist extensively in both 
crypts and villi 1 h after 12 Gy TBI and are signifi-
cantly reduced in crypts but remain high in villi 4 h 
after irradiation [43]. DNA damage repair after radia-
tion-induced intestinal injury is less understood. Our 
work is the first to describe the effect of KLF5 on DNA 
damage repair pathways using high-throughput mi-
croarray analysis. In Klf5 knockdown mice, baseline 
expression of genes related to the Fanconi anemia 
pathway, MMR and NER were down-regulated in the 
absence of radiation, and NHEJ-related genes were 
down-regulated 6 h post 15 Gy TBI. Although the role 
of KLF5 in DNA damage repair has not been investi-
gated, there is evidence that KLF4, which is of the 
same family as KLF5, is required for p53-mediated 
induction of p21 in response to DNA damage and 
inhibits p53 activation of the Bax promoter after 
gamma-radiation [44-46]. Considering that KLF4 and 
KLF5 bind to similar DNA sequences [47], KLF5 is 
likely to activate DNA damage repair-related genes 
through direct and/or indirect transcriptional cas-
cades. Future studies will be focused on exploring the 
mechanisms of how KLF5 influences DNA damage 
repair. 

In conclusion, KLF5 has a role in preventing in-
testinal injury induced by ionizing radiation by mod-
ulating DNA repair pathways. KLF5 signaling is a 
promising area of studies for identifying potential 
therapeutic targets for treating radiation-induced in-
testinal damage. 
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