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SUMMARY

We demonstrate that prostaglandin E2 and Akt are
increased in colitis prior to activation of Wnt signaling seen
in inflammation-associated dysplasia. Inhibition of epithelial
derived COX-1 either by aspirin or conditional knockout
prevents development of colitis-associated cancer.
BACKGROUND & AIMS: Loss of the tumor suppressor gene Apc
in Lgr5þ intestinal stem cells results in aberrant Wnt signaling
and colonic tumorigenesis. In the setting of injury, however, we
and others have also shown that non-stem cells can give rise to
colonic tumors. The mechanism by which inflammation leads to
cellular plasticity and cancer, however, remains largely unknown.

METHODS: RNA expression analysis of Wnt, COX, and Akt
signaling was assessed in patients with quiescent or active ul-
cerative colitis (UC) and patients with UC-associated neoplasia
using available datasets. The role of COX signaling in colonic
tumorigenesis was examined using epithelial and doublecortin-
like kinase 1 (Dclk1)þ cell-specific conditional COX-1 knockout
mice and pharmacologic treatment with different nonsteroidal
anti-inflammatory drugs.

RESULTS: In this study, we show that prostaglandins and
phospho-Akt are key inflammatory mediators that promote
stemness in Apc mutant Dclk1þ cells that give rise to colorectal
cancer. Moreover, prostaglandin E2 (PGE2) and Akt are increased
in colitis in both mice and humans, leading to inflammation-
associated dysplasia upon activation of Wnt signaling. Impor-
tantly, inhibition of epithelial-derived COX-1 by aspirin or condi-
tional knockout inDclk1þ cells reducedPGE2 levels andprevented
the development of inflammation-associated colorectal cancer.

CONCLUSIONS: Our data shows that epithelial and Dclk1þ
cell-derived COX-1 plays an important role in inflammation-
associated tumorigenesis. Importantly, low-dose aspirin was
effective in chemo-prevention through inhibition of COX-1
that reduced colitis-associated cancer. (Cell Mol Gastro-
enterol Hepatol 2025;19:101469; https://doi.org/10.1016/
j.jcmgh.2025.101469)
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This article has an accompanying editorial.

he intestine and colon are lined by a single layer of
Abbreviations used in this paper: ANOVA, analysis of variance; AOM,
azoxymethane; APC, adenomatous polyposis coli; CAC, colitis-
associated cancer; CRC, colorectal cancer; Dclk1, doublecortin-like
kinase 1; DSS, dextran sodium sulfate; EGFR, epidermal growth factor
receptor; FBS, fetal bovine serum; FFPE, formalin-fixed paraffin-
embedded; GPCR, G-protein coupled receptor; HTAB, hexadecyl-
trimethylammonium bromide; IBD, inflammatory bowel disease; IHC,
immunohistochemistry; i.p., intraperitoneally; LC-MS, liquid
chromatography-mass spectrometry; LOX, lipoxygenase; MPO, mye-
loperoxidase; MRM, multiple reaction monitoring; NSAIDS, nonste-
roidal anti-inflammatory drugs; PBS, phosphate buffered saline; PG,
prostaglandin; PGE2, prostaglandin E2; RT-PCR, reverse transcription
polymerase chain reaction; UC, ulcerative colitis.
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Tepithelial cells that turn over every few days. This
rapid turnover of cells provides the gut lining with a
remarkable ability to regenerate and heal upon injury. In
homeostasis, rapidly dividing leucine-rich repeat-containing
G protein-coupled receptor 5 (Lgr5) expressing stem cells at
the crypt base maintain cell renewal, in large part, through
Wnt signaling.1 In the context of injury, however, cells
higher in the crypt replenish epithelial cells, including
Lgr5þ cells that are lost, and signaling occurs through the
Hippo/YAP pathway,2–6 with Sca1þ cells being described as
key mediators of this epithelial repair.3,5,7–11 Furthermore,
Wnt plays a role in epithelial regeneration,12–14 and this is
believed to occur through canonical Wnt signaling in stem
or progenitor cells.15–17 When stem cell function is altered,
the result is often impaired healing and/or uncontrolled
epithelial cell proliferation.

Indeed, mutations leading to Wnt activation in specific
intestinal epithelial cells result in tumorigenesis. In the case
of sporadic colorectal cancer (CRC), Barker et al demon-
strated that actively proliferating multipotent Lgr5þ stem
cells rapidly give rise to colonic tumors upon loss of the APC
gene, a tumor suppressor and negative regulator of the Wnt
signaling pathway.18 More recently, we and others have
shown that non-stem cells (ie, post-mitotic cells) can also give
rise to intestinal or colonic tumors, particularly in the setting
of injury.19–22 In the latter case, tumorigenesis is presumed to
arise from the reversion of less differentiated cells to a
facultative stem cell state. The mechanism by which inflam-
mation leads to this cellular plasticity, however, is not known.

The association of chronic inflammation with cancer is
well-described and supported by the clinical observation
that patients with inflammatory bowel disease (IBD) are at
an increased risk of colorectal cancer (CRC).23–26 Thus, a
better understanding of how inflammation disrupts the
pathways regulating epithelial homeostasis will help eluci-
date how tumorigenesis arises following injury.

In this study, we demonstrate that prostaglandin and Akt
signaling are upregulated in both patients and mice with
inflammation-associated colonic dysplasia. Using a mouse
model of colitis, we demonstrate that both prostaglandins and
Akt directly lead to stemness (ie, dedifferentiation to a prolif-
erating multipotent state) of doublecortin-like kinase
1 (Dclk1)þ cells and inflammation-associated tumors. Impor-
tantly, inhibition of prostaglandin synthesis by low-dose aspirin,
but not COX-2 selective inhibitors, is effective in inhibiting
stemness and preventing inflammation-associated cancer.

Results
Cyclooxygenase and Akt are Increased Prior to
Wnt Activation During Inflammation-associated
Colonic Tumorigenesis

Given that sporadic CRC is commonly associated with
hyperactive Wnt signaling, we first confirmed that colitis-
associated tumors in mice similarly show active Wnt
1014
activity. We examined canonical Wnt by localization of
b-catenin in tumors from azoxymethane (AOM)/ dextran
sodium sulfate (DSS)-treated mice or Dclk1CreERT2; adeno-
matous polyposis coli (APC)f/f mice.19 b-catenin immuno-
fluorescence staining was restricted to the epithelial cell
membrane in the normal colon, whereas b-catenin was
detected in the cytoplasm and nucleus of colitis-associated
tumors (Figure 1A), analogous to what was previously
reported.27–30 Active Wnt signaling in colitis-associated
cancer (CAC) was further confirmed by the detection of
elevated Wnt target genes in AOM/DSS-derived tumors
compared with control tissues (Figure 1B).

To identify factors that could lead to Wnt activation and
ultimately CAC, we compared the RNA expression of known
Wnt mediators between control tissues and AOM/DSS-
derived tumors. We found that Cox- and Akt-related gene
expression was upregulated in mice with colitis-associated
tumors vs non-neoplastic control tissues in AOM/DSS
treated mice (Figure 1C–D). To better define the timeline of
Wnt, Cox, and Akt- related gene expression, we next
analyzed a publicly available dataset of gene expression
from the AOM/DSS mouse model of CAC.31 Cox and Akt gene
expression was increased at early timepoints following co-
litis, whereas the majority of Wnt target genes were
decreased (Figure 1E). Notably, Wnt target gene expression
was increased compared with controls at later timepoints
beyond 3 weeks after DSS colitis (Figure 1E).

To investigate if a similar pattern is observed in humans,
we compared RNA expression of Wnt, Cox, and Akt-related
genes in colonic tissue of patients previously reported to
have quiescent ulcerative colitis and neoplasia (UCN) vs
quiescent ulcerative colitis and no neoplasia (UC).32 The
colonic biopsies used for this study were taken from 5
healthy controls, 4 patients with quiescent UC, and 11 pa-
tients with quiescent UC that harbored a distant neoplastic
lesion. We found that the prostaglandin synthase enzymes
COX-1, COX-2, and PTGES, as well as the serine/threonine
kinase AKT3 were the most significantly upregulated genes
in patients with UCN vs healthy controls. Patients with UC
but no neoplasia, on the other hand, did not show increased
COX and Akt signaling (Figure 1F–G). Notably, both pros-
taglandin E2 (PGE2) and phospho-Akt, mediators of COX and
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Akt signaling pathways, respectively, have previously both
been shown to promote canonical Wnt signaling.33–36 We
did not, however, detect increased Wnt target gene
expression in the colonic tissues of patients with quiescent
1014
UC, regardless of the presence or absence of neoplasia
(Fig 1F and H). Taken together, these data suggest that
increased Cox and Akt expression precedes the activation
of Wnt seen in colitis-associated dysplasia or cancer.
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COX and Akt Signaling Pathways are
Upregulated During Active Inflammation

Given that COX and AKT mRNA expression were
increased prior to activation of Wnt signaling in patients
with UC with quiescent disease and neoplasia, we next
examined whether the expression of these mediators is
altered during acute colitis. We first analyzed a publicly
available gene expression dataset from patients with active
vs quiescent UC.36,37 In this analysis, RNA expression pro-
files of colonic samples from 11 controls, 23 patients with
quiescent UC, and 74 patients with active UC were included
(see Methods for additional patient details). We again found
that COX-1, COX-2, PTGES, and AKT3 expression were
significantly increased in colonic tissues from patients with
active UC vs healthy controls or patients with quiescent UC
(Figure 2A–B). Wnt target genes, on the other hand, were
unchanged or downregulated in active UC vs controls and
quiescent UC, with the exception of Lef1, consistent with our
observations in patients with dysplasia having increased
Cox and Akt prior to Wnt activation (Figure 2A). To deter-
mine whether Cox and Akt are similarly upregulated in
mouse models of colitis, we treated C57BL6/J wild-type
mice with 2.5% DSS for 5 days and analyzed colonic tis-
sues at the known time point of peak inflammation (day 8)
and 2 weeks post-colitis (Figure 2C). We found the relative
RNA transcript levels of Cox-1 and Cox-2 mRNA were
increased in colonic tissues from DSS-treated mice vs con-
trols (Figure 2D), and this persisted during the regenerative
phase of colitis as late as 2 weeks post-colitis (Figure 2E).

Next, we assessed COX enzymatic activity in colitis by
measuring the levels of COX-derived prostaglandins (PGs) in
DSS colitis. Eicosanoids derived from both COX and lip-
oxygenase (LOX) enzymes, the 2 distinct pathways down-
stream of arachidonic acid metabolism, were measured by
liquid chromatography-mass spectrometry (LC-MS)
(Figure 2F). Our data revealed that all series-2 COX-, but not
all LOX-derived lipid mediators were significantly increased
Figure 1. (See previous page). Active Wnt signaling in inflam
and Akt expression. (A) Representative immunofluorescent ima
colonic tumors, and AOM/DSS-derived colonic tumors. Scale
expression of Wnt target genes in the colonic tissue of control m
derived colonic tumors (n ¼ 3). Data were derived from Gene Ex
to control samples. (C) Relative mRNA expression of genes of
(n ¼ 3) and distal colonic tissue of mice with AOM DSS-derived
GSE44904 and normalized to control samples. Data are presen
Student’s unpaired t-test. (D) Relative mRNA expression of Cox-
derived from the Dclk1CreERT2;APCf/f and AOM/DSS models of
mean ± SEM and dots represent biologically independent anim
4). (E) Relative mRNA expression levels of Cox, Akt, and Wnt tar
20 of disease progression in the AOM/DSS model of CAC (n
normalized to baseline (time ¼ 0) control samples. (F) Heatm
modulators in the colonic tissue from healthy control subjects (n
associated neoplasia (n ¼ 11). Data were derived from GEO
Relative mRNA expression of COX-1, COX-2, PTGES, and AKT
patients with quiescent UC (n ¼ 4), or patients with UC-associa
GSE37283 and normalized to control samples. Data are prese
pendent subjects. Statistical significance was assessed by ordin
showing the relative mRNA expression of Wnt target genes in th
with quiescent UC (n ¼ 4), or patients with UC-associated neo
GSE37283 and normalized to control samples.
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in DSS-colitis, confirming that the COX pathway is active in
colitis (Figure 2G–H). In particular, PGE2 levels were upre-
gulated in colonic tissues of DSS-treated mice compared
with controls, and the PGE2 metabolites, 15-keto PGE2 and
13,14-dihydro-15k- PGE2, were unchanged or down-
regulated, respectively (Figure 2G). These data suggest that
during inflammation, PGE2 is upregulated, whereas its
metabolism is reduced, allowing for prolonged duration of
activity. Furthermore, we observed increased activity of the
Akt pathway in DSS-colitis as shown by increased phospho-
Akt in DSS-treated mice (Figure 2I–J). Interestingly, aspirin
decreased PGE2 levels (Figure 2L) and prevented the in-
crease in phospho-Akt levels during DSS-colitis (Figure 2K),
suggesting that COX activity is important in the activation of
Akt signaling during inflammation. Thus, our data suggest
that both Cox activity and Akt signaling are upregulated in
active colitis and that upregulation of Akt is, at least in part,
linked to COX activity.

PGE2 and Akt Activity Promote the Stemness of
Mature Epithelial Dclk1þ Cells

Given that Cox and Akt were upregulated in active colitis
and pre-neoplastic tissue of patients who developed CAC,
we next examined the role of PGE2 and Akt in the dedif-
ferentiation of non-stem cells in the epithelium. To do this,
we capitalized on our Dclk1CreERT2;R26mTmG;APCf/f (APCf/f)
transgenic mouse model of colitis-associated tumorigenesis.
In this model, we previously showed that Dclk1-expressing
epithelial cells serve as a cellular origin of colitis-associated
tumors.19 Therefore, in this study, we used these mice to
examine the effects of misoprostol (PGE analogue) and SC79
(an Akt activator38) on Dclk1þ cell-derived lineage tracing.
Dclk1CreERT2;R26mTmG (APCþ/þ) or Dclk1CreERT2;R26mTmG;
APCf/f (APCf/f) mice were given tamoxifen to specifically
delete Apc in Dclk1-expressing cells, and subsequently
treated with misoprostol and/or SC79 (Figure 3A). No
lineage tracing was observed from Dclk1þ cells in either
mation-associated tumors is preceded by increased COX
ges of sections from control colonic tissue, Dclk1CreERT/APCf/f

bars ¼ 100 mm. (B) Heatmap showing the relative mRNA
ice (n ¼ 3) and distal colonic tissue of mice with AOM/DSS-
pression Omnibus (GEO) data set GSE44904 and normalized
Cox and Akt pathways in the colonic tissue of control mice
colonic tumors (n ¼ 3). Data were derived from GEO data set
ted as mean ± SEM. Statistical significance was assessed by
1, Cox-2, and Pges-1 as analyzed by qPCR in colonic tumors
CAC relative to control colonic tissue. Data are presented as
als (control, n ¼ 8; Dclk1CreERT2;APCf/f, n ¼ 4; AOM/DSS, n ¼
get genes in the colonic tissue of mice at weeks 2, 4, 6, 8, and
¼ 3). Data were derived from GEO data set GSE31106 and
ap showing the relative mRNA expression of Wnt pathway
¼ 5), patients with quiescent UC (n ¼ 4), or patients with UC-
data set GSE37283 and normalized to control samples. (G)
3 in the colonic tissue from healthy control subjects (n ¼ 5),
ted neoplasia (n ¼ 11). Data were derived from GEO data set
nted as mean ± SEM and dots represent biologically inde-
ary one-way ANOVA with Tukey’s post-hoc test. (H) Heatmap
e colonic tissue from healthy control subjects (n ¼ 5), patients
plasia (UCN) (n ¼ 11). Data were derived from GEO data set
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APCþ/þ or APCf/f vehicle-treated mice. Moreover, lineage
tracing of crypts in APCþ/þ (wild-type) mice treated with
misoprostol and/or SC79 was exceedingly rare (ie, only 1
traced crypt was detected in 14–20 sections analyzed per
1014
group in 25%–33% of mice). In contrast, SC79 and miso-
prostol treatment of APCf/f mice resulted in significantly
increased Dclk1þ cell-derived lineage tracing (ie, 1 traced
crypt was detected every 2–5 sections analyzed per group
69



Figure 3. PGE2 and Akt signaling promote epithelial Dclk1D cell stemness in vivo. (A) Schematic illustration for the
treatment of Dclk1CreERT2;R26mTmG (APCþ/þ) or Dclk1CreERT2;R26mTmG;APCf/f (APCf/f) mice with Misoprostol (PGE analogue)
and/or SC79 (Akt activator). (B) Quantification of the percentage of APCþ/þ or APCf/f mice (left) and the percentage of sections
analyzed (right) with Dclk1þ cell-derived traced crypts upon treatment with SC79 and/or misoprostol. (C) Representative
fluorescence microscopy images of the colonic epithelium with single Dclk1þ cells (white arrowheads) or Dclk1þ cell-derived
lineage tracing (APCþ/þ: control, n ¼ 3; misoprostol, n ¼ 4; SC79, n ¼ 3; SC79 þ misoprostol, n ¼ 3; APCf/f: control, n ¼ 6;
misoprostol, n ¼ 4; SC79, n ¼ 6; SC79 þ misoprostol, n ¼ 7). Scale bars ¼ 100 mm.

Figure 2. (See previous page). Active colitis is associated with increased Akt and Cox signaling activity. (A) Heatmap
showing the relative mRNA expression levels of Cox, Akt, and Wnt target genes in the colonic tissue from control subjects (n ¼
11), patients with active UC (n ¼ 74), and patients with quiescent UC (n ¼ 23). Data were derived from GEO data set GSE75214
and normalized to control samples. (B) Relative mRNA expression of COX-1, COX-2, PTGES, and AKT3 in the colonic tissue
from control subjects (n ¼ 11), patients with active UC (n ¼ 74), and patients with quiescent UC (n ¼ 23). Data were derived
from GEO data set GSE75214 and normalized to control samples. Data are presented as mean ± SEM and dots represent
biologically independent subjects. Statistical significance was assessed by ordinary one-way ANOVA with Tukey’s post-hoc
test. (C) Schematic illustration of the DSS-colitis model. C57Bl/6 mice were administered 2.5% DSS in the drinking water for 5
days and analyzed on day 8 and 19. (D) Relative mRNA expression of Cox-1 and Cox-2 on day 8 in DSS-treated mice as
analyzed by qPCR. Data are presented as mean ± SEM and dots represent biologically independent animals (control, n ¼ 5;
DSS, n ¼ 6). (E) Relative mRNA expression of Cox-1 and Cox-2 on day 19 in DSS-treated mice as analyzed by qPCR. Data are
presented as mean ± SEM and dots represent biologically independent animals (control, n ¼ 4; DSS, n ¼ 5). (F) Schematic of
COX and LOX-derived inflammatory lipid metabolism. (G) Relative levels of COX-derived prostaglandins in DSS-treated mice
as analyzed by LC-MS. Data are presented as mean ± SEM and dots represent biologically independent animals (control, n ¼
5; DSS, n ¼ 6). (H) Relative levels of LOX-derived prostaglandins in DSS-treated mice as analyzed by LC-MS. Data are
presented as mean ± SEM and dots represent biologically independent animals (control, n ¼ 5; DSS, n ¼ 6). (I) Western blot
showing phospho-Akt and total Akt protein levels in DSS-colitis and upon COX inhibition with Aspirin (ASA). (J) Relative protein
levels of phospho-Akt as compared to total Akt in DSS-colitis. Data are presented as mean ± SEM and dots represent bio-
logically independent animals (control, n ¼ 6; DSS, n ¼ 8). (K) Relative protein levels of phospho-Akt as compared to total Akt
during DSS-colitis upon COX inhibition by aspirin (ASA). Data are presented as mean ± SEM and dots represent biologically
independent animals. (ASA, n ¼ 6; DSSþASA, n ¼ 8). (L) Relative quantification of PGE2 protein concentration between control
(ctrl) and aspirin (ASA) treated mice. Data shown are mean ± SEM, and dots represent biologically independent animals (Ctrl,
n ¼ 5; ASA, n ¼ 4).
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2025 Aspirin Inhibits Colitis-associated Colon Cancer in a COX-1-dependent Manner 7
and in 86%–100% of mice) (Figure 3B–C), suggesting that
misoprostol and SC79 promote the stemness of Dclk1þ
cells, particularly in the setting of Apc-loss.

To validate that Akt activation and PGE2 induce stem-
ness in Apc-deficient Dclk1þ cells, we additionally treated
organoids from Dclk1CreERT2;APCf/f;R26tdTomato mice with
1014
PGE2 and/or SC79 (Figure 4A). Indeed, treatment with PGE2
and SC79 resulted in TdTomatoþ lineage tracing from Apc-
deficient Dclk1þ cells, an effect that was not observed in
vehicle-treated organoids (Figure 4B–C). Next, we examined
the effects of PGE2 and Akt activation on the intestinal
epithelium during injury. We induced epithelial injury
69
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in vitro by treating organoids with the chemotherapeutic
agent doxorubicin and then cultured the organoids in the
presence of PGE2 and/or SC79 (Figure 4D). Doxorubicin has
previously been shown to induce DNA damage, leading to
cell apoptosis and senescence.39 Thus, we first confirmed
that doxorubicin caused epithelial injury that reduced
organoid size when compared with untreated controls
(Figure 4F). Treatment with PGE2 or SC79 after injury,
however, abrogated the reduction in organoid size seen with
doxorubicin injury. Interestingly, the combination of PGE2
and SC79 resulted in even larger organoids than untreated
control organoids or organoids treated with PGE2 or SC79
alone (Figure 4E–F). These data suggest that PGE2 and SC79
both promote organoid growth after injury, an effect that is
further enhanced when present in combination. Notably,
PGE2 and SC79 also improved organoid growth of control
uninjured organoids (Figure 4G–I). Thus, to next test
whether this effect was mediated by promoting dediffer-
entiation of Dclk1þ cells, we next assessed the effects of Akt
activation and PGE2 on Dclk1þ cell expansion in injury.
Dclk1CreERT2;APCf/f;R26tdTomato organoids were treated with
doxorubicin (to induce injury) and subsequently cultured in
the presence of SC79 and/or PGE2 (Figure 4J). Incubation of
doxorubicin-treated organoids in the presence of SC79 and
PGE2 led to Dclk1þ cell-derived lineage tracing, whereas
vehicle-treated control organoids did not show any lineage
tracing. These data confirm that SC79 and PGE2 directly
promote Dclk1þ cell stemness even in the setting of injury
(Figure 4K–L). Taken together, these data suggest that PGE2
and Akt signaling pathways promote stemness of Dclk1þ
cells that have Apc-loss, particularly in the context of injury,
where we observed dedifferentiation of Dclk1þ cells and
lineage tracing of the crypts in vivo and lineage tracing of
organoids in vitro.
PGE2 and Akt Activation Promote Wnt Signaling
and Lead to Inflammation-associated Dysplasia

To test whether Akt signaling and PGE2 promote Dclk1þ
cell stemness through activation of Wnt signaling, we next
Figure 4. (See previous page). PGE2 and Akt signaling prom
illustration for the treatment of Dclk1CreERT2;R26tdTomato;APCf/f o
field and fluorescent images of Dclk1CreERT2;R26tdTomato;APCf/f

mm. (C) Quantification of the percentage of Dclk1CreERT2;R26td

tracing upon treatment with SC79 and/or PGE2. Data are pres
pendent animals (control, n ¼ 7; PGE2, n ¼ 6; SC79, n ¼ 5; PGE2
WT organoids treated with doxorubicin (DOX) plus SC79 and/or
treated with doxorubicin plus SC79 and/or PGE2. Scale bars ¼
organoids treated with doxorubicin plus SC79 and/or PGE2. Data
organoids from n ¼ 3 biologically independent animals. (G) Sch
with SC79 and/or PGE2. (H) Representative brightfield images o
100 mm. (I) Quantification of the average organoid area of WT org
mean ± SEM, and dots represent individual organoids from n ¼
for the treatment of Dclk1CreERT2;R26tdTomato;APCf/f organoids
brightfield and fluorescent images of Dclk1CreERT2;R26tdTomato;
PGE2. Scale bars ¼ 100 mm. (L) Quantification of the percentage
cell-derived lineage tracing upon treatment with doxorubicin plus
dots represent biologically independent animals (control, n ¼ 5;
PGE2 þ SC79, n ¼ 4).
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analyzed the cellular localization of b-catenin in colonic
crypts lineage traced by Apc-deficient Dclk1þ cells treated
with misoprostol and/or SC79 treatment. Consistent with
our previous observation, we found that Apc-deficient
Dclk1þ cells display membrane-bound b-catenin, indicative
of inactive Wnt signaling19 (Figure 5A). In mice treated with
misoprostol or SC79 alone, b-catenin remained localized to
the membrane in Dclk1þ cell lineage-traced crypts. In
contrast, the combination of misoprostol plus SC79 resulted
in Dclk1þ cell-derived lineage tracing associated with
b-catenin localized to the nucleus (observed in w60% of
crypts analyzed) (Figure 5B–C). Consistent with this
observation, SC79 plus misoprostol treatment resulted in
significantly increased mRNA expression of several Wnt
target genes in colonic tissue (Lgr5, C-myc, Ccnd1, and Ppar-
delta) compared with control (Figure 5D). These data sug-
gest that the co-activation of PGE2 and Akt signaling is able
to promote active Wnt signaling in Apc-deficient Dclk1 þ
cells.

To next examine whether PGE2 and Akt activation of Wnt
signaling can promote tumorigenesis, we treated
Dclk1CreERT2;APCf/f;R26mTmG mice with misoprostol and/or
SC79 during DSS colitis (Figure 5E). We first titrated the
dose of DSS to a level that allowed us to induce Dclk1þ cell-
derived lineage tracing without inducing dysplasia (ie, only
15% of traced crypts showed dysplasia using 0.5% DSS)
(Figure 5F–G). Administration of either SC79 or misoprostol
concurrently with 0.5% DSS had no effect on the frequency
of lineage tracing or dysplasia detected when compared
with DSS alone (Figure 5F and I–J). However, concurrent
administration of both misoprostol and SC79 led to
increased Dclk1þ cell-derived dysplasia when compared
with the vehicle-treated controls (ie, dysplasia was observed
in 80% of traced crypts with misoprostol plus SC79 treat-
ment vs 15% of traced crypts with vehicle treatment)
(Figure 5F–H). Interestingly, the proportion of sections with
traced crypts was not different when compared with vehicle
(Figure 5I–J). The presence of dysplastic glands and the
ability of PGE2 and Akt activation to induce Wnt signaling
was further confirmed by the localization of b-catenin in the
ote stemness of Dclk1D cells in organoids. (A) Schematic
rganoids with SC79 and/or PGE2. (B) Representative bright-
organoids treated with SC79 and/or PGE2. Scale bars ¼ 100
Tomato;APCf/f organoids showing Dclk1þ cell-derived lineage
ented as mean ± SEM, and dots represent biologically inde-
þ SC79, n ¼ 4). (D) Schematic illustration for the treatment of
PGE2. (E) Representative brightfield images of WT organoids
200 mm. (F) Quantification of the average organoid area of WT
are presented as mean ± SEM, and dots represent individual
ematic illustration for the treatment of WT organoids treated
f WT organoids treated with SC79 and/or PGE2. Scale bars ¼
anoids treated with SC79 and/or PGE2. Data are presented as
3 biologically independent animals. (J) Schematic illustration

with doxorubicin plus SC79 and/or PGE2. (K) Representative
APCf/f organoids treated with doxorubicin plus SC79 and/or
of Dclk1CreERT2;R26tdTomato;APCf/f organoids showing Dclk1þ
SC79 and/or PGE2. Data are presented as mean ± SEM, and

DOX, n ¼ 5; DOX þ SC79, n ¼ 5; DOX þ PGE2, n ¼ 3; DOX þ
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nucleus within Dclk1þ cell GFP-lineage traced crypts
derived from SC79 and misoprostol treatment (Figure 5K).
Taken together, these data suggest that the co-activation of
1014
Akt and PGE2 promotes Wnt in Apc mutant Dclk1þ cells
that stimulates these cells to give rise to dysplastic lesions
during injury.
69
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Inhibition of COX-1 Prevents Inflammation-
associated Cancer

To next examine whether inhibition of PGE2 synthesis
can inhibit inflammation-associated cancer, we utilized
nonsteroidal anti-inflammatory drugs (NSAIDs) that selec-
tively inhibit COX-1 and/or COX-2 activity, in 2 models of
CAC. First, we treated Dclk1CreERT2;APCf/f mice with 2.5%
DSS in the drinking water for 5 days to induce colonic
inflammation, and then administered various NSAIDs 3
times during DSS and every day thereafter until the exper-
imental endpoint at 14 weeks post-DSS (Figure 6A). We
compared aspirin (a non-selective COX inhibitor) to the
COX-2-selective inhibitors celecoxib and rofecoxib, the COX-
1-selective inhibitor SC-560, and the non-selective COX-in-
hibitor indomethacin. Due to the reported potential toxicity
of NSAIDs in patients with IBD and mice with colitis, we
used doses corresponding to human-equivalent low-dose
aspirin.

Treatment with aspirin significantly reduced tumor
number but had no effect on tumor size (Figure 6B–C). In
contrast, the COX-2 inhibitors had no effect on tumor
number, whereas SC-560 and indomethacin both reduced
tumor number, although this effect was only statistically
significant in indomethacin-treated animals (Figure 6B).
Neither COX-2 inhibitor, SC-560, nor indomethacin affected
tumor size (Figure 6C). These data show that inhibition of
COX activity can prevent inflammation-associated tumori-
genesis and that COX-1 inhibition may be more important
for chemoprevention.

We further validated our observations by testing COX-1
and -2 inhibitors in a second model of CAC. Wild-type
C57Bl/6 mice were administered the carcinogen AOM (10
mg/kg intraperitoneally [i.p.]), followed by 2.5% DSS in the
drinking water. NSAIDs were then administered 3 times
during DSS and every day thereafter until the experimental
endpoint at 20 weeks post-AOM (Figure 6E). Analogous to
the Dclk1CreERT2;APCf/f model, aspirin, SC-560, and
Figure 5. (See previous page). PGE2 and Akt activatio
Dclk1CreERT2;R26tdTomato;APCf/f mice were treated with tamoxife
cent images for Dclk1þ cells (anti-RFP) and associated b-cate
immunofluorescent images of b-catenin immunostaining of Dclk
SC79 and/or Misoprostol. Scale bars ¼ 100 mm. (C) Quantifica
crypts with nuclear b-catenin localization. (D) Relative mRNA ex
with misoprostol and SC79 as analyzed by qPCR. Data are
independent animals (control, n ¼ 4; miso þ SC79, n
Dclk1CreERT2;R26mTmG;APCf/f mice with 0.5% DSS plus SC79 a
ages of the colonic epithelium with Dclk1þ cell-derived lineage
prostol, or Dclk1þ cell-derived lineage traced dysplastic lesions
bars ¼ 100 mm. (G) Quantification of percentage of mice with Dc
plus SC79 and/or misoprostol. (DSS, n ¼ 6; DSS þ Miso, n ¼
Quantification of the percentage of Dclk1þ cell-derived lineag
events upon treatment with DSS plus Misoprostol and/or SC79
cell-derived traced crypts upon treatment with DSS plus Misop
dots represent biologically independent animals (DSS, n ¼ 6; DS
n ¼ 6). (J) Quantification of the number of Dclk1þ cell-derived lin
DSS plus SC79 and/or Misoprostol. Data are presented as mean
(DSS, n ¼ 6; DSS þ Miso, n ¼ 4; DSS þ SC79, n ¼ 4; DSS þ
images of b-catenin immunostaining of Dclk1þ cell-derived trac
misoprostol. Scale bars ¼ 200 mm.
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indomethacin, but not celecoxib or rofecoxib, reduced
colonic tumor number in the AOM/DSS model (Figure 6F).
Similarly, there was no difference in tumor size, survival, or
body weight observed among any of the treatment groups
(Figure 6G–H). These data suggest that inhibition of COX-1,
as opposed to COX-2, is most likely responsible for inhibi-
tion of colitis-induced tumorigenesis.

Importantly, when we tested if higher (anti-inflamma-
tory) doses of COX-2 inhibitors could affect tumorigenesis,
we observed 50% of mice experienced acute mortality
(Figure 6I). These data suggest that in acute colitis, high-
dose COX-2 inhibitors are not a feasible option for chemo-
prevention. In contrast, mice treated with low-dose aspirin
not only had 100% survival but also had no change in body
weight when compared with the vehicle or other NSAID-
treated groups in both tumor models (Figure 6D and H).
These findings suggest that low-dose aspirin does not
exhibit the toxicity as that seen with COX-2 inhibitors in
colitis.

We next confirmed that reduced tumor initiation upon
COX-1 inhibition was due to the downregulation of PGs
during inflammation. We performed LC-MS measurement of
PG levels in mice with DSS-colitis treated with various
NSAIDs vs vehicle (expression shown as relative to DSS-
treated mice). Treatment with both aspirin (non-selective
COX inhibitor) and SC-560 (a COX-1 inhibitor) during DSS
colitis strongly reduced PG levels relative to DSS alone,
whereas celecoxib (a COX-2 inhibitor) had much weaker
efficacy (Figure 6J–K). We found that the proportion of PGs
downregulated by the NSAIDs was largely due to inhibition
of COX-1 (Figure 6L), suggesting that this COX isoform is the
predominant source of colonic PGs in inflammation. Given
that both aspirin and SC-560 inhibited colonic tumor for-
mation, whereas celecoxib did not, we further identified the
PGs that were differentially downregulated among NSAIDs
during colitis. We found that 9 PGs were differentially
downregulated by aspirin and SC-560 compared with
n promote Wnt signaling and lead to dysplasia. (A)
n and analyzed at 48 hours. Representative immunofluores-
nin immunostaining. Scale bars ¼ 10 mm. (B) Representative
1þ cell-derived traced colonic crypts induced by treatment of
tion of the percentage of Dclk1þ cell-derived traced colonic
pression of Wnt target genes in colonic tissue of mice treated
presented as mean ± SEM, and dots represent biologically
¼ 4). (E) Schematic illustration for the treatment of

nd/or PGE2. (F) Representative fluorescence microscopy im-
traced crypts upon treatment with DSS plus SC79 or Miso-
upon treatment with DSS plus SC79 and misoprostol. Scale
lk1þ cell-derived dysplastic lesions upon treatment with DSS
4; DSS þ SC79, n ¼ 4; DSS þ Miso þ SC79, n ¼ 6). (H)

e traced dysplastic lesions over the total number of tracing
. (I) Quantification of the percentage of sections with Dclk1þ
rostol and/or SC79. Data are presented as mean ± SEM, and
S þ Miso, n ¼ 4; DSS þ SC79, n ¼ 4; DSS þ Miso þ SC79,
eage traced crypts per section analyzed upon treatment with
± SEM, and dots represent biologically independent animals
Miso þ SC79, n ¼ 6). (K) Representative immunofluorescent
ed dysplastic lesions upon treatment with DSS plus SC79 and
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celecoxib, including PGE2 (Figure 6M). Taken together, these
data demonstrate that COX-1 inhibition is effective in pre-
venting inflammation-associated tumorigenesis via down-
regulation of prostaglandins, particularly PGE2.
1014
To further assess the safety of low-dose NSAIDs during
colitis, we examined whether low-dose aspirin alters the
severity of DSS colitis during the peak of inflammation
(Figure 7A). Three days post-DSS, aspirin-treated mice had
69
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no significant change in histologic damage, cell proliferation,
myeloperoxidase (MPO) activity, or levels of colonic in-
flammatory cytokines compared with vehicle-treated con-
trols (Figure 7B–H). Similarly, aspirin had no significant
effect on histologic damage or MPO activity during the
regenerative phase of DSS colitis at day 19 but did reduce
body weight loss during peak inflammation compared with
mice treated with DSS alone (Figure 7I–M). These findings
suggest that low-dose aspirin is safe to use during colitis in
mice for the prevention of inflammation-associated
tumorigenesis.

Loss of COX-1 Inhibits Inflammation-associated
Cancer

To confirm that specifically COX-1 inhibition prevents
the initiation of CAC, we generated Krt19(BAC)-Cre;COX-1f/f

mice that have constitutive loss of COX-1 in all intestinal
epithelial cells. Krt19(BAC)-Cre;COX-1f/f mice treated with
AOM/DSS had significantly reduced colonic tumors
compared with their Cre-negative littermates, but no change
in tumor size (Figure 8A–C). These findings suggest that
COX-1 inhibition, specifically in intestinal epithelial cells,
prevents the initiation of CAC in mice.

To further examine if Dclk1þ cell-derived COX-1
expression is important in colitis-associated tumorigenesis,
we crossed our Dclk1CreERT2;APCf/f model to COX-1f/f mice to
conditionally knockout COX-1 specifically in Dclk1þ cells.
To assess the effects of COX-1 loss on tumor initiation, we
analyzed these mice acutely at day 21 after tamoxifen and
1.5% DSS treatment (Figure 8D). COX-1f/f mice had signifi-
cantly fewer Dclk1þ lineage traced dysplastic lesions when
compared with COX-1þ/þ mice (Figure 8E–F). These data
indicate that COX-1 derived from Dclk1þ cells is important
for the initiation of CAC. Indeed, mice with loss of COX-1 in
Dclk1þ cells had fewer tumors than mice with intact COX-1
expression (Figure 8G–H). These data suggest that COX-1 in
Dclk1þ cells plays an important role in inflammation-
associated tumorigenesis (Figure 8I).
Figure 6. (See previous page). Downregulation of PGE2 by in
associated cancer. (A) Schematic illustration for the treatment
daily oral gavage of low-dose NSAIDs (aspirin, 25 mg/kg; ce
indomethacin, 1 mg/kg). (B–C) Average colonic tumor number
vehicle or NSAIDs. Data are presented as mean ± SEM, and dot
aspirin, n ¼ 9; celecoxib, n ¼ 6; rofecoxib, n ¼ 7; SC-560, n ¼
weight (right) for Dclk1CreERT2;APCf/f mice treated with NSAIDs d
treatment of C57Bl/6 mice with AOM/DSS and COX-inhibition
celecoxib, 6 mg/kg; rofecoxib, 5 mg/kg; SC-560, 10 mg/kg; indo
and size (right) of C57Bl/6 mice treated with AOM/DSS and veh
represent biologically independent animals (control, n ¼ 34; asp
indomethacin, n ¼ 4). (H) Survival curve (left) and body weight (r
tumorigenesis. (I) Survival curve for Dclk1CreERT2;APCf/f mice tre
colitis (left) and corresponding representative histological imag
celecoxib plus DSS (right). (J) Schematic illustration for the tre
by NSAIDs. (K) Heatmap showing the relative levels of COX
aspirin (non selective COX inhibitor, n ¼ 4), celecoxib (COX-
Quantification of the percentage of prostaglandins significant
NSAID. (M) Identification of prostaglandins downregulated upon
DSS relative to DSS alone.
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Discussion
Following intestinal injury, Lgr5þ stem cells are lost, and

epithelial restitution originates from Lgr5-negative stem or
progenitor cells.2–6 During this epithelial repair, abnormal
Wnt signaling in non-stem cells can lead to cellular plasticity
and tumor development.19,20 In this study, we show that
COX and Akt signaling are upregulated during colitis and in
dysplasia prior to the activation of Wnt in colitis-associated
tumors. These findings suggest that the preceding upregu-
lation of COX and Akt signaling may contribute to Wnt
activation seen later in colorectal tumors.27,29 Indeed, we
demonstrate that activation of PGE2 and Akt signaling in
colitis leads to cellular plasticity of normally quiescent
Dclk1þ cells to a stem cell state that allows for cancer
initiation.

In the context of injury, non-stem cells have previously
been shown to acquire stem cell properties that allow them
to regenerate the epithelium.3,5,40–46 Interestingly, PGE2 not
only contributes to intestinal regeneration through Yap47

and/or Akt signaling,35 but it also has been linked to
stemness in a variety of tissues outside of the gastrointes-
tinal tract.48–53 For instance, in zebrafish, PGE2 is necessary
for Wnt activation in hematopoietic stem cells,34 and in
mice, it can promote the expansion of Lgr5þ stem cells in
the intestine.54 Consistent with these observations, our
study further demonstrates that PGE2 can contribute to the
transformation of quiescent APC-mutant Dclk1þ cells to a
multipotent colonic stem cell that drives inflammation-
associated cancer initiation.

Notably, PGE2 and Akt promoted stem cell capacity in
Dclk1þ cells that were Apc-deficient. This observation
suggests that PGE2 and Akt act in concert to induce Wnt
signaling and promote stemness in a previously “primed”
Dclk1þ cell. More importantly, the simultaneous activation
of PGE2 and Akt signaling led Dclk1þ cells to give rise to
dysplasia upon additional injury. These findings suggest that
upregulation of PGE2 and Akt activation seen during colitis
may lead to the “second-hit” required to activate Wnt
hibition of COX-1 and not COX-2 prevents inflammation-
of Dclk1CreERT2;APCf/f mice with DSS and COX-inhibition by
lecoxib, 6 mg/kg; rofecoxib, 5 mg/kg; SC-560, 10 mg/kg;
(left) and size (right) of Dclk1CreERT2;APCf/f mice treated with
s represent biologically independent animals (control, n ¼ 41;
10; indomethacin, n ¼ 5). (D) Survival curve (left) and body

uring DSS and tumorigenesis. (E) Schematic illustration for the
by daily oral gavage of low-dose NSAIDs (aspirin, 25 mg/kg;
methacin, 1 mg/kg). (F–G) Average colonic tumor number (left)
icle or NSAIDs. Data are presented as mean ± SEM, and dots
irin, n ¼ 8; celecoxib, n ¼ 6; rofecoxib, n ¼ 7; SC-560, n ¼ 8;
ight) mice treated with NSAIDs during the AOM/DSS model of
ated with high-dose COX-2 inhibitors during and after DSS-
es of colonic tissue of mice treated with DSS or high-dose
atment of C57Bl/6 mice with 2.5% DSS and COX-inhibition
-derived prostaglandins in DSS-colitis upon treatment with
2 inhibitor, n ¼ 5), or SC-569 (COX-1 inhibitor, n ¼ 5). (L)
ly downregulated or unchanged upon treatment with each
treatment with aspirin and SC-560, but not celecoxib, during
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signaling and initiate proliferation that ultimately gives rise
to tumors from a mutated Dclk1þ cell.

PGE2 has previously been shown to trans-activate the
epidermal growth factor receptor (EGFR) and stimulate
1014
downstream activation of Akt in cancer.55 Moreover, the
combined use of COX and EGFR kinase inhibitors has been
shown to be more potent for the prevention of colonic
neoplasia than either drug alone, suggesting that PGE2 and
69
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Akt may act in a synergistic manner to promote tumori-
genesis.56 Our findings similarly show that simultaneous
activation of Akt and PGE2 signaling is required for tumor-
igenesis, consistent with the notion that the effects of Akt
activation are independent of PGE2. Furthermore, the ability
of PGE2 to promote stemness has been linked to its ability to
stimulate nuclear accumulation of b-catenin.33,36,50 Phos-
phorylation of Akt stimulates the nuclear localization of b-
catenin through both PGE2-dependent and independent
mechanisms. Our findings suggests that the combination of
PGE2 and Akt activation drives nuclear localization of b-
catenin in Apc-deficient Dclk1þ cells to promote stemness
and tumorigenesis. These findings are also consistent with
the observations of Hayakawa et al, who reported that G-
protein coupled receptor (GPCR) signaling is required for
stimulation of nuclear b-catenin in Apc-deficient cells and
that PGE2 binds to 1 of the 4 GPCRs, EP1-4.57

The cellular and enzymatic source of PGE2 that is most
important in colitis-associated tumorigenesis is not known.
In sporadic CRC, numerous studies have reported COX-2 to
be the most important COX isoform.49,58–61 However, our
data suggests that inhibition of COX-1, rather than COX-2, is
most important for prevention of colitis-associated tumori-
genesis. Indeed, low-dose COX-2 inhibitors were not effec-
tive in preventing the initiation of CAC, whereas higher
(anti-inflammatory equivalent) doses of COX-2 inhibitors
were associated with increased mortality in the setting of
colitis. This is consistent with previous reports that COX-2
inhibitors exacerbate colitis,62–66 and that COX-1 also
plays an important role in inflammation,67–69 tumor initia-
tion, early polyp growth,58,70 and epithelial stem cell pro-
liferation.71 In this study, using our Krt19(BAC)-Cre and
Dclk1CreERT2;APCf/f models, we demonstrate that epithelial-
derived and more specifically, Dclk1þ cell-derived COX-1,
is an important driver of colitis-associated colonic
tumorigenesis.
Figure 7. (See previous page). Low-dose aspirin does not e
colitis model with low-dose aspirin treatment. C57Bl/6 mice we
day 8. (B) Representative images of hematoxylin and eosin stain
DSS and/or aspirin at day 8. (C) Quantification for the percentage
aspirin. Data are presented as mean ± SEM, and dots represent
DSS, n ¼ 5; DSS þ aspirin, n ¼ 6). (D) Quantification for the num
DSS and/or aspirin. Data are presented as mean ± SEM, and do
aspirin, n ¼ 7; DSS, n ¼ 8; DSS þ aspirin, n ¼ 4). (E) Measurem
and/or aspirin. Data are presented as mean ± SEM, and dots
aspirin, n ¼ 11; DSS, n ¼ 15; DSS þ aspirin, n ¼ 15). (F) Heatma
and chemokines in colonic tissue of mice treated with DSS or D
mean ± SEM, and dots represent biologically independent ani
Quantification of the number of inflammatory cytokines or chem
mice treated with DSS relative to DSS þ aspirin (4), those which
(2), or those which are non-significantly changed (26). (H) Heat
kines in colonic tissue of mice treated with DSS or DSS plus aspi
colitis model with low-dose aspirin treatment. C57Bl/6 mice we
day 19. (J) Representative images of hematoxylin and eosin stai
at day 19. (K) Quantification for the percentage of damaged histo
presented as mean ± SEM, and dots represent biologically ind
DSS þ aspirin, n ¼ 5). (L) Measurement of MPO activity in colo
presented as mean ± SEM, and dots represent biologically ind
DSS þ aspirin, n ¼ 5). (M) Changes in body weight expressed a
aspirin (control, n ¼ 6; aspirin, n ¼ 5; DSS, n ¼ 5; DSS þ aspir
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Taken together, our study provides novel insight into the
mechanism by which inflammation leads to the trans-
formation of non-stem cells during tumorigenesis. We
demonstrate that COX-1-derived PGE2 and p-Akt signaling
are both upregulated in colitis and cooperate to promote
stemness in Apc-deficient Dclk1þ cells during cancer initi-
ation. This cellular plasticity is, at least in part, mediated
through Wnt signaling and the promotion of nuclear trans-
location of b-catenin. Importantly, we demonstrate that low-
dose aspirin prevents colitis-associated cancer by blocking
production of COX-1-derived PGE2, demonstrating its safety
and effectiveness as a chemo-preventative drug in colitis.

Materials and Methods
Mice

Dclk1-CreERT2 mice were previously generated and
crossed to APCflox/flox, Rosa26-mTomato/mGFP (R26-TGFP),
and Rosa26-tdTomato strains as previously described.19

Tamoxifen was administered by oral gavage (3 doses of 6
mg every other day) to induce Cre recombinase activity in
Dclk1-expressing cells. K19Cre(BAC) transgenic mice were
previously generated2 and crossed to COX-1flox/flox mice72

(JAX#030884). Mice were housed in 12-hour-light/12-
hour-dark cycles with controlled temperature (19 �C–22 �C)
and humidity (40%–60%). All animal procedures were per-
formed in accordance with the Animal Care and Use Com-
mittee at The University of Western Ontario.
DSS Colitis Model and Drug Treatments
To induce experimental colitis, 8-week-old mice were

treated with 2.5% (wt/vol) DSS (molecular weight,
36,000–50,000, Gojira) in the drinking water for 5 days.
Mice were treated with NSAIDs 3 times during DSS and
every day post-DSS until experimental endpoints. Mice were
sacrificed 12 to 14 weeks post-DSS for tumor experiments,
xacerbate DSS colitis. (A) Schematic illustration of the DSS
re treated with aspirin during and post-DSS and analyzed on
ing (top) and Ki67þ cell staining (bottom) for mice treated with
of damaged histological area in mice treated with DSS and/or

biologically independent animals (control, n ¼ 5; aspirin, n ¼ 5;
ber of Ki67þ cells per colonic crypt (right) in mice treated with
ts represent biologically independent animals (control, n ¼ 6;
ent of MPO activity in colonic tissue of mice treated with DSS
represent biologically independent animals (control, n ¼ 12;
p showing the relative protein levels of inflammatory cytokines
SS plus aspirin compared with control. Data are presented as
mals (control, n ¼ 5; DSS, n ¼ 3; DSS þ aspirin, n ¼ 6). (G)
okines presented in (F), which are significantly upregulated in
are significantly upregulated in DSS þ aspirin relative to DSS
map showing the relative mRNA levels of inflammatory cyto-
rin compared with control. (I) Schematic illustration of the DSS
re treated with aspirin during and post-DSS and analyzed on
ning of colonic tissue of mice treated with DSS and/or aspirin
logical area in mice treated with DSS and/or aspirin. Data are
ependent animals (control, n ¼ 5; aspirin, n ¼ 5; DSS, n ¼ 5;
nic tissue of mice treated with DSS and/or aspirin. Data are
ependent animals (control, n ¼ 6; aspirin, n ¼ 5; DSS, n ¼ 5;
s percentage of initial weight of mice treated with DSS and/or
in, n ¼ 5). Data are presented as mean ± SEM.
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and 1 or 3 days post-DSS for acute experiments. NSAIDs
used were: aspirin (25 mg/kg; Sigma), celecoxib (6 mg/kg,
50 mg/kg; Sigma), rofecoxib (5 mg/kg, 15 mg/kg; ApexBio),
SC-560 (10 mg/kg; Abcam), indomethacin (1 mg/kg;
Abcam), and respective vehicles. The drug doses were
selected based on those that were previously reported to be
1014
equivalent to low- and high-dose NSAIDs in patients based
on plasma concentrations, calculated human equivalent
doses, and/or equipotent COX inhibition.73–78 For lineage
tracing studies, mice were treated with Misoprostol (15 mg
i.p., Cayman Chemicals) or SC79 (20 mg/kg i.p., Cayman
Chemicals) daily for 5 consecutive days.
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Figure 9. Western blots. (A) Raw data for Western blots using phospho-Akt (S473), total Akt, and B-tubulin anti-bodies.
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MPO Assay
Colonic MPO activity was measured as previously

described.79,80 Briefly, fresh colonic tissue was harvested
and weighed. Samples were homogenized in hexadecyl-
trimethylammonium bromide (HTAB) buffer (0.5% HTAB in
50 mM potassium phosphate buffer, pH 6.0) and centrifuged
at 13,400 rpm for 6 minutes at 4 �C. Supernatant was
collected and loaded in triplicate to a 96-well plate.
Figure 8. (See previous page). Loss of COX-1 inhibits inflam
treatment of K19Cre(BAC);COX-1f/f mice with AOM/DSS. (B–C) Col
mice relative to Cre-negative (COX-1þ/þ) littermates. Data are pre
pendent animals (COX-1þ/þ, n¼ 3;COX-1f/f, n¼ 5). (D) Schematic
with 1.5% DSS. (E) Representative images of colonic sections of
dysplastic lesion in COX-1-WT mice and single Dclk1þ cells in C
between Dclk1CreERT2;APCf/f mice with or without COX-1 KO (CO
treatment of Dclk1CreERT2;APCf/f;COX-1f/f mice with 2.5% DSS fo
Dclk1CreERT2;APCf/fmice with or without COX-1 KO (COX1þ/þ, n¼
Dclk1þ cell-derived inflammation-associated tumorigenesis. Figu
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O-dianisidine dihydrochloride solution (0.167 mg/mL
o-dianisidine in 50 mM potassium phosphate buffer, pH 6.0)
containing 0.0005% hydrogen peroxide was added to each
well. Absorbance was measured at 450 nm using the Perkin
Elmer Wallac 1420 Victor2 Microplate Reader (GMI). MPO
activity was calculated as units of MPO activity/mg tissue,
where 1 unit of MPO activity is equal to 1 mmol of peroxi-
dase degraded per minute at 25 �C.
mation-associated cancer. (A) Schematic illustration for the
onic tumor number (left) and size (right) of K19Cre(BAC);COX-1f/f

sented as mean ± SEM, and dots represent biologically inde-
illustration for the treatment ofDclk1CreERT2;APCf/f;COX-1f/fmice
Dclk1CreERT2;APCf/f mice with or without COX-1 KO showing a
OX-1f/f mice. (F) Average number of dysplastic lesions per slide
X-1þ/þ, n ¼ 5; COX-1f/f, n ¼ 8). (G) Schematic illustration for the
r tumor induction. (H) Average colonic tumor number between
7; COX-1f/f, n¼ 9). (I) Workingmodel for our proposedmodel of
re generated with Biorender.com.

69



Table 1.Real-Time Polymerase Chain Reaction Primers

Gene Forward Reverse

Gapdh GACATCAAGAAGGTGGTGAAGCAG ATACCAGGAAATGAGCTTGACAAA

Cox-1 CACAACACTTCACCCACCAG AGAGCCGCAGGTGATACTGT

Cox-2 GCTGCCCGACACCTTCAACATT CACATTTCTTCCCCCAGCAACC

Lgr5 GACGCTGGGTTATTTCAAGTTCAA CAGCCAGCTACCAAATAGGTGCTC

Dclk1 AGCACTGCAGCAGGAGTTTCTG AGTCCTCCGATTCCGAGTTCAA

C-myc CCCACCACCAGCAGCGACTC CAGTGGGCTGTGCGGAGGTT

Cyclin D1 GCAGAAGGAGATTGTGCCATCC AGGAAGCGGTCCAGGTAGTTCA

PPAR-d ATGGAACAGCCACAGGAGGA ATCACAGCCCATCTGCAGCT
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Quantitative Reverse Transcription Polymerase
Chain Reaction

Total RNA was extracted from colonic tissue using TRIzol
reagent (Invitrogen). RNA from DSS-treated mice was puri-
fied with lithium chloride as previously described, with some
modifications.81 Briefly, RNAwas incubated with 8 M LiCl for
45 minutes at �20 �C, centrifuged at 15,000 rpm for 15 mi-
nutes, washed with 75% ethanol, and resuspended in
nuclease-free water. RNA concentration was determined
using the NanoDrop One Microvolume UV-Vis Spectropho-
tometer (Thermo Fisher Scientific). cDNA was synthesized
using 1 mg RNA and was performed using iScript cDNA
Synthesis Kit (Bio-Rad). Reverse transcription polymerase
chain reaction (RT-PCR) was carried out in triplicate using
PowerUp SYBR Green Master Mix (Thermo Fisher) and ViiA
QuantStudio 5 (Thermo Fisher). See Table 1 for complete list
of primers used.
Histology, Immunohistochemistry, and
Immunofluorescence

Tissues were collected, fixed in formalin, embedded in
paraffin, and sectioned at 5-mm thick onto glass slides. Tissue
sections were deparaffinized in xylene and rehydrated in
decreasing concentrations of ethanol. For histology, tissues
were stained with CAT hematoxylin (Biocare Medical) and
Eosin Y (Sigma) and were subsequently rehydrated and
mounted using Permount (Fisher Scientific) for imaging.
Percent damaged areawas calculated based on the sumof areas
with epithelial damage over total tissue area for each section.
For analysis of endogenous fluorescence, harvested colonic
Table 2.Antibodies

Name Type C

Anti-DCAMKL1 Rabbit polyclonal

Anti-Ki67 Rabbit monoclonal

Anti-RFP Rabbit polyclonal

Alexa Fluor 488 (Goat anti-rabbit) Goat polyclonal

Anti-phospho-Akt (Ser473) Rabbit polyclonal

Anti-Akt Rabbit polyclonal

Anti-Beta-Tubulin Rabbit polyclonal
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tissue was fixed in 4% paraformadehyde for 4 to 6 hours and
cryoprotected in 30% sucrose/phosphate buffered saline (PBS)
for 24 hours. Tissues were embedded in OCT (4583, Sakura),
frozen, and sectioned at 5 mm using the Leica CM3050 cryostat
(Leica Biosystems). Frozen sections were rehydrated in PBS for
5minutes at room temperature andmounted using Vectashield
Mounting Medium containing DAPI (Vector Laboratories). For
immunohistochemistry (IHC) and immunofluorescence, anti-
gen retrieval was performed by boiling slides the microwave in
Tris-EDTA buffer (pH 9.0) for formalin-fixed paraffin-
embedded (FFPE) sections and in sodiumcitrate buffer (pH6.0)
for frozen sections. For IHC, slides were incubated in 3%
hydrogen peroxide in methanol to quench endogenous peroxi-
dase activity. Slides were rinsed with PBS and blocked with 5%
normal horse serum. Primary antibodies were diluted in
blocking solution and slides were incubated overnight at 4 �C.
Using R.T.U. Vectastain Universal Elite ABC Kit (Vector Labo-
ratories), biotinylated secondary antibody was applied for 1
hour at room temperature, followed by ABC reagent for 30
minutes. ImmPACT DAB Substrate (Vector Laboratories) was
used as the peroxidase substrate solution. Slides were counter-
stained with CAT hematoxylin, rehydrated, and mounted using
Permount. For immunofluorescence, slides were permeabilized
in 0.2% Triton-X in PBS and blocked using 10% normal goat
serum for 30minutes at room temperature. Primary antibodies
were diluted in blocking solution and incubated overnight at
4 �C. Secondary antibodies were diluted in blocking solution
and incubated for 1 hour at room temperature. Slides were
counterstained and mounted using Vectashield Mounting Me-
dium containing DAPI (Vector Laboratories). See Table 2 for
complete list of antibodies used.
oncentration Vendor CAT No.

1:200 Abcam ab31704

1:200 Abcam ab16667

1:200 Rockland Inc Ab124754

1:200 Thermo Fisher AB143165

1:1000 Cell Signaling Technology 9271S

1:1000 Cell Signaling Technology 9272S

1:1000 Cell Signaling Technology 2146S
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Intestinal Organoid Culture System
Small intestinal crypt cultures were performed as pre-

viously described.82 Briefly, the small intestine was har-
vested, villi were scraped off, and tissue was washed 5 times
with cold PBS. Tissues were incubated for 1 hour in 2.5 mM
EDTA in PBS, followed by mechanical agitation of intestinal
fragments in 10% fetal bovine serum (FBS)/PBS. Superna-
tant containing crypts was subsequently passed through a
70-mM filter (Fisher). Crypt fractions were centrifuged at
800 rpm for 5 minutes, resuspended in conditioned media,
and finally centrifuged at 600 rpm for 5 minutes. Crypts
were embedded in Matrigel and plated on pre-warmed 48-
well plates. After polymerization, 250 uL of Dulbecco’s
Modified Eagle’s Medium/F12 containing N2 supplement
(1�; Thermo Fisher), B27 supplement (1�; Thermo Fisher),
N-acetylcysteine (1 mM; Sigma), Glutamax (1�; Thermo
Fisher), HEPES (10 mM; Gibco), and penicillin/streptomycin
(500mg/mL, Life Technologies) was added to plated crypts
and refreshed every 4 days. Media was supplemented with
EGF 50 ng/mL (Invitrogen), mNoggin 100 ng/mL (Pepro-
tech), and R-Spondin 1 ug/mL every 2 days. For lineage
tracing experiments, organoids were treated with 4-
hydroxytamoxifen (dose) for 48 hours, washed, and
treated with PGE2 (10 mM; Abcam), SC79 (Cayman Chem-
icals; 8 mg/mL), and/or MK-2206 (3 mM) in fresh media. For
epithelial injury experiments, organoids were treated with
doxorubicin (dose) dissolved in the media for 3 hours.
Organoids were then washed 3 times with PBS before being
treated with PGE2 (10 mM; Abcam), SC79 (Cayman Chem-
icals; 8 mg/mL) or both, dissolved in normal media.
AOM DSS Model of Tumorigenesis
As previously described,83 6-week-old C57Bl/6J mice

were treated with azoxymethane (10 mg/kg, i.p.) on day 0,
followed by 5 days of 2.5% DSS in the drinking water
starting on day 7. Colonic and tumor tissues were harvested
at week 20 for analysis.
Multiplex Cytokine Array
Total protein concentration of homogenized colonic tis-

sue was determined using the DC Protein Assay (Bio-Rad).
Levels of eotaxin, G-CSF, GM-CSF, IFNgamma, IL-1alpha, IL-
1beta, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12
(p40), IL-12 (p70), IL-13, IL-15, IL-17A, IL-17E, IL-17F, IL-
21, IL-22, IL-23, IL-27, IL-28B, IL-31, IL-33, IP-10, KC, LIF,
LIX, MCP-1, M-CSF, MIG, MIP-1alpha, MIP-1beta, MIP-2, MIP-
3a, RANTES, TNF-alpha, and VEGF were determined using a
Multiplexing LASER Bead Assay (Eve Technologies
Corporation).
Multiple Reaction Monitoring LC-MS Pro-
inflammatory Lipid Signaling Panel

Levels of eicosanoids were measured in colonic tissue
using multiple reaction monitoring (MRM) coupled with LC-
MS as previously described.84
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Western Blot
Western blots were performed as previously described85

with some modifications. Briefly, 25 to 30 mg of colonic
tissue was collected and homogenized in 200uL standard
RIPA buffer with 0.5 mM NaF and 0.1 mM Na3VO4 for
protein isolation. Protein was quantified using a Bradford
assay (BioRad). Twenty mg protein lysates were loaded on
8% SDS-PAGE gel and transferred to nitrocellulose mem-
brane (BioRad) using a wet electroblotting system (BioRad).
The membrane was incubated using the manufacturer
protocols for p-Akt (S473) (CAT# 9271S), Akt (CAT#
9272S), and Beta-tubulin (CAT#2146S) antibodies (Cell
Signaling Technologies). The membrane was rinsed briefly
in enhanced chemiluminescence substrate (BioRad) and
imaged using the BioRad ChemiDoc MP Image System. Raw
data for Western blots can be found in Figure 9.
Imaging
Imaging was performed using the EVOS FL Auto Imaging

System (Thermo Fisher) or Nikon Confocal Microscope. To
conform with colorblindness, all images from mTmG re-
porter mice were changed so DAPI is blue, RFP is magenta,
and GFP is green.
The GEO Data Sets
Publicly available gene expression data used in this study

were accessed from the NCBI GEO under the accessing codes:
GSE37283, GSE75214, GSE31106, and GSE44904. For
GSE37283, the data analyzed for this study included RNA
expression profiling by microarray of colonic biopsies from 5
healthy controls, 4 patients with quiescent UC, and 11 patients
with UC that harbored a remote neoplastic lesion.

For GSE75214, the data analyzed for this study included
RNA expression profiling by microarray of colonic mucosal
biopsies from 11 healthy controls, 97 patients with active
UC, and 23 patients with inactive UC. Disease activity was
based on endoscopic findings with active disease defined as
a Mayo score of 2 or greater.

For GSE31106, colonic samples (inflamed, dysplastic,
and tumors) were collected at 6 different timepoints (weeks
0, 2, 4, 6, 8, and 20) to determine the expression pattern
with the progression from colitis to colitis-associated
dysplasia to colitis-associated tumors.

For GSE44904, colonic samples were collected from an
untreated control group or colonic tumors from AOM/DSS-
treated mice, both on day 100 post treatment initiation.
Statistics
Statistical analysis was performed using an unpaired

Student t-test when comparing 2 groups and using a 1-way
analysis of variance (ANOVA) when comparing 3 or more
groups. Analyses were done using GraphPad Prism software
version 9.0 (GraphPad Software Inc). A P-value of less than
.05 was considered statistically significant.
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