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Crypt epithelial survival and regeneration after injury require highly coordinated complex interplay
between resident stem cells and diverse cell types. The function of Dclk1 expressing tuft cells regulating
intestinal epithelial DNA damage response for cell survival/self-renewal after radiation-induced injury
is unclear. Intestinal epithelial cells (IECs) were isolated and purified and utilized for experimental
analysis. We found that small intestinal crypts of Villin®¢; Dclk1f mice were hypoplastic and more
apoptotic 24 h post-total body irradiation, a time when stem cell survival is p53-independent. Injury-
induced ATM mediated DNA damage response, pro-survival genes, stem cell markers, and self-renewal
ability for survival and restitution were reduced in the isolated intestinal epithelial cells. An even greater
reduction in these signaling pathways was observed 3.5 days post-TBI, when peak crypt regeneration
occurs. We found that interaction with Dclk1 is critical for ATM and COX2 activation in response to

. injury. We determined that Dclkl expressing tuft cells regulate the whole intestinal epithelial cells

- following injury through paracrine mechanism. These findings suggest that intestinal tuft cells play an

: importantrole in regulating the ATM mediated DNA damage response, for epithelial cell survival/self-
renewal via a Dclk1l dependent mechanism, and these processes are indispensable for restitution and

. function after severe radiation-induced injury.

In many mammalian gut tissues, the ability to regenerate an intact functional intestinal epithelium after severe
mucosal injury requires the coordinated participation of surviving resident and reserve/rescue stem cells in con-
: nection with the non-epithelial and inflammatory cells within the crypt niche!=. Intestinal stem cells (ISCs)
° maintain tissue homeostasis over the lifetime of the organism, and must respond to and recover from severe
geno/cytotoxic insult">*. Stem cells are thought to possess unique characteristics that may offer protection against
. acute and chronic injuries, promoting survival and, ultimately, repopulation of tissues®~”. This phenomenon has
© been readily observed in the gastrointestinal response to radiation injury®’. Under normal conditions, these cells
' must self-renew to protect the genome of their more fully differentiated tissue progeny*'°. This process requires
. highly coordinated, complex interplay between resident tissue stem cells and the diverse cell types that reside and/or
© pass through the stem cell niche. The paracrine, autocrine, endocrine, and inflammatory signals that regulate
. this critical function are poorly understood. Furthermore, the regulatory mechanisms that govern the stem cell
. response at homeostasis and after injury are unknown.
We explored three fundamental questions: 1) how do intestinal epithelial cells (IECs)/ISCs respond to severe
DNA damage? 2) do Dckl1-expressing tuft cells play a role in intestinal injury response? and 3) are there factors
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that reliably modify these responses? We used a radiation injury model to assess the functional IECs and ISCs
response to high-dose (12 Gy) irradiation and built on our previous findings with Dclk1, a microtubule-associated
kinase and tuft cell marker!!~'*. Dclk1 was originally thought to mark ISCs and gastric progenitors, but has more
recently been demonstrated to mark tumor stem cells (TSCs) and label long-lived quiescent cells in the gut!>16.
Under high-dose radiation and during DSS-induced colonic inflammation, lineage tracing could be observed in
these cells!>!6. These findings support the notion that these cells can act as stem cells under certain environmental
conditions, even under non-neoplastic conditions.

Dclk1 marks tuft or brush cells, a 5th lineage in the small intestine!'*!7. Tuft cells are known to play a major
role in taste discrimination and in response to noxious insults'®. These cells have unique morphology and express
Dclk1 and several additional unique proteins, including Cox-1, Cox-2, and trpm5'#1°. Recent evidence suggests
that tuft cells are chemosensory cells that capture locally transmitted microenvironmental signals that may reg-
ulate the secretory response governing cell fate during injury and, perhaps, homeostasis?*?!. Very recently, we
identified the molecular signature of Dclk1 expressing intestinal epithelial tuft cells, which display the hallmarks
of quiescence and self-renewal®>.

Although this function is speculative, our previous data evaluated the role of Dclk1 in tuft cells during the
acute injury response. We demonstrated that intestinal deletion of Dclkl does not delete tuft cells or confer a
significant deleterious phenotype in adult mice, compared with their wild-type littermates'2. None of these mice,
however, survived longer than five days after TBI, due to an inability to restore epithelial barrier integrity'?. Thus,
we sought to more closely investigate the role of Dclk1 in crypt epithelial survival by regulating the DNA damage
response (DDR), with an emphasis on evaluating crypt-specific tuft cells, with and without Dclk1 expression.
Because, the best-known primary defense mechanism against the DNA damage associated with such exposures is
the DNA damage response (DDR), which repairs the damaged DNA and increased the survival of epithelial cells.

The DDR of mouse ISCs involves the tumor suppressor protein p53 within the first 6 h after irradiation.
However, by 24 h after irradiation, stem cell survival is p53-independent®. This time point is likely the last
chance for surviving stem cells to participate in epithelial restitution of the gut and survival of the animal, if
the appropriate immune-supportive features can be restored?*. There is some evidence that ISCs are resistant
to radiation-induced apoptosis?*?*°. DDR is primarily mediated by phosphatidylinositol-3-kinase-like protein
kinase (PIKKs) family members, ataxia-telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-related
protein (ATR)¥. ATM pathway for homologous recombination (HR) repair is activated following irradiation
and, likely, injury. ATR pathway for non-homologous end-joining (NHE]) is considered less accurate and more
error-prone than HR?. However, recent studies confirmed that HR is the predominant DSB repair pathway in
hESCs and mESCs, in contrast to those in differentiated cells>***. Furthermore, stem cells must maintain their
genomic integrity to preserve appropriate self-renewal under homeostasis and injury’.

These findings led us to similar investigations in the mouse gut. The obvious potential adverse effect of DDR
on DSBs in IECs and ISCs are critical for recovering from radiation-induced injury for appropriate survival and
self-renewal. In the current study, we exposed Villin®*;Dclk1?f mice and Dclk1? littermates to lethal dose 12 Gy
TBI. Twenty-four hours and eighty four hours post-TBI, IECs were isolated without stromal contamination and
utilized for protein and gene expression analysis along with functional analysis to identify the effect of Dclkl
loss in tuft cells on intestinal epithelial cell survival, pluripotency, and DDR. We also evaluated the self-renewal
of IECs, using enteroid growth as a measure of whether IECs isolated from Villin®¢;Dclk1f mice have increased
sensitivity to radiation-induced loss of stemness. Further, we utilized in vitro cell culture studies to identify the
importance of Dclkl expressing in YAMC cells regulating DDR and cell survival. Our observations revealed that
Dclkl expression in tuft cells enhance intestinal epithelial radio-resistance and self-renewal/survival through
paracrine regulation and activation of ATM mediated DDR.

Results

Intestinal epithelial-specific Dclkl knockout exhibits intestinal crypt hypoplasia and impaired
expression of putative stem cell markers 24 h post-TBI.  Dclk1 expression is restricted to tuft cells
in the small intestine. To explore the possible functional role of Dclk1 expression in tuft cells regulating the ISC
response with respect to crypt epithelial proliferation and differentiation, we subjected Villin®;Dclk1”f mice, a
model that lacks Dclk1 expression in the whole intestinal epithelial cells (Fig. 1b), and Dclk1f mice (wild-type
littermates) to 12 Gy lethal TBI to induce severe epithelial injury. In the absence of injury, crypt architecture and
intestinal histology were not notably different in Villin®;Dclk1?f mice compared with Dclk1?f mice (Fig. 1a),
indicating that Dclk1-expressing tuft cells may be dispensable for crypt homeostasis under normal conditions.
We compared the crypt architecture and intestinal histology and DNA damage between the Villin®* mice and
Dclk1?f mice and found no change in phenotype between these mice (Suppl. Fig. 1). At 24 h post-TBI, intestinal
crypt architecture and epithelial arrangement in the crypt were deranged, and a reduction in crypt epithelial
cell number was observed in Dclk1?f mice (Fig. 1a)*. Villin®%Dclk1? mice displayed acute crypt hypoplasia,
markedly distorted and shortened crypts that become widely separated from the underlying muscularis mucosae,
and a dramatic reduction in IECs, indicating that Dclkl expression is critical in maintaining crypt epithelial
morphology and cell number 24 h after severe genotoxic injury (Fig. 1a). The expression of ISC markers Lgr5,
Bmil, and Musashil was also markedly reduced in the IECs of Villin®*;Dclk1?f mice compared with Dclk1%f
mice 24 h post-TBI (Fig. 1¢,d), suggesting that Lgr5*, Bmil™, and Musashil " stem cells were reduced in the
Villin®%Dclk1?f animals. Lgr5 expression was reduced even before TBI, suggesting that the regulation of Lgr5
expression and or Lgr5 stem cells under homeostatic conditions may require Dclkl expression in tuft cells in
the intestine (Fig. 1¢,d). These data suggest that Dclk1 is required in tuft cells to protect and/or maintain crypt
epithelial morphology after injury, perhaps it also suggested that possible coordination between Dclkl expressing
tuft cells and additional stem cell proteins or stem cells is prerequisite.
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Figure 1. Intestine-specific Dclk1-KO mice exhibit intestinal crypt epithelial hypoplasia and impaired
stem cell population 24 h post-TBI. (a,b) Intestinal tissue sections from Villin®¢Dclk1? mice and Dclk1?*
mice, before and after TBI (24 h), were stained for H&E and anti-Dclk1. (c) Western blot analysis of protein
expression of stem cell markers Bmil, Lgr5, Msil, and Dclkl in isolated IECs from Villin®¢;Dclk1?f and Dclk1?
mice, before and 24 h after TBI. (d) RT-PCR analysis of mRNA expression of stem cell markers Bmil, Lgr5,
Msil, and Dclkl in isolated IECs from Villin®Dclk1?f mice and Dclk1? mice, before and 24 h after TBI. All
quantitative data are expressed as means + SD of a minimum of three independent experiments. P values of

< 0.05=*, <0.01 =** and 0.001 =*** were considered statistically significant.

Deficiency in the stemness of Villin®¢; Dclk1ff mice after TBI-induced injury. Pluripotency is
a central, well-defined feature of stem cells. Analysis of the pluripotency factors expressed in IECs and their
self-renewal ability during the injury response may reveal the coordinated molecular pathways that regulate
injury/wound repair****. To understand how Dclk1 expression in the tuft cells contribute to IECs self-renewal
and pluripotency at 24 h post-TBI, we investigated the enterosphere-forming ability and expression of pluripo-
tency factors. IECs isolated from Villin®;Dclk1?f mice formed 5-fold fewer enterospheres than Dclk1?f mice
(p < 0.0001; Fig. 2a,b). Before TBI, significantly fewer enterospheres were formed in Villin®Dclk1?f mice than
in Dclk1? mice (p < 0.01; Fig. 2a,b). Thus, the loss of Dclk1 expression in tuft cells reduced the clonogenic capac-
ity of resident crypt epithelial cells, suggesting the paracrine function of tuft cells prerequisite Dclkl expression
to maintain the self-renewal ability of IECs. Before TBI, expression of pluripotency factors Sox2 and Myc were
significantly lower in IECs from Villin®%Dclk1f mice than Dclk1?f mice (p < 0.001; Fig. 2¢,d). This finding may
represent an additional mechanism of reduced self-renewal during homeostasis. However, 24 h post-TBI, the
mRNA and protein levels of Nanog and Sox2 (p < 0.001), and Oct4, Klf4, and Myc (p < 0.0001) were significantly
downregulated in IECs from Villin®¢;Dclk1%f mice compared with Dclk1? mice (Fig. 2c,d). These results suggest
that Dclkl expression in tuft cells may be required for the paracrine maintenance of intestinal epithelial pluripo-
tency and/or the regeneration of sufficient pluripotent cells to participate in epithelial restitution. However, the
secretory factors responsible for the paracrine function of Dclkl expressing tuft cells need further investigation.
Following severe genotoxic or cytotoxic injuries, ISC function is regulated by enhanced expression of
pro-survival factors and activation of key signaling pathways that promote rapid growth and differentiation
based on signals emanating from or around the crypt niche microenvironment***. Akt/mTOR expression, crit-
ical for cell survival, efficient cellular energy metabolism and pluripotency, were downregulated in IECs from
Villin®%Dclk1? mice 24 h post-TBI (Suppl. Fig. 2). Like Akt/mTOR, the Notch, beta-catenin, and RelA signaling
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Figure 2. Dclk1 expressing tuft cells are required to enhance crypt epithelial stemness 24 h post-TBI.

(a) Enteroid formation assay: IECs isolated from Villin®;Dclk17f and Dclk1?f mice, before and 24 h after TBI were
directly embedded in 0.3% soft agar. (b) Bar graph represents the average number of enteroids formed from IECs
isolated from Villin®¢Dclk1”f and Dclk1” mice, before and 24 h after TBI. (c) Western blot analysis of protein
expression of pluripotency factors Klf4, Nanog, Oct4, Sox2, and cMyc in IECs isolated from Villin®Dclk1? and
Dclk1? mice, before and 24 h after TBI. (d) RT-PCR analysis of mRNA expression of pluripotency factors Klf4,
Nanog, Oct4, Sox2, and cMyc in IECs isolated from Villin®¢;Dclk1?* and Dclk1" mice, before and 24 h after TBI.
All quantitative data are expressed as means + SD of a minimum of three independent experiments. P values of
<0.05="*and < 0.01="**,0.001="*** were considered statistically significant.

pathways, their downstream targets Hes1, Tcf4, CXCL1, and CyclindD1, were significantly downregulated in IECs
from Villin®¢Dclk1?f mice compared with Dclk1?f mice, 24 h post-TBI (Suppl. Figs 3 and 4). These pathways are
critical for normal cell function, survival, and self-renewal®*%. These pro-survival signals not only display auto-
crine function, but also play a paracrine role in protecting cell survival, particularly in response to injury**-.
Recently, it was reported that COX1/2 is predominantly expressed in the tuft cells of the small intestine's.
COX2 signaling and prostaglandin secretions are important for the survival of IECs and ISCs after injury*®. In
the present study, we found decreased expression of COX2 in the IECs of Villin®%Dclk1 mice compared with
Dclk1f mice, 24 h post-TBI (Fig. 3a). Further, under homeostasis, COX2 expression was increased in the IECs
of Villin®;Dclk1?f mice compared with Dclk1?f mice, suggesting either an adaptive response to support the tuft
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Figure 3. COX2 signaling requires Dclkl expression in the intestinal epithelial tuft cells after injury.

(a) Western blot analysis of protein expression of Cox2 in the isolated IECs from Villin®;Dclk1? and Dclk17f
mice, before and 24 h after TBI. (b) Serum level of PGE2 from Villin®¢;Dclk17f and Dclk1?f mice, before and 24h
after TBI. All quantitative data are expressed as means & SD of a minimum of three independent experiments.
Pvalues of <0.05=%, <0.01="* and 0.001 =*** were considered statistically significant.

cells of Dclk1 loss and/or unregulated expression due to lack of Dclk1 inhibition (Fig. 3a), which need further
investigation. Serum levels of PGE2 were decreased in the Villin®*;Dclk1?f mice compared with Dclk1f mice,
24h post-TBI (Fig. 3b). These findings suggest that Dclkl expression in tuft cells may regulate the PGE2 levels in
the intestine via COX2 signaling in response to injury as a paracrine mechanism.

Defects in intestinal epithelial barrier function in Villin®¢;Dclk1f mice 24 h after TBI-induced
injury. To determine the physiologic mechanism by which Dclk] maintains the epithelial barrier function
critical for epithelial cell survival and restitution, we compared the expression patterns of key junctional proteins
and correlated these patterns with barrier function using the FITC assay protocol, before and 24 h after TBL in
Villin®Declk17f and Dclk1?f mice. We observed a marked increase (p < 0.0001) in the intestinal permeability of
Villin®;Dclk1?f mice compared with Dclk1f mice 24 h post-TBI (Fig. 4a). The increased intestinal permeabil-
ity due to loss of Dclk1 suggests that Dclkl expression in tuft cells during injury is the vital factor required for
functional intestinal barrier. We investigated the response of intestinal junctional proteins to epithelial damage
resulting from TBI. Tight junction proteins claudin-1 and ZO-2 were decreased ~10 fold, and claudin-5, —7, and
Z0-1 were decreased ~2 fold in IECs from Villin®Dclk1?f mice compared with Dclk1? mice, 24 h post-TBI
(Fig. 4b). The adherens junction protein E-cadherin was significantly reduced (~3 fold) in Villin®Dclk1?f mice
compared with Dclk1? mice, 24 h post-TBI (Fig. 4b). Furthermore, serum biomarkers of intestinal permeability,
including zonulin, diamine oxidase (DAO), and intestinal fatty acid binding protein (IFABP), were significantly
altered in the serum collected from Villin®Dclk1?f mice compared with Dclk1?f mice, 24 h post-TBI (Fig. 4c).
However, under homeostasis, these junctional proteins and the intestinal permeability were not significantly
altered in Villin®¢Dclk1? mice, suggesting that Dclk1 expression in tuft cells are likely required for its function
during injury to maintain the integrity of the intestinal barrier and to support radio-resistance for epithelial
replenishment, mucosal restitution, and recovery.

Increased apoptosis and decreased cell proliferation in Villin®¢;Dclk1ff mice post-TBI. 1t is
recently suggested that high-dose radiation causes loss of cycling stem cells and activates resistant quiescent stem
cells®. Crypt Dclk1™ tuft cells are relatively resistant to low-dose < 8 Gy radiation'’. Here, we investigated the
importance of Dclkl-expressing tuft cells in regulating IEC cycling for replenishment after 12 Gy TBI. Cell cycle
regulators cdk2, cyclin E1, and cyclin D1 were ~5-6 fold lower in IECs from Villin©;Dclk17f mice than Dclk1f
mice, 24 h post-TBI (Fig. 4d). Expression of cell proliferation markers PCNA, phospho-histone, and ki-67 showed
a marked reduction in Villin®¢Dclk1? IECs compared with Dclk1? mice, 24 h post-TBI (Fig. 4d). Thus, the loss
of Dclkl expression in tuft cells reduced intestinal epithelial proliferation after TBI by altering the expression of
cell cycle regulators. However, under homeostasis, IEC proliferation, determined by phospho-histone, ki-67, and
cyclin D1 expression, was higher in Villin®%Dclk1? mice than in Dclk1?* mice (Fig. 4d). These data suggest that
Dclk1 in tuft cells may be involved in maintaining cell quiescence and proliferation by modulating cell cycle reg-
ulators. Nevertheless, the release from quiescence after injury was severely impaired after loss of Dclkl.
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Figure 4. Dclkl deficiency in tuft cells results in defective epithelial barrier and survival 24 h post-TBI.

(a) At baseline and 24 h post-TBI Villin®;Dclk1?f and Dclk1?f mice were gavaged with FITC-labeled dextran
(dose =80mg/100 g of body weight) 4 hours prior to being killed. Blood was collected via cardiac puncture at
the time of death to examine FITC dextran uptake. (b) Western blot analysis of protein expression of adherens
junction protein e-cadherin and tight junction proteins Claudin 1, 5 and 7, and Zona Occludin 1 and 2 in IECs
isolated from Villin®Dclk1?f and Dclk1?f mice, before and 24 h after TBI. (c) Western blot analysis of serum
biomarkers zonulin, diamine oxidase (DAO) and IFABP from Villin®®Dclk1?f and Dclk1?f mice, before and
24h after TBI. (d,f) To assess IEC cycling status and apoptosis, western blot analysis was performed to identify
the protein expression levels of Cdk2, CyclinEl, CyclinD1, PCNA, phospho histone, ki-67, p53, Bad, Bax, and
Caspase 3 and 9 in IECs isolated from Villin®%;Dclk1?f and Dclk1? mice, before and 24 h after TBI. (e) Intestinal
tissue sections from Villin®%Dclk1?f mice and Dclk1” mice, before and 24 h after TBI, were TUNEL-stained to
analyze IEC apoptosis. All quantitative data are expressed as means & SD of a minimum of three independent
experiments. P values of <0.05=%*, <0.01 =**, and 0.001 = *** were considered statistically significant.
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Figure 5. Dclkl regulates DDR by activating the ATM pathway, and maintains IECs DNA integrity

24h post-TBI. (a) Western blot analysis was performed to identify the protein expression levels of phospho
ATM (ser 1981), total ATM, Brcal, Rad50, Mrell, gammaH2AX, and total H2AX in IECs isolated from
Villin®*;Dclk1?f and Dclk1?f mice, before and 24 h after TBI. (b) Intestinal tissues from Villin®¢;Dclk1?f mice
and Dclk1", mice before and 24 h after TBI, were used to isolate DNA for the agarose gel DNA fragmentation
assay. (c) Co-immunoprecipitation: IEC protein extracts from Dclk1?f mice at homeostasis and after TBI were
co-immunoprecipitated with anti-Dclk1 and blotted with antibody to ATM. Lower bands represent IgG heavy
and short chains. (d) Photo-cross-linking label transfer assays: Photo-activation and transfer of biotin tagged
label from the bait DCLK1 to ATM, which was identified probing the samples with streptavidin HRP conjugate.
Confirmatory analysis identifies the interaction between Dclkl and ATM. All quantitative data are expressed as
means £ SD of a minimum of three independent experiments. P values of <0.05=%*, <0.01 =**, and 0.001 =***
were considered statistically significant.

Next, we tested whether the crypt hypoplasia and decreased cell proliferation after epithelial injury
were associated with changes in apoptosis. Increased terminal deoxynucleotidyl transferase-mediated
deoxyuridine-triphosphate nick end labeling (TUNEL) staining in the intestine (~4-5 TUNEL-positive cells per
crypt; Fig. 4e, Suppl. Fig. 5) and expression and activity of caspase 3 and 9 in IECs indicated severe apoptosis in
Villin®;Dclk1?f mice compared with Dclk1?f mice, 24 h post-TBI (Fig. 4f, Suppl. Fig. 6). We observed a mar-
ginal increase (~0.5-1 fold) in p53 expression in IECs from Villin®Dclk1?f mice compared with Dclk1?f mice
post-TBIL. However, expression of p53-regulated targets Bax and Bad were significantly increased (~2-3 fold) in
IECs from Villin®Dclk1?* mice (Fig. 4f). The loss of Dclk1 expression in tuft cells during TBI-induced epithelial
injury results in massive deregulation in the coordination of cell cycle arrest mechanisms and p53-independent
apoptosis.

Dclk1 regulates DNA damage response (DDR) and maintains genomic integrity in IECs.  Deficits
in DNA damage response enhance intestinal radiosensitivity. However, stem cells and tuft cells show more resist-
ance to injury-induced DNA damage®!*!. Their functional demand and longevity are associated with effective
DDR to ensure genomic integrity”*2. To address this, we investigated the activation of HR, the predominant
double-strand breaks (DSBs) repair pathway for radiation-induced DSBs’. Expression of ATM, gamma-H2AX,
and the adopter proteins BRCA1, Rad50, and MRE11 was reduced in IECs from Villin®¢;Dclk1?f mice com-
pared with Dclk1?f mice, 24 h post-TBI (Fig. 5a). These data suggest that ATM mediated DDR protects against
TBI-induced IEC and ISC loss, while Dclkl1 expression in tuft cells may play a vital coordination role in regulating
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intestinal epithelial DDR. Dclkl expression appears to develop radioresistant and anti-apoptotic functions may
be through paracrine mechanisms that maintain DNA integrity after TBI-induced epithelial injury, a finding that
is clearly supported by the results of our DNA fragmentation assay (Fig. 5b).

Prostaglandins (PGs) are synthesized from arachidonic acid either by cyclooxygenase-1 (COX-1) or
cyclooxygenase-2 (COX-2). PGE2 via prostaglandin E2 receptor (EP2) displays strong radio-protective effects
on the intestinal epithelium®. Thus, loss of COX2 signaling after TBI in the IECs of Villin©Dclk1?f mice and
reduced serum PGE2 suggests that Dclkl is critical to enhance COX2 signaling and PGE2 expression in response
to injury to protect cell damage and their genomic integrity (Fig. 3a,b).

We observed reduced ATM phosphorylation in IECs from Villin®¢;Dclk1?f mice under homeostasis (Fig. 5a).
To better determine the direct role of Dclkl on ATM activation, we performed a co-immunoprecipitation
(CO-IP) assay. We hypothesized that Dclkl, a kinase protein, might interact with ATM, as its phosphoryla-
tion leads to activation. CO-IP revealed protein-protein interaction in IECs from Dclk1?f mice, before and
24h post-TBI, confirming that Dclkl and ATM interact, and demonstrating that this interaction was markedly
reduced 24 h post-TBI (Fig. 5¢). To further confirm the novel finding of Dclk1-ATM interaction, we performed
label transfer protein interaction analysis utilizing purified Dclkl, and found that the label is transferred to ATM
after interaction (Fig. 5d). These findings strongly support that there is a direct link between Dclk1 expression and
enhancement of DDR by activating the ATM and its downstream targets to protect IECs and ISCs.

Villin®¢; Dclk1ff mice exhibit impaired intestinal epithelial renewal, epithelial permeability, and
survival 84 h post-TBl.  Twenty-four hours post-TBI, the IECs from Villin®;Dclk1f mice showed dysreg-
ulated survival signaling and defective self-renewal, leading to crypt hypoplasia and increased apoptosis. This is
the critical time point when p53-independent survival of ISCs is required for normal recovery and restoration of
intact crypt/villus morphology in the regenerative intestine. The distinctive tissue response to irradiation in the
intestine involves apoptosis of IECs and ISCs, resulting in crypt depletion on day 1, followed by regeneration of
surviving crypt clonogens, producing crypt microcolony formation at 3-4 days***. We examined the extent of the
impact of Dclkl loss in tuft cells 3.5 days (84 h) post-TBI. This line of investigation will provide us with further
understanding of the importance of Dclklexpressing tuft cells in coordinated regulation of IEC self-renewal and
survival for restitution.

The expression of ISC markers was greatly reduced in the intestines of Villin®Dclk1%f mice compared
with Dclk1?f mice, even 84 h post-TBI (Fig. 6a). IEC self-renewal was reduced to undetermined levels in
Villin®Dclk1?f mice compared with Dclk1?" mice, as shown by clonogenic assay (Fig. 6b). Expression of intesti-
nal pluripotency factors was greatly downregulated in Villin®%Dclk1?f mice 84 h post-TBI (Fig. 6¢). Furthermore,
intestinal epithelial survival signaling pathways, including the Akt/mTOR, Notch, beta-catenin, RelA signal-
ing pathways, and Hes1, Tcf4, CXCL1, CyclindD1, COX2 expression were dramatically reduced in the IECs of
Villin®Dclk1? mice 84 h post-TBI (Suppl. Fig. 7). Compared with Dclk1?f mice, there was a substantial increase
(p<0.0001) in intestinal permeability (FITC-assay), representing the loss of barrier function, in Villin®¢Dclk1%
mice 84 h post-TBI (Fig. 6d). Levels of tight junction proteins claudin-1, 5, 7, and ZO-2 were ~5-8 fold lower
in IECs from Villin®;Dclk1f mice than in Dclk1?f mice (Fig. 6e). We also observed massive deficiencies of
gamma-H2AX and phospho-ATM and its downstream signaling molecules in IECs from Villin®4Dclk1?f mice
(Fig. 7a). CO-IP data at 84 h post-TBI revealed that Dclk1-ATM interaction was still lower than that found in
Dclk1”f mice at baseline (Fig. 7b). Results from a DNA fragmentation assay (Fig. 7c) revealed that Dclkl is critical
for radioresistance, maintaining DNA integrity even 84 h post-TBI. From the results of CO-IP conducted 24h
and 84 h post-TBI, we theorize that Dclkl may have a direct role in the activation of ATM and its downstream
targets for cell survival, and tuft cell survival in particular, for longevity and radioprotection after radiation injury.

To further confirm that loss of Dclkl leads to reduced ATM activation and/or phosphorylation, we
knocked down Dclkl in YAMC cells and performed CO-IP. ATM phosphorylation was strongly associated
with Dclkl protein level (Fig. 7d,e). Furthermore, we determined that phospho-ATM and gamma-H2AX
were reduced after Dclkl knockdown (Fig. 7d). However, Dclkl overexpression in YAMC cells enhanced the
DDR 48 h post-radiation. We also observed increased expression of phospho-ATM and gamma-H2AX in
Dclk1-overexpressing YAMC cells 48 h post-radiation (Fig. 7f). However, no change in ATM and H2AX expres-
sion levels was observed in either control or Dclkl-overexpressing cells at baseline (Fig. 7f). This finding suggests
that the interaction of Dclkl and ATM increased after injury.

Dclkl1 regulates ATM mediated DDR in response to irradiation injury in vitro. To test whether
the ATM phosphorylation level is directly associated with Dclkl levels after injury, Dclk1-overexpressing YAMC
cells and vector control cells were exposed to radiation and utilized for CO-IP (Fig. 8a). The interaction of ATM
and Dclkl was significantly enhanced after radiation-induced injury. CO-IP revealed that ATM phosphoryl-
ation might be directly associated with Dclkl expression levels after injury. To further test the involvement of
Dclkl in DDR for cell radioprotection and survival/viability, we conducted a colony formation assay post irra-
diation injury, and found that Dclk1-overexpressing YAMC cells form the same number of colonies as do com-
plete control YAMC cells (not exposed to irradiation), demonstrating that Dclkl-overexpressing cells display
enhanced radioprotection after radiation injury (Fig. 8b,c). To examine whether the Dclk1 level is distinct for
DNA integrity after injury, Dclkl-overexpressing YAMC cells and vector control cells were exposed to radiation
and utilized for a DNA fragmentation assay (Fig. 8d). Compared with vector control cells exposed to irradiation,
Dclk1-overexpressing YAMC cells had less DNA damage.

Dclk1 regulates COX2 signaling and PGE2 expression in response to irradiation injury in
vitro. Finally, we sought to answer how this small population of Dclkl expressing tuft cells regulates the
whole intestinal epithelium during or after injury. From our mouse model, we learned that COX2 signaling,
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Figure 6. Dclkl KO mice exhibit impaired intestinal epithelial self-renewal and epithelial barrier function
84h post-TBI. (a) Western blot analysis of protein expression of stem cell markers Bmil, Lgr5, Msil, and
Dclkl, in IECs isolated from Villin®¢Dclk1? and Dclk1? mice 84 h post-TBL RT-PCR analysis of mRNA
expression of stem cell markers Bmil, Lgr5, Msil, and Dclkl, in IECs isolated from Villin®¢Dclk17f and
Dclk1” mice 84 h post-TBI. (b) Enteroid formation assay: IECs isolated from Villin®Dclk1?f and Dclk1%f
mice 84 h after TBI were directly embedded in 0.3% soft agar. Bar graph represents the average number of
enteroids formed from IECs isolated from Villin®Dclk1"f and Dclk1?f mice 84 h post-TBI. (c) Western blot
analysis of protein expression of pluripotency factors Klf4, Nanog, Oct4, Sox2, and cMyc in IECs isolated from
Villin®Dclk1? and Dclk1? mice 84 h post-TBI. RT-PCR analysis of mRNA expression of pluripotency factors
KIf4, Nanog, Oct4, Sox2, and cMyc in IECs isolated from Villin®Dclk17f and Dclk1?f mice 84 h post-TBL

(d) Western blot analysis of protein expression of e-cadherin, Claudin 1, 5 and 7, and Zona Occludin 1 and 2 in
IECs isolated from Villin®%;Dclk1?f and Dclk1? mice 84 h post-TBI. (e) Fluorometric analysis of cardiac blood
collected 4 hours after FITC gavage in Villin®¢;Dclk1 and Dclk1?f mice 84 h post-TBI. All quantitative data are
expressed as means & SD of a minimum of three independent experiments. P values of <0.05=%*, <0.01 =**,
and 0.001 =*** were considered statistically significant.

involved in PGE2 synthesis for paracrine regulation of IECs, was reduced in the Villin®4Dclk1? mice com-
pared with Dclk17 mice 24 h and 84 h post-TBI. We observed that COX2 expression and Dclk1/COX2 interac-
tion in Dclkl-overexpressing YAMC cells increases, whereas Dclk1/COX2 interaction decreases, in the IECs of
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Figure 7. Dclkl regulates ATM mediated intestinal epithelial DDR 84 h post-TBI. (a) Western blot analysis
was performed to identify the protein expression level of phospho ATM (ser 1981), total ATM, Brcal, Rad50,
Mrell, gammaH2AX, and total H2AX in IECs isolated from Villin®¢;Dclk1?f and Dclk1?f mice 84 h post-

TBI. (b) Co-immunoprecipitation: IEC protein extracts from Dclk1?f mice at homeostasis and 84 h post-TBI
were co-immunoprecipitated with anti-Dclk1 and blotted with antibody to ATM. Lower bands represent IgG
heavy and short chains. (c) Intestinal tissues from Villin®%Dclk1 mice and Dclk1f mice, before and 84h
after TBI, were used to isolate DNA for an agarose gel DNA fragmentation assay. (d) Western blot analysis was
performed to identify the DNA DSB repair signaling in YAMC cells 48 h after siDclk1 treatment in vitro. (e)
Co-immunoprecipitation: Protein extracts from YAMC cells after siDclkl and siScramble treatment were co-
immunoprecipitated with anti-Dclk] and blotted with antibody to ATM. Lower bands represent IgG heavy and
short chains. (f) The DNA DSB repair response to radiation (4 Gy) injury and at basal conditions was assessed
in Dclkl-overexpressing YAMC cells, before and 48 h post-radiation exposure in vitro.

Villin®Dclk1?f mice compared with IECs of Dclk1?f mice 24 h post-TBI (Fig. 9a—c). We found increased levels
of PGE2 in the spent medium from Dclk1-overexpressing YAMC cell culture than in that of vector control YAMC
cells, both at baseline and after radiation injury (Fig. 9d). Further, we found that PGE2-treated cells showed
similar colony-forming abilities to Dclkl-overexpressing YAMC cells after radiation injury (Fig. 9¢). Finally,
we observed that co-culture of Dclkl-overexpressing YAMC cells rescued the survival/viability of vector con-
trol YAMC cells by increasing their colony-forming abilities after radiation injury (Fig. 9¢). These findings sug-
gest that the coordinated regulation of IECs by Dclk1 expressing tuft cells during injury may occur through the
paracrine action of prostaglandins. This possibility should be investigated further. Together, these data provide
evidence (Fig. 9f) that (i) Dclk1-expressing tuft cells are required for coordinated regulation and/or paracrine
regulation of IECs'/ISCs’ radio-resistance critical for their survival and regeneration, and (ii) Dclk1 expression
regulates IECs/ISCs survival via enhancing DDR during/after injury.

Discussion
ISCs are relatively resistant to radiation and other injuries due to their effective DDR, which protects their
genomic integrity”?. Dclkl has recently been identified as a marker of tuft cells'® in intestinal crypts. However,
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Figure 8. ATM activation depends on Dclkl expression and interaction to maintain DNA integrity and

cell survival. (a) Co-immunoprecipitation: Protein extracts from vector control YAMC cells and Dclk1-
overexpressing cells at basal conditions and 48 h post-radiation (4 Gy) were co-immunoprecipitated with
anti-Dclkl and blotted with antibody to ATM. Lower bands represent IgG heavy and short chains. (b) Colony
formation assay: We assessed the colony-forming ability of control, vector control, and Dclkl-overexpressing
YAMC cells at baseline and 48 h post-radiation (4 Gy). (c) Bar graph represents the percent colony formation of
control, vector control, and Dclkl-overexpressing YAMC cells 48 h post-radiation, compared with these cells at
baseline. (d) DNA was isolated from YAMC cells of representative groups for an agarose gel DNA fragmentation
assay. All quantitative data are expressed as means £ SD of a minimum of three independent experiments.
Pvalues of <0.05=%, <0.01 =**, and 0.001 =*** were considered statistically significant.

the role of Dclk1 expression in tuft cell function particularly after radiation injury remains largely unknown. Our
earlier report demonstrated that intestinal epithelial-specific Dclkl deletion reduced overall animal survival 5
days post-TBI'2. In the present study, utilizing mechanistic approaches, we discovered that loss of Dclk1 expres-
sion in the tuft cell leads to crypt hypoplasia, reduced IEC self-renewal and survival, correlated with reduced acti-
vation of the ATM mediation DDR after radiation-induced injury. We selected two critical time points to identify
the importance of Dclkl expression in tuft cells for the coordinated regulation of intestinal injury-induced repair/
restitution: 24 h post-TBI, at which time p53-independent survival of ISCs is required for normal intestinal crypt
recovery, and 84 h post-TBI, prior to crypt fission (96 h), which is required for efficient regeneration®>4°,

We found that Dclkl plays a pivotal role in self-renewal by protecting against DNA damage-induced chro-
mosomal instability, permitting efficient transfer of genomic material to ISC progeny during regeneration.
Furthermore, we found that as early as 24 h post-TBI, Dclk1 expressing tuft cells regulates the Bmil*, Lgr5™, and
Musashil™ stem cell pools that likely cooperatively contribute to the crypt epithelial renewal process after severe
injury. However, at 84 h post-TBI, only Bmil expression returns to baseline physiological levels, presumably to
compensate for the loss of stem cell pools in Dclk1-deficient mice. Indeed, Lgr5 expression levels were decreased
even before injury in Dclk1-deficient mice, suggesting that the expression of the stem cell marker Lgr5 requires
Dclkl expression in tuft cells during normal homeostasis. Consistent with these findings, the expression of puta-
tive stem cell markers Lgr5, Bmil, and Musashil were reduced after siRNA-mediated knockdown of DCLK1 in
colon and pancreatic cancer models***’.

Although DCLK1 has recently been identified as having a key role in regulating pluripotency factors in cancer
cells, our current findings demonstrate that Dclk1 is essential for maintaining the expression of epithelial pluri-
potency factors and self-renewal during crypt regeneration after injury. Although the self-renewal ability of IECs
in Villin®%Dclk1”f mice is not equivalent to that found in Dclk1”f mice, the intestinal crypt architecture of the
Villin®;Dclk1?f mice appears normal compared with the crypt morphology of the Dclk1?f mice under home-
ostasis. Therefore, Dclkl-expressing tuft cells may be dispensable during normal crypt homeostasis. However,
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Figure 9. Tuft cells require Dclk1 expression to mediate its paracrine function. (a) Western blot analysis was
performed to identify the protein expression level of COX2 in the vector control and DCLK1-overexpressing
YAMC cells. (b) Co-immunoprecipitation: Protein extracts from vector control YAMC cells and Dclk1-
overexpressing cells at basal conditions were co-immunoprecipitated with anti-Dclkl and blotted with
antibody to COX2. Lower bands represent IgG heavy and short chains. (c) Co-immunoprecipitation: IEC
protein extracts from Dclk1?f mice at homeostasis and 24 h post-TBI were co-immunoprecipitated with anti-
Dclkl and blotted with antibody to Cox2. Lower bands represent IgG heavy and short chains. (d) PGE2 EIA
assay: Cell culture spent media collected and utilized for analyzing PGE2 levels. (e) Bar graph represents the
percent colony formation of YAMC cells of vector control, Dclkl-overexpressing, PGE2-treated, and co-culture
(YAMC + YAMC Dclkl-overexpression) cells at baseline and 48 h post-radiation. (f) Proposed Mechanism:
Tuft cells regulates ATM mediated DDR in response to injury to enhance intestinal epithelial survival and self-
renewal for effective restitution and function. In response to radiation-induced injury, Dclk1™ tuft cells enhance
COX2 signaling for the paracrine regulation of IECs/ISCs. Dclkl expression is critical for ATM activation for
the DNA DSB repair response. ATM activation significantly controls DNA repair, apoptosis, and the cell cycle.
Cell survival and self-renewal depends upon cellular DNA integrity. Dclkl regulation of the ATM pathway
enhances cell survival and self-renewal for effective intestinal regeneration after TBIL.
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reduced self-renewal during homeostasis may be the key mechanism for ineffective self-renewal and epithelial
recovery post-TBI. Crypt hypoplasia and ineffective epithelial recovery post-TBI in Villin®%Dclk1f mice are
likely due to increased cell cycle arrest and p53-independent apoptosis. This observation seems to support the
notion that apoptosis induced 24 h post-radiation is p53-independent in IECs?*.

Under physiological conditions, pro-survival pathways, such as Wnt, Akt, mTOR, and NF«B, are involved
in intestinal crypt epithelial homeostatic processes, including stem cell regulation and lineage specification®>*.
However, following severe injuries, ISC function depends on the coordinated and enhanced expression of sur-
vival factors and activation of key signaling pathways that could promote cell survival, rapid proliferation, and
differentiation®>*->!. Here, we demonstrate that loss of Dclk1 expression in tuft cells results in increased crypt
apoptosis after irradiation, which was associated with significantly depressed molecular signals and impaired
barrier function. After TBI, Akt/mTOR and their active forms, Notch, beta-catenin, NFkB, and their downstream
targets were markedly downregulated in IECs from Villin®%Dclk1?f mice compared with IECs from Dclk1
mice. Intestinal epithelial integrity is a necessary component in maintaining intestinal epithelial homeostasis
and during regeneration after injury®>%. Loss of intestinal epithelial integrity and increased permeability due to
impaired expression of tight and adherens junction proteins in Villin®*Dclk1? mice, even 3.5 days post-TBI,
may account for defective restitution responses. The maintenance of the intestinal epithelial barrier is critical for
the survival of intestinal crypts; failure of the same due to loss of Dclk1 reduced survival after TBI'2. These data
are consistent with recent studies reporting the importance of Rho kinase and R-spondin in regulating the intes-
tinal epithelial barrier after radiation injury®>*.

Here, we proposed that the impaired intestinal epithelial survival and restitution in Dclk1 knockout animals
was due to a defective DDR. Deficient DDR has been suggested to increase intestinal epithelial radio-sensitivity
and loss of survival®>*. ISCs are relatively radio-resistant and can more efficiently repair DNA DSBs than any
other intestinal cells*®. In early response to DNA damage, ATM and its downstream target H2AX are activated,
generating gamma-H2AX and other adaptors, providing a stage for efficient HR repair®*’. Recently, ATM knock-
out or loss of Rad50 and Mrel1 was reported to increase intestinal injury and lethality®s-%°. We observed a reduc-
tion in the expression of ATM, gamma-H2AX, and downstream adopter proteins BRCA1, Rad50, and MRE11
in IECs from Villin®Dclk1?f mice 24 h post-TBI. This reduction persisted up to 3.5 days post-TBI. These data
are consistent with results from recent studies reporting the importance of Bmil in regulating the intestinal DDR
after radiation injury®!. Therefore, profound defects in intestinal DDR in Villin®Dclk1? mice might contribute
to defective epithelial self-renewal and increased apoptosis, which could affect intestinal epithelial regeneration in
response to injury. Genomic stability is necessary for cell and organism longevity. Any defect in genomic stability,
replication errors, and direct forms of DNA damage can induce mutation, which either reduces cell survival or
leads to cellular transformation towards neoplasia®®%. We suggest that the expression of Dclkl in intestinal tuft
cells is critical for maintaining the genomic stability of IECs and ISCs for their survival and function, during
or after injury. Thus, Dclkl may confer radio-resistance to protect IECs and ISCs after severe genotoxic injury
through regulation of the DDR.

We observed that ATM (phospho-ATM) activation is reduced in IECs from Villin®;Dclk1%f mice, under
physiological conditions, and discovered that Dclk1 and ATM proteins interact in IECs from Dclk1? mice. When
compared with normal physiological homeostasis, TBI reduced the Dclk1-ATM interaction, which may be due
to fewer Dclkl expressing tuft cells remaining after TBI. However, ATM activation during and or after radia-
tion injury directly depends on the ratio of Dclk1-ATM interaction. In vitro Dclkl knockdown and overexpres-
sion experiments with YAMC cells confirmed that Dclk1 is critical for ATM activation. This study is the first
to demonstrate a direct link between Dclkl and ATM mediated DDR, which is essential for the ISC survival
response to severe genotoxic injury, permitting appropriate self-renewal for effective restitution.

Dclk1 expressing tuft cells constitute a small population in the whole intestine. How this small population
of Dclk1 expressing tuft cells regulate the intestinal epithelium during or after injury is unclear. Very recently,
Garrett group and Locksley group uncovered an unexpected role for Dclk1 expressing tuft cells in regulating epi-
thelial remodeling associated with type 2 immunity in the small intestine post parasite infection®>®*. They further
suggested that Dclkl expressing tuft cells-derived IL-25 regulates the intestinal epithelial cell fate decision via a
paracrine mechanism by modulating IL4 and IL13 responses derived from ILC2, an innate lymphoid cell. Jay
group also supported the report with similar experimental models?!. These studies demonstrate the importance
of Dclkl expressing tuft cells in regulating epithelial remodeling and mucosal fate after infection, even though
they represent a small population in the whole intestine. Consistent with these findings, we found that this small
population of Dclkl expressing tuft cells is important in regulating intestinal epithelial self-renewal and survival
by regulating DDR after radiation injury. We discovered the paracrine regulatory role of Dclklexpressing tuft cells
in the small intestine. The presence of Dclkl expression enhances COX2 signaling for prostanoids production
for the paracrine regulation of IECs and ISCs in response to injury. Prostanoids are vital players regulating the
epithelial injury repair response. PGE2 produced by either COX1 or COX2 is functionally radioprotective in
the intestine epithelium, besides regulating DDR**56¢, Together with these earlier findings, the results from the
present study support the idea that Dclklexpressing tuft cells are involved in the paracrine regulation of the intes-
tinal crypt microenvironment in response to injury, for immediate recovery response and for effective epithelial
survival and regeneration.

Our findings have substantial implications for intestinal diseases, including inflammatory bowel disease
(IBD), mucositis, radiation enteritis, proctitis, and colorectal cancer. Here, we suggest that Dclk] expressing tuft
cells regulate IECs and ISCs through paracrine regulation during or after injury. We suggest that Dclkl expres-
sion may be required for an adequate DDR, thus activating the ATM pathway after injury, to protect genomic
integrity. This feature is central to cell fate after significant mutagenic insult, that is, whether cell survival or death
will result. If this process, however, results in survival of a mutagenic cell with self-renewal and clonal capacity,
neoplastic transformation may follow. These studies implicate Dclkl as a regulator of ISC fate, well beyond its role
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as a marker of tuft cells for crypt epithelial restitution. These findings may give new insight into the functional role
of Dclk1 expression in tuft cells in maintaining cell and genome integrity and survival for epithelial remodeling
and cell fate decision after injury.

Materials and Methods

Mice. All mice were age- and sex-matched and housed under controlled conditions, including a 12h light-dark
cycle, with ad libitum access to food and water. All animal experiments were performed with the approval and
authorization of the Institutional Review Board and the Institutional Animal Care and Use Committee, University
of Oklahoma Health Sciences Center. All the experiments were performed in accordance with relevant guidelines
and regulations.

Generation of Villin©¢;Dclk1°fox Mice. 'The Dclk1tm1.2]gg/] mouse (Dclk11ox)  which possesses
loxP sites flanking exon 3 of the mouse Dclkl gene®”, and the B6.SJL-Tg(Vil-cre)997Gum/] mouse (Villin©),
which expresses Cre recombinase under control of the villin promoter®, were purchased from The Jackson
Laboratory, Bar Harbor, Maine. These two mouse strains were then crossed to obtain the Villin®re; Dclk 1/lox/flox
compound mouse, in which Dclkl is specifically ablated in the intestinal epithelium. The successful
Cre-recombinase-initiated DNA recombination was confirmed through genotyping of DNA from tail biop-
sies and intestinal tissue utilizing a PureLink® Genomic DNA Isolation kit (Invitrogen, Grand Island, NY). The
absence of mRNA and protein expression was confirmed by RT-PCR and western blot, respectively.

Epithelial Crypt Isolation. As previously described®”, small intestines were attached to a paddle and
immersed in Ca2 + -free standard Krebs-buffered saline at 37 °C for 15-20 min, then gassed with 5% CO,, 95%
O.,. Individual crypt units were then separated by intermittent (30 sec) vibration into ice-cold phosphate-buffered
saline. Then, the isolated crypts were collected by centrifugation and were processed for molecular analysis.

Clonogenic Assay. Isolated IECs cells were plated at a density of 100 cells per well in 48-well plates in RPMI
medium containing 0.3% soft agar with 1% fetal calf serum. The cell suspensions were plated in a 48-well plate
above a layer of solidified 1% soft agar in plain RPMI medium. The plates were incubated at 37 °C under 5% CO,.

The cells were followed for enterospheres formation as described previously*>7°.

RNA Isolation and Real-time RT-PCR. Total RNA isolated from small intestines was subjected to
reverse transcription using Superscript™ II RNase H-Reverse Transcriptase and random hexanucleotide primers
(Invitrogen). The complementary DNA (cDNA) was subsequently used to perform real-time polymerase chain
reaction (PCR) by SYBR™ chemistry (Molecular Probes, Eugene, OR) for specific transcripts using gene-specific
primers and JumpStart™ Taq DNA polymerase (Sigma-Aldrich, St. Louis, MO). We noted the crossing threshold
value for the transcripts and normalized these with 3-actin messenger RNA (mRNA). The quantitative changes in
mRNA were expressed as fold-change relative to control = SD value.

Immunoprecipitation and Western Blot Analysis. For immunoprecipitation studies, IEC extracts were
normalized for protein concentration and pre-cleared with 30 ul of protein A/G-coated Sepharose beads for 1 h
at 4°C. Immunoprecipitation was carried out by incubating the fractions overnight at 4 °C with antibody recog-
nizing Dclkl. Immune complexes were captured by incubation with 50 ul of protein A/G-Sepharose beads for 2h
at 4°C. Control experiments were performed by conducting immunoprecipitations in the presence of the control
IgG antisera. The immunoprecipitated proteins were recovered by boiling the Sepharose beads in 2X SDS sample
buffer.

Total IEC extracts or immunoprecipitated proteins were subjected to SDS-PAGE. Twenty-five micrograms
of the total protein were size-separated in a 7.5-15% SDS polyacrylamide gel and transferred electrophoretically
onto a PVDF membrane with a wet blot transfer apparatus (Bio-Rad, Hercules, CA). The membrane was blocked
in 5% non-fat dry milk for 1h and probed overnight with a primary antibody. Subsequently, the membrane
was incubated with horseradish peroxidase-conjugated secondary antibody for 1h at room temperature. The
proteins were detected using ECL western blotting detection reagents (Amersham-Pharmacia, Piscataway, NJ).
Actin (42-kD) was used as loading control and identified using a goat polyclonal IgG (Santa Cruz Biotechnology
Inc., Dallas, Texas).

Photo-cross-linking Label Transfer Assays. Photo-cross-linking experiments were conducted per
the manufacturer’s protocol (Label Transfer Kit, Thermo Scientific, IL, USA). Recombinant DCLK1 was incu-
bated with Sulfo-SBED [sulfosuccinimidyl [2-6-(biotinamido)-2-(p-azidobenzamido)-hexanoamido] ethyl-1,3’
-dithiopropionate] in dimethyl fluoride to conjugate the cross-linking reagent. The excess cross-linking reagent
was removed by dialyzing the reaction mixture against the label transfer buffer. SBED-labeled-DCLK1 was
mixed with recombinant ATM protein and incubated for 30 min at room temperature. The reaction mixture was
exposed with a UV light for 10 min. Samples were equally split and an appropriate amount of 4X SDS sample
buffer (lacking DTT and 3-mercaptoethanol) was added. The reaction mixtures were incubated for 2 min at room
temperature. In one set of samples, DTT was added at a final concentration of 100 mM. Samples were mixed and
heated in the tubes for 5min. Each reaction mixture was loaded on a 4-20% gradient polyacrylamide gel. The
proteins were transferred to polyvinylidene difluoride (PVDF) membrane, blocked for 30 min, probed with ATM
antibody for 3 h, and subsequently probed with respective secondary antibody for 1 h. After the membrane was
rinsed with PBS-T, the blot was developed using enhanced chemiluminescence. Following detection, the mem-
brane was stripped and probed with a 1:5,000 dilution of streptavidin-HRP for 1 h. After the proteins were rinsed
with PBS-T, the blot was developed by enhanced chemiluminescence.

SCIENTIFICREPORTS | 6:37667 | DOI: 10.1038/srep37667 14



www.nature.com/scientificreports/

Lentiviral Constructs and Lentivirus Production. As previously described*, Dclkl isoform long-a
cDNA tagged with GFP and GFP cDNA was amplified and ligated into pCR8-GW-TopoD (Invitrogen), follow-
ing the manufacturer’s protocol. Wild-type Dclk1-GFP and GFP ¢cDNAs were then transferred to pLenti CMV
PURO DEST empty (gift from Dr. Eric Campeau) using Clonase 2 (Invitrogen), following the manufacturer’s rec-
ommendations. The expression plasmids constructed above were co-transfected along with packaging plasmids
pMD2.G (Addgene), pMDL/RRE g/p (Addgene), and pRSV-Rev (Addgene) into 293 T cells. DNA was trans-
fected into cells using the PEI transfection method, with a PEI to DNA ratio of 1:1. Supernatants were harvested
48 and 72 h post-transfection and cleared through a 0.45-pum filter. These viral supernatants were concentrated
using polyethylene glycol 8000 (Sigma-Aldrich). Cells were infected with concentrated virus and selected with
puromycin (Sigma-Aldrich) to establish stable cell lines.

Colony Formation Assay. Dclkl-overexpressing YAMC cells (5000/well) or control vector cells were
seeded into 6-well plates in cell culture medium containing 10% FBS. After 24 h, cells were exposed to IR (4 Gy).
The cells were allowed to grow for 24 h, washed with PBS, and passaged into new 6-well plates (100 cells/well).
Cells were allowed to grow for one week, then were fixed with glacial acetic acid/methanol solution (1:3) and
washed with PBS. Colonies were stained with 0.5% crystal violet for 10 min and washed with tap water to remove
excess stain. Colonies were then counted under a stereomicroscope using a 1 cm? grid. Four squares from four
quadrants were counted for each well.

DNA Fragmentation Assay. IECs or YAMC cells were collected by centrifugation at different time points
after irradiation. Genomic DNA samples were isolated using the PureLink Genomic DNA kit (Life Technologies,
CA, USA). Cells were resuspended in binding buffer and ethanol, and were rinsed prior to the elution of purified
DNA. For each sample, the same amount of DNA (200 ng) was loaded on a 1.5% agarose gel containing 0.5 pug/ml
ethidium bromide. Electrophoresis was performed. The DNA in the gels was visualized under ultraviolet light and
photographed using an Alpha Innotech Gel Imager.

Immunohistochemistry. Heat-induced epitope retrieval was performed on 4-pm formalin-fixed,
paraffin-embedded sections utilizing a pressurized Decloaking Chamber (Biocare Medical LLC, Concord, CA)
in citrate buffer (pH 6.0) at 99 °C for 18 minutes.

Brightfield. Slides were incubated in 3% hydrogen peroxide at room temperature for 10 min. After incubation
with primary antibody overnight at 4 °C, slides were incubated in a Promark peroxidase-conjugated polymer
detection system (Biocare Medical LLC) for 30 min at room temperature. After washing, slides were devolved
with diaminobenzidine (Sigma-Aldrich).

Fluorescence. Slides were incubated in a normal serum and BSA blocking step at room temperature
for 20 min. After incubation with primary antibody overnight at 4 °C, slides were labeled with Alexa Fluor®
dye-conjugated secondary antibody and mounted with ProLong Gold (Invitrogen).

Image Acquisition. Slides were examined on the Nikon Eclipse Ti motorized microscope paired with the
DS-Fi2 color and CoolSnap ES2 monochrome digital cameras utilizing DIC-enhanced PlanApo objectives oper-
ated by the NIS-Elements Microscope Imaging Software platform (Nikon Instruments, Melville, NY).

PGE2 Measurement. The PGE2 levels in the serum and spent cell culture media were measured using a
PGE2 EIA kit (Cayman Chemical Company, Ann Arbor, MI, USA). The concentration of PGE2 was expressed as
ng/ml. Each sample was assayed in triplicate.

Antibodies. The following antibodies were used: Dclkl, BrdU, Lgr5, Bmil, Msil, COX1, COX2, Claudinl,
Claudin5, Claudin7 [Abcam, Cambridge, MA]; Claudin-7, E-Cadherin, 3-actin, Notch1, NFkB, Betacatenin,
[Cell Signaling, Danvers, MA]; Alexa Fluor® 488 donkey anti-rabbit IgG (A-21206), Alexa Fluor® 568 Donkey
Anti-Goat IgG (A-11057), Hoechst 33342 DNA stain (H1399) [Invitrogen].

Statistical Analysis. All the experiments were performed in accordance with relevant guidelines and regu-
lations. All experiments were performed in triplicate. Results were reported as average 4+ /— SEM. Data was ana-
lyzed using the Student’s t-test for comparison of mean values between groups. P values of <0.05=%, <0.01 =**,
and 0.001 =*** were considered statistically significant. For multiple comparisons, one-way ANOVA followed by
Newman-Keuls test was performed.

References

1. Neal, M. D,, Richardson, W. M., Sodhi, C. P, Russo, A. & Hackam, D. J. Intestinal stem cells and their roles during mucosal injury
and repair. The Journal of surgical research 167, 1-8, doi: 10.1016/j.jss.2010.04.037 (2011).

2. Shaker, A. & Rubin, D. C. Intestinal stem cells and epithelial-mesenchymal interactions in the crypt and stem cell niche. Translational
research: the journal of laboratory and clinical medicine 156, 180-187, doi: 10.1016/j.trs1.2010.06.003 (2010).

3. Chandrakesan, P. et al. Distinct compartmentalization of NF-kappaB activity in crypt and crypt-denuded lamina propria precedes
and accompanies hyperplasia and/or colitis following bacterial infection. Infection and immunity 80, 753-767, doi: 10.1128/
IAL06101-11 (2012).

4. Barker, N. Adult intestinal stem cells: critical drivers of epithelial homeostasis and regeneration. Nature reviews. Molecular cell
biology 15, 19-33, doi: 10.1038/nrm3721 (2014).

5. Rocha, C. R, Lerner, L. K., Okamoto, O. K., Marchetto, M. C. & Menck, C. E. The role of DNA repair in the pluripotency and
differentiation of human stem cells. Mutation research 752, 25-35, doi: 10.1016/j.mrrev.2012.09.001 (2013).

6. Momcilovic, O. et al. Ionizing radiation induces ataxia telangiectasia mutated-dependent checkpoint signaling and G(2) but not
G(1) cell cycle arrest in pluripotent human embryonic stem cells. Stem Cells 27, 1822-1835, doi: 10.1002/stem.123 (2009).

SCIENTIFICREPORTS | 6:37667 | DOI: 10.1038/srep37667 15



www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

. Weissbein, U., Benvenisty, N. & Ben-David, U. Quality control: Genome maintenance in pluripotent stem cells. The Journal of cell

biology 204, 153-163, doi: 10.1083/jcb.201310135 (2014).

. Yan, K. S. et al. The intestinal stem cell markers Bmil and Lgr5 identify two functionally distinct populations. Proceedings of the

National Academy of Sciences of the United States of America 109, 466-471, doi: 10.1073/pnas.1118857109 (2012).

. Hua, G. et al. Crypt base columnar stem cells in small intestines of mice are radioresistant. Gastroenterology 143, 1266-1276, doi:

10.1053/j.gastro.2012.07.106 (2012).

Quante, M. & Wang, T. C. Stem cells in gastroenterology and hepatology. Nature reviews. Gastroenterology ¢ hepatology 6,724-737,
doi: 10.1038/nrgastro.2009.195 (2009).

May, R. et al. Identification of a novel putative gastrointestinal stem cell and adenoma stem cell marker, doublecortin and CaM
kinase-like-1, following radiation injury and in adenomatous polyposis coli/multiple intestinal neoplasia mice. Stem Cells 26,
630-637, doi: 10.1634/stemcells.2007-0621 (2008).

May, R. et al. Brief report: Dclkl deletion in tuft cells results in impaired epithelial repair after radiation injury. Stem Cells 32,
822-827, doi: 10.1002/stem.1566 (2014).

Qu, D. et al. Inhibition of Notch signaling reduces the number of surviving Dclkl + reserve crypt epithelial stem cells following
radiation injury. American journal of physiology. Gastrointestinal and liver physiology 306, G404-411, doi: 10.1152/ajpgi.00088.2013
(2014).

Gerbe, E, Brulin, B., Makrini, L., Legraverend, C. & Jay, . DCAMKL-1 expression identifies Tuft cells rather than stem cells in the
adult mouse intestinal epithelium. Gastroenterology 137, 2179-2180; author reply 2180-2171, doi: 10.1053/j.gastro.2009.06.072
(2009).

Nakanishi, Y. et al. Dclkl distinguishes between tumor and normal stem cells in the intestine. Nature genetics 45, 98-103, doi:
10.1038/ng.2481 (2013).

Westphalen, C. B. et al. Long-lived intestinal tuft cells serve as colon cancer-initiating cells. The Journal of clinical investigation 124,
1283-1295, doi: 10.1172/JCI73434 (2014).

May, R. et al. Doublecortin and CaM kinase-like-1 and leucine-rich-repeat-containing G-protein-coupled receptor mark quiescent
and cycling intestinal stem cells, respectively. Stem Cells 27, 2571-2579, doi: 10.1002/stem.193 (2009).

Gerbe, E. et al. Distinct ATOH1 and Neurog3 requirements define tuft cells as a new secretory cell type in the intestinal epithelium.
The Journal of cell biology 192, 767-780, doi: 10.1083/jcb.201010127 (2011).

Saqui-Salces, M. et al. Gastric tuft cells express DCLK1 and are expanded in hyperplasia. Histochemistry and cell biology 136,
191-204, doi: 10.1007/s00418-011-0831-1 (2011).

Schutz, B. et al. Chemical coding and chemosensory properties of cholinergic brush cells in the mouse gastrointestinal and biliary
tract. Frontiers in physiology 6, 87, doi: 10.3389/fphys.2015.00087 (2015).

Gerbe, E. et al. Intestinal epithelial tuft cells initiate type 2 mucosal immunity to helminth parasites. Nature 529, 226-230, doi:
10.1038/nature16527 (2016).

Chandrakesan, P. et al. Dclk1+ small intestinal epithelial tuft cells display the hallmarks of quiescence and self-renewal. Oncotarget
6, 30876-30886, doi: 10.18632/oncotarget.5129 (2015).

Merritt, A. J., Allen, T. D., Potten, C. S. & Hickman, J. A. Apoptosis in small intestinal epithelial from p53-null mice: evidence for a
delayed, p53-independent G2/M-associated cell death after gamma-irradiation. Oncogene 14, 2759-2766, doi: 10.1038/sj.
onc.1201126 (1997).

Potten, C. S., Wilson, J. W. & Booth, C. Regulation and significance of apoptosis in the stem cells of the gastrointestinal epithelium.
Stem Cells 15, 82-93, doi: 10.1002/stem.150082 (1997).

Xu, H. et al. Rad21-cohesin haploinsufficiency impedes DNA repair and enhances gastrointestinal radiosensitivity in mice. PloS one
5, e12112, doi: 10.1371/journal.pone.0012112 (2010).

Harfouche, G. & Martin, M. T. Response of normal stem cells to ionizing radiation: a balance between homeostasis and genomic
stability. Mutation research 704, 167-174, doi: 10.1016/j.mrrev.2010.01.007 (2010).

Lane, A. A. & Scadden, D. T. Stem cells and DNA damage: persist or perish? Cell 142, 360-362, doi: 10.1016/j.cell.2010.07.030
(2010).

Ciccia, A. & Elledge, S. J. The DNA damage response: making it safe to play with knives. Molecular cell 40, 179-204, doi: 10.1016/j.
molcel.2010.09.019 (2010).

Adams, B. R, Golding, S. E., Rao, R. R. & Valerie, K. Dynamic dependence on ATR and ATM for double-strand break repair in
human embryonic stem cells and neural descendants. PloS one 5, €10001, doi: 10.1371/journal.pone.0010001 (2010).

Tichy, E. D. et al. Mouse embryonic stem cells, but not somatic cells, predominantly use homologous recombination to repair
double-strand DNA breaks. Stem cells and development 19, 1699-1711, doi: 10.1089/scd.2010.0058 (2010).

Hovdenak, N., Fajardo, L. F. & Hauer-Jensen, M. Acute radiation proctitis: a sequential clinicopathologic study during pelvic
radiotherapy. Int ] Radiat Oncol Biol Phys 48, 1111-1117 (2000).

Saunders, A., Faiola, F. & Wang, J. Concise review: pursuing self-renewal and pluripotency with the stem cell factor Nanog. Stem
Cells 31, 1227-1236, doi: 10.1002/stem.1384 (2013).

Robinton, D. A. & Daley, G. Q. The promise of induced pluripotent stem cells in research and therapy. Nature 481, 295-305, doi:
10.1038/nature10761 (2012).

Goessling, W. et al. Genetic interaction of PGE2 and Wnt signaling regulates developmental specification of stem cells and
regeneration. Cell 136, 1136-1147, doi: 10.1016/j.cell.2009.01.015 (2009).

Scoville, D. H,, Sato, T., He, X. C. & Li, L. Current view: intestinal stem cells and signaling. Gastroenterology 134, 849-864, doi:
10.1053/j.gastro.2008.01.079 (2008).

Ono, M. et al. Paracrine activation of WNT/beta-catenin pathway in uterine leiomyoma stem cells promotes tumor growth.
Proceedings of the National Academy of Sciences of the United States of America 110, 17053-17058, doi: 10.1073/pnas.1313650110
(2013).

Karin, M. NF-kappaB as a critical link between inflammation and cancer. Cold Spring Harb Perspect Biol 1, 2000141, doi: 10.1101/
cshperspect.a000141 (2009).

Horowitz, J. C. et al. Activation of the pro-survival phosphatidylinositol 3-kinase/AKT pathway by transforming growth factor-
betal in mesenchymal cells is mediated by p38 MAPK-dependent induction of an autocrine growth factor. The Journal of biological
chemistry 279, 1359-1367, doi: 10.1074/jbc.M306248200 (2004).

Valerie, K. et al. Radiation-induced cell signaling: inside-out and outside-in. Mol Cancer Ther 6, 789801, doi: 10.1158/1535-7163.
MCT-06-0596 (2007).

Cohn, S. M., Schloemann, S., Tessner, T., Seibert, K. & Stenson, W. E. Crypt stem cell survival in the mouse intestinal epithelium is
regulated by prostaglandins synthesized through cyclooxygenase-1. The Journal of clinical investigation 99, 1367-1379, doi: 10.1172/
JCI119296 (1997).

Guo, Y. S. et al. Gastrin stimulates cyclooxygenase-2 expression in intestinal epithelial cells through multiple signaling pathways.
Evidence for involvement of ERKS5 Kinase and transactivation of the epidermal growth factor receptor. The Journal of biological
chemistry 277, 48755-48763, doi: 10.1074/jbc.M209016200 (2002).

Seita, J., Rossi, D. J. & Weissman, I. L. Differential DNA damage response in stem and progenitor cells. Cell stem cell 7, 145-147, doi:
10.1016/j.stem.2010.07.006 (2010).

SCIENTIFICREPORTS | 6:37667 | DOI: 10.1038/srep37667 16



www.nature.com/scientificreports/

43. Chen, D. et al. Oxytocin evokes a pulsatile PGE2 release from ileum mucosa and is required for repair of intestinal epithelium after
injury. Scientific reports 5, 11731, doi: 10.1038/srep11731 (2015).

44. Umar, S. Intestinal stem cells. Current gastroenterology reports 12, 340-348, doi: 10.1007/s11894-010-0130-3 (2010).

45. Paris, E. et al. Endothelial apoptosis as the primary lesion initiating intestinal radiation damage in mice. Science 293, 293-297, doi:
10.1126/science.1060191 (2001).

46. Weygant, N. et al. Small molecule kinase inhibitor LRRK2-IN-1 demonstrates potent activity against colorectal and pancreatic
cancer through inhibition of doublecortin-like kinase 1. Molecular cancer 13, 103, doi: 10.1186/1476-4598-13-103 (2014).

47. Sureban, S. M. et al. XMD8-92 inhibits pancreatic tumor xenograft growth via a DCLK1-dependent mechanism. Cancer letters 351,
151-161, doi: 10.1016/j.canlet.2014.05.011 (2014).

48. Crosnier, C., Stamataki, D. & Lewis, J. Organizing cell renewal in the intestine: stem cells, signals and combinatorial control. Nature
reviews. Genetics 7, 349-359, doi: 10.1038/nrg1840 (2006).

49. Cheung, T. H. & Rando, T. A. Molecular regulation of stem cell quiescence. Nature reviews. Molecular cell biology 14, 329-340, doi:
10.1038/nrm3591 (2013).

50. Greenow, K. & Clarke, A. R. Controlling the stem cell compartment and regeneration in vivo: the role of pluripotency pathways.
Physiological reviews 92, 75-99, doi: 10.1152/physrev.00040.2010 (2012).

51. Ochocki, J. D. & Simon, M. C. Nutrient-sensing pathways and metabolic regulation in stem cells. The Journal of cell biology 203,
23-33, doi: 10.1083/jcb.201303110 (2013).

52. Mihaescu, A., Santen, S., Jeppsson, B. & Thorlacius, H. Rho kinase signalling mediates radiation-induced inflammation and
intestinal barrier dysfunction. The British journal of surgery 98, 124-131, doi: 10.1002/bjs.7279 (2011).

53. Mihaescu, A., Santen, S., Jeppsson, B. & Thorlacius, H. p38 Mitogen-activated protein kinase signalling regulates vascular
inflammation and epithelial barrier dysfunction in an experimental model of radiation-induced colitis. The British journal of surgery
97, 226-234, doi: 10.1002/bjs.6811 (2010).

54. Bhanja, P. et al. Protective role of R-spondinl, an intestinal stem cell growth factor, against radiation-induced gastrointestinal
syndrome in mice. PloS one 4, €8014, doi: 10.1371/journal.pone.0008014 (2009).

55. Schanz, S. et al. Accumulation of DNA damage in complex normal tissues after protracted low-dose radiation. DNA repair 11,
823-832, doi: 10.1016/j.dnarep.2012.07.005 (2012).

56. Kenyon, J. & Gerson, S. L. The role of DNA damage repair in aging of adult stem cells. Nucleic acids research 35, 7557-7565, doi:
10.1093/nar/gkm1064 (2007).

57. Lee, J. H. & Paull, T. T. Activation and regulation of ATM kinase activity in response to DNA double-strand breaks. Oncogene 26,
7741-7748, doi: 10.1038/sj.onc.1210872 (2007).

58. Chiang, H. . et al. ATM regulates target switching to escalating doses of radiation in the intestines. Nature medicine 11, 484-490, doi:
10.1038/nm1237 (2005).

59. Rotolo, J. A. et al. Regulation of ceramide synthase-mediated crypt epithelium apoptosis by DNA damage repair enzymes. Cancer
research 70, 957-967, doi: 10.1158/0008-5472.CAN-09-1562 (2010).

60. Yu, J. Intestinal stem cell injury and protection during cancer therapy. Translational cancer research 2, 384-396 (2013).

61. Facchino, S., Abdouh, M., Chatoo, W. & Bernier, G. BMI1 confers radioresistance to normal and cancerous neural stem cells through
recruitment of the DNA damage response machinery. The Journal of neuroscience: the official journal of the Society for Neuroscience
30, 10096-10111, doi: 10.1523/JNEUROSCI.1634-10.2010 (2010).

62. Sperka, T., Wang, J. & Rudolph, K. L. DNA damage checkpoints in stem cells, ageing and cancer. Nature reviews. Molecular cell
biology 13, 579-590, doi: 10.1038/nrm3420 (2012).

63. von Moltke, J., Ji, M., Liang, H. E. & Locksley, R. M. Tuft-cell-derived IL-25 regulates an intestinal ILC2-epithelial response circuit.
Nature, doi: 10.1038/nature16161 (2015).

64. Howitt, M. R. et al. Tuft cells, taste-chemosensory cells, orchestrate parasite type 2 immunity in the gut. Science, doi: 10.1126/
science.aaf1648 (2016).

65. Tessner, T. G., Muhale, E, Riehl, T. E., Anant, S. & Stenson, W. F. Prostaglandin E2 reduces radiation-induced epithelial apoptosis
through a mechanism involving AKT activation and bax translocation. The Journal of clinical investigation 114, 1676-1685, doi:
10.1172/JCI122218 (2004).

66. Allen, C. P. et al. DNA Damage Response Proteins and Oxygen Modulate Prostaglandin E2 Growth Factor Release in Response to
Low and High LET lonizing Radiation. Frontiers in oncology 5, 260, doi: 10.3389/fonc.2015.00260 (2015).

67. Koizumi, H., Tanaka, T. & Gleeson, J. G. Doublecortin-like kinase functions with doublecortin to mediate fiber tract decussation and
neuronal migration. Neuron 49, 55-66, doi: 10.1016/j.neuron.2005.10.040 (2006).

68. Madison, B. B. et al. Cis elements of the villin gene control expression in restricted domains of the vertical (crypt) and horizontal
(duodenum, cecum) axes of the intestine. The Journal of biological chemistry 277, 33275-33283, doi: 10.1074/jbc.M204935200
(2002).

69. Chandrakesan, P. et al. Novel changes in NF-{kappa}B activity during progression and regression phases of hyperplasia: role of
MEK, ERK, and p38. The Journal of biological chemistry 285, 33485-33498, doi: 10.1074/jbc.M110.129353 (2010).

70. Chandrakesan, P. et al. Utility of a bacterial infection model to study epithelial-mesenchymal transition, mesenchymal-epithelial
transition or tumorigenesis. Oncogene 33, 2639-2654, doi: 10.1038/0nc.2013.210 (2014).

Acknowledgements

The authors thank Dr. Janani Panneerselvam, Stephenson Cancer Center, OUHSC, for helping in protein
interaction assays. Authors thank Ms. Kathy Kyler, Staft Editor, OUHSC, for editing our manuscript. This research
was performed as a project of the Intestinal Stem Cell Consortium, a collaborative research project funded by
the National Institute of Diabetes and Digestive and Kidney Diseases and the National Institute of Allergy and
Infectious Diseases (NIH U01 DK-085508 to CWH), and a Veterans’ Affairs Merit Award.

Author Contributions

P.C. was responsible for conception and design, collection and/or assembly of data, data analysis and
interpretation, and manuscript writing; R.M. performed the IHC and analyzed the IHC data; N.W. and D.Q.
generated and maintained mouse models and analyzed the data; W.B. performed lentivirus generation; S.S.
performed irradiation and analyzed data; N.A. analyzed the data; C.R., M.H. and M.B. analyzed and evaluated
IHC and PCR data; and C.H. supervised the project, interpreted results, and assisted in writing the manuscript.
All authors discussed results, analyzed data, and edited the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

SCIENTIFICREPORTS | 6:37667 | DOI: 10.1038/srep37667 17


http://www.nature.com/srep

www.nature.com/scientificreports/

Competing financial interests: C.W. Houchen is a founder of COARE Biotechnology, Inc. The other authors
declare no competing financial interests.

How to cite this article: Chandrakesan, P. et al. Intestinal tuft cells regulate the ATM mediated DNA Damage
response via Dclkl dependent mechanism for crypt restitution following radiation injury. Sci. Rep. 6, 37667;
doi: 10.1038/srep37667 (2016).

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

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:37667 | DOI: 10.1038/srep37667 18


http://creativecommons.org/licenses/by/4.0/

	Intestinal tuft cells regulate the ATM mediated DNA Damage response via Dclk1 dependent mechanism for crypt restitution fol ...
	Results

	Intestinal epithelial-specific Dclk1 knockout exhibits intestinal crypt hypoplasia and impaired expression of putative stem ...
	Deficiency in the stemness of VillinCreDclk1f/f mice after TBI-induced injury. 
	Defects in intestinal epithelial barrier function in VillinCreDclk1f/f mice 24 h after TBI-induced injury. 
	Increased apoptosis and decreased cell proliferation in VillinCreDclk1f/f mice post-TBI. 
	Dclk1 regulates DNA damage response (DDR) and maintains genomic integrity in IECs. 
	VillinCreDclk1f/f mice exhibit impaired intestinal epithelial renewal, epithelial permeability, and survival 84 h post-TBI. ...
	Dclk1 regulates ATM mediated DDR in response to irradiation injury in vitro. 
	Dclk1 regulates COX2 signaling and PGE2 expression in response to irradiation injury in vitro. 

	Discussion

	Materials and Methods

	Mice. 
	Generation of VillinCreDclk1flox/flox Mice. 
	Epithelial Crypt Isolation. 
	Clonogenic Assay. 
	RNA Isolation and Real-time RT-PCR. 
	Immunoprecipitation and Western Blot Analysis. 
	Photo-cross-linking Label Transfer Assays. 
	Lentiviral Constructs and Lentivirus Production. 
	Colony Formation Assay. 
	DNA Fragmentation Assay. 
	Immunohistochemistry. 
	Brightfield. 
	Fluorescence. 
	Image Acquisition. 
	PGE2 Measurement. 
	Antibodies. 
	Statistical Analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Intestine-specific Dclk1-KO mice exhibit intestinal crypt epithelial hypoplasia and impaired stem cell population 24 h post-TBI.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Dclk1 expressing tuft cells are required to enhance crypt epithelial stemness 24 h post-TBI.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ COX2 signaling requires Dclk1 expression in the intestinal epithelial tuft cells after injury.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Dclk1 deficiency in tuft cells results in defective epithelial barrier and survival 24 h post-TBI.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Dclk1 regulates DDR by activating the ATM pathway, and maintains IECs DNA integrity 24 h post-TBI.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Dclk1 KO mice exhibit impaired intestinal epithelial self-renewal and epithelial barrier function 84 h post-TBI.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Dclk1 regulates ATM mediated intestinal epithelial DDR 84 h post-TBI.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ ATM activation depends on Dclk1 expression and interaction to maintain DNA integrity and cell survival.
	﻿Figure 9﻿﻿.﻿﻿ ﻿ Tuft cells require Dclk1 expression to mediate its paracrine function.



 
    
       
          application/pdf
          
             
                Intestinal tuft cells regulate the ATM mediated DNA Damage response via Dclk1 dependent mechanism for crypt restitution following radiation injury
            
         
          
             
                srep ,  (2016). doi:10.1038/srep37667
            
         
          
             
                Parthasarathy Chandrakesan
                Randal May
                Nathaniel Weygant
                Dongfeng Qu
                William L. Berry
                Sripathi M. Sureban
                Naushad Ali
                Chinthalapally Rao
                Mark Huycke
                Michael S. Bronze
                Courtney W. Houchen
            
         
          doi:10.1038/srep37667
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep37667
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep37667
            
         
      
       
          
          
          
             
                doi:10.1038/srep37667
            
         
          
             
                srep ,  (2016). doi:10.1038/srep37667
            
         
          
          
      
       
       
          True
      
   




