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Background & Aims—De novo synthesis of GDP-fucose, a substrate for fucosylglycans,
requires sequential reactions mediated by GDP-mannose 4,6-dehydratase (GMDS) and GDP-4-
keto-6-deoxymannose 3,5-epimerase-4-reductase (FX or TSTA3). GMDS deletions and mutations
are found in 6%-13% of colorectal cancers; these mostly affect ascending and transverse colon.
We investigated whether lack of fucosylation consequent to loss of GDP-fucose synthesis
contributes to colon carcinogenesis.

Methods—FX deficiency and GMDS deletion produce the same biochemical phenotype of GDP-
fucose deficiency. We studied a mouse model of fucosylation deficiency (Fx—/— mice) and mice
with the full-length Fx gene (controls). Mice were placed on standard chow or fucose-containing
diet (equivalent to a control fucosylglycan phenotype). Colon tissues were collected and analyzed
histologically or by ELISAs to measure cytokine levels; T cells were also collected and analyzed.
Fecal samples were analyzed by 16s rRNA sequencing. Mucosal barrier function was measured by
uptake of fluorescent dextran. We transplanted bone marrow cells from Fx-/- or control mice
(Ly5.2) into irradiated 8-week old Fx-/— or control mice (Ly5.1). We performed
immunohistochemical analyses for expression of Notch and the hes family bHLH transcription
factor (HES1) in colon tissues from mice and a panel of 60 human colorectal cancer specimens (27
left-sided, 33 right-sided).

Results—Fx-/- mice developed colitis and serrated-like lesions. The intestinal pathology of
Fx-I- mice was reversed by addition of fucose to the diet, which restored fucosylation via a
salvage pathway. In the absence of fucosylation, dysplasia appeared and progressed to
adenocarcinoma in up to 40% of mice, affecting mainly the right colon and cecum. Notch was not
activated in Fx-/— mice fed standard chow, leading to decreased expression of its target Hes1.
Fucosylation deficiency altered the composition of the fecal microbiota, reduced mucosal barrier
function and altered epithelial proliferation marked by Ki67. Fx-/— mice receiving control bone
marrow cells had intestinal inflammation and dysplasia, and reduced expression of cytokines
produced by cytotoxic T cells. Human sessile serrated adenomas and right-sided colorectal tumors
with epigenetic loss of MLH1 had lost or had lower levels of HES1 than other colorectal tumor
types or nontumor tissues.

Conclusions—In mice, fucosylation deficiency leads to colitis and adenocarcinoma, loss of
Notch activation, and downregulation of HesZ. HES1 loss correlates with development of human
right-sided colorectal tumors with epigenetic loss of MLH1. These findings indicate that
carcinogenesis in a subset of colon cancer is consequent to a molecular mechanism driven by
fucosylation deficiency and/or HES1-loss.
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Background

Fucosylation is an enzyme-catalyzed process that covalently links fucose (6-deoxy-L-
galactose) to oligosaccharides and proteins. Fucosylation is regulated by fucosyltransferases,
guanosine diphosphate (GDP)-fucose synthetic enzymes, and GDP-fucose transporters®: 2.
Fucosylated glycans are constructed by fucosyltransferases using the substrate GDP-fucose.
Two GDP-fucose synthesis pathways exist in mammals. The GDP-mannose-dependent de
novo pathway normally provides the majority of GDP-fucose synthetic capacity. A free
fucose-dependent salvage pathway also exists, but normally contributes little if any to GDP-
fucose synthetic capacity, unless intentionally supported by the administration of substantial
amounts of exogenous free fucose. Conversion of GDP-mannose to GDP-fucose is
accomplished by sequential reactions catalyzed by GDP-4,6-dehydratase (GMDS)3 and
GDP-4-keto-6-deoxy-mannose-3,5,epimerase-4-reductase (FX)%. Fucosylation is an
essential component of several blood group antigens, is implicated in host microbe
interactions, and regulates cell adhesion molecules and growth factor receptors®°.
Fucosylation also enables fringe-dependent modulation of Notch signaling activation which
leads to activation of downstream targets such as the Hes family genesl® 11, Notch signaling
in blood cells is regulated in part via Notch-Notch ligand interactions that involve O-
fucosylation of multiple EGF-like repeats on the extracellular ligand binding domain of
Notch receptors. This O-fucosyation is mediated by protein O-fucosyltransferase | (Pofutl),
as well as by fringe-mediated extension of O-fucose'2-16, In gut epithelium, Notch is
essential for maintenance of intestinal proliferative crypt cells and control of secretory cell
fatel”. 18, Multiple studies also find that Notch expression and/or signaling are dysregulated
in colon cancerl?, although there is not yet a clear understanding of the role of Notch in
colon carcinogenesis.

Alterations in the expression of fucosylglycans have been observed in various cancers?: 20.
For example, increase in fucosylated alpha-fetoprotein is seen in sera of patients with
hepatocellular carcinoma?l. By comparison, loss of fucosylation due to mutation of GMDS
is reported in colon cancer cell lines and up to 13% of colorectal cancer (CRC) tissues?2 23,
A search of the Cancer Genome Atlas (TCGA) reveals that homozygous deletions of GMDS
are found in 2% of a published CRC database and in 5.5% of a provisional database2
(www.chioportal.org). However, it is not known if deficiency of fucosylation plays a
determinant role in CRC development, or whether GMDS mutation correlates with or is
causative of a pathogenic role for aberrant Notch signaling in colon carcinogenesis.

GMDS and FX mediate two sequential reactions in de novo GMD-fucose synthesis,
allowing us to use mice with a deletion of the £x locus?® (referred as £x-/- mice hereafter) to
explore a role for GDP-fucose-dependent mechanism in CRC pathogenesis. We reveal that
without chemical or oncogenic induction, loss of fucosylglycan expression results in colonic
inflammation, serrated-like lesions and frank adenocarcinoma, by implicating Notch
dysregulation and downregulation of HesZ, while HES1 loss is also frequently found in
human CRCs.
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Results

Fx-/- mice develop fucose-dependent inflammation, dysplasia, and colonic neoplasms
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Deletion of £xin mice disables de novo GDP-fucose synthesis. However, restoration of
GDP-fucose generation can be achieved in these animals through the GDP-fucose salvage
pathway via exogenous fucose supply!® 25, Fx-/- mice display weight-loss when maintained
on a standard laboratory chow, but re-gain body weight when they are maintained on fucose-
supplemented chow?>: 26, Here we extend these previous studies to evaluate progression of a
colitis phenotype as a function of fucosylglycan depletion. To avoid a high mortality rate
associated with new born mice maintained on standard chow, all new born mice were
maintained on fucose-supplemented chow (hereafter referred to as on-fucose diet) until ~4
weeks of age. Mice were then maintained continuously with the on-fucose diet (equivalent
to a wild type fucosylglycan phenotype), or were switched to standard chow (hereafter
referred to as off-fucose diet, leading to a fucosylglycan-depleted phenotype) and
maintained on that chow for up to 6 months. As expected, colon epithelium from mice
maintained with the off-fucose diet (off-fucose mice) showed a loss of staining by Aleuria
aurantia lectin (AAL), a lectin that recognizes a.(1,3)/a(1,4) and a.(1,6) fucosylglycan
configurations (Fig S1A). By contrast, epithelium from mice given the on-fucose diet (on-
fucose mice) displayed robust AAL staining (Fig S1A) with normal histology (Fig 1A).
Consistent with other reports, the intestines of off-fucose mice displayed goblet cell
hyperplasia after transition to the off-fucose diet (data not shown)28. In addition, in the off-
fucose mice, we observed a diffuse intramural/submucosal inflammation restricted to the
large intestine (Fig 1A), and sessile serrated adenoma-like lesions (SSLs) with architectural
features of luminal dilation and horizontally branching growth (Fig S1B). These features
were observed in off-fucose mice as early as 2 weeks after the switch to the off-fucose diet,
but not in on-fucose mice. The inflammation was characterized by a thickened mucosa
infiltrated by both acute and chronic inflammatory cells, crypt destruction and surface re-
epithelization. Low-grade dysplasia appeared displaying hyperchromatic pseudostratified
nuclei. As the duration of off-fucose diet increased, the low-grade dysplasia in some
instances evolves into high-grade dysplasia, featuring increased nuclear polymorphism and
architectural complexity (Fig S1C). Foci of dysplasia arising from SSLs were also observed
(Fig S1B). These foci resemble those of human “sessile serrated adenoma (SSA) with
cytological dysplasia”2’: 28, Colon inflammation was also evaluated by flexible colonoscopy,
which disclosed mucosa bleeding, loss of mucosal transparency and focal lesions in off-
fucose mice (Fig S2A). The severity of colitis, as gauged by inflammation scores (Fig 1C),
and epithelial dysplasia (defined as the percentage of cells displaying dysplasia, Fig 1D),
increased with the duration of the off-fucose diet. Notably, both colitis and dysplasia of Fx-/-
mice, as assessed by histology (Fig 1B-C) or colonoscopy (Fig S2A), were partially reversed
15 days after the off-fucose mice were switched back to the on-fucose diet, and these lesions
were nearly completely reversed after 30 days of diet switch (Fig S2B). These findings
imply that both inflammation and dysplasia of ~£x-/- mice colonic epithelium are strictly
dependent on the fucosylation status of these mice.

Analysis of epithelia cytokine expression in the off-fucose mice was done using ELISA
array. These analyses revealed an increased expression of pro-inflammatory cytokines,
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including TNFa, IL-1B, M-CSF, C5/C5a and sSICAM-1 (not shown). This observation was
corroborated by results of gRT-PCR analysis of mMRNA extracted from the colonic
epithelium of off-fucose mice showing a significant increase in expression of pro-
inflammatory cytokine mRNAs, including TNFa, IL-1pB, IL-6, IL-17, IL-23, IFNy, and
Cox2, relative to cytokine mRNA expression in epithelium procured from on-fucose mice
(Fig 1D). Cytokine mRNA expression was assessed throughout the remainder of the study
because of the increased sensitivity of this method compared to the ELISA method. The
increased expression of the cytokine mMRNAs was largely reversed 30 days after off-fucose
mice were switched back to on-fucose diet, supporting the conclusion that the epithelial
inflammation of Fx-/- mice is dependent on the fucosylation status of these mice.

Inflammation is associated with increased risk of developing colorectal cancer29:30,
Accordingly, adenocarcinomas were observed in off-fucose mice, as soon as one month after
the mice were placed on off-fucose diet (Fig 1E). The incidence of adenocarcinoma
increases as duration of off-fucose diet prolongs, reaching ~40% at 2-5 months after diet
switch (Table S1). In contrast, none of the on-fucose mice developed CRC. Histologically,
we observed neoplastic glands infiltrating through the muscularis mucosae throughout the
whole length of colon, with the majority of the tumors (81%) found either in the proximal
colon (Fig 1E) or in the cecum.

Altered colonic epithelial homeostasis associated with loss of Notch signaling in Fx-/-

mice

In concordance with a loss of Notch signal transactivation in the blood cells of £x-/~-mice, as
we described previouslyl®, we observed that expression of activated Notch1 and Notch2, and
the Notch target gene HES1 was decreased in the colon epithelium of off-fucose mice
compared to on-fucose mice (Fig 2A). Consistent with the role of Notch in the regulation of
progenitor proliferationl”: 18, in on-fucose mice, Ki67* proliferating cells were abundant at
the bottom of the crypts but were reduced or absent in epithelia cells moving towards to the
top of the crypts, as observed in wild type mice (Fig 2B). By contrast, Ki67* cells observed
in off-fucose mice, where signaling by Notchl and Notch2 is severely attenuated, display
either a disorganized pattern mainly located in the middle or top of the crypts (off-fucose 1),
or a diffuse distribution pattern in crypts displaying dysplastic features (off-fucose 11") (Fig
2C). In addition, compared to on-fucose mice, off-fucose colonic epithelium had increased
activation of NF-xB and STAT3 (Fig S3A-B). This was accompanied by a progressive
increase in gut epithelial permeability of off-fucose mice (Fig 2D) as a function of prolonged
exposure to the off-fucose diet. Furthermore, disruption of the epithelial integrity in off-
fucose mice was corrected 30 days after mice were switched back to the on-fucose diet (Fig
2D). These findings imply that the fucose-dependent gut epithelial pathology in Fx-/-mice is
consequent to loss of Notch activation, altered epithelial proliferation and impaired gut
barrier function as a result of fucose deficiency.

Dependence of inflammation and dysplasia on gut microflora which displays
compositional shift upon loss of epithelial fucosylation

The defective epithelial barrier function of fucose-deficient £x-/- mice in association with
epithelial inflammation prompted us to examine the contribution of intestinal bacteria in
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colitis and cancer development in Fx-/~- mice. We first asked whether epithelial fucosylation
deficiency alters gut microflora. We performed 16s rRNA sequencing on fecal bacteria first
collected from a group of Fx-/~-mice that were initially fed the on-fucose diet, then from the
same mice at 2 and 4 weeks after switching diet to off-fucose, respectively, and again from
these mice at 2 and 4 weeks after switching back to the on-fucose diet, respectively. Fecal
bacteria collected from the WT mice fed with standard diet and then from the same mice
after feeding on-fucose diet were also sequenced to control for a fucose-mediated direct
effect on the gut microflora. We found that, at the class level of taxonomic ranking, fecal
bacteria from all Fx-/~mice displayed a distinct expansion in the abundance of
Verrucomicrobiae compared to WT mice maintained with standard or on-fucose diet (Fig
S4A). At the genus level, the expansion of Verrucomicrobiae class reflects an expansion of
Akkermansiain all fecal DNA from Fx-/~-mice, and an even greater expansion in off-fucose
mice. By comparison, although the overall proportion of Bacteroidia class was decreased in
Fx-/-mice compared to WT mice, the Barnesiellagenus in this class showed an expansion
only in fecal DNA from on-fucose Fx-/- mice but not those from off-fucose Fx-/- mice, and
a trend towards an increase in those organisms from WT mice given the on-fucose diet. In
addition, the proportion of the Helicobacter genus belonging to the Epsilonproteobacteria
class in on-fucose Fx-/-mice was decreased compared to the WT mice given on-fucose diet,
and further decreased in off-fucose Fx-/~mice (Fig 3A). Principle component analysis
revealed a similar microflora population in WT mice fed with standard chow and those fed
with on-fucose chow, whereas the microbial composition in Fx-/~- mice fed with off-fucose
diet showed a significant shift relative to that in mice fed with on-fucose diet, with reversible
change after switching back to on-fucose diet (Fig S4B). These observations imply that
epithelial fucosylation deficiency is the major cause for the gut microbial shift in Fx-/-mice,
while fucose itself has a much more modest direct effect.

We then asked whether the gut microflora is required for the inflammation and dysplasia
observed in Fx-/-mice. Since the Fx-/-and the WT mice used in this study were found to be
colonized with Helicobacter hepaticus (HH) and 2 other Helicobacter species (data not
shown), and HH is a known pathobiont implicated in several mouse models of colon cancer
including C57BL/6 /L 107" mice and immune-compromised mice31-33, we treated animals
with antibiotic cocktails targeting a wide-spectrum of bacteria including the Helicobacter
species. As expected, in treated mice, HH was not detected by PCR (Fig S5A). The overall
fecal bacteria burden and the trans-luminal bacterial load, determined by 16s RT-PCR, was
2.3-fold and 1.8-fold higher, respectively, in off-fucose mice, relative to on-fucose mice.
However, both were significantly decreased after antibiotic treatment (Fig 3B). Accordingly,
colitis and dysplasia were improved in antibiotic-treated mice compared to non-treated mice
(Fig 3C-D and Fig S5B). Furthermore, the increased epithelial permeability observed in off-
fucose mice was nearly completely reversed after antibiotic treatment (Fig 3E), and none of
the antibiotic-treated mice developed cancer (Table 1). By contrast, antibiotic treatment of
on-fucose mice had no significant effect on colon epithelial histology (data not shown).
These findings indicate that colitis and colon cancer in Fx-/~- mice was dependent on the gut
microflora, which is in turn dependent upon the fucosylation status of the gut epithelium.
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Fucose-deficient colonic epithelium is sufficient to cause inflammation and dysplasia

To determine the relative contribution to inflammation and cancer by the fucose-deficient
epithelium and by the fucose-deficient hematopoietic cells, we performed reciprocal bone
marrow transplantation in which WT or fucose-deficient marrow cells (Ly5.2) were
transplanted into lethally-irradiated 8-week old wild type (WT; Ly5.1) or £x-/- mice (Ly5.1).
Fx-/- recipients were first fed on-fucose diet to decrease mortality associated with
irradiation. At 10 days after receiving bone marrow transplantation, £x-/-recipients were
switched to the off-fucose diet to allow Fx-/-recipients and Fx-/~-donor cells to achieve
fucosylation-deficient status in the epithelium as well as in blood cells. WT recipients
received regular chow throughout the transplantation. Two months after diet switch
following transplantation, mice were examined and scored for inflammation and dysplasia.
Histological evaluation revealed that WT mice receiving WT or Fx-/~-bone marrow cells
showed no inflammation nor epithelial dysplasia. By contrast, £x-/- mice receiving Fx-/-
marrow cells all became moribund at 4-6 weeks after transplantation, displaying more severe
inflammation and dysplasia than de novo off-fucose mice (Fig 4A-B, Fig S6A). Fx-/-
recipients receiving WT marrow cells displayed modest colitis and dysplasia at 4 or 8 weeks
after transplantation (Fig 4A-B; Fig S6B). The inflammation and dysplasia scores (7 and 18,
respectively) at 8 weeks were improved when compared to off-fucose mice without
transplantation (11 and 34, respectively) (Fig 4C-D; Table 1). These results indicate that
Fx-/-marrow cells did not autonomously cause inflammation and dysplasia, whereas Fx-/-
gut mucosa was sufficient to induce inflammation and dysplasia. However, inflammation
and dysplasia was most severe in £x-/- host receiving £x-/- hematopoietic cells.

The milder colonic inflammation and dysplasia in Fx-/~ recipients receiving WT marrow
cells could result from a phenotype rescue of the fucosylation-deficient epithelium by the
WT cells, perhaps through fucose cross-feeding via catabolism of WT fucosylglycans by the
Fx-/-recipients. To examine this possibility, we stained the colon epithelium with AAL after
transplantation. We found gut epithelium of Fx-/-recipients receiving Fx-/- marrow cells
showed a loss of AAL staining, in contrast to a robust staining in WT recipients receiving
WT or Fx-/- marrow cells. By comparison, £x-/-recipients receiving WT marrow cells
showed minimal AAL staining of colonic epithelium, but strong AAL reactivity in the inter-
cryptic immune cells derived from the WT donors (Fig S6C). Thus, there appears to be a
minimal re-gain of AAL reactivity in Fx-/- epithelium after receiving WT marrow cells;
however, the possibility of phenotype rescue remains possible because we found that
inflammation and dysplasia further improved with average scores reaching 5 and 10,
respectively, at 4 months, but did not completely convert to normal levels as observed in the
de novo on-fucose mice (Fig 4C-D, Fig S6B).

The ability of the Fx-/-gut mucosa to drive inflammation was further supported by findings
of epithelial cytokine expression which showed that most cytokines except TNFa were not
increased in WT hosts receiving Fx-/- hematopoietic cells, but were increased in Fx-/- host
receiving WT marrow. Levels of IL-6 and TNFa were further increased in Fx-/-host
receiving Fx-/- hematopoietic cells (Fig 4E). Furthermore, STAT3 and NF-kB were not
activated in WT mice receiving WT or Fx-/-cells but were mildly increased in Fx-/-
recipients receiving WT marrow, and increased further in those receiving Fx-/~ marrow cells
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(Fig S6D). These findings indicate that inflammation and pro-inflammatory cytokine
expression were mainly driven by the fucose-deficient gut epithelium, while Fx-/-
hematopoietic cells may further enhance inflammatory response and dysplasia. Only one out
of 12 Fx-/- recipients receiving WT marrow cells developed adenocarcinoma, at 6 months
after transplant (Table 1). By contrast, all Fx-/~ recipients receiving Fx-/~-hematopoietic cells
died before they could be evaluated for CAC development.

Suppression of CD8 T cell cytotoxic function by fucose-deficient host

To begin to examine the mechanism underlying the dominant pro-inflammation and pro-
dysplasia process driven by the fucoyslation-deficient epithelium, we examined T cells
isolated from the mesenteric lymph nodes (mLN) of on-fucose, off-fucose, and off-fucose
Fx-/- mice then switched back to on-fucose diet. We observed a mild alteration of CD4-
expressing (data not shown) and CD8-expressing IFN-y (Fig 5A) but a striking reduction of
Granzyme B (GzmB) expression by CD8 T cells in off-fucose mice compared to on-fucose
mice, and a reversal of its expression in off-fucose mice switched back to on-fucose diet (Fig
5B). We then examined donor-derived (Ly5.2) mLN T cells, either from WT or Fx-/-donors,
arising after bone marrow transplantation in WT or Fx-/-recipients, respectively. We found
that, upon ex vivo stimulation, CD8 IFN+y levels showed a moderate increase in £x-/-T cells
reconstituted in WT mice (Fig 5C). By comparison, GzmB production by CD8 T cells was
decreased by ~50% in both WT and Fx-/- donor cells that reconstituted £x-/- hosts (Fig 5D),
when compared to those made by CD8 counterparts reconstituting WT recipients. These
findings suggest that CD8 T cell cytotoxic effectors were prominently inhibited in fucose-
deficient hosts.

Loss of HES1 expression is frequently found in right-sided colon cancer

Finally, we evaluated the relevance of fucosylation-deficiency and Notch dysregulation in
human CRC. We found that 10 of the 11 GMDS-deleted cases reported by TCGA are right-
sided or involve transverse colon.2* This observation is similar to the observation in Fx-/-
mice, where a majority of the tumors in these animals are found either in the cecum or in the
proximal colon. We recently reported that >90% of human SSAs have lost nuclear HES1
expression34. Since SSAs mainly affect the right side and transverse colon, we asked
whether loss of HES1 is also a feature of right-sided CRC. We examined a panel of 60
archived human CRC specimens (27 left-sided, 33 right-sided). Overall, HES1 reactivity can
be classified into three groups: positive, with consistent nuclear staining in epithelial cells
and crypt cells (Fig 6A); negative, with no or very weak nuclear staining of epithelial and
crypt cells but positive staining in the lamina propria immune cells (Fig 6B); and
heterogeneous, with mixed reactivity in only a portion of the nuclei (Fig 6C)34. A few cases
showing cytoplasmic HES1 staining with weak peri-nuclei or negative nuclear reactivity
were classified in the negative group because of the lack of HES1 transcriptional activity.
We found that 85% (28/33) of right-sided CRCs show complete loss of HES1, whereas
HESL loss is less common in the left-sided colon cancer (7/27, 26%). Uniformly increased
nuclear expression of HES1 in invasive carcinoma is mostly seen in left (14/27, 52%) and
rarely seen in right colon (3/33, 9%). Heterogeneous immunostaining is present in a
subgroup of right (2/33, 6%) and left colon cancer (6/27, 22%). In addition, 80% of HES1
(-) CRCs have lost expression of MLH1 (one of several DNA mismatch repair proteins) due
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to promoter methylation, whereas only 8% of HES1 (+) CRCs have epigenetic loss of
MLHL1. Therefore, there is significant correlation of HES1 loss with right side location of the
tumor (r=0.63, p<0.001) or with MLH1 epigenetic loss (r=0.67, p<0.001).

Discussion

In this study, we examined a mouse model of colon cancer in the setting of fucosylation
deficiency (Fx-/- mice), a biochemical defect also caused by GMDS deletion and mutation
seen in human CRC22-24, We find that fucose-deficient epithelium displays suppressed
Notch activation and decreased expression of Notch target HesZ. Consistent with Notch
being essential for the maintenance of intestinal epithelial homeostasis® 20, Fx-/- mice
colonic epithelium is characterized by goblet cell expansion and aberrant crypt proliferation.
In addition, we observe that fucose-deficient epithelium plays a dominant role in inducing
inflammation and tumorigenesis by affecting gut mucosal integrity and by influencing gut
microflora. Furthermore, we observe that fucose-deficient epithelium plays a critical role in
modulating immune response by suppressing T cell Gzm B expression. Lastly, following our
previous reports of HES1 loss in human SSA34, we find that HES1 loss is seen in the
majority of human right-sided colon cancers displaying epigenetic loss of MLH1, supporting
a potential pathogenic role of HES1 loss in human colon cancer development.

In this carcinogen-free colon cancer model, Fx-/- mice develop colitis, dysplasia and
adenocarcinoma in a defined temporal and histopathological sequence. Inflammation is
likely a major pathogenic factor to cause carcinogenesis in £x-/-mice, as dysplasia and
cancer is prevented when inflammation is controlled by antibiotics, even though the
epithelium remains fucose-deficient. Notably, colitis in Fx-/~mice is interwoven with lesions
carrying architectural features of human SSA. While patients with inflammatory bowel
disease (IBD) are at increased risk of developing dysplasia and colorectal cancer?%:30, there
is also emerging evidence that serrated adenomas are found in IBD patients and may
contribute to colon cancer development3®. However, neither is the contribution of SSL to the
tumorigenesis in this animal model well understood, nor are the natural history and the
clinicopathologic features of human IBD-associated serrated lesions clearly defined. Mixed
types of inflammatory cytokines are increased in the inflamed epithelium of the Fx-/- mice
accompanied with increased Ki67 proliferative index. Likewise, inflammatory cytokines
such as Cox2, IL-18, TNFa are increased in human serrated adenomas36: 37. These findings
suggest that colitis-associated serrated lesions are likely reflective of aberrant proliferation
associated with inflammation as observed in the £x-/-mice and in other animal models38.
These colitis-associated serrated lesions may be associated with an altered immune
microenvironment and the microflora dysbiosis induced by fucosylation deficiency in the
Fx-/-mice, and likewise, associated with alterations in the microbiota and immune response
related to specific genetic factor in human IBD-associated neoplasia3®. Future studies are
needed to define if SSLs of F£x-/-mice carry the molecular hallmarks of human serrated
neoplasia, and are consequent to defective Notch/HES1 signaling (see below). We speculate
findings from the ~x-/- mice could be applied to better understand the
clinicopathophysiology of IBD-related neoplasia3®.
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Consistent with our findings in the hematopoietic system that fucosylation deficiency
disables Notch signaling, expression of activated Notch receptors and Notch target HesZ in
Fx-/-mice gut epithelium is severely diminished. However, a causal role of HesZ loss in the
carcinogenesis has yet to be established. HesZ knockout mice have secretory cell
expansion?0, sharing some intestinal pathologic features with Fx-/- mice. However, Hes1
knockout mice do not develop serrated lesion or colon cancer, presumably because Hes1
functional loss was compensated for by other family members*!, a compensation that would
not be possible in the Fx-/- mice. Nevertheless, our animal findings support an
inflammation- and tumor-suppressive function of Notch/HES1 in colon epithelium during
CRC development. We previously found a strong association of HES1 loss with SSA34, a
precursor lesion for CRC, and with CRCs displaying MLH-1 epigenetic loss in this study.
The majority of SSAs show a homogenous loss of nuclear HES1 expression compared to the
normal colon and the hyperplastic polyps where nuclear HES1 expression indicate normal
HESL function as a transcription factor. A few cases of SSAs with cytologic dysplasia show
a diffuse cytoplasmic HES1 reactivity with weak peri-nuclei staining or negative nuclear
reactivity, suggestive of altered HES1 distribution but continued HES1 dysregulation34. This
pattern of cytoplasmic HES1 reactivity was also found in some CRCs; however, its clinical
significance would be best defined with longitudinal follow-up of the clinical course of SSA
transition to SSA with dysplasia and to carcinoma development in the serrated colon cancer
pathway. We speculate that cytoplasmic HES1 expression may be caused by an altered
HESL transport or degradation mechanism, or related to genetic and/or epigenetic changes
that are necessary for the transition to SSA with dysplasia but not necessarily required for
the carcinoma development. Additional work is needed to elucidate the cellular and the
molecular mechanism that mediates HES1 loss in SSA and CRC. While GMDS-mutated
CRC shows HESL loss as expected (Fig S7), HES1-negative tumors are not necessarily to be
related to fucosylation deficiency, because GMDS mutation/deletion is relatively rare
compared to HES1 loss in human CRC. Finally, a few IBD-related serrated lesions (Fig
S7A) and IBD-associated CRCs we examined including one GMDS-mutated case (Fig S7B)
show loss of nuclear HES1 expression; however, the contribution of HES1 loss to the
development and the clinicopathophysiology of IBD-associated neoplasia requires further
investigation in a large human tissue cohort.

Fucosylglycans decorate proteins and lipids throughout the mammalian gastrointestinal tract
and play an important role in host-microbe symbiosis#2. Recent findings revealed that
commensal bacteria mediate the expression of IL-22 by innate lymphoid cells which in turn
stimulate a(1,2) fucosyltransferase (Fut2)*3, and individuals lacking a functional copy of
FUTZdisplay significant differences in their gut microbiome community structure*4. Here
we report that colon mucosa is also decorated by fucosylglycan chains in a(1,3) and a.(1,6)
configurations recognized by AAL. Functions for these fucosylglycans and O-fucosylated
glycans in gastrointestinal diseases have not been addressed!. GMDS deleted/mutated CRCs
and their phenotype-matched animals offer opportunities to investigate a broader role of
fucosylation in human diseases including CRC. Interestingly, our work reveals that a general
depletion of epithelial fucosylation affects the gut microbiome structure with expansion or
reduction of certain bacterial subsets. Whether any of these bacteria species has a pathogenic
role in inflammation and neoplastic transformation remains to be determined. It will be
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interesting to investigate if fucose-deficiency caused by GMDS deletion/mutation in human
also induces microflora dysbiosis and inflammation that compromise mucosal barrier
function. Importantly, we observe that fucosylglycan restoration in gut mucosa restored
compromised gut permeability, and led to decreased bacterial invasion, supporting a critical
requirement for an intact epithelium with fucosylation modification in protecting mice
against colitis and carcinogenesis. These observations indicate that fucose-supplementation
may be an effective therapeutic approach in protecting mucosa homeostasis and in
preventing inflammation and carcinogenic transformation in patients who have
compromised mucosal barrier function caused by fucosylglycan deficiency due to GMDS
deletion/mutation or other defects in fucosylglycan biosynthesis.

In bone marrow transfer experiments, we reveal that epithelial inflammation of Fx-/- mice
featured a mixed type of cytokine effectors that were predominantly driven by the fucose-
deficient host. Analysis of mesenteric lymph node T cells in £x-/- mice maintained with off-
fucose diet reveal a significant suppression of CD8 T cell Gzm B production. Furthermore,
after WT bone marrow cells reconstitute lethally-irradiated Fx-/~mice, the developing T
cells derived from normal donors also display a suppression of T cytotoxic function. These
observations suggest that the immune defects associated with the gut pathology are primarily
determined by the host factors in fucosylation-deficient mice, but not the fucosylation-
deficient blood cells. However, the exact mechanism underlying this fucosylation
deficiency-driven immune suppression remains to be determined.

In summary, Fx-/- mice is an excellent animal model to study the mechanism and the
pathophysiology of human CRCs that carry genetic mutations/deletions affecting fucose
metabolism, and cancers that display loss of Notch/HES1 signaling, dependent or
independent of fucose deficiency.

Materials and methods

Mice and bone marrow transplantation

The animal research related to this article was approved by Case Western Reserve University
Institutional Animal Care and Use Committee. Fx-/- mice were maintained and prepared as
described!® 25, In some experiments, we treated 8- to 12-wk-old Fx-/~ mice under
conventional conditions, or 2 weeks after mice receiving bone marrow transplantation, with
medicated feed ad /ib containing amoxicillin (0.06%), clarithromycin (0.01%),
metronidazole (0.02%) and omeprazole (0.0004%) for 8 wks*®. Bone marrow
transplantation was performed in lethally-irradiated mice (Ly5.1) by i.v. transfer of 2x108
donor cells (Ly5.2)15,

Epithelial permeability analysis

Colon permeability assay was performed using FITC-dextran. In brief, mice were fasted for
4h followed by rectal administration of 4 kDa FITC-dextran (1 mg/g body weight). Plasma
was collected 1hr later. Serum fluorescence intensity was measured using a microplate
analyzer (PerkinElmer VICTORS3) and concentrations were calculated from a standard curve
of FITC-dextran serial dilution.
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Human tissue collection and IHC

Study of archived human CRC was approved by the Institutional Research Board (IRB) of
the University Hospitals Case Medical Center. Please see details in Supplemental
Information.

Other Methods

For histology, western blot, immunohistochemistry, AAL staining, 16s RNA sequencing,
mouse colonoscopy, T cell stimulation, flow analysis, and gRT-PCR, please see details in
Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GDP guanosine diphosphate

GMDS GDP-mannose 4,6-dehydratase

FX GDP-4-keto-6-deoxymannose 3,5-epimerase-4-reductase
CRC colorectal cancer

AAL aleuria aurantia lectin

SSA sessile serrated adenoma

SSL serrated-like lesion

gRT-PCR quantitative reverse transcription polymerase chain reaction
TCGA the Cancer Genome Atlas
MSI microsatellite instability

mLN mesenteric lymph node
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Fig 1. Fx-/- mice develop fucose deficiency-dependent colitis and dysplasia with progression to
adenocarcinoma

(A) Representative H&E staining shows normal colon tissue from Fx-/- mice fed on-fucose
diet for 60d, colon from Fx-/~- mice fed off-fucose diet for 60d showing colitis. Images were
taken under 40x magnification. Scores of inflammation (B) and dysplasia (C) were
measured in colon tissues from mice receiving on-fucose diet 90d, off-fucose for varying
days, and those having off-fucose diet followed by on-fucose diet for 15d or 30d,
respectively. Data was pooled from 3 experiments. Black bars indicate mean values. (D)
Expression of inflammatory cytokines in colon epithelium was measured by gRT-PCR and
normalized to those in on-fucose mice (n=5 from 2 experiments). Data shown represent
meanSD. (E) A representative gross histology and H&E staining (10x and 40x
magnification) of adenocarcinoma in the proximal colon. Student #test was performed for
analysis in B, C and D. *p<0.05, **p<0.01
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Fig 2. Altered colonic epithelial homeostasis associated with loss of Notch signaling in Fx-/- mice
(A) A representative western blot of colon epithelial protein extracts from Fx-/- mice, either

fed on-fucose (on fuc) or off-fucose diet (off fuc) for 60d, with antibodies against cleaved
Notchl (ICN1), Notch2 (ICN2), HES1, and p-actin. (B-C) Representative IHC staining of
proliferating crypts with anti-Ki67 in colon of on-fucose mice (40x) (B), off-fucose mice (I
"1 20%; 11”: 40x%) (C). (D) Epithelial permeability was measured in WT, on-fucose (60d), and
off-fucose mice for varying period of time, and off-fucose mice (60d) followed by on-fucose
diet for 30d (n=5-9 in each group, from 3 experiments). Data shown in D represent mean
+SD. Student ~test was performed. *p<0.05, **p<0.01
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Fig 3. Microflora analysis and the requirement of gut microflora in Fx-/- mice colon pathology
(A) Fecal bacterial DNA was prepared from 5 WT mice maintained with regular diet (WT),

from the same group of mice after feeding on-fucose diet 4wks (WT+), and from 5 Fx-/-
mice, first collected after feeding on-fucose diet 4wks (Fx+), second after 4 wks of
switching to off-fucose diet (Fx+/-), and third collection after 4 wks of switching back to on-
fucose diet (Fx+/-/+). Relative genus abundance was shown as percentage of each OTU in
the total OTUs. Data shown represent means=SD (n=5/group). (B) Fecal bacteria and colon
transluminal tissue bacteria burden were determined by gRT-PCR of 16s rRNA from on-
fucose (60d) (on-fuc), off-fucose mice (60d) (off-fuc), and off-fucose mice treated with
antibiotics (60d) (off-fuc, Abx). Data are expressed as the fold of change relative to that
from on-fucose mice (n=4-5/group from 2 experiments). (C-E) Colon inflammation (C) and
dysplasia scores (D), and epithelial permeability (E) were recorded for Fx-/- mice fed off-
fucose diet 60d and mice fed off-fucose diet plus antibiotics (n=6/group from 3
experiments). Data shown in A-E represent means+SD. Student £test was performed;
*p<0.05, **p<0.01
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Fig 4. Fucosylation-deficient epithelium drives inflammation and dysplasia
Reciprocal transplantation was performed in WT mice receiving WT (n=6) or Fx-/- marrow

(n=8), in Fx-/-mice receiving WT (n=12) or Fx-/-marrow cells (n=9). Data were pooled
from 4 experiments. Colon inflammation (A) and dysplastic scores (B) were recorded 2
months after transplantation. (C-D) In the setting of ~£x-/- mice receiving WT cells, colon
inflammation (C) and dysplastic scores (D) were determined from colon tissues at 2 months
(n=6), 4 months (n=6), and up to 6 months (>4 months; n=6) after transplantation, and
compared to those of Fx-/~-mice fed on-fucose (on fuc; n=7) or off-fucose diet (off fuc;
n=9). Data were pooled from 2 experiments. (E) Inflammatory cytokine mRNA expression
in colon tissue from recipients in 4 transplant settings was measured by qRT-PCR and
normalized to the expression in WT mice receiving WT cells (n=6-9/group from 3
experiments). Black bars in A-D indicate means. Results shown in E were meanSD.
Student £test was performed; *p<0.05, **p<0.01
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Fig 5. Host-driven suppression of CD8 T effector expression in Fx-/- mice
(A-B) T cells of mLN were collected from on-fucose, off-fucose, and off-fucose Fx-/~mice

switched back to on-fucose diet. Intracellular staining for CD8 T cell IFNy (A) and
Granzyme B (B) were shown after anti-CD3/CD28 re-stimulation. (C-D) Representative
flow plots of T cell analysis collected from WT or Fx-/- mice receiving WT or Fx-/-cells.
Intracellular staining for IFN+y (C) and Granzyme B (D) were shown in Ly5.2* CD8 T cells.
Numbers indicate mean+SD (% of CD8* cells; n=3-5/group from 2 experiments). Student &
test was performed; *p<0.05, **p<0.01
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Fig 6. Loss of HES1 expression in right-sided CRC
(A-C) Representative HES1 IHC staining show 3 types of HES1 reactivity in 2 examples of

positive (A) and negative nuclear reactivity (B) (top, 10x; lower, 20x), and one mixed
nuclear reactivity (C) (10x). (D) Summary of HES1 reactivity in 33 right- and 27 left-sided
cases.
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