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Interplay among p21'Wsfl/Cipl

MUSASHI-1 and Kruppel-like
factor 4 in activation of Bmil-CretR
reserve intestinal stem cells

after gamma radiation-induced
injury

Emilia J. Orzechowskal2, Takahito Katano'3, Agnieszka B. Bialkowska'™ &
Vincent W. Yang®**

Gamma radiation is a commonly used adjuvant treatment for abdominally localized cancer. Since its
therapeutic potential is limited due to gastrointestinal (Gl) syndrome, elucidation of the regenerative
response following radiation-induced gut injury is needed to develop a preventive treatment.
Previously, we showed that Krippel-like factor 4 (KLF4) activates certain quiescent intestinal stem
cells (1ISCs) marked by Bmi1-Cre® to give rise to regenerating crypts following y irradiation. In the
current study, we showed that y radiation-induced expression of p21Waf/CiP1 jn Bmj1-CrefR cells is likely
mitigated by MUSASHI-1 (MSI1) acting as a negative regulator of p21¥2f/CP1 MRNA translation, which
promotes exit of the Bmil-Cre® cells from a quiescent state. Additionally, Bmil-specific Kif4 deletion
resulted in decreased numbers of MSI1* cells in regenerating crypts compared to those of control mice.
We showed that KLF4 binds to the Msil promoter and activates its expression in vitro. Since MSI1

has been shown to be crucial for crypt regeneration, this finding elucidates a pro-proliferative role

of KLF4 during the postirradiation regenerative response. Taken together, our data suggest that the
interplay among p21W2f/CPt MS|1 and KLF4 regulates Bmil-Cre® cell survival, exit from quiescence
and regenerative potential upon y radiation-induced injury.

Radiation has an important role in abdominal cancer treatment, especially as an adjuvant therapy. However,
gastrointestinal complications due to high-dose radiation are still a limiting factor of its usage in terms of dose
and frequency'. Exposure of mice to a dose of 10 Gy or higher leads to acute gastrointestinal syndrome and
results in high mortality rates due to extensive damage to the epithelial cells in the gastrointestinal tract. Death
usually ensues within a period of approximately 4-10 days post-exposure due to bone marrow failure*’. A clini-
cally relevant dose of 12 Gy ablates proliferating cells residing within the crypt compartment, and the response
of the intestinal epithelium (IE) is divided into the early and late postirradiation phases*®. The early phase lasts
up to 48 h post-exposure. In this period, p53-mediated apoptosis leads to crypt shrinkage or loss and shorten-
ing of the villi. In surviving cells, y radiation induces p21"/*P! expression, resulting in cell cycle arrest and
activation of DNA damage repair*®. At the end of the early phase, surviving cells show enhanced proliferation,
which results in transient crypt fission and tissue recovery. This phase occurs from 48 to 96 h postirradiation.
From 5 to 7 days post-injury, the size of the crypts and the length of the villi are restored to homeostatic (preir-
radiation) conditions®°.
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Regeneration of the IE is possible due to the presence of intestinal stem cells (ISCs), which reside at the bottom
of the crypts. In homeostasis, a subpopulation of active ISCs (aISCs) produce progenitor cells that proliferate,
differentiate and migrate to the top of the villi, followed by shedding into the lumen. The turnover of progenitor
cells takes on average 3-5 days in the mouse small intestine®!°. Active ISCs exhibit high levels of Wnt activity and
are more susceptible to DNA damage!!. Following ionizing irradiation, a subpopulation of crypt cells, known
as reserve ISCs (rISCs), become activated to replenish aISCs and restore tissue architecture and functions>!?-1°.
rISCs generally reside at the +4 to + 6 position from the bottom of the crypt, are slowly cycling or quiescent and
are radioresistant. To date, no single molecular marker of rISCs has been identified, although a subpopulation of
the cells expresses B-cell-specific Moloney murine leukemia virus integration site 1 (BMI1)'2!¢, as demonstrated
by single-cell transcriptomic analysis'”. Despite the heterogeneous nature of the Bmil-expressing population,
Bmil-Cre™R cells were shown to serve as a source for tissue regeneration after y radiation-induced gut injury's.
Previously, we demonstrated that this process is regulated in part by Kriippel-like factor 4 (KLF4)'®'8, KLF4 is
expressed predominantly in terminally differentiated intestinal epithelial cells of the villi'**. However, a few
isolated nonproliferating cells located around the +4 to + 6 position (including Bmil-Cre®® cells) also express
KLF4!¢182 Tn homeostasis, KLF4 has an antiproliferative role, and its deletion from BmiI-CretR cells resulted
in increased proliferation of the Bmil-CreE® cells. In contrast, Bmil-specific Kif4 deletion impaired the ability
of Bmil-Cre® cells to regenerate upon y radiation-induced gut injury'®. Therefore, KLF4 is believed to be a
radioprotective factor with context-dependent functions.

MUSASHI-1 (MSI1) is an RNA-binding protein expressed in the adult small intestine and regulates post-
transcriptional mRNA processing? 2. In homeostasis, MSI1 expression is limited to the few cells located at the
bottom of the crypts. However, following ionizing radiation-induced injury, MSI1 expression was significantly
elevated””**. Increasing evidence has indicated that MSI1 and MSI2 are required for the activation of rISCs
and drive exit from quiescence. Recent studies showed that mice with deletion of Msil from the entire IE or
Hopx-/Bmil-Cre™®-marked rISCs failed to regenerate their epithelia upon y radiation-induced injury*'. Addition-
ally, MSI1 and MSI2 were shown to drive mTORCI activation, most likely through the PTEN-PIK3-AKT axis,
which is required for the regenerative process?®*!. These findings indicate the importance of the MSI1 protein
as well as the Hopx-CrefR and Bmil-Cre® subpopulations of rISCs in the response to y radiation. Hopx- Cre®
and Bmil-Cre®® indicate a largely overlapping population of rISCs; however, they are not identical. Since pre-
existing experimental data focused on Hopx-CrefR-marked rISCs®!, we investigated the role of MSI1 in Bmil-
CrefR-marked regenerating crypts and elucidated its function upon y radiation-induced injury. Our results
demonstrated that y irradiation-induced expression of p21"VPl in Bmil-CrefR-marked cells during the early
phase of the postirradiation period is retarded by MSI1, an established negative regulator of p21"/“P! mRNA
translation?"?>%¢, Furthermore, we elucidated the context-dependent pro-proliferative function of KLF4 upon
irradiation by maintaining Msil expression during the late regenerative phase. Additionally, in vitro chromatin
immunoprecipitation (ChIP) analysis showed that KLF4 binds to and activates the Msil promoter, suggesting a
potential mechanism by which KLF4 regulates Msil expression in vivo.

Results

p21Waflcipl (p21) is expressed in Bmil-CrefR-marked lineage cells following y irradiation dur-
ing the early phase after irradiation. Previously, we and others showed that Bmil-CrefR-marked cells
represent one of the populations of rISCs that exit a quiescent state and start proliferating following y irradiation
to regenerate the [E>'®!3, To trace the changes occurring in Bmil-Cre™® marked cells, we utilized Bmil-Cre%;
Rosa26°Y? (Bmil“") reporter mice in which eYFP was used to label Bmil-Cref® marked rISCs and their lineages
(YFP* cells) upon tamoxifen injection. Duodena from nonirradiated mice or mice exposed to 12 Gy total body
irradiation (TBI) were collected and analyzed according to Protocol 1 (Supplementary Fig. 1A). Previously, we
observed that p21W+f/®! jg not expressed during homeostasis and that its level is sharply induced upon injury
in intestinal crypts®2. To determine whether an increase in p21"a/CP! expression occurs in the Bmil-CrefX-
marked cells, we performed immunofluorescence (IF) staining and analyzed the time-course expression pattern
of p21Wafl/Cipl in the YFP* cells.

During homeostasis, we observed evidence of lineage tracing from the Bmil-CrefR-marked (YFP*) cells.
Between the 0 and 96 h time points, the percentage of YFP* cells doubled (Supplementary Fig. 2). Upon injury up
to 48 h postirradiation, the percentage of YFP* cells in the YFP* crypts remained stable (Figs. 1 and 2). However,
a significant increase in the percentage of YFP* cells at 72 and 96 h postirradiation indicated their activation
during the late postinjury phase (Figs. 1 and 2).

During homeostasis, we did not observe p21V¥//CP! expression in the YFP* cells (Supplementary Fig. 2). In
contrast, 6 h postirradiation, the percentage of p21"a/“P1_positive cells in the YFP* crypts started increasing,
especially in the transient-amplifying (TA) zone, and peaked 48 h post-injury (Figs. 1A and 1B). Simultaneously,
we observed that the percentage of YFP* cells coexpressing p21V*/“?! increased and peaked 48 h postirradiation
(Fig. 1C). In contrast, during the late postinjury phase, the expression of p21"4/“! both in the YFP* crypts and
in the YFP* cells started to decrease. Ninety-six hours postirradiation, the percentages of cells in the YFP* crypts
or the YFP* cells expressing p21"#f/CP! were infinitesimal (Fig. 1). Taken together, these data showed that the
p21WVCiPL protein levels are increased in response to y radiation-induced injury, and at the 48 h time point, the
majority of the YFP* cells coexpressed p21Wal/CipL,

MSI1 is expressed in YFP* cells following y irradiation during the late phase after irradia-
tion. MSI1 expression is required for the activation of rISCs, their exit from quiescence, and cell cycle entry
after y radiation-induced injury®. First, to assess the role of MSI1 in the regeneration of YFP* cells, we per-
formed a time course analysis of MSI1 expression in the sham and irradiated Bmil“" mice. We determined that
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Figure 1. Time-dependent p21W*/CP! (P21) expression pattern in the YFP* crypts after 12 Gy TBI of the
Bmi1“" mice treated according to protocol 1 (Supplementary Fig. 1A). (A) Representative IF images of DAPI,
YFP, and p21"4/CiP! staining in the PSI crypts at 0, 6, 24, 48, 72 and 96 h after irradiation obtained under a
fluorescence microscope. The scale bar represents 20 um. P21"*/CiP1* cells are marked by magenta arrowheads.
(B) Quantification of the percentage of YFP* or p21W/CiPl+ cells in the YFP* crypts. (C) Quantification of the
percentage of YFP*p21Wafl/Cipl+ cells. Data are represented as the mean = SD, 20 YFP* crypts were quantified per
mouse, and n=3 mice per group. *p <0.05, *p <0.01 and ***p <0.001 by one-way ANOVA.

during homeostasis, MSI1 is expressed by a small number of cells located at the bottom of the YFP* crypts and
that some of them were YFP* cells (Supplementary Fig. 3). A similar percentage of cells expressed MSI1 up to
24 h postirradiation (Fig. 2). By contrast, we observed that at 48 h postirradiation, the level of MSI1 started to
increase in all cells in the YFP* crypts, including the YFP* cells themselves (Fig. 2). The expression levels con-
tinued to rise during the late post-injury phase and peaked at 96 h postirradiation. Taken together, these data
showed that MSI1 expression is correlated with the regenerative potential of the YFP* cells, which is consistent
with previously published data reporting radiation-induced MSI1 expression*”?**,
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Figure 2. Time-dependent MSI1 expression pattern in the YFP* crypts after 12 Gy TBI of the Bmil“" mice
treated according to protocol 1 (Supplementary Fig. 1A). (A) Representative IF images of DAPI, YFP, and MSI1
staining in the PSI crypts at 0, 6, 24, 48, 72 and 96 h after irradiation obtained under a fluorescence microscope.
The scale bar represents 20 um. (B) Quantification of the percentage of YFP* or MSI1* cells in the YFP™ crypts.
(C) Quantification of the percentage of YFP*MSI1* cells. Data are represented as the mean +SD, 20 YFP* crypts
were quantified per mouse, and n=3 mice per group. ***p <0.001 by one-way ANOVA.

MSI1 is a negative regulator of Cdknla mRNA translation. Since we demonstrated that p21™W{l/Cip!
was expressed predominantly up to 48 h post-injury and diminished thereafter, while MSI1 expression increased,
we surmised that MSI1 may regulate the expression of p21Va/CiP! when cells enter the late postinjury phase
(Figs. 1 and 2). To focus on early lineages marked by YFP, we utilized a different treatment protocol that allowed
the capture of this specific cell population (Protocol 2; Supplementary Fig. 1B). Analysis of the expression pat-
terns of p21"#/CiP! and MSI1 in the control group confirmed the results obtained from Protocol 1 (Supple-
mentary Fig. 4). After y irradiation, p21"*/CiP! expression peaked at 48 h and started to diminish during the
late postirradiation phase, along with increased expression of MSI1 (Supplementary Fig. 5). Importantly, we
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observed that the percentage of YFP*P21*MSI1* cells during the late postinjury phase decreased significantly
between 48 and 96 h postirradiation, similar to the YFP*P21* cells. In contrast, the population of YFP*MSI1*
cells steadily increased (Supplementary Fig. 5C). Statistical analysis showed a significant negative correlation
between p21W#/CPl and MSI1 expression in the YFP* crypts (Supplementary Fig. 5D), suggesting that MSI1 may
mitigate p21Wafl/CP! expression.

To further elucidate the interaction between p21Waf/CiP! and MSI1, we sorted the YEP* cells obtained from
the Bmil“" mice treated according to Protocol 1 (Supplementary Fig. 1A) by fluorescence-activated cell sorting
(FACS) analysis and performed qRT-PCR analysis of Cdknla and Msil gene expression. We observed a significant
increase in Cdknla expression compared to that in the nonirradiated mice and a progressive decrease over time
(Fig. 3A). In contrast, the Msil levels increased later (24 h postirradiation), decreased by 72 h to baseline and then
slightly increased at the end of the late postinjury phase compared to those of the nonirradiated control (Fig. 3B).
MSII is an RNA-binding protein and was previously reported to act as a translational suppressor of Cdknla
mRNA expression®?1?>3-42 Therefore, we performed a luciferase assay to confirm that MSI1 negatively regulates
Cdknla gene expression. We transfected HEK293T-GFP cells with pGL3-Basic or pGL3-P21-3'UTR reporter
vectors containing luciferase linked to the 3’ untranslated region (UTR) of the Cdknla mRNA. The cells were
also transfected with an expression vector encoding Msil or an empty vector as a control. First, we confirmed
similar levels of MSI1 by Western blot analysis of the cells transfected with the MSI1 expression vector (Fig. 3C).
As expected, a luciferase assay showed that Msil overexpression significantly reduced the reporter activity of
the 3'UTR of Cdknla compared to that of the control vector (Fig. 3D), consistent with existing data>?1:2533-42,

Next, to examine whether MSI1 negatively regulates Cdknla expression following injury, we irradiated
HEK293T-GFP cells and 24 h later overexpressed MSII or transfected cells with an empty control vector (Fig. 3E).
We performed qRT-PCR and Western blot analysis of p21"*/CP! and MSI1. The results showed that the MSI1
levels were increased compared to those of the empty vector group (Fig. 3F). We also observed a slight induction
of endogenous MSII expression due to irradiation at 48 and 72 h post-injury compared to that at 0 h (Fig. 3F,
white bars). Moreover, we showed that the endogenous CDKNIA levels were significantly increased postir-
radiation compared to those at 0 h, and MSII overexpression did not affect the CDKNI1A levels (Fig. 3G). This
observation is consistent with a previous finding showing that MSI1 regulates target genes at the translational
level?”-?, Therefore, we performed Western blot analysis of p21"#/CP! and MSI1 (Fig. 3H). We demonstrated
that there was a slight increase in the endogenous MSI1 levels at 24 and 48 h compared to 0 h due to irradiation
(Fig. 31, white bars). Overexpression of MSII resulted in significantly increased levels at the 48 and 72 h time
points compared to those of the empty vector control group (Fig. 3I). Furthermore, the levels of endogenous
p21Wafl/Cipl were increased compared to those at the 0 h time point after irradiation and gradually decreased over
time (Fig. 31, white bars). Importantly, due to MSII overexpression, the total p21"*/<P! protein level was signifi-
cantly reduced at 48 h and 72 h post-injury (Fig. 3]) compared to that of the empty vector control groups. Taken
together, the results obtained from the in vitro experiments showed that MSI1 negatively regulates p21"a/Cip!
expression at the translational level during homeostasis, as well as upon injury. Given that the analysis of p21"/
Cipl and MSI1 coexpression in the YFP* cells in vivo also demonstrated a negative correlation between these
two proteins, the in vitro study suggests that this mechanism may underlie the activation of YFP* cells upon
irradiation-induced injury.

KLF4 sustains Msil expression during the late postirradiation phase. Recently, we reported
that regenerative potential of Bmil-Cref®-marked cells following y irradiation is regulated in part by KLF4.
We also showed that KLF4 is an antiproliferative transcription factor that becomes pro-proliferative during
regeneration'®. Since MSI1 also stimulates regeneration of the IE after y irradiation-induced injury®' (Fig. 2, Sup-
plementary Fig. 5), we examined whether KLF4 and MSI1 interact. We performed time course analysis of MSI1
and KLF4 expression in samples collected from the Bmil" mice after 12 Gy TBI according to Protocol 1 (Sup-
plementary Fig. 1A). In homeostasis, some YFP* cells coexpressed MSI1, but only a few were YFP*MSI1*KLF4*
(Supplementary Fig. 3). After y irradiation-induced injury, we initially observed a decrease in KLF4 expression
in the YFP* crypts and an increase at 96 h postirradiation (Fig. 4A-C). Similarly, analysis of MSI1 and KLF4
coexpression in the YFP* cells showed that between 0 and 72 h postirradiation, a very small percentage of YFP*
cells coexpressed MSI1 and KLF4. By contrast, this subpopulation increased significantly 96 h postirradiation
(Fig. 4C). Furthermore, qRT-PCR analysis of KIf4 expression in the FACS-sorted YFP* cells obtained from the
Bmil®" mice showed that up to 72 h post-injury, KIf4 expression was either decreased or not changed compared
to that in the sham mice. However, at 96 h postirradiation, KIf4 expression was significantly increased (Fig. 4D).
These observations suggested a putative interaction between MSI1 and KLF4 96 h post-injury. Therefore, we
analyzed the effect of Bmil-specific KIf4 deletion on Msil expression during injury-induced regeneration, and
we utilized Bmil*¥ mice in combination with Protocol 1 (Supplementary Fig. 1A). In this animal model,
tamoxifen-induced Cre-mediated recombination resulted not only in labeling these cells with YFP protein but
also in Bmil-specific deletion of the KIf4 gene. In homeostasis, similar to the results obtained for the Bmil®"
mice, we observed stable and low levels of MSI1 expression in both the YFP* crypts and the YFP* cells (Sup-
plementary Fig. 6). Upon irradiation, we observed an increase in MSI1 expression in the Bmil**/* mice similar
to that observed in the Bmil®" mice (Supplementary Fig. 7, Fig. 2, and Fig. 4). However, both the percentage of
YFP* cells in the YFP* crypts and the percentage of YFP* cells coexpressing MSI1 were significantly decreased
in the Bmi1*® mice compared to the Bmil®" mice (Figs. 4 and 5A and Supplementary Fig. 7).

Since we observed a decreased number of YFP* cells expressing Msil upon injury in the Kif4-deleted Bmil-
CrefR-marked cells, we hypothesized that KLF4 positively regulates Msil expression. To address this hypothesis,
we performed a luciferase assay using HEK293T-GFP cells cotransfected with a vector containing the Gaussia
luciferase gene driven by the mouse Msil promoter and with a plasmid encoding the mouse full-length KIf4 or
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«Figure 3. MSI1 is a negative regulator of p21"#/C¢! (Cdknla) mRNA translation. (A, B) qRT-PCR analysis of
Cdknla (A) and Msil (B) in the FACS-sorted YFP* cells isolated from the Bmil“" mice treated according to
protocol 1 (Supplementary Fig. 1A). The sham mice were used as a control. IR, irradiated group (12 Gy TBI).
Data are represented as the mean + SD, n=3 mice per group. *p <0.05, **p<0.01 and p <0.001 by one-way
ANOVA. (C, D) Luciferase assays of HEK293T cells transfected with the pGL3 Basic or pGL3-p21"{l/Cip!
3"-UTR vector and Msil overexpression vector (pPCMV6-AC-GFP-Msil). O/E, overexpression. EV, empty
vector. (C) Western blot analysis of Msil overexpression. Full-length blots are presented in the “Supplementary
file”. (D) Relative luciferase activity. Data are represented as the mean+SD, n=3. **p <0.01 by Student’s t-test.
(E-J) Analysis of the effect of MSI1 on p21"#/C?! expression after y irradiation-induced injury in vitro.
HEK293T cells were seeded on a plate and irradiated with a total dose of 0 (sham) or 12 Gy (IR, irradiated),
and 24 h later, MSI1 was overexpressed. Cells were collected at 0, 24, 48 and 72 h. O/E, overexpression. EV,
empty vector. (E) Experimental outline. (F, G) qRT-PCR analysis of MSII (F) and CDKNIA (G) in HEK293T
cells. (H) Western blot analysis of MSI1 and p21%f/CP! (P21) protein expression in HEK293T cells. Full-length
blots are presented in the “Supplementary file”. (I, J) Densitometric analysis of protein expression in HEK293T
cells performed using Image] software. Data are represented as the mean+SD, n=3. *p<0.05, **p<0.01 and
***p <0.001 by Student’s t-test.

mouse Kif4 gene with deletion of the C-terminal DNA-binding domain. Control cells were transfected with the
empty vector. First, we confirmed Kif4 overexpression by Western blot analysis (Fig. 5B). Notably, a luciferase
assay showed that overexpression of full-length Kif4 increased the relative activity of the Msil promoter compared
to that of the empty vector control, while the KIf4 mutant with deletion of the C-terminal DNA-binding domain
did not affect this activity (Fig. 5C).

To further elucidate the effect of KLF4 on MSII expression, we overexpressed full-length human KLF4 in
HEK293T-GFP cells and analyzed total MSII expression at both the mRNA and protein levels. First, we con-
firmed the overexpression of KLF4 as shown by the total KLF4 mRNA levels (Fig. 5D). Moreover, we observed
increased MSI1I expression levels (Fig. 5E). Additionally, the significantly increased KLF4 protein levels (Fig. 5EG)
mirrored the increased levels of MSI1 protein (Fig. 5SEH).

Finally, we examined whether KLF4 directly regulates Msil promoter activity. We performed ChIP-PCR anal-
ysis using HEK293T-GFP cells cotransfected with a vector encoding the mouse Msil promoter (up to — 1.5 kb)
and a plasmid encoding full-length mouse Kif4. We identified 7 putative KLF4 binding sites within the mouse
Msil promoter and found that KLF4 binds to the regions located at positions —295, —330, — 616 and — 987 bp
(Fig. 5I). KLF4 may also bind to the —490 bp position. However, due to the high GC content in this region, we
could not confirm this hypothesis. Taken together, these results demonstrated that KLF4 is a positive regulator
of Msil expression by directly binding to cis-elements of its promoter. These findings also suggested that this
mechanism may occur in vivo since Bmil*K* mice present lower Msil expression than Bmil®" mice.

KLF4 positively regulates the regenerative potential of the YFP* cells during regeneration
upon y irradiation-induced injury.  As presented above, KIf4 expression affected both Msil expression
and lineage tracing of the YFP* cells (Figs. 4 and 5A and Supplementary Fig. 7). Therefore, we analyzed the
proliferative potential of the YFP* cells in the Bmil®" and Bmil*X* mice treated according to Protocol 1 (Sup-
plementary Fig. 1A). Our results showed that during homeostasis, the percentage of YFP* cells doubled over a
96 h period in both the Bmil®" and Bmil*** mice. Additionally, a similar percentage of cells in the YFP* crypts
incorporated 5-ethynyl-2"-deoxyuridine (EdU) in both the Bmil®" and Bmil*K* mice. We observed that KLF4
expression was reduced in the YFP* crypts of the Bmil*X/* mice compared to the Bmil“" mice (Supplemen-
tary Fig. 8A-C). The percentage of EdU'KLF4" cells was relatively stable in the Bmil°" mice compared to the
Bmi1** mice (Supplementary Fig. 8D,E). Furthermore, analysis of the YFP* cells showed that over the time
course, the percentage of cells incorporating EdU (subpopulations of EQU*KLF4~ and EdU'KLF4") slightly
decreased in the Bmil“" mice but significantly increased in the Bmil*K* mice at the 96 h time point (Supple-
mentary Fig. 8A,D-F). These data confirmed that in homeostasis, KLF4 plays an antiproliferative role'. After
y irradiation-induced injury in both the Bmil“" and Bmil**/* mice, we performed lineage tracing, and the
percentage of YFP* cells increased (Fig. 6A-C). EAU incorporation either in the YFP* crypts or the YFP* cells
(subpopulations of EQAU"KLF4* and EAU*KLF4* cells) was significantly decreased between 0 and 48 h post-
injury in both the Bmil“" mice (Fig. 6A,B,D) and Bmi1**/ mice (Fig. 6A,C,E). However, during the late postin-
jury phase, we observed an increase in EAU incorporation in both the Bmil®" (Fig. 6A,B,D) and Bmi1*¥* mice
(Fig. 6A,C,E). Additionally, we observed that at 96 h postirradiation, the KLF4 expression level in the YFP*
crypts or the YFP* cells (subpopulations of EdU*KLF4~ and EQU*KLF4" cells) increased in the Bmil“" mice
compared to the Bmil*¥ mice (Fig. 6A-E). Taken together, these data showed that even though EdU incorpora-
tion at 48 h postirradiation was reduced to a similar extent in both the Bmil®" and Bmi1*¥* mice, the Bmil“""
mice had better regenerative ability than the Bmil*¥/* mice at 96 h postirradiation (Fig. 6F).

To further elucidate the role of KLF4 in the Bmil-Cref®-marked cells that drive regeneration, we established
an ex vivo organoid model derived from the FACS-sorted YFP* cells isolated from the Bmil“" and Bmil14K/*
mice. We exposed the organoids to different doses of y irradiation. There was no difference in the growth of the
nonirradiated organoids obtained from the Bmil®" and Bmil**¥* mice (Fig. 7A,C). After exposure to y irradia-
tion, the organoids in both groups shrunk within the first 48 h and started to regenerate between 48 and 96 h
postirradiation. The regeneration rate of the organoids decreased with the increase in radiation dose in both
groups (Fig. 7, Supplementary Fig. 9). However, the overall regeneration rate of the organoids derived from the
Bmil®" mice was higher than that of the organoids derived from the Bmil*%* mice, with a significant difference
observed at the dose of 10 Gy (Fig. 7C).
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Figure 4. Time-dependent MSI1 and KLF4 expression patterns in the YFP* crypts after 12 Gy TBI of the Bmil“" mice
treated according to protocol 1 (Supplementary Fig. 1A). (A) Representative IF images of DAPI, YFP, MSI1, and KLF4
staining in the PSI crypts at 0, 6, 24, 48, 72 and 96 h after irradiation obtained under a fluorescence microscope. The scale bar
represents 20 pm. (B) Quantification of the percentage of YFP*, MSI1* or KLF4* cells in the YFP* crypts. (C) Quantification
of the percentage of YFP* cells costained with MSI1, KLF4 or MSI1 and KLF4 together. Data are represented as the mean +SD,
20 YFP* crypts were quantified per mouse, and n=3 mice per group. *p <0.05, **p <0.01 and **p <0.001 by one-way
ANOVA. (D) qQRT-PCR analysis of KIf4 expression in the FACS-sorted YFP* cells isolated from the Bmil“" mice treated
according to protocol 1 (Supplementary Fig. 1A) at 0, 6, 24, 48, 72 and 96 h after irradiation. The sham mice were used as a
control. IR, irradiated group (12 Gy TBI). Data are represented as the mean +SD, n =3 mice per group. *p <0.05, **p <0.01 and
***p<0.001 by one-way ANOVA.
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Figure 5. KLF4 positively regulates MSI1 expression by directly binding to its promoter. (A) Comparison of
the percentage of YFP*MSI1* cells in the YEP* crypts of the Bmil®" and Bmil*<% mice at 0, 6, 24, 48, 72 and
96 h after irradiation based on IF staining analysis. Data are represented as the mean+SD, 20 YFP* crypts

were quantified per mouse, and n=3 mice per group. **p <0.01 and ***p <0.001 by one-way ANOVA. (B, C)
Luciferase assays of the HEK293T cells transfected with pcDNA-KIf4 FL or pcDNA-KIf4 AZFD mutant vector
and pEZX-PGO2 containing the Msil promoter sequence. O/E, overexpression. EV, empty vector. (B) Western
blot analysis of KLF4. Full-length blots are presented in the “Supplementary file”. (C) Relative luciferase activity.
Data are represented as the mean +SD, n=3. **p <0.001 by Student’s t-test. (D-H) Analysis of the effect of
KLF4 FL on MSII expression in vitro. O/E, overexpression. EV, empty vector. (D, E) qRT-PCR analysis of KLF4
(D) and MSI1 (E) expression in HEK293T cells. Cells collected at 0 h were used as controls. (F) Western blot
analysis of KLF4 and MSI1 in HEK293T cells. Full-length blots are presented in the “Supplementary file”. (G,
H) Densitometric analysis of KLF4 (G) and MSI1 (H) in HEK293T cells was performed using Image]J software.
Data are represented as the mean+SD, n=3. *p <0.05, **p <0.01 and ***p <0.001 by Student’s t-test. (I) ChIP-
PCR analysis of KLF4 binding to the Msil promoter. Schematic represents the — 1.4-kb region upstream of the
Msil TSS showing potential KLF4 binding sites (green circles). ChIP-PCR primer locations are marked with
rectangles. DNA electrophoresis gels show PCR products obtained after the reaction with ChIP-purified DNA.
Rabbit IgG was used as a negative control. Full-length blots are presented in the “Supplementary file”.
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Figure 6. KLF4 influences the proliferative ability of cells in YFP* crypts after 12 Gy TBI of the Bmil" and Bmil*X"*

mice treated according to protocol 1 (Supplementary Fig. 1A). (A) Representative IF images of DAPI, YFP, EdU, and KLF4
staining in the PSI crypts at 0, 6, 24, 48, 72 and 96 h after irradiation obtained under a fluorescence microscope. The scale bar
represents 20 um. (B, C) Quantification of the percentage of YFP*, EQU* or KLF4* cells in the YFP* crypts of the Bmil°" (B)
and BmiI* (C) mice. (D, E) Quantification of the percentage of YFP* cells costained with EdU, KLF4 or EdU and KLF4
together in the Bmil®" (D) and Bmil* (E) mice. (F) Comparison of the percentage of YFP*EAU" cells in the YFP* crypts of
the Bmil1®" and Bmil*** mice. Data are represented as the mean + SD, 20 YFP* crypts were quantified per mouse, and n=3
mice per group. *p <0.05, **p <0.01 and ***p <0.001 by one-way ANOVA.
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Figure 7. KLF4 influences YFP*-derived organoid formation and regenerative capability in response to y
radiation-induced injury. (A, B) Representative images of organoids derived from the FACS-sorted YFP* cells
isolated from the Bmil¢" and Bmil*K¥* mice at 0, 6, 24, 48, 72, 96, 120, 144 and 168 h after irradiation obtained
under a fluorescence microscope. Regenerating organoids are marked by red arrowheads. The lower panel
represents fluorescent images, and the upper panel represents merged images of bright-field and fluorescent
images. The scale bar represents 500 pum. (C) Quantification of the regeneration rate of organoids derived

from the Bmil" and Bmil*** mice exposed to 6, 8, 10 and 12 Gy y irradiation. Data are represented as the
mean + SD, n=4-5 mice per group. *p <0.05 by one-way ANOVA.

Additionally, we performed an analysis of YFP* crypt survival. We observed that the ratio of YFP* proliferat-
ing crypts after irradiation vs. with the sham treatment in the Bmil"’ mice was higher than that in the Bmi 14X/
mice (Supplementary Fig. 10). Taken together, these data showed that the Bmil-Cref®-marked cell-driven regen-

erative potential upon vy irradiation-induced injury is reduced in the absence of KLF4 and that the ex vivo model
reflects changes observed in vivo.
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Discussion

According to a hierarchical model, active ISCs serve as a source of constant replenishment of cells in homeostasis,
and rISCs become activated following depletion of aISCs upon injury'*-'4. Recent studies have shown that regen-
eration of the IE is a complex process driven by numerous subpopulations of rISCs, as well as more differentiated
cells due to the high plasticity of the cells residing in the crypts'>!%#-%, BmiI-Cre®®-marked cells represent an
important group of rISCs that contribute to the regeneration of IE'*#47. Additionally, Tian et al. demonstrated
that lineage tracing originating from Bmil-GFP cells after injury was significantly increased compared to that
under homeostasis, which is consistent with the characteristics of a slowly cycling rISC population at steady state
that serves as a source of regeneration upon injury'?.

In the current study, we utilized tamoxifen-induced Bmil ¢l and Bmi14K mouse models to focus on Bmil-
CrePR-marked cells and their immediate progeny (YFP* cells) and addressed the role of KLF4 in the post radia-
tion-induced regenerative response. Given that tamoxifen administration may influence IE physiology, both the
irradiated and sham-treated mice were injected with tamoxifen*®#.

We previously showed that upon irradiation, the expression of p2 was increased in the crypt
compartment?', P21Wf/CiP1 jg 3 cyclin-dependent kinase inhibitor, and elevation of this molecule may result in
cell cycle arrest in both G1/S and G2/M phases®~°. We observed here that upon injury, the majority of YFP*
cells, especially at the end of the early postinjury phase (48 h), expressed p21"¥/C#! protein (Fig. 1 and Sup-
plementary Fig. 5), which confirms previous findings that cell cycle arrest protects these cells from apoptosis
induced by radiation injury. However, to serve as a source of regeneration, these cells need to enter the cell
cycle. Here, we demonstrated that exit from cell cycle arrest may be achieved by inhibiting p21"#/¢P! mRNA
translation by MSI1 (Fig. 3). MSI1 is an RNA-binding protein member of the MUSASHI RNA-binding protein
family and has been shown to regulate the cell cycle, cell proliferation, cell differentiation, and apoptosis*'~2*%".
Previously published in vitro studies showed that MSI1 is crucial to maintain cells in a proliferative state, most
likely due to repression of translation of mRNA encoding proteins that inhibit cell cycle progression, including
p21Wall/Cip121.24-2635-42 Tp yiyo, MSI1 was described as a stem cell marker with very low expression in homeostasis
that significantly increases upon irradiation injury*”?**. Interestingly, MSI1 was shown to be indispensable for
crypt regeneration upon irradiation-induced injury (including Bmil-Cre®® marked cells), and rISCs with MSI
protein ablation were blocked in G1 (not GO) phase and were not able to enter S-phase in response to 12 Gy TBI*".
Here, we confirmed that MSI1 binds directly to the mouse p21"%/C#! 3'UTR in vitro and acts as a translational
suppressor of p21"#/Ci*l mRNA (Fig. 3C,D). We also showed that MSI1 decreases p21"#//CiP! expression at the
translational level upon irradiation in vitro (Fig. 3E-]). Analysis of IF staining of mouse tissues showed a negative
correlation between p21"*/CiPl and MSI1 expression in the YFP* cells following radiation-induced injury (Sup-
plementary Fig. 5D). Previous studies showed that MSI1-ablated rISCs were blocked in G1 phase. Therefore,
this finding suggests that the first step of rISC activation is MSI1/2 independent. However, MSI proteins are
required to stimulate cell cycle progression. P21V//CiP! jnhibits, among others, the G1/S transition®, and MSI1
is crucial for downregulating p21"#/CiP! expression to promote the cell cycle. Our finding that increasing Msil
expression corresponded with decreasing p21"4//C! expression and increasing EdU incorporation (indicating
S phase) between 48 and 96 h post-injury suggests that a well-established mechanism of negative regulation of
p21Wefl/Cipl by MSI1 may occur in vivo. The exact mechanism of MSI1 activation is not fully understood. Over
the years, numerous hypotheses, including  catenin-dependent mitotic spindle formation®® or WNT signaling
activation, have been proposed?***’~>°. However, most current findings indicate that MSI1 is likely activated
through PTEN-PI3K-AKT signaling, which leads to mTORCI activation downstream of MSI?431:6,

Previously, we demonstrated that after y irradiation-induced injury in vivo, KLF4 acts as a radioprotective
factor by inhibiting apoptosis and contributing to crypt regeneration®. Interestingly, this phenomenon was cor-
related with increased proliferation, which showed that KLF4 function is context-dependent and may become
pro-proliferative upon injury'®. In the current study, we confirmed that regeneration driven by Bmil-Cref®
marked cells is reduced following KLF4 ablation, as shown by a reduced number of YFP* cells, YEP" cells incor-
porating EdU, and YFP* surviving crypts during the regenerative phase in the Bmil*¥* mice compared to the
Bmil®" mice (Figs. 4 and 6 and Supplementary Figs. 7 and 10). We further characterized the context-dependent
pro-proliferative function of KLF4 upon injury by showing that it is associated with maintaining Msil expres-
sion (96 h post-injury). We showed that Bmil-specific Kif4 deletion resulted in a reduced number of YFP*MSI1*
cells (Fig. 5A) during the late postinjury phase. Furthermore, we identified several putative KLF4 binding sites
in the Msil promoter sequence and demonstrated that KLF4 directly binds to at least three of them in vitro
using ChIP-PCR (Fig. 5I). A luciferase assay together with an in vitro study of the effect of KLF4 on MSI1 levels
demonstrated that KLF4 positively regulates Msil expression (Fig. 5B-H). In summary, our data confirm and
constitute an important complement to the existing data regarding the nature of p21"2/CP! and MSI1 expression
in radiation-injured Bmil-CreR cells. Additionally, we provide the first experimental proof of a new KLF4 target
gene and explain the previously described pro-proliferative effect of KLF4 upon y irradiation-induced gut injury.
Moreover, we showed that irradiation of single sorted YFP*-derived organoids depicts an in vivo response to y
irradiation and that organoids grown from YFP* cells isolated from the Bmil*¥* mice are more radiosensitive
than those isolated from the Bmil“" mice.

IWafl/Cipl

Materials and methods

Mouse strains and treatment. Bmil-Cre™; Rosa26°Y™" (Bmil®") mice and Bmil-Cre®®; Rosa26°Y™;
KIf4"! (Bmi1*¥#) mice were described previously'®®!. The mice were given normal chow and water ad libitum.
A routine PCR protocol was used for genotyping tail DNA samples. The primers used were as follows: BmilCre-
F (5'-ACCAGCAACAGCCCCAGTGC-3'), BmilCre-R wt (5-TAGGCATTAATTGAGATTAACAAACTA-3'),
BmilCre-R mut (5-AAAGACCCCTAGGAATGCTC-3'), Rosa26eYFP-F (5-AAAGTCGCTCTGAGTTGT
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TAT-3'), Rosa26eYFP-R wt (5'-GGAGCGGGAGAAATGGATATG-3'), Rosa26eYFP-R mut (5'-AAGACCGCG
AAGAGTTTGTC-3'), KIf4-F (5'-CTGGGCCCCCACATTAATGAG-3'), and KlIf4-R floxed (5'-CGCTGACAG
CCATGTCAGACT-3'). The expected product sizes are as follows: Bmil wt, 421 bp; Bmil-Cre, 365 bp; Rosa26
wt, 600 bp; Rosa26eYFP, 320 bp; Klf4 wt, 172 bp; and Klf4 floxed, 296 bp. Only 8- to 12-week-old and gender-
matched mice were used in this study. Tamoxifen (Sigma-Aldrich) was dissolved in corn oil (30 mg/ml) and
administered by a single intraperitoneal injection (225 mg/kg) according to the experimental design described
in Supplementary Fig. 1. The experimental group was then exposed to y-irradiation (**’Cs) at a dose rate of
0.8 Gy/min for a total of 12 Gy TBI, whereas the sham group was injected with tamoxifen and received 0 Gy
TBI. The mice were euthanized, and the proximal part of the small intestine (PSI) was collected at 0, 6, 24, 48, 72
and 96 h (protocol 1, Supplementary Fig. 1A) or at 48, 72 and 96 h (protocol 2, Supplementary Fig. 1B) from the
time of irradiation and formalin fixation. Three hours prior to euthanasia, all mice were injected with 100 pg of
EdU dissolved in 1:5 DMSO and water. All studies and procedures involving animal subjects were approved by
the Stony Brook University Institutional Animal Care and Use Committee (IACUC) and conducted strictly in
accordance with the approved animal handling protocol.

IF staining. PSIs were swiss-rolled as described previously'®, and paraffin-embedded blocks were cut into
4 um tick sections. The tissues were deparaffinized in xylene, incubated at room temperature in 2% hydrogen
peroxide in methanol for 30 min, rehydrated in an ethanol gradient and incubated in a 10 mM Na-citrate buffer
(pH 6.0) at 120 °C for 10 min in a pressure cooker to retrieve antigens. The sections were then washed with
water, incubated for 1 h at 37 °C in a blocking solution (5% BSA and 0.01% Tween 20 in 1 x Tris-based PBS),
and incubated with primary antibodies against GFP (1:500, AvesLabs), p21Y#/C?! (1:200, BD Bioscience), KLF4
(1:300, R&D Systems), and MSI1 (1:200, MBL International Corporation) overnight at 4 °C. EdU-labeled cells
were stained using the Click-IT plus EAU imaging kit (Thermo Fisher) according to the manufacturer’s instruc-
tions. The tissues were also counterstained with Hoechst 33258 to visualize the nuclei. Microscopic images were
obtained using an Eclipse 90i fluorescence microscope (Nikon) equipped with a DS-QilMc camera (Nikon).

Cell and crypt scoring. At least 20 YFP positive (YFP*) half-crypts were selected for counting from each
mouse (n=3). The numbers are represented as the average percent of stained cells of the total number of cells in
the YFP* crypt and as a percent of the costained YFP* cells of all YFP* cells within a crypt+SD.

YFP* cell isolation for total RNA analysis. Mice were treated according to protocol 1 presented in Sup-
plementary Fig. 1A. Proximal small intestines were harvested from both the sham and irradiated mice at 0, 6, 24,
48, 72 and 96 h. Duodena were flushed using ice-cold PBS and cut open longitudinally, and villi were scraped
using a glass slide. Tissues were washed in PBS and incubated for 45 min in PBS containing 5 mM EDTA at 4 °C
with shaking. Then, the tissues were vigorously shaken manually for 30 s, and the suspension was transferred to a
new tube and harvested by centrifugation at 800 rpm for 5 min at 4 °C. The pellet was resuspended in 4 x TrypLE
(Gibco) prewarmed to 37 °C and incubated with rotation for 50 min at 37 °C with occasional manual shaking.
DMEM was added to dilute 4 x TrypLE to 2x, and the cells were centrifuged at 900 rpm at 4 °C for 5 min. The
supernatant was removed, and isolated cells were resuspended in DMEM and sorted by flow cytometry (BD
FACSAria III). At least 1 x 10° YFP* FACS-sorted cells per sample were used for total RNA isolation. During the
entire procedure, aluminum foil was used to wrap the Falcon tube and preserve fluorescence.

RNA isolation and gene expression analysis of cells by qRT-PCR. Total RNA was isolated using
an RNeasy Mini Kit (Qiagen), and an RNase-Free DNase Set (Qiagen) was used to remove genomic DNA. The
RNA was examined for purity and concentration using a NanoDrop spectrophotometer (NanoVue Plus, GE
Healthcare). First strand complementary DNA (cDNA) was synthesized using 2 ug of total RNA and the Super-
Script VILO cDNA Synthesis Kit (Thermo Fisher). The reaction was performed using a standard protocol for
10 min at 25 °C followed by 10 min at 50 °C and 5 min at 85 °C in a Mastercycler X50s system (Eppendorf). qRT-
PCR analysis was performed using TagMan Gene Expression Master Mix (Thermo Fisher) and QuantStudio 3
(Applied Biosystems) with 10 min at 95 °C followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. Commer-
cially available TagMan primers detecting mouse Cdknla (Mmo00432448-FAM), Msil (Mm01203522-FAM),
KIf4 (Mm00516104-FAM), and Hprtl (Mm03024075-VIC) and human CDKNIA (Hs00355782-FAM), MSI1
(Hs01045894-FAM), KLF4 (Hs00358836-FAM), and HPRT'1 (Hs02800695-VIC) transcripts were used. All kits
were used according to the manufacturer’s instructions.

Cell culture and in vitro assays. The human embryonic kidney HEK293T cell line was purchased from
the American Type Culture Collection (CRL-3216) and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) at 37 °C in a
5% CO, incubator. Additionally, a gene encoding Gfp was permanently introduced into the genome of HEK293T
cells using the lentiviral system as described previously (HEK293T-GFP)%>¢. For in vitro analysis of the effect of
MSI1 on endogenous CDKNIA expression, cells were y-irradiated with a 12 Gy dose and 24 h later transfected
with the pPCMV6-AC-GFP-MSII plasmid (OriGene) encoding human MSII or pcDNA3.1 as an empty vector
control using Lipofectamine 2000 (Thermo Fisher) in Opti-MEM medium (Gibco). Both floating and adherent
cells were collected at 0, 24, 48 and 72 h after irradiation. We calculated the ratios of mRNA or protein levels
after irradiation vs. with the sham treatment for samples transfected with either the empty vector control or
MSII-overexpressing vector. For in vitro analysis of the effect of KLF4 on endogenous MSII expression, cells
were transfected with the pcDNA3.1-KLF4 (FL) plasmid coding human KLF4% or pcDNA3.1 as an empty vector
control using Lipofectamine 2000 (Thermo Fisher) in Opti-MEM medium (Gibco). The cells were collected at
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0, 24, 48 and 72 h post-transfection. qRT-PCR analysis of gene expression and Western blot analysis of protein
levels were performed. Each experiment was performed in triplicate.

Western blot analysis. Both floating and adherent cells were collected, washed with cold PBS and lysed
in 1 xLaemmli buffer. Proteins were electrophoresed on 4-20% polyacrylamide gels (Bio-Rad) and transferred
to nitrocellulose membranes (Bio-Rad). The membranes were blocked with 5% nonfat milk in 1 xTBS con-
taining 0.01% Tween 20 for 1 h at room temperature and incubated on a rocking platform overnight with pri-
mary antibodies against p21"+f/C®! (1:2500, BD Pharmingen), MSI1 (1:2000, MBL International Corporation),
KLF4 (1:2000, MBL International Corporation), GAPDH (1:5000, Millipore) and a-tubulin (1:5000, Abcam).
The membranes were then washed, incubated with appropriate IgG secondary antibodies conjugated with HRP
for 1 h at room temperature and developed using SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher) and X-ray films. The membranes were probed for a-tubulin or GAPDH as an internal control.
Loading controls were run on the same blots. Relative band density was quantified using Image] 1.8.0_112
(National Institute of Health, Bethesda, MD) software.

Luciferase assay. HEK293T-GFP cells were seeded in 96-well plates at 1 x 10* cells per well. GFP expression
was used as an endogenous control. Day later, the cells were cotransfected using Lipofectamine 2000 (Invitro-
gen) and Opti-MEM medium (Gibco). The effect of mouse MSI1 on Cdknla expression was tested using 100 ng/
well of the pGL3-Basic vector (Addgene) as an empty vector control and 100 ng/well of pGL3-p21Wafl/CiP! 37JTR
(Addgene) encoding the 3'UTR sequence of the mouse Cdknla gene and luc encoding luciferase from Photinus
pyralis. Mouse Msil was overexpressed using 100 ng/well of the pPCDH-CMV-Msil (FL) vector (Addgene), and
100 ng/well of pReceiver-Lv216 (GeneCopoeia) was used as an empty vector control. Luciferase activity was
measured 48 h post-transfection using a Dual-Luciferase Reporter Assay (Promega) according to the manufac-
turer’s instructions. Luciferase activity was calculated as a ratio of the signal obtained from cells transfected with
the pGL3-P21-3'UTR vector vs. the pGL3-Basic vector.

The effect of mouse KLF4 on Msil expression was tested using 100 ng/well of the pEZX-PGO02 vector (Gene-
Copoeia) encoding the mouse Msil promoter sequence and Gaussia luciferase. One hundred nanograms/well
of the pcDNA3.1 vector (Addgene) was used as an empty vector control, and KIf4 was overexpressed using the
pcDNA3.1-KLF4 FL vector for mouse full-length Kif4 or pcDNA3.1-KLF4 AZFD for the mouse KIf4 mutant with
deletion of the C-terminal DNA-binding domains and encoding amino acids 1-349 of the full-length protein®.
Luciferase activity was measured 72 h post-transfection using the Secrete-Pair Dual Luminescence Assay Kit
(GeneCopoeia) according to the manufacturer’s instructions and calculated as a ratio of the signal obtained from
cells transfected with vector encoding Kif4 vs. the empty vector.

ChIP-PCR analysis. Approximately 3 x 10° HEK293T-GFP cells were seeded on a 100 mm dish, and 24 h
later, the cells were transfected with 500 ng of pEZX-PG02 (GeneCopoeia) encoding the mouse Msil promoter
sequence and 500 ng of the pcDNA3.1.-KLF4(FL) vector encoding full-length mouse KIf4% using Lipofectamine
2000 (Invitrogen). The cells were collected 24 h post-transfection, and ChIP was performed using a Simple ChIP
kit with magnetic beads (Cell Signaling) according to the manufacturer’s instructions. After DNA was digested
with nuclease, it was sonicated to an average length of 100-500 bp fragments through three pulses, each 10 s
long, at 25% of the maximum power using an ultrasonic liquid processor (Q800R System, QSonica). For KLF4
immunoprecipitation, 10 or 15 pl of rabbit antibodies against KLF4 was used (MBL International Corporation).
Normal rabbit IgG antibodies were used as a negative control, and rabbit histone H3 IgG antibodies were used
as a positive control. The mouse Msil promoter sequence was obtained from the Eukaryotic Promoter Database
(Ref sequence NM_002442), and using the JASPAR algorithm, we identified putative KLF4 binding sites up to
— 1.5 kb within the proximal promoter. The primers used for the PCR analysis were designed using Primer3
and the IDT PrimerQuest tool. The following primers were used: 1F (5'-GCTAAAGAGCCAGGAGTTAGAG-
3), IR (5'-GCCCTTGCTGTCCAAATTAAG-3'), 2F (5-CTTACCAGTTGGAAGGTGTTGG-3'), 2R (5'-GAC
GGACAGGCCATGCT-3'), 3F (5'-GGAGGTGACAACTTGGGAAA-3"), 3R (5-CCAACTGGTAAGAAACCT
CTCC-3"), 4F (5'-CTACCTTGAACGCACCGGGA-3'), and 4R (5-CTCGGGGTTCCTGTGTGTCC-3'). The
expected product sizes are as follows: 1 set: 445 bp, 2 set: 482 bp, 3 set: 347 bp, and 4 set: 161 bp. PCR was per-
formed using PCR Taq Blue Master Mix (Thermo Fisher) and a standard protocol: a 5 min initial denaturation
at 95 °C, 34 cycles of 30 s at 95 °C, 30 s at 62 °C and 30 s at 72 °C and a 5 min final elongation at 72 °C. For each
reaction, 1 pl of isolated and purified DNA was used. The experiment was performed in triplicate.

YFP* cell isolation for organoid culture and assessment of regeneration. Proximal small intes-
tines were harvested from both the Bmil“" and Bmi1*¥/* mice 48 h after tamoxifen injection. Intestinal epithelial
cells were dissociated as previously described®. Single YFP* cells were sorted by flow cytometry (BD FACSAria
III), and 2000 cells were embedded in Matrigel (Corning, Corning, NY) and dispensed into 24-well plates as
25 pl droplets. Organoid culture medium was prepared using the L-WRN cell line as previously described® and
supplemented with 1 x N2 supplement (Thermo Fisher Scientific), 1 x B27 supplement (Thermo Fisher), 10 nM
gastrin I (Sigma-Aldrich), 50 ng/ml recombinant human epidermal growth factor (Thermo Fisher), 500 nM
transforming growth factor p inhibitor A83-01 (Tocris Bioscience, Bristol, United Kingdom), 1 mM N-acetyl-
cysteine (Sigma-Aldrich) and 100 pg/ml Primocin antibiotic cocktail (Thermo Fisher). The GSK3 inhibitor
CHIR99021 (10 uM) (Tocris) and ROCK inhibitor Y-27632 (10 uM) (Sigma-Aldrich) were also added during
the first 2 days of culture. The media were changed every 2 days. Live organoids were imaged using an Eclipse
Ti2 inverted microscope (Nikon) equipped with a DS-Qi2 camera (Nikon). After 4 days of culture, organoids
were exposed to 0, 6, 8, 10 or 12 Gy of y irradiation (**’Cs) and continued to culture for an additional 7 days.
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Organoid numbers were calculated by manual counting under a bright field microscope at days 0 and 7 postir-
radiation. The regeneration rate was calculated as the number of organoids 7 days postirradiation vs. the number
of organoids at 0 h.

YFP* crypt survival. To compare YFP* crypt survival, we quantified actively proliferating YFP* crypts at
72 h and 96 h post-injury in the sham or irradiated Bmil“" and Bmil*¥/* mice treated according to protocol
1 (Supplementary Fig. 1A). We used IF-stained tissues for YFP and EdU analysis. We considered crypts to be
actively proliferating if they contained at least three YFP* cells that were costained with EdU, indicating S-phase
of the cell cycle. For each tissue specimen, we used the same length consisting of 200 crypts. First, we calculated
the ratio of YFP* proliferating crypts vs. all YFP* crypts in designated fragments of small intestine specimens for
the sham or irradiated samples. Next, we calculated the ratio of actively proliferating YFP* crypts after irradia-
tion vs. after sham treatment for certain time points. The experiment was performed in triplicate. The data are
represented as the average percent of surviving YFP* crypts +SD.

Statistical analysis. Statistical analyses were performed with GraphPad Prism version 8.00 for Win-
dows (GraphPad Software, San Diego, CA). One-way ANOVA, Student’s t-test or correlation analysis was used
depending on the purpose. Data are expressed as the mean+SD. All experiments were performed in at least
three independent replicates. p-values < 0.05 were considered statistically significant. Post hoc analysis of normal
distribution was performed whenever applicable.

Consent for publication. All authors agree to the publication of this manuscript.

Ethics approval and consent to participate. All studies and procedures involving animal subjects were
approved by the Stony Brook University Institutional Animal Care and Use Committee (IACUC) and conducted
strictly in accordance with the approved animal handling protocol.

Data availability
All data analyzed in this study are presented in this article and available upon request. Correspondence and
requests for materials should be addressed to A.B.B.

Received: 29 March 2020; Accepted: 12 October 2020
Published online: 27 October 2020

References
1. Van Landeghem, L. et al. Localized intestinal radiation and liquid diet enhance survival and permit evaluation of long-term
intestinal responses to high dose radiation in mice. PLoS ONE 7, 51310. https://doi.org/10.1371/journal.pone.0051310 (2012).
2. Hua, G. et al. Crypt base columnar stem cells in small intestines of mice are radioresistant. Gastroenterology 143, 1266-1276. https
://doi.org/10.1053/j.gastro.2012.07.106 (2012).
3. Potten, C. S. Radiation, the ideal cytotoxic agent for studying the cell biology of tissues such as the small intestine. Radiat. Res.
161, 123-136. https://doi.org/10.1667/rr3104 (2004).
4. Booth, C., Tudor, G., Tudor, J., Katz, B. P. & MacVittie, T. J. Acute gastrointestinal syndrome in high-dose irradiated mice. Health
Phys. 103, 383-399. https://doi.org/10.1097/hp.0b013e318266ee13 (2012).
5. Kim, C. K., Yang, V. W. & Bialkowska, A. B. The role of intestinal stem cells in epithelial regeneration following radiation-induced
gut injury. Curr. Stem Cell Rep. 3, 320-332. https://doi.org/10.1007/s40778-017-0103-7 (2017).
6. Potten, C. S. Extreme sensitivity of some intestinal crypt cells to X and gamma irradiation. Nature 269, 518-521. https://doi.
0rg/10.1038/269518a0 (1977).
7. Merritt, A. J. et al. The role of p53 in spontaneous and radiation-induced apoptosis in the gastrointestinal tract of normal and
p53-deficient mice. Can. Res. 54, 614-617 (1994).
8. Withers, H. R., Brennan, J. T. & Elkind, M. M. The response of stem cells of intestinal mucosa to irradiation with 14 MeV neutrons.
Br. J. Radiol. 43, 796-801. https://doi.org/10.1259/0007-1285-43-515-796 (1970).
9. Stappenbeck, T. S., Wong, M. H., Saam, J. R., Mysorekar, I. U. & Gordon, J. I. Notes from some crypt watchers: Regulation of renewal
in the mouse intestinal epithelium. Curr. Opin. Cell Biol. 10, 702-709. https://doi.org/10.1016/50955-0674(98)80110-5 (1998).
10. Barker, N. et al. Crypt stem cells as the cells-of-origin of intestinal cancer. Nature 457, 608-611. https://doi.org/10.1038/natur
07602 (2009).
11. Tao, S. et al. Wnt activity and basal niche position sensitize intestinal stem and progenitor cells to DNA damage. EMBO J. 34,
624-640. https://doi.org/10.15252/embj.201490700 (2015).
12. Yan, K. S. et al. The intestinal stem cell markers Bmil and Lgr5 identify two functionally distinct populations. Proc. Natl. Acad.
Sci. USA 109, 466-471. https://doi.org/10.1073/pnas.1118857109 (2012).
13. Tian, H. et al. A reserve stem cell population in small intestine renders Lgr5-positive cells dispensable. Nature 478, 255-259. https
://doi.org/10.1038/nature10408 (2011).
14. Li, N. et al. Single-cell analysis of proxy reporter allele-marked epithelial cells establishes intestinal stem cell hierarchy. Stem Cell
Rep. 3, 876-891. https://doi.org/10.1016/j.stemcr.2014.09.011 (2014).
15. Metcalfe, C., Kljavin, N. M., Ybarra, R. & de Sauvage, E J. Lgr5+ stem cells are indispensable for radiation-induced intestinal
regeneration. Cell Stem Cell 14, 149-159. https://doi.org/10.1016/j.stem.2013.11.008 (2014).
16. Kuruvilla, J. G. et al. Kruppel-like factor 4 modulates development of BMI1(+) intestinal stem cell-derived lineage following
gamma-radiation-induced gut injury in mice. Stem Cell Rep. 6, 815-824. https://doi.org/10.1016/j.stemcr.2016.04.014 (2016).
17. Ayyaz, A. et al. Single-cell transcriptomes of the regenerating intestine reveal a revival stem cell. Nature 569, 121-125. https://doi.
0rg/10.1038/s41586-019-1154-y (2019).
18. Sangiorgi, E. & Capecchi, M. R. Bmil is expressed in vivo in intestinal stem cells. Nat. Genet. 40, 915-920. https://doi.org/10.1038/
ng.165 (2008).
19. Ghaleb, A. M. & Yang, V. W. Kruppel-like factor 4 (KLF4): What we currently know. Gene 611, 27-37. https://doi.org/10.1016/].
gene.2017.02.025 (2017).

Scientific Reports |

(2020) 10:18300 | https://doi.org/10.1038/s41598-020-75171-w nature research


https://doi.org/10.1371/journal.pone.0051310
https://doi.org/10.1053/j.gastro.2012.07.106
https://doi.org/10.1053/j.gastro.2012.07.106
https://doi.org/10.1667/rr3104
https://doi.org/10.1097/hp.0b013e318266ee13
https://doi.org/10.1007/s40778-017-0103-7
https://doi.org/10.1038/269518a0
https://doi.org/10.1038/269518a0
https://doi.org/10.1259/0007-1285-43-515-796
https://doi.org/10.1016/s0955-0674(98)80110-5
https://doi.org/10.1038/nature07602
https://doi.org/10.1038/nature07602
https://doi.org/10.15252/embj.201490700
https://doi.org/10.1073/pnas.1118857109
https://doi.org/10.1038/nature10408
https://doi.org/10.1038/nature10408
https://doi.org/10.1016/j.stemcr.2014.09.011
https://doi.org/10.1016/j.stem.2013.11.008
https://doi.org/10.1016/j.stemcr.2016.04.014
https://doi.org/10.1038/s41586-019-1154-y
https://doi.org/10.1038/s41586-019-1154-y
https://doi.org/10.1038/ng.165
https://doi.org/10.1038/ng.165
https://doi.org/10.1016/j.gene.2017.02.025
https://doi.org/10.1016/j.gene.2017.02.025

www.nature.com/scientificreports/

20.

Ghaleb, A. M. et al. Kruppel-like factors 4 and 5: The yin and yang regulators of cellular proliferation. Cell Res. 15, 92-96. https://
doi.org/10.1038/sj.cr.7290271 (2005).

21. Abreu, R. S. et al. Genomic analyses of musashil downstream targets show a strong association with cancer-related processes. J.
Biol. Chem. 284, 12125-12135. https://doi.org/10.1074/jbc.M809605200 (2009).

22. McKee, A. E. & Silver, P. A. Systems perspectives on mRNA processing. Cell Res. 17, 581-590. https://doi.org/10.1038/cr.2007.54
(2007).

23. Sanchez-Diaz, P. & Penalva, L. O. Post-transcription meets post-genomic: The saga of RNA binding proteins in a new era. RNA
Biol. 3,101-109. https://doi.org/10.4161/rna.3.3.3373 (2006).

24. Sakakibara, S. et al. RNA-binding protein Musashi family: Roles for CNS stem cells and a subpopulation of ependymal cells revealed
by targeted disruption and antisense ablation. Proc. Natl. Acad. Sci. USA 99, 15194-15199. https://doi.org/10.1073/pnas.23208
7499 (2002).

25. MacNicol, M. C,, Cragle, C. E. & MacNicol, A. M. Context-dependent regulation of Musashi-mediated mRNA translation and
cell cycle regulation. Cell Cycle 10, 39-44. https://doi.org/10.4161/cc.10.1.14388 (2011).

26. Okano, H. et al. Function of RNA-binding protein Musashi-1 in stem cells. Exp. Cell Res. 306, 349-356. https://doi.org/10.1016/j.
yexcr.2005.02.021 (2005).

27. Plateroti, M., de Araujo, P. R,, da Silva, A. E. & Penalva, L. O. The RNA-binding protein musashil: A major player in intestinal
epithelium renewal and colon cancer development. Curr. Colorectal Cancer Rep. 8,290-297. https://doi.org/10.1007/s11888-012-
0141-6 (2012).

28. Li, N. et al. The Msi family of RNA-binding proteins function redundantly as intestinal oncoproteins. Cell Rep. 13, 2440-2455.
https://doi.org/10.1016/j.celrep.2015.11.022 (2015).

29. de Araujo, P. R. et al. Musashil impacts radio-resistance in glioblastoma by controlling DNA-protein kinase catalytic subunit. Am.
J. Pathol. 186, 2271-2278. https://doi.org/10.1016/j.ajpath.2016.05.020 (2016).

30. Potten, C. S. et al. Identification of a putative intestinal stem cell and early lineage marker; musashi-1. Different. Res. Biol. Diversity
71, 28-41. https://doi.org/10.1046/j.1432-0436.2003.700603.x (2003).

31. Yousefi, M. et al. Msi RNA-binding proteins control reserve intestinal stem cell quiescence. J. Cell Biol. 215, 401-413. https://doi.
org/10.1083/jcb.201604119 (2016).

32. Talmasov, D. et al. Kruppel-like factor 4 is a radioprotective factor for the intestine following gamma-radiation-induced gut injury
in mice. Am. J. Physiol. Gastrointest. Liver Physiol. 308, G121-138. https://doi.org/10.1152/ajpgi.00080.2014 (2015).

33. Fox, R. G,, Park, E D., Koechlein, C. S., Kritzik, M. & Reya, T. Musashi signaling in stem cells and cancer. Annu. Rev. Cell Dev. Biol.
31, 249-267. https://doi.org/10.1146/annurev-cellbio-100814-125446 (2015).

34. Spears, E. & Neufeld, K. L. Novel double-negative feedback loop between adenomatous polyposis coli and Musashil in colon
epithelia. J. Biol. Chem. 286, 4946-4950. https://doi.org/10.1074/jbc.C110.205922 (2011).

35. Battelli, C., Nikopoulos, G. N., Mitchell, . G. & Verdi, ]. M. The RNA-binding protein Musashi-1 regulates neural development
through the translational repression of p21WAF-1. Mol. Cell. Neurosci. 31, 85-96. https://doi.org/10.1016/j.mcn.2005.09.003 (2006).

36. Kaplan, D. D., Meigs, T. E., Kelly, P. & Casey, P. ]. Identification of a role for beta-catenin in the establishment of a bipolar mitotic
spindle. J. Biol. Chem. 279, 10829-10832. https://doi.org/10.1074/jbc.C400035200 (2004).

37. Imai, T. et al. The neural RNA-binding protein Musashil translationally regulates mammalian numb gene expression by interacting
with its mRNA. Mol. Cell. Biol. 21, 3888-3900. https://doi.org/10.1128/MCB.21.12.3888-3900.2001 (2001).

38. Sureban, S. M. et al. Knockdown of RNA binding protein musashi-1 leads to tumor regression in vivo. Gastroenterology 134,
1448-1458. https://doi.org/10.1053/j.gastro.2008.02.057 (2008).

39. Niu, J,, Zhao, X,, Liu, Q. & Yang, J. Knockdown of MSI1 inhibited the cell proliferation of human osteosarcoma cells by targeting
p21 and p27. Oncol. Lett. 14, 5271-5278. https://doi.org/10.3892/01.2017.6870 (2017).

40. Liu, X., Yang, W. T. & Zheng, P. S. Msil promotes tumor growth and cell proliferation by targeting cell cycle checkpoint proteins
p21, p27 and p53 in cervical carcinomas. Oncotarget 5, 10870-10885. https://doi.org/10.18632/oncotarget.2539 (2014).

41. Gao, C. et al. Downregulation of Msil suppresses the growth of human colon cancer by targeting p21cip1. Int. J. Oncol. 46, 732-740.
https://doi.org/10.3892/ij0.2014.2749 (2015).

42. Jadhav, S. et al. RNA-binding protein musashi homologue 1 regulates kidney fibrosis by translational inhibition of p21 and numb
mRNA. J. Biol. Chem. 291, 14085-14094. https://doi.org/10.1074/jbc.M115.713289 (2016).

43. Tetteh, P. W. et al. Replacement of lost Lgr5-positive stem cells through plasticity of their enterocyte-lineage daughters. Cell Stem
Cell 18, 203-213. https://doi.org/10.1016/j.stem.2016.01.001 (2016).

44. van Es, J. H. et al. DIl1+ secretory progenitor cells revert to stem cells upon crypt damage. Nat. Cell Biol. 14, 1099-1104. https://
doi.org/10.1038/ncb2581 (2012).

45. Donati, G. & Watt, E. M. Stem cell heterogeneity and plasticity in epithelia. Cell Stem Cell 16, 465-476. https://doi.org/10.1016/j.
stem.2015.04.014 (2015).

46. Buczacki, S. J. et al. Intestinal label-retaining cells are secretory precursors expressing Lgr5. Nature 495, 65-69. https://doi.
org/10.1038/nature11965 (2013).

47. Yan, K. S. et al. Intestinal enteroendocrine lineage cells possess homeostatic and injury-inducible stem cell activity. Cell Stem Cell
21, 78-90.e76. https://doi.org/10.1016/j.stem.2017.06.014 (2017).

48. Keeley, T. M., Horita, N. & Samuelson, L. C. Tamoxifen-induced gastric injury: Effects of dose and method of administration. Cell.
Mol. Gastroenterol. Hepatol. 8, 365-367. https://doi.org/10.1016/j.jcmgh.2019.06.007 (2019).

49. Bohin, N., Carlson, E. A. & Samuelson, L. C. Genome toxicity and impaired stem cell function after conditional activation of
CreER(T2) in the intestine. Stem Cell Rep. 11, 1337-1346. https://doi.org/10.1016/j.stemcr.2018.10.014 (2018).

50. Zhang, W. et al. The gut-enriched Kruppel-like factor (Kruppel-like factor 4) mediates the transactivating effect of p53 on the
p21WAF1/Cipl promoter. J. Biol. Chem. 275, 18391-18398. https://doi.org/10.1074/jbc.C000062200 (2000).

51. Ghaleb, A. M., Katz, ]. P, Kaestner, K. H., Du, J. X. & Yang, V. W. Kruppel-like factor 4 exhibits antiapoptotic activity following
gamma-radiation-induced DNA damage. Oncogene 26, 2365-2373. https://doi.org/10.1038/sj.onc.1210022 (2007).

52. Harper, . W., Adami, G. R., Wei, N., Keyomarsi, K. & Elledge, S. J. The p21 Cdk-interacting protein Cipl is a potent inhibitor of
G1 cyclin-dependent kinases. Cell 75, 805-816. https://doi.org/10.1016/0092-8674(93)90499-g (1993).

53. Sherr, C. J. Cancer cell cycles. Science 274, 1672-1677. https://doi.org/10.1126/science.274.5293.1672 (1996).

54. El-Deiry, W. S. et al. WAF1, a potential mediator of p53 tumor suppression. Cell 75, 817-825. https://doi.org/10.1016/0092-
8674(93)90500-p (1993).

55. Gudkov, A. V. & Komarova, E. A. The role of p53 in determining sensitivity to radiotherapy. Nat. Rev. Cancer 3, 117-129. https://
doi.org/10.1038/nrc992 (2003).

56. Karimian, A., Ahmadi, Y. & Yousefi, B. Multiple functions of p21 in cell cycle, apoptosis and transcriptional regulation after DNA
damage. DNA Repair 42, 63-71. https://doi.org/10.1016/j.dnarep.2016.04.008 (2016).

57. Chen, K. et al. Musashil regulates survival of hepatoma cell lines by activation of Wnt signalling pathway. Liver Int. Off. J. Int.
Assoc. Study Liver 35, 986-998. https://doi.org/10.1111/liv.12458 (2015).

58. Rezza, A. et al. The overexpression of the putative gut stem cell marker Musashi-1 induces tumorigenesis through Wnt and Notch
activation. J. Cell Sci. 123, 3256-3265. https://doi.org/10.1242/jcs.065284 (2010).

59. Li, L. et al. Axin and Frat1 interact with dvl and GSK, bridging Dvl to GSK in Wnt-mediated regulation of LEF-1. EMBO ]J. 18,
4233-4240. https://doi.org/10.1093/emboj/18.15.4233 (1999).

Scientific Reports|  (2020) 10:18300 | https://doi.org/10.1038/s41598-020-75171-w nature research


https://doi.org/10.1038/sj.cr.7290271
https://doi.org/10.1038/sj.cr.7290271
https://doi.org/10.1074/jbc.M809605200
https://doi.org/10.1038/cr.2007.54
https://doi.org/10.4161/rna.3.3.3373
https://doi.org/10.1073/pnas.232087499
https://doi.org/10.1073/pnas.232087499
https://doi.org/10.4161/cc.10.1.14388
https://doi.org/10.1016/j.yexcr.2005.02.021
https://doi.org/10.1016/j.yexcr.2005.02.021
https://doi.org/10.1007/s11888-012-0141-6
https://doi.org/10.1007/s11888-012-0141-6
https://doi.org/10.1016/j.celrep.2015.11.022
https://doi.org/10.1016/j.ajpath.2016.05.020
https://doi.org/10.1046/j.1432-0436.2003.700603.x
https://doi.org/10.1083/jcb.201604119
https://doi.org/10.1083/jcb.201604119
https://doi.org/10.1152/ajpgi.00080.2014
https://doi.org/10.1146/annurev-cellbio-100814-125446
https://doi.org/10.1074/jbc.C110.205922
https://doi.org/10.1016/j.mcn.2005.09.003
https://doi.org/10.1074/jbc.C400035200
https://doi.org/10.1128/MCB.21.12.3888-3900.2001
https://doi.org/10.1053/j.gastro.2008.02.057
https://doi.org/10.3892/ol.2017.6870
https://doi.org/10.18632/oncotarget.2539
https://doi.org/10.3892/ijo.2014.2749
https://doi.org/10.1074/jbc.M115.713289
https://doi.org/10.1016/j.stem.2016.01.001
https://doi.org/10.1038/ncb2581
https://doi.org/10.1038/ncb2581
https://doi.org/10.1016/j.stem.2015.04.014
https://doi.org/10.1016/j.stem.2015.04.014
https://doi.org/10.1038/nature11965
https://doi.org/10.1038/nature11965
https://doi.org/10.1016/j.stem.2017.06.014
https://doi.org/10.1016/j.jcmgh.2019.06.007
https://doi.org/10.1016/j.stemcr.2018.10.014
https://doi.org/10.1074/jbc.C000062200
https://doi.org/10.1038/sj.onc.1210022
https://doi.org/10.1016/0092-8674(93)90499-g
https://doi.org/10.1126/science.274.5293.1672
https://doi.org/10.1016/0092-8674(93)90500-p
https://doi.org/10.1016/0092-8674(93)90500-p
https://doi.org/10.1038/nrc992
https://doi.org/10.1038/nrc992
https://doi.org/10.1016/j.dnarep.2016.04.008
https://doi.org/10.1111/liv.12458
https://doi.org/10.1242/jcs.065284
https://doi.org/10.1093/emboj/18.15.4233

www.nature.com/scientificreports/

60. Wang, S. et al. Transformation of the intestinal epithelium by the MSI2 RNA-binding protein. Nat. Commun. 6, 6517. https://doi.
org/10.1038/ncomms7517 (2015).

61. Ghaleb, A. M., McConnell, B. B., Kaestner, K. H. & Yang, V. W. Altered intestinal epithelial homeostasis in mice with intestine-
specific deletion of the Kruppel-like factor 4 gene. Dev. Biol. 349, 310-320. https://doi.org/10.1016/j.ydbi0.2010.11.001 (2011).

62. Bialkowska, A., Zhang, X. Y. & Reiser, J. Improved tagging strategy for protein identification in mammalian cells. BMC Genom. 6,
113. https://doi.org/10.1186/1471-2164-6-113 (2005).

63. Kutner, R. H., Zhang, X. Y. & Reiser, J. Production, concentration and titration of pseudotyped HIV-1-based lentiviral vectors.
Nat. Protoc. 4, 495-505. https://doi.org/10.1038/nprot.2009.22 (2009).

64. Du, J. X, Bialkowska, A. B., McConnell, B. B. & Yang, V. W. SUMOylation regulates nuclear localization of Kruppel-like factor 5.
J. Biol. Chem. 283, 31991-32002. https://doi.org/10.1074/jbc.M803612200 (2008).

65. Kim, C. K. et al. Kruppel-like factor 5 regulates stemness, lineage specification, and regeneration of intestinal epithelial stem cells.
Cell. Mol. Gastroenterol. Hepatol. https://doi.org/10.1016/j.jcmgh.2019.11.009 (2019).

66. Miyoshi, H. & Stappenbeck, T. S. In vitro expansion and genetic modification of gastrointestinal stem cells in spheroid culture.
Nat. Protoc. 8, 2471-2482. https://doi.org/10.1038/nprot.2013.153 (2013).

Acknowledgements

We would like to acknowledge the technical support provided by Yan Ji (Research Histology Core Laboratory,
Department of Pathology, Stony Brook University) for assistance with the tissue paraffin embedding, Rebecca
C. Conor and Todd P. Rueb (Research Flow Cytometry Core, Department of Pathology, Stony Brook University)
for their assistance with flow cytometry and sorting and Dr. Song Wu (Department of Applied Mathematics and
Statistics, Stony Brook University) for statistical analysis consultation. This work was supported by Grants from
the National Institutes of Health awarded to V.W.Y. (DK052230 and CA084197).

Author contributions

E.J.O. designed and performed the experiments presented in Figs. 1, 2, 3, 4, 5 and 6 and all supplementary figures
in addition to Supplementary Fig. 9, analyzed the data, prepared Figs. 1, 2, 3, 4, 5 and 6 and all supplementary
figures in addition to Supplementary Fig. 9 and “Supplementary Information” with uncropped blots/gels, and
wrote the manuscript. T.K. performed the experiments, analyzed the data, and prepared Fig. 7 and Supplemen-
tary Fig. 9. A.B.B. designed the experiments, analyzed the data, and revised the manuscript. V.W.Y. designed the
experiments, analyzed the data, and revised the manuscript. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-75171-w.

Correspondence and requests for materials should be addressed to A.B.B. or V.W.Y.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:18300 | https://doi.org/10.1038/s41598-020-75171-w nature research


https://doi.org/10.1038/ncomms7517
https://doi.org/10.1038/ncomms7517
https://doi.org/10.1016/j.ydbio.2010.11.001
https://doi.org/10.1186/1471-2164-6-113
https://doi.org/10.1038/nprot.2009.22
https://doi.org/10.1074/jbc.M803612200
https://doi.org/10.1016/j.jcmgh.2019.11.009
https://doi.org/10.1038/nprot.2013.153
https://doi.org/10.1038/s41598-020-75171-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Interplay among p21Waf1Cip1, MUSASHI-1 and Krüppel-like factor 4 in activation of Bmi1-CreER reserve intestinal stem cells after gamma radiation-induced injury
	Results
	p21Waf1Cip1 (P21) is expressed in Bmi1-CreER-marked lineage cells following γ irradiation during the early phase after irradiation. 
	MSI1 is expressed in YFP+ cells following γ irradiation during the late phase after irradiation. 
	MSI1 is a negative regulator of Cdkn1a mRNA translation. 
	KLF4 sustains Msi1 expression during the late postirradiation phase. 
	KLF4 positively regulates the regenerative potential of the YFP+ cells during regeneration upon γ irradiation-induced injury. 

	Discussion
	Materials and methods
	Mouse strains and treatment. 
	IF staining. 
	Cell and crypt scoring. 
	YFP+ cell isolation for total RNA analysis. 
	RNA isolation and gene expression analysis of cells by qRT-PCR. 
	Cell culture and in vitro assays. 
	Western blot analysis. 
	Luciferase assay. 
	ChIP-PCR analysis. 
	YFP+ cell isolation for organoid culture and assessment of regeneration. 
	YFP+ crypt survival. 
	Statistical analysis. 
	Consent for publication. 
	Ethics approval and consent to participate. 

	References
	Acknowledgements


