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SUMMARY

Intestinal stem cells are required for proliferation, differ-
entiation, and regeneration of the intestinal epithelium.

Kriippel-like factor 5 regulates intestinal stem cells in both
physiologic and pathological conditions and may be a
treatment target in certain diseases of the intestine.

BACKGROUND & AIMS: Self-renewal and multipotent differ-
entiation are cardinal properties of intestinal stem cells (ISCs),
mediated in part by WNT and NOTCH signaling. Although these
pathways are well characterized, the molecular mechanisms
that control the ‘stemness’ of ISCs are still not well defined.
Here, we investigated the role of Kriippel-like factor 5 (KLF5) in
regulating ISC functions.

METHODS: We performed studies in adult Lgr5ZCrP-/RES-creERTZ,
RosaZ6LSLthomato (LgrSCtrl) and LgFSEGFP IRES-creERT2 Klfsﬂ/ﬂ
RosazetsttdTomato (1 qr5AK5) pmjce, Mice were injected with
tamoxifen to activate Cre recombinase, which deletes Kif5 from the
intestinal epithelium in Lgr54/® but not Lgr5“™ mice. In experi-
ments involving irradiation, mice were subjected to 12 Gy total
body irradiation (TBI). Tissues were collected for immunofluo-
rescence (IF) analysis and next generation sequencing. Oganoids

were derived from fluoresecence activated cell sorted- (FACS-)
single cells from tamoxifen-treated Lgr52“” or Lgr5“™ mice and

examined by immunofluorescence stain.

RESULTS: Lgr5* ISCs lacking KLF5 proliferate faster than control
ISCs but fail to self-renew, resulting in a depleted ISC compartment.
Transcriptome analysis revealed that KIf5-null Lgr5™ cells lose ISC
identity and prematurely differentiate. Following irradiation
injury, which depletes Lgr5" ISCs, reserve Kif5-null progenitor cells
fail to dedifferentiate and regenerate the epithelium. Absence of
KLF5 inactivates numerous selected enhancer elements and direct
transcriptional targets including canonical WNT- and NOTCH-
responsive genes. Analysis of human intestinal tissues showed
increased levels of KLF5 in the regenerating epithelium as
compared to those of healthy controls.

CONCLUSION: We conclude that ISC self-renewal, lineage
specification, and precursor dedifferentiation require KLF5, by
its ability to regulate epigenetic and transcriptional activities of
ISC-specific gene sets. These findings have the potential for
modulating ISC functions by targeting KLF5 in the intestinal
epithelium. (Cell Mol Gastroenterol Hepatol 2020;9:587-609;
https://doi.org/10.1016/j.jcmgh.2019.11.009)

Keywords: Intestinal Stem Cell; Multipotent Differentiation;
Tissue Regeneration; Epigenetic Regulation.
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he intestinal epithelium is replenished every 3-5

days and is driven by Lgr5" intestinal stem cells
(ISCs) at the crypt bottom." Stemness encompasses both
self-renewal and multipotent differentiation, which must be
carefully balanced to maintain a stable ISC pool while
continuously supplying differentiated cells in the villi. ISCs
divide stochastically and symmetrically, following “neutral
drift” dynamics.>® When ISCs are depleted by gamma irra-
diation or other injuries, multiple crypt cell types dediffer-
entiate to replace them, revealing significant tissue
plasticity.‘*’8 Both WNT and NOTCH signaling pathways are
necessary for maintaining ISC stemness,” *? but the mech-
anisms by which they influence ISC division and differenti-
ation are not well defined at this time.

Kriippel-like zinc-finger transcription factor (TF) KLF5 is
expressed in both ISCs and transit-amplifying (TA)*"'° cells
and regulates epithelial proliferation, differentiation, and
development."*'® Conditional KIf5 deletion from the entire
mouse intestinal epithelium, using Villin-Cre as a driver,
impairs epithelial cell proliferation.’” *° Previous studies in
Lgr5EGFPIRES creERTZ i ce indicated that KLFS is important for
crypt cell survival,">*° but could not distinguish its require-
ment between ISCs and TA cells. Consequently, KLF5’s ability
to regulate ISC stemness, its transcriptional targets, and
possible links to WNT and NOTCH signaling remain unde-
fined. In addition, whether epigenetic modifications such as
covalent histone marks are regulated by KLF5 in ISCs has not
been examined. In the current study, we hypothesize that
KLF5 is critical for the maintenance of ISC identity and
functions through transcriptional and epigenetic regulation.

To determine KLF5’s functions in ISCs, we investigated
L r5EGFP-IRES-creERTZ;ROSHZ6LSLthomato (Lgr5Ctr1) and
Lgr5ECPP-IRES-CreERT2 ey oofl/fl p g p gl-SLed Tomato (Lgr52Ks)
mice following tamoxifen-induced activation of Cre recom-
binase. Surprisingly, absence of KLF5 increased ISC prolif-
eration and induced premature enterocyte differentiation,
with attendant loss of ISC identity. KLF5 is also required for
the regeneration of the intestinal epithelium in response to
radiation injury. Global gene analyses revealed a role of
KLF5 in controlling both epigenetic and transcriptional ac-
tivities of ISC-specific gene sets, including selected key ele-
ments related to WNT and NOTCH signaling. These findings
identify a novel molecular mechanism by which a tissue-
restricted TF maintains ISC identity and functions.

Results
KLF5 Deficiency Accelerates ISC Proliferation,
Inhibits Self-Renewal, and Impairs Crypt Cell
Dedifferentiation

To investigate the role of KLF5 in regulating ISC self-
renewal and maintenance, we injected Lgr5’ and
Lgr5"5 mice with tamoxifen for 5 consecutive days to
activate Cre recombinase and 5-ethynyl-2’-deoxyuridine
(EdU) to selectively label cells in S-phase (Figure 14). In
Lgr5¢™ mice or Lgr54%/®* mice before tamoxifen adminis-
tration, KLF5 is expressed in both ISCs (Figure 1B, magenta
arrowheads) and the TA zone of progenitor cells (Figure 1B,
yellow brackets). Over a 12-day period following the initial
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tamoxifen treatment, the crypts of Lgr54%”> mice showed a

progressive loss of Lgr55¢** [SCs (Figures 1B and 1€) and
reduced expansion of EQUTRFP™ crypt cells (Figures 1D and
1E) when compared with control mice. Using a 3-hour EdU
pulse treatment, we found at all studied time points that
approximately 20% of Lgr5" cells were in S-phase in
Lgr5“" mice (Figures 24 and 2B). In contrast, between 2
and 5 days after KIf5 deletion, up to 35% of Lgr5™ cells
incorporated EdU (Figures 24 and 2B). This difference in
cell proliferation between Lgr5¢"" and Lgr54%"® mice was no
longer apparent after day 9, possibly because the number of
Lgr5" cells was significantly reduced (Figure 1C) and
replaced by KLF5-expressing Lgr5°¢F°* cells that had
escaped Cre recombination (Figure 2C).

As increased EdU incorporation in Lgr5™ cells upon loss
of KLF5 implies a faster rate of ISC proliferation, we traced
the fate of ISC division after 3-hour and 24-hour EdU pulse
treatments. In Lgr5m1 mice, the fraction of EdU-labeled
Lgr5™ ISCs increased from 18.4 + 0.6% at 3 hours to 31.1
+ 2.4% at 24 hours (Figures 2D and 2E, yellow arrow-
heads), providing evidence for self-renewal. This is
confirmed by the significantly higher number of RFP* pro-
genitors within the crypts, from day 2 to 5, in Lgr5“" mice
(Figure 1F). In contrast, the proportion of EdU-labeled
Lgr5' cells in Lgr5?%" mice decreased from 35.7 + 3.4% at
3 hours to 179 + 1.6% at 24 hours (Figures 2D and 2E),
suggesting that self-renewal of ISCs is impaired, which leads to
reduced numbers of Lgr5" ISCs from the crypt base. These
findings indicate that absence of KLF5 accelerates ISC division
and reduces self-renewal, leading to ISC exhaustion. Impor-
tantly, these ISC functions contrast with those in crypts at
large, where absence of KLF5 impairs cell replication.">"%2°

Although Kif5-deleted ISCs proliferate faster, generation
of the lineage was stunted during the first 12 days, as evi-
denced by the scarcity of RFP" cells within villi compared
with Lgr5¢" mice (Figure 2F). Crypt cells, which predomi-
nantly drive tissue renewal, showed reduced EdU incorpo-
ration after KIf5 deletion (Figures 1D and 1FE). Whereas
RFP* cells replaced most crypt cells in Lgr5"’ mice by day
5, lineage tracing by Kif5-deleted RFP" cells was slower
(Figures 1D and 1F). However, the total number of crypt
cells from day 2 to 12 was similar between Lgr5“"' and
Lgr5#%"* mice (Figure 1G).

Abbreviations used in this paper: ASCL2, achaete-scute family bHLH
transcription factor 2; ChIP-seq, chromatin immunoprecipitation assay
with sequencing; EdU, 5-ethynyl-2'-deoxyuridine; EGFP, enhanced
green fluorescent protein; GSEA, gene set enrichment analysis; H&E,
hematoxylin and eosin; IGV, Integrative Genomics Viewer; ISC, intes-
tinal stem cell; IRR, irradiation; KLF5, Kriippel-like factor 5; LGR5,
leucine rich repeat containing G protein-coupled receptor 5; RFP, red
fluorescent protein; RNA-seq, RNA sequencing; RT-gqPCR, reverse
transcriptase quantitative polymerase chain reaction; TA, transit
amplifying; TF, transcription factor; TSS, transcription start site;
TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick-end labeling.
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To determine long-term effects of KLF5 loss on the tissue
lineage, we traced GFP' and RFP™ cells for 19, 33, and 61
days following tamoxifen treatment. KIf5-null RFP* crypts
were rapidly depleted (Figures 3A and 3B) and the few
residual crypts at day 61 were diminutive and devoid of
Lgr55¢FP* ISCs (Figure 34, yellow arrowheads). KLF5-
expressing RFPLgr55P* cells appeared in Lgr54%"® mice
starting at day 12 (Figure 34, magenta arrowheads; and
Figure 3C [such cells were infrequent in Lgr5"’ mice]).
Furthermore, residual KIf5-null RFP* crypts continued to
incorporate EAU (Figure 3D) and terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick-end
labeling (TUNEL) staining revealed absence of apoptosis
(Figure 3E). Together, these findings imply that crypt loss
resulted from impaired ISC self-renewal and impaired
ability of KiIf5-null progenitors to dedifferentiate in response
to ISC attrition.

KLF5 Is Required for ISC Clonal Expansion

To test the ability of ISCs to expand clonally in 3D
enteroid cultures in the absence of KLF5, we isolated
Lgr5ESFPh cells from Lgr5© and Lgr5%”® mice (Figures 44
and 4B). We did so on day 5 after tamoxifen treatment, based
on the high recombination efficiency and strong in vivo
phenotypes evident at this time (Figures 1 and 2). Approxi-
mately 1% of control Lgr55FF cells formed enteroids by
day 6, while Kif5-null cells expanded briefly but failed to form
typical, mature enteroids (Figures 4C, 4D, and 4E). A majority
of KIf5-deleted cells incorporated EdU on the second day of
ex vivo culture, and the average number of nuclei was higher
than in control cultures (Figures 4F and 4G), but EdU
incorporation ceased by day 6 (Figure 4F). Moreover,
staining with CC3 on day 8 of culture showed absence of
apoptosis in the arrested enteroids derived from Lgr54€/®
cells (Figure 4H). These data confirm that KIf5 deletion
initially accelerates ISC proliferation, but the cells subse-
quently fail at clonal expansion.

KLF5 Deficiency Results in Premature ISC
Differentiation

To define the transcriptional impact of KIf5 loss in Lgr5™"
ISCs, we profiled the transcriptomes of Lgr55¢F*" cells iso-
lated from Lgr5" and Lgr54%”® mice and observed differ-
ences in 2209 protein-coding genes (log; fold-change
>|1.5|; 1064 upregulated; 1145 downregulated) at a false
discovery rate <.05 (Supplementary Table S1). Control and
mutant cells clustered distinctly (Figures 54 and 5B), and by
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Gene Ontology analysis, genes upregulated in KIf5-null cells
display metabolic functions associated with villus differen-
tiation,”"** whereas downregulated genes exhibit functions
related to development and differentiation (Figure 5C). To
characterize these changes further, we performed gene set
enrichment analysis (GSEA) on the full dataset against ISC
signature®® and villus-enriched”* genes. KIf5-null ISCs were
depleted of ISC signature genes, such as Lgr5, Olfm4, Ascl2,
and Smoc2 (Figure 5D), and enriched for genes that are
highly expressed in villus cells, such as Fabp1, FabpZ2, Regl,
and Krt20 (Figure 5E). Reverse transcriptase quantitative
polymerase chain reaction (RT-qPCR) analysis of selected
RNA sequencing (RNA-seq) findings confirmed elevation of
enterocyte transcript levels in KIf5-null ISCs, such as Fabp1,
Fabp2, and Regl (Figures 6A and 6B). RT-gPCR on
Lgr5EFP progenitors showed significant reduction of
secretory lineage-specific genes Atohl, Muc2, and Chga,
whereas enterocyte markers Fabp2 and Regl were signifi-
cantly increased over control cells (Figure 6C). Furthermore,
the few KIf5-deleted enteroids contained VIL1-expressing,
but lacked MUC2™", CHGA™, and LYZ™, cells (Figures 6D and
6E). Together, these findings indicate that loss of KLF5 in
Lgr55¢FPT cells results in loss of the ISC transcriptional
signature, with premature enterocyte-biased differentiation,
revealing a cardinal role for KLF5 in determining ISC
“stemness.”

KLF5 Maintains H3K27ac at Genomic Loci
Associated With ISC Gene Expression

TFs occupy their target gene promoters and enhancers
marked by active histone marks, such as H3K27ac.”*® To
identify KLF5-dependent cis-elements that may underlie the
transcriptional response to KLF5 loss, we used chromatin
immunoprecipitation followed by sequencing (ChIP-seq) to
assess genome-wide H3K27ac distributions in KIf5-null ISCs.
Compared with Lgr5¢" ISCs, duplicate samples of Lgr54K/
ISCs showed 1,286 regions of reduced and 362 sites with
increased H3K27ac (fold-change >1.7, P < .01, identified by
diffReps) (Figures 74 and 7B).”” Compared with transcrip-
tion start sites (TSSs) (promoters), many more distant re-
gions lost H3K27ac in Lgr54¥" 1SCs (Figure 7C). Affected
distant regions, such as those in the Sfrp5, Prelp, and
Stégalnacl loci (Figures 7A and 7D), had accessible chro-
matin®®*? in control ISCs (Figure 7C) (GSE83394) and were
significantly associated with genes having reduced expres-
sion in Lgr54%”° I1SCs (Figure 84), indicating that they are
bona fide cis-elements. Moreover, the TF-binding sequence

Figure 1. (See previous page). KLF5 is required for intestinal stem cell self-renewal. (A) Scheme of the experimental plan.
Eight- to 12-week-old Lgr5“" and Lgr54K™ mice were injected with tamoxifen for 5 consecutive days and sacrificed at 0, 2, 5,
9, 12,19, 33, or 61 days after the first injection. Mice were injected with EAU 3 or 24 hours before sacrifice. LgrSEGFPh' cells
were FACS-isolated for 3-dimensional enteroid culture, RNA-seq, and ChlP-seq at day 5. )52 Representative immunofluo-
rescence images of EGFP, RFP, KLF5, and DAPI in the PSI crypts of Lgr5" and Lgr54%"™ mice. KLF5 expression was
observed in Lgr5E¢™1 cells at the base of the crypts (magenta arrowheads), as well as cells in the TA zone (yellow brackets).
Scale bars represent 20 um. (C) Quantification of average number of LgrS GFPhi cells Per crypt. (D) Representative immuno-
fluorescence images of RFP, KLF5, EdU, and DAPI of PSI crypts of Lgr5°™ and Lgr54K™ mice. Mice were treated with 3 hours
EdU pulse. Scale bar represents 20 um. (E-G) Quantification of (E) EdU-incorporated RFP*, (F) an average number of RFP™,
and (G) total cells per crypt. Data are expressed as mean + SD, 20 crypts quantified per mouse (E-G), n = 3-5 mice per group.
*P < .05, P < .01 by linear mixed regression models.
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Figure 3. KLF5 is required for long-term intestinal stem cell survival. (A) Representative immunofluorescence images of
EGFP, RFP, KLF5, and DAPI of PSI crypts of Lgr5°"" and Lgr54K™ mice scarified at day 19, 33, or 61. Yellow arrowheads mark
RFP* crypts. Magenta arrowheads mark crypts with non-RFP, Lgr55®7"" cells. Scale bar represents 20 um. (B, C) Quanti-
fication of the percentage of (B) RFP™ crypts and (C) crypts with non-RFP, Lgr55¢FP cells of Lgr5°™ and Lgr54%"™ mice at
5,12, 19, 33, and 61 days. Data are expressed as mean + SD, n = 3-6 mice per group. *P < .05 by Mann-Whitney U test. $D, E)
Representative immunofluorescence images of RFP, KLF5, DAPI, and (D) EdU or (E) TUNEL of PSI crypts of LgrSC” and
Lgr5K™ mice injected with 3 hours EdU pulse treatment at day 19. Scale bar represents 20 um.

of the TSS

site  within 50 kb

most enriched in these regions corresponds to the KLF
binding motif (Figure 8B), which implies that KLF5 occu-
pancy at these sites underlies enhancer activity. Further-
more, 31.8% of downregulated genes (¢ < .05) had a

H3K27ac-depleted
(Figure 8C). In contrast, the many fewer sites (346 en-
hancers and 16 promoters) that acquired H3K27ac lacked
association with upregulated genes (data not shown). Even

Figure 2. (See previous page). KLF5 regulates proliferation of intestinal stem cells. (A) Representative immunofluores-
cence (IF) images of EGFP, EdU, KLF5, and DAPI of PSI crypts after 3 hours EdU pulse treatment at day 0, 2, 5, 9, and 12 after
tamoxifen injections. Scale bar represents 20 um. (B, C) Quantification of percent (B) EdU-incorporated or (C) KLF5-expressing
Lgr5EGFF>+ cells. (D) Representative IF images of EGFP, EdU, KLF5, and DAPI of the PSI crypts after 3 or 24 hours of pulse EdU
treatment at day 5. EGFPTEdU™" cells are marked with yellow arrowheads. Scale bars represent 20 um. (E) Quantification of
percent of EdU-incorporated Lgr557F+ cells. (F) Representative IF images of EGFP, RFP, KLF5, and DAPI of PSI crypt-villus
axis of Lgr5°" and Lgr54K'™ mice at 5, 9, and 12 days after the first tamoxifen injection. Scale bar represents 50 um. Data are
represented as mean + SD, 250 cells quantified per mouse, n = 4-5 mice per group. *P < .05 by Mann-Whitney U test.
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in (E) villus cells (GSE71713) are enriched in Kif5-deleted Lgr55SFP" cells. FDR, false discovery rate; NES, normalized
enrichment score.

by a more stringent cut-off (fold-change >2), enhancers
with reduced H3K27ac in Lgr54%”® 1SCs were significantly
enriched for the KLF motif (Figure 8D). Together, these data
indicate that KLF5 primarily activates genes through distant

enhancers and that increases in gene expression are likely
secondary effects unrelated to KLF5 binding.

ISC self-renewal depends on WNT and NOTCH
signaling,®” and integrative analysis of reduced messenger
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Figure 6. KLF5 is required to preserve the intestinal stem cell transcri tome of Lgr55%FP* cells to prevent premature
differentiation. (4, B) RT-gPCR analysis of genes in FACS-isolated Lgr5EG Phi cells from Lgr5©™ and Lgr54K"™ mice. Data are
represented as mean + SD, n = 4-6, *P < .05, *P < .01 by Mann- Wh|tney U test. (C) RT-gPCR analysis of genes in FACS-
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RNA and H3K27ac in Lgr5“"> 1SCs implicated KLF5 in NOTCH pathway (Figure 94) and BETA analysis,*’ inde-
regulation of selected genes in both pathways. Genes pendently revealed loss of H3K27ac within 50 kb of certain
reduced in expression were enriched by GSEA for the NOTCH pathway genes, including Lfng, Hes5, and DIi4,
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where coordinate losses of H3K27ac and messenger RNA in control Lgr5" ISCs and reduced in Kif5-deleted ISCs
were evident (Figures 94 and 9B). Similarly, genes activated  (Figure 9C). Of note, H3K27ac losses occurred only at a
by WNT signaling (8-catenin accumulation)®” were enriched  subset of WNT target genes: diminished H3K27ac levels and
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Figure 8. Depletion of H3K27ac associates with downregulated gene expression upon loss of KIf5. (A) BETA (binding and
expression target analysis)®' reveals a strong association of DOWN promoters and enhancers with downregulated genes in
Lgr54K™® within +50 kb of TSS. These regions do not associate with upregulated genes.?* Plot depicts the cumulative reg-
ulatory potential score, dashed line represents the background, and p-values denote the significance of UP or DOWN as-
sociations relative to the background. (B) Downregulated regions are significantly enriched for KLF5 motif as predicted by
HOMER motif analysis. (C) Approximately 32% of all downregulated genes (@ < .05) show diminished H3K27ac levels at
promoters and enhancers as derived from BETA. Left pie chart shows the fractions of up- or downregulated genes (g < .05) in
Lgr5K™_ The right pie chart represents the fractions of downregulated genes associated with a loss (shades of red) or no
change (gray slice) in H3K27ac. (D) Genome-wide differential H3K27ac analysis by diffReps as in Figure 7A. Fold-change (FC)
is depicted by shades of gray (light gray FC <2, dark gray FC >2), red dots mark promoters. Downregulated regions are most
enriched for EKLF motif as predicted by HOMER motif analysis.

significantly reduced messenger RNA were particularly
apparent at Ascl2, a WNT target gene and ISC marker known
to maintain the ISC compartment (Figure 9D).** To verify
the presumptive role of KLF5 in Ascl2? transcriptional con-
trol, we coexpressed a luciferase reporter construct carrying
~1.4 kb of upstream Ascl2 sequence (Figure 9E) with a
pMT3-KLF5 expression vector in RKO colorectal cancer

cells, which express negligible KLF5 levels. Compared with
an empty pMT3 vector, forced KLF5 expression increased
luciferase activity significantly (Figure 9E), confirming the
prediction that KLF5 activates Ascl2. Furthermore, JASPAR
CORE 2018 vertebrate®* identified potential KLF5 binding
sites in the 1.4-kb region upstream of Ascl2 (P < .001)
(Figure 9E) and ChIP-qPCR with KLF5 antibody showed

Figure 7. (See previous page). Loss of KIf5 in intestinal stem cells leads to depletion of H3K27ac at genomic loci. (A)
Genome-wide differential H3K27ac analysis®’ reveals up- and downregulated regions in Lgr54K™. Volcano plot shows all
regions achieving P < .01 with fold-change (FC) depicted by shades of gray (light gray FC <1.7, dark gray FC >1.7); red dots
mark promoters. Representative IGV tracks for H3K27ac?® and ATAC-seq (blue) at Sfip5 in Lgr5C™ and Lgr54K™ or Lgr5€"
ISCs, respectively. The shaded boxes mark regions of H3K27ac loss at promoter and putative enhancers. (B) Scatter plots
show correlation between duplicate Lgr5°" or Lgr54K® H3K27ac ChlP-seq samples. r is the Pearson correlation coefficient.
(C) Heatmaps represent ATAC-seq (in LgrSC”’ ISCs; GSE83394) and H3K27ac at 1030 down and 346 upregulated enhancers in
Lgr54K™ compared with control ISCs (FC >1.7, P < .01). H3K27ac at 256 and 16 down and upregulated promoters,
respectively, in Lgr5‘“<”5 is depicted to the right. Aggregate plots show average signal intensities at enhancers (left) and
promoters depleted for H3K27ac in Lgr54¥™. (D) Representative IGV tracks for H3K27ac ChlP-seq,?® ATAC-seq (blue), and
RNA-seq (purple) at Prelp and St6galnac1 loci. The shaded regions depict loss of H3K27ac at promoters or enhancers.
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enrichment in control Lgr5™ ISCs but not in KIf5-null ISCs or
in ChIP assays using an isotype control antibody
(Figure 9E). Thus, the hundreds of KLF5-dependent cis-el-
ements include the ISC-restricted Ascl2 promoter. As KLF5-
dependent loss of H3K27ac associates particularly well with
downregulated genes, including those related to NOTCH and
WNT signaling, KLF5 activity upstream of selected genes in
these pathways is likely responsible for maintaining ISC
identity and self-renewal.

KLF5 Is Required for the Regenerative Response
After Irradiation Injury

Intestinal epithelial regeneration following 12-Gy
y-irradiation injury in mice can be divided into 3 phases:
apoptosis (0-48 hours), regeneration (72-96 hours), and
normalization (after 96 hours).* Multiple crypt cells pop-
ulations are capable of dedifferentiating into ISC during the
regenerative phase.””?°° To determine this capacity in
KIf5-deleted crypt cells, we treated Lgr5“ and Lgr54%”> mice
with 12-Gy whole-body vy-irradiation (Figure 104). During
the apoptotic phase, KIf5-deleted RFP' crypt cells were
consistently fewer in Lgr54*”> mice compared with Lgr5¢"’
mice (Figures 10B and 10C), which may be due to lower EdU
incorporation by KIf5-deleted RFP* crypt cells (Figures 10B
and 10D). Furthermore, Kif5-deleted RFP" TA cells were
more sensitive to apoptosis immediately after irradiation
injury (Figures 114 and 11B). Ninety-six hours after irradi-
ation, robust crypt regeneration was apparent in both Lgr5"
and Lgr54%”® mice, with the majority of cells expressing KLF5
(Figure 11C), but regenerating RFP™ crypts were markedly
reduced in Lgr5¥” mice in the setting of early apoptosis and
decreased proliferation (Figures 11C and 11D). Lgr5" ISCs
appeared within regenerated RFP™ crypts 7 days after irra-
diation in LgrSCm mice, which demonstrates dedifferentia-
tion of RFP™ precursors to ISCs (Figure 11E). Additionally, we
performed hematoxylin and eosin (H&E) and KLF5 immu-
nohistochemistry analysis of colonic or intestinal tissues
obtained from control group (Figures 12A-F) and patients
who underwent radiation treatments with a pathological
diagnosis of radiation colitis or enteritis (Figures 12G-L). We
observed that in control tissues KLF5 stain is limited to the 2/
3 of the crypts while in tissues after irradiation KLF5
expression extends to the upper section of the crypts and to
the surface of the colonic or intestinal epithelium. Collec-
tively, these data indicate that KLF5 is required for crypt cells
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to dedifferentiate and regenerate the intestinal epithelium
following radiation injury.

Discussion

We report that KLF5 controls ISC proliferation and
stemness, preventing their premature differentiation along
the enterocyte lineage. Because previous studies implicate
KLF5 in promoting intestinal epithelial cell prolifera-
tion,"™'®*? the increased proliferation of KIf5-null ISC is an
unexpected finding. Accelerated proliferation results in
upward migration of EdU-labelled KiIf5-null progenitors and
ultimately ISCs exhaustion from the crypt bottom. Inter-
estingly, the initial burst of proliferation of Kif5-null cells is
not maintained in the TA zone, supporting the notion that
KLF5 has a precursor-specific function as a pro-
proliferative factor. A recent study suggested that WNT
signaling suppression induces conversion of ISCs into TA
cells, resulting in accelerated proliferation.”” Based on
transcriptome profile of KIf5-null ISCs that showed reduc-
tion of WNT target genes, we speculate that KIf5-null ISCs
undergo premature differentiation to rapidly-cycling
enterocyte precursors via suppression of WNT signaling
pathway. However it remains possible that Kif5-null ISCs
spontaneously lose Lgr5 expression, thus further contrib-
uting to loss of ISCs.

Moreover, KLF5 is expressed in the majority of crypt
cells, which have shown to contribute to tissue regeneration
postinjury,”* and we find that this regenerative capacity is
abrogated in the absence of KLF5. Since KLF5 is required to
maintain the proliferative capacity of these cells, it may also
be required for proliferation and dedifferentiation during
regeneration. Recent studies have suggested that activated
NOTCH signaling stimulates Paneth cell plasticity during
injury-induced regeneration.”>** While KLF5 is not
expressed in Paneth cells during homeostasis, the majority
of cells within regenerative crypts express KLF5, indicating
that KLF5 remains a critical player in the regenerative
response. Furthermore, this response may be facilitated via
KLF5-mediated NOTCH signaling regulation in other
precursors.

Accessible chromatin and active histone modifications,
such as H3K27ac, mark TF-bound cis-elements that control
cell-specific genes. KLF5-dependent genes were strongly
correlated with KLF5-dependent enhancers enriched for the
cognate binding motif, indicating that at least part of KLF5's

Figure 9. (See previous page). H3K27ac-depleted regions enrich for NOTCH and WNT signaling pathway genes.
(A) GSEA shows enrichment of NOTCH pathway genes in control Lgr5-EGFP™ cells. Representative tracks for ChlP-seq,?®
ATAC-seq (blue), and RNA-seq (purpl%) at Lfng locus show loss of H3K27ac and expression in Lgr5"K’f5. (B) Representa-
tive IGV tracks for H3K27ac ChlIP-seq,”® ATAC-seq (blue) and RNA-seq (purple) at NOTCH pathway genes Hes5 and DI/4. The
gray shaded box marks promoters and regions of H3K27ac loss at putative enhancers. (C) WNT-CTNNB1 signaling genes are
enriched in Lgr5ESFP cells as shown by GSEA. (D) IGV tracks for H3K27ac ChIP-seq,?® ATAC-seq (blue) and RNA-seq (purple)
at Ascl2 locus show loss of H3K27ac and expression in Lgr5“K’f5. (E) Schematic represents ~ 1.4-kb region upstream of Ascl2
TSS marked with potential KLF5 binding sites (orange vertical lines), ChlIP-gPCR primer locations (blue horizontal line), and the
length of luciferase promoter assay constructs. Luciferase assay in RKO cells showed significant increase in the promoter
activity with overexpression of KLF5. EV, emp’g/ vector. Data are represented as mean + SD, n = 8, ™ P < .01 by Mann-
Whitney U test. ChIP-gPCR for KLF5 in Lgr55¢"" cells from Lgr5“"" mice shows enrichment of KLF5 at the promoter of
Ascl2. Rabbit IgG and Lgr55¢FPN cells from Lgr54K™ mice were used as negative control.
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Figure 10.Loss of KLF5 in intestinal stem cells and progenitors impairs the regenerative response of intestinal
epithelial cells following y-irradiation injury. (4) Experimental timeline. Lgr5°"" and Lgr54K™ mice were injected with
tamoxifen for 5 consecutive days and irradiated with 12-Gy vy-irradiation. (B) Representative immunofluorescence images of
RFP, KLF5, EdU, and DAPI in the PSI crypts of Lgr5°" and Lgr54K"™ mice treated with 3 hours EdU pulse. (C, D) Quantification
of number of RFP™ cells (C) and EdU-incorporated RFP™ cells (D) per crypt. Scale bars represent 20 um. Data are represented
as mean + SD, n = 4-5 mice per group, *P < .05, **P < .01 by (C, D) linear mixed regression models.
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Figure 11. KLF5 controls both short- and long-term regenerative response following radiation injurx. éA) Representative
immunofluorescence (IF) images of TUNEL, RFP, KLF5, and DAPI of the PSI crypts of Lgr5c”’ and Lgr5" " mice 0, 6, 24, 36,
or 48 hours following 12-Gy y-irradiation. (B) Quantification of number of apoptotic RFP™" cells per crypt. Data are repre-
sented as mean + SD, 20 crypts quantified per mouse, n = 3-5 mice per group. *P < .05 by linear mixed regression model.
(C) Representative IF images of EGFP, RFP, KLF5, and DAPI in the PSI crypts of Lgr5°"" and Lgr54X™ mice 4 days after y-
irradiation injury. (D) Quantification of percent regenerating RFP* crypts in PSI of Lgr5°"" and Lgr54K"™ mice at day 4 after -
irradiation injury. Data are represented as mean + SD, n = 4-5 mice per group, *P < .05, *P < .01 by linear-mixed
regression models Mann-Whitney U test. (E) Representative IF images of EGFP, RFP, KLF5, and DAPI of the PSI crypts
of LgrSC"’ mice at day 7 postirradiation. Scale bars represent 20 um.
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mechanism is to maintain TF access and active histone
marks at selected ISC enhancers. Among the panoply of
bona fide target genes, KLF5-dependent enhancers control
selected genes in the WNT and NOTCH pathways. KLF5 thus
maintains stem cell homeostasis in part by preserving cis-
regulatory elements upstream of these ISC signals, which
may be also required in the dedifferentiation process post-
injury. In contrast, genes that gain expression in Kif5-null
ISCs are mature villus genes associated with enhancers that
lack KLF5 motif enrichment, and these are likely not direct
transcriptional targets. Furthermore, we observed that KIf5-
null ISCs fail to produce secretory lineages in the context of
reduction of NOTCH signaling and WNT target genes in ISCs.
As we observed a reduction in Atoh1 expression while Hes1
expression did not change in Lgr55¢F™° cells, it is possible
that KLF5 has unique functions in precursors and would be
of interest to explore its potential role in lineage determi-
nation of precursors.

In summary, our study has shown that KLF5 is required
for ISC identity and functions through preserving cis-
regulatory elements of ISC genes to regulate transcription,
and is required in tissue regeneration postinjury and
dedifferentiation of precursors into ISCs.

Materials and Methods
All authors had access to the study data and had
reviewed and approved the final manuscript.

Mice

Klf5ﬂ/ﬂ,44 Lgr5EGFP-lRES-creERT2,4S and Rosa26LSLth0mato46
mice were described previously and Lgr5ZC¢FF-/REScreERT2
and Rosa26"5ttT°mato mice were obtained from the Jackson
Laboratory (Bar Harbor, ME). Lgr5‘" and Lgr54¥"> mice
were generated by cross-breeding. Animal studies were
carried out in accordance with the Animal Research:
Reporting In Vivo Experiments guidelines and were
approved by the Stony Brook University Institutional Ani-
mal Care and Use Committee. Animals were kept on ad
libitum normal chow and water. Female and male of mice at
8-12 weeks of age were used in this study. Animals were
treated and sacrificed during the light cycle hours. To induce
recombination, mice were injected intraperitoneally with
tamoxifen dissolved in corn oil (10 mg/mL) (Sigma-Aldrich,
St. Louis, MO) at 1 mg per injection for 2 or 5 days. Mice
were sacrificed at 0, 2, 5, 9, 12, 19, 33, or 61 days after the
initial tamoxifen injection, and small intestines were har-
vested for processing. Before euthanasia at 3 or 24 hours, all
mice were injected with 100 ug of EdU (Santa Cruz
Biotechnology, Dallas, TX) dissolved in 1:5 of DMSO and
H,0. For y-irradiation injury model, mice were exposed to
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total body +y-irradiation on day 5 after tamoxifen treatment
with a dose rate of 0.8 Gy/min for total of 12 Gy. The mice
were sacrificed at 0, 6, 24, 36, 48, 96 hours, and 7 days after -
irradiation, and small intestines were harvested for processing.

Samples From Patients

Surgical specimens of resected colorectal cancer spec-
imen obtained from Stony Brook University and SUNY
Downstate were used in this study. A total of 17 specimens
were processed for H&E and immunohistochemistry. The
protocol for the sample collection has been originally
approved by the Institutional Review Board by the State
University of New York at Stony Brook on October 17, 2014
(CORIHS 2014-2821-F) and qualified for a waiver under the
Federal Law of Department of Health and Human Services
per article 45CFR46.116.d.

H&E Staining

Histology of sections was observed on stained 5-um
sections that were fixed, paraffin embedded, deparaffinized,
and rehydrated, as mentioned previously. Then, they were
stained with Hematoxylin Stain Solution, Gill 3 (Ricca
Chemical Company, Pocomoke City, MD) and Eosin Y
(Sigma-Aldrich). Sections were dehydrated in an increasing
series of ethanol baths (70%, 95%, and 100%), cleared in
xylene, and mounted with Cytoseal XYL xylene-based
mounting media (Thermo Fisher Scientific, Waltham, MA).
The H&E stains were used for histopathological assessment.

Immunofluorescence and Immunohistochemistry
Staining

Tissue fixation and stain was done as described previ-
ously.'” The list of antibodies used in this study is presented
in Table 1.

EdU and TUNEL Staining

EdU-labeled cells were stained using the Click-IT Plus
EdU Imaging kit (Thermo Fisher Scientific) according to the
manufacturer’s protocol. TUNEL staining was performed
according to the manufacturer’s protocol (Sigma-Aldrich).

Cell and Crypt Counting

Countable crypts were selected based on the presence of
3 to 5 Paneth cells at the bottom of the crypt using red
fluorescent protein (RFP) or enhanced green fluorescent
protein (EGFP) immunofluorescent staining. The numbers
were represented as average number of stained cells per
crypt, or percent of stained cells of total number of cells. For
average number of crypt cells, a minimum of 20 crypts were

Figure 12. (See previous page). Increased KLF5 levels in the regions of human intestinal epithelium after radiation injury
as compared with control. Representative images of (A, C, E) H&E and (B, D, F) and insets KLF5 immunohistochemistry stain
from control human intestinal tissues. The control tissues have been characterized as benign/normal with no active disease
(either Crohn’s disease, ulcerative colitis or colon cancer) by a pathologist. (G, /,K) H&E stain of regions of colonic or intestinal
epithelium after radiation treatment, (H, J, L) with insets KLF5 immunohistochemistry stain of regions of colonic or intestinal
epithelium after irradiation. The tissues shown were given the diagnosis of (G, H) radiation colitis, (/, J) radiation enteritis, and

(K, L) radiation colitis. Scale bar = 100 uM.
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Table 1.List of Antibodies Used in the Study

Antibody Source Catalog #
Goat polyclonal anti-KLF5 (used at 1:300) R&D Systems Cat# AF3758
Rabbit polyclonal anti-KLF5 (used at 1:300) Abcam Cat# Ab137676
Chicken polyclonal anti-GFP (used at 1:500) Aves Labs Cat# GFP-1020
Rabbit polyclonal anti-RFP (used at 1:300) Rockland Cat# 600-401-379
Goat polyclonal anti-GFP (used at 1:300) Rockland Cat# 200-101-379
Rabbit polyclonal anti-Cleaved caspase-3 (Used at 1:200) Cell Signaling Cat# 9661
Rabbit polyclonal anti-E-cadherin (Used at 1:200) Cell Signaling Cat# 3195
Rabbit polyclonal anti-Mucin 2 (Used at 1:100) Santa Cruz Biotech. Cat# SC-15334
Rabbit polyclonal anti-Chromogranin A (Used at 1:200) Abcam Cat# 1773-1
Rabbit polyclonal anti-Lysozyme (Used at 1:200) Dako Cat# A0099

Mouse monoclonal anti-Vil1

AF647-conjugated goat polyclonal anti-bovine IgG (Used at 1:300)
Bovine polyclonal anti-goat IgG (Used at 1:300)

Cy3-conjugated donkey polyclonal anti-mouse IgG

Mouse polyclonal anti-rabbit IgG

AF488-conjugated donkey polyclonal anti-chicken

Rabbit 1gG, polyclonal — isotype control

Cat# 610358

Cat# 101-605-003
Cat# 805-005-180
Cat# 715-165-150
Cat# 211-005-109
Cat# 703-545-155
Cat# ab171870

BD Bioscience

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Abcam

counted per mouse for n = 3-4. For percent of EdU-
incorporated cells, a total of 250 cells were counted per
mouse for n = 3.

Cell Isolation for Enteroid Culture

Proximal small intestine was harvested from mice
injected with tamoxifen for 5 consecutive days. Intestinal
epithelial cells were dissociated as previously described.*’
RFPYEGFP" cells were sorted by flow cytometry (BD FAC-
SARIA III; BD Biosciences, San Jose, CA) (Figure 4A4) and
embedded in Matrigel (Corning, Corning, NY). Enteroid
culture medium was prepared using L-WRN cells as previ-
ously described,”® and supplemented with transforming
growth factor ¢ inhibitor A83-01 (500 nM) (Tocris Biosci-
ence, Bristol, United Kingdom) and antibiotic cocktail Pri-
mocin (100 wpg/mL) (Thermo Fisher Scientific). GSK3p3
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 enteroids were imaged using Olympus (Center
Valley, PA) phase contrast microscope. At day 6 of the
enteroid culture, number of enteroids per well were quan-
tified to measure enteroid-forming efficiency.

Enteroid Paraffin Section Preparation

Enteroids were washed with phosphate-buffered saline.
Matrigel from multiple wells was gently scraped and dis-
solved with Cell Recovery Solution (Corning) on an orbital
shaker (250 rpm) at 4°C for 30 minutes. Enteroids were
centrifuged at 300 g for 10 minutes at 4°C, suspended in
HistoGel (Thermo Fisher Scientific), moved to a disposable
base mold, and placed on ice for 10 minutes. Hardened gel
was fixed for 24 hours and processed for paraffin
embedding.

Enteroid Whole-Mount Immunofluorescent
Staining and Nuclei Quantification

Whole-mount immunofluorescent staining was performed
as previously described.”” Three hours before fixation, enter-
oids were treated with 10-uM EdU (Thermo Fisher Scientific).
Images were obtained using Leica Inverted Confocal Sp8
(Leica Microsystems Inc, Buffalo Grove, IL) equipped with a
White Light Laser and a Leica HyD Detector. Number of nuclei
of enteroids at day 2 were quantified using confocal images.

Cell Isolation for Total RNA Analysis

Mice were injected with tamoxifen for 5 consecutive
days. Proximal small intestines were harvested, and cells
were isolated and dissociated as previously described.”*
Lgr55CFPh and Lgr5E¢FPe cells were sorted by flow cytom-
etry (BD FACSARIA III).

RNA Isolation and Gene Expression Analysis by
RT-gPCR

Total RNA was extracted using RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s protocol.
RNase-Free DNase Set (Qiagen) was used to remove DNA.
Total RNA was used for RT-qPCR and RNA-Sequencing. cDNA
was synthesized using the SuperScript VILO cDNA Synthesis
Kit (Thermo Fisher Scientific) according to the manufac-
turer’s protocol. RT-qPCR assay was performed using Taq-
Man Gene Expression Master Mix (Thermo Fisher Scientific)
and QuantStudio 3 qPCR machine (Thermo Fisher Scientific).
List of the primers used in this study is listed in Table 2.

RNA Library Preparation and Sequencing
RNA quality (RNA Integrity Number >7.0) was
measured using Bioanalyzer 2100 (Agilent Technologies,
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Table 2.List of TagMan Primers and ChIP-gPCR Primers Used in the Study

Sequence/TagMan Gene Expression

Primer Primers Catalog Number
KIf5 Cat. #: 4331182; Mm00438890_m1
Lgr5 Cat. #: 4331182; Mm00438905_m1
Ascl2 Cat. #: 4331182; Mm01268891_g1
Olfm4 Cat. #: 4331182; Mm01320260_m1
Smoc2 Cat. #: 4331182; Mm00491553_m1
Msi1 Cat. #: 4331182; Mm01203522_m1
Axin2 Cat. #: 4331182; Mm00443610_m1
Ccnd1 Cat. #: 4331182; Mm00432359_m1
Mki67 Cat. #: 4331182; Mm01278617_m1
Fabp1 Cat. #: 4453320; Mm00444340_m1
Fabp2 Cat. #: 4331182; Mm00433188_m1
Vi1 Cat. #: 4331182; Mm00494146_m1
Atoht Cat. #: 4448892; Mm00476035_s1
Chga Cat. #: 4448892; Mm00514341_m1
Muc2 Cat. #: 4448892; Mm01276696_m1
Lyz1 Cat. #: 4448892; Mm00657323_m1
Reg1 Cat. #: 4448892; Mm00485651_m1
Reg3b Cat. #: 4331182; Mm00440616_g1
Hes1 Cat. #: 4448892; Mm01342805_m1
Alpi Cat. #: 4448892; Mm00476035_s1
Hprt Cat. #: 4448490; Mm03024075_m1

Ascl2 Promoter

F: CTGGGCACCTGTACCCATTTA
R: TCTCTCAGGTCAGGGCAACC

ChIP-gPCR, chromatin immunoprecipitation assay with quantitative polymerase chain reaction.

Santa Clara, CA). Total 500 ng of RNA was used to prepare
RNA-seq libraries. The RNA library was prepared and
sequenced as previously described.”® Quality of the
sequencing data was assessed through multiple metrics,
including number of pass filter reads per sample, base
quality per cycle, percent base content per cycle, and the
overall distribution of base quality scores.

RNA-seq Analysis

The reads were aligned with STAR (version 2.4.0c),”*
and genes annotated in Gencode vM5 were quantified
with featureCounts (v1.4.3-p1),°>* and transcript abundance
was quantified using kallisto.”® Normalization and differ-
ential expression was done with the Bioconductor package
DESeq2.°* QC metrics were computed with a mix of
RSeQC,55 picard (v1.83), and featureCounts. P values were
adjusted for multiple comparisons using Bonferroni
correction. Significant genes have a minimum 1.5-fold
change and adjusted P value of .05. Gene Ontology terms
of biological processes enriched in differentially expressed
genes were identified using GSEA,”® Molecular Signatures
Database (MsigDB). The villus-enriched gene list was ob-
tained from a previously published RNA-seq data comparing
transcriptomes of ISCs and villus cells, with differentially
expressed genes with fold change >3.%*

ChlP-seq

Lgr5ECFPhi cells were collected as for ChIP-PCR. ChIP-seq
was performed as in.?? Briefly, cross-linked cells were lysed
and sonicated in RIPA lysis buffer to obtain 200- to 800-bp
chromatin fragments. Chromatin were incubated overnight
at 4°C with H3K27ac antibody followed by Protein A and G
Dynabeads (10002D and 10004D) (Thermo Fisher Scienti-
fic) at 2 hours. Chromatin-antibody complex bound beads
were washed twice in the sonication buffer, once in high-salt
buffer, once in LiCl buffer, and once in Tris-EDTA, pH 8.
Cross-links were reversed overnight by incubation at 65°C
followed by treatment with Proteinase K (25530049;
Thermo Fisher Scientific) for 1 hour at 55°C. DNA was pu-
rified with MinElute PCR purification kit (28004; Qiagen).
Libraries were prepared using ThruPLEX DNA-seq kit
(R400427; Rubicon Genomics, Ann Arbor, MI), purified us-
ing Ampure XP beads (Beckman Coulter, A63881) and
sequenced on Illumina HiSeq X (Illumina, San Diego, CA) to
obtain 150-bp paired-end reads.

ChiIP-seq Data Analysis

The first mates of paired-end reads were used as single-
end reads for further analysis. Reads were aligned to the
mouse reference genome mm9 (NCBI Build 37) or mm10
(GRCm38) using Bowtie2.”” diffReps”’ was used for whole
genome differential analysis of H3K27ac in ISCs isolated



606 Kim et al

from Lgr5°" and Lgr54%”® mice. multiBamSummary module

of deepTools2°® was used to determine read coverage for
duplicate bam files and correlation plots were created in R.
HOMER v4.8.2°? was used for motif analysis at differential
regions detected by diffReps. For representation, ChIP and
RNA-seq bigwigs were created using bamCoverage in
deepTools2. For comparative visualization, experimental
and control groups were quantile-normalized using Hay-
stack.’” Heatmaps were plotted using deepTools2 and
bigwig traces depicted on Integrative Genomics Viewer
(IGV).°" BETA®*'was used to quantify promoter/enhancer
gene associations for differential regions using +50-kb dis-
tance limit from a TSS, a significance threshold of FDR-
adjusted g < .05 for differential gene expression in

Lgr5¢™ and Lgr54%/® 1SCs, and other default parameters.

ChIP-PCR

Approximately 1 x 10° Lgr55PM cells pooled from 2-4
mice were used for ChIP-PCR. ChIP was performed as pre-
viously described,®? with a few modifications. Cells were
cross-linked for 15 minutes with 1% formaldehyde, and
cross-linking was stopped by adding glycine at a final con-
centration of 125 mM. Cells were washed once with cold
phosphate-buffered saline. Chromatin digested with micro-
coccal nuclease was incubated with 1.5 ug of anti-KLF5
antibody (Abcam, Cambridge, United Kingdom) or rabbit
IgG (Abcam), precipitated using Protein A- and Protein
G-coated Dynabeads (Thermo Fisher Scientific). Beads were
washed 6-8 times. Immunoprecipitated chromatin frag-
ments were reverse cross-linked in elution buffer (0.1M
NaHCO3, 1% sodium dodecyl sulfate) with NaCl and RNase
A at 65°C for 4 hours. DNA was treated with Protease A for
1 hour at 60°C, extracted using UltraPure Phenol:-
Chloroform:Isoamyl Alcohol (25:24:1, v/v) (Thermo Fisher
Scientific) in MaXtract High Density tubes (Qiagen), and
purified using Agencourt Ampure XP DNA purification kit
(Beckman Coulter, Brea, CA). Potential binding sites for
KLF5 were identified using Eukaryotic Promoter Database®”
and JASPAR CORE 2018 vertebrate.>* The list of the primers
used in this study is provided in Table 2.

Luciferase Assay

RKO colorectal cancer cell line was purchased from
American Type Culture Collection (CRL-2577) and cultured
in Dulbecco’s modified Eagle medium supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin.
RKO cells were transfected with pEGFP-N1 plasmids (6085-
1; Clontech). The signal from EGFP is used as a control. Cells
were seeded in 96-well plate at 5 x 10* cells per well.
Gaussia luciferase reporter construct bearing Ascl2 pro-
moter (MPRM39895-PG02; GeneCopoeia, Rockville, MD)
was transfected with pMT3 or pMT3-KLF5-HA using Lip-
ofectamine 2000 (Thermo Fisher Scientific), according to
manufacturer’s instructions. Vectors pMT3 and pMT3-KLF5-
HA were previously described.”* Luciferase activities were
determined at 72 hours after transfection using Secrete-Pair
Gaussia Luciferase Assay Kit (GeneCopoeia).
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Statistics

Mann-Whitney U test and linear mixed regression
models were performed using GraphPad Prism version 7.0
for Windows (GraphPad Software, San Diego, CA) and SAS
9.4 (SAS Institute, Cary, NC), respectively. Log and square
transformations were applied to the outcomes as needed to
ensure the validity of assumptions of normal residuals for
linear mixed regression models. All animal studies used
tissues from at least 3 animals (n > 3). To ensure quality
and reproducibility of cell purification, all experiments
involving FACS isolation of single Lgr5°¢*"" cells were done
with at least 3 mice (n > 3), with multiple individual ex-
periments. ChIP-qPCR used approximately 1 x 10°
Lgr5E6FPhi cells per sample pooled from 2-4 mice. Lucif-
erase assay was performed with at least 7 wells per group,
with multiple individual experiments. A P < .05 was
considered significant.
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