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ABSTRACT

Patients with inflammatory bowel disease are often deficient in micronutrients such as selenium and have
an increased risk of colon cancer. We tested whether the selenium transport protein, selenoprotein P,
could modify colitis-associated cancer. Our results indicate that global SEPP1 haploinsufficiency augments

tumorigenesis and mediates oxidative damage in the intestine.

The macronutrient selenium, via its incorporation into seleno-
proteins, has antioxidant roles, influences immune activity, and
is inversely correlated with inflammatory bowel disease (IBD)
and cancer risk in numerous epidemiologic studies.'” Indeed,
previous studies from our laboratory have demonstrated that
dietary selenium influences the severity of colitis and colitis-
associated cancer (CAC) in mouse models.* The most abun-
dant plasma selenoprotein is selenoprotein P (SEPP1). SEPP1
contains 10 selenocysteine residues and is essential for selenium
transport and the production of other selenoproteins through-
out the body.” However, SEPP1 is also thought to possess an
endogenous antioxidant function, suggesting that it could play
a role in cancer prevention, particularly in the context of
inflammatory cancers characterized by increased oxidative
stress. Furthermore, at baseline the gastrointestinal tract is sus-
ceptible to oxidative damage resulting from direct contact of
the colonic epithelium with microbial and food-derived reac-
tive oxygen species (ROS). Thus, it was our hypothesis that
SEPP1 may regulate intestinal homeostasis and protect against
colitis and CAC.

To specifically investigate the contribution of SEPPI to
colonic epithelial biology and how its loss affects CAC we used
a global SEPPI knockout model. Sepp1 wild-type (WT, Sepp1*’
"), heterozygous (SeppI*’~), and null (Seppl ') mice were
subjected to an azoxymethane (AOM) and chronic dextran
sodium sulfate (DSS) protocol. A key finding of our study was
that SEPP1 functions as a haploinsufficient tumor suppressor
in the AOM/DSS CAC model.® Mice with reduced SEPP1 (i.e.,
Sepp1*~) had greater tumor multiplicity and these tumors
were larger, had a higher degree of dysplasia, and were more
proliferative than those observed in SEPP1 WT mice. These
results phenocopy our prior observations in selenium-deficient
mice and suggest that SEPP1 is a major mediator of the effects
we observed with selenium reduction.

However, specifically studying the role of SEPP1 is con-
founded by its role in selenium transport, as loss of SEPP1
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decreases the selenium available for total selenoprotein synthe-
sis. Indeed, loss of other selenoproteins, namely the glutathione
peroxidases, can directly cause colitis in genetic knockout (KO)
models.” Thus, although SEPPI is the most abundant plasma
selenoprotein, many ill effects observed in the setting of sele-
nium deficiency have instead been attributed to other antioxi-
dant selenoproteins rather than SEPP1. In addition to the
global Sepp1 KO mice, we were fortunate to have access to mice
deficient in either the selenium-rich transport domain or the
N-terminal redox motif of SEPP1. Surprisingly, both mouse
models showed almost identical increases in tumor formation
in the AOM/DSS model. Thus, our results solidify SEPP1 as an
important antioxidant in the setting of intestinal inflammation
while illustrating that both functions of SEPP1 (i.e., selenium
transport and antioxidant activity) contribute to tumorigenesis
and likely act synergistically in the AOM/DSS model.

The role of increased oxidative damage in the development
of malignancy is well characterized, and ROS are a well-known
contributor to a chronic inflammatory microenvironment.®
Thus, while striking, it may not be surprising that loss of the
antioxidant SEPP1 potentiates tumor formation. On the other
hand, our AOM/DSS studies also found that complete loss of
SEPP1 was relatively protective in AOM/DSS models of CAC.
Tumors in these mice were small and scarce, and exhibited
high genomic instability, decreased proliferation, and increased
apoptosis. Although paradoxical, this observation is likely due
to the “double-edged sword” of ROS-induced injury by which
instead of promoting malignancy, critically high levels of oxida-
tive injury lead to the clearance of initiated Seppl '~ cells
(Fig. 1A). This hypothesis was further investigated using 3D ex
vivo enteroid cultures from SEPP1 WT and null mice in the
presence of hydrogen peroxide (H,0,) to stimulate ROS-medi-
ated injury. Not only did Seppl™’~ cultures have increased
baseline levels of ROS and oxidative damage, they were also
extremely sensitive to ROS-mediated injury. In contrast to WT
cultures that were able to persist in the presence of H,O,,
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Figure 1. Roles for selenoprotein P (SEPP1) in intestinal homeostasis and tumorigenesis. Our results from azoxymethane and repeated dextran sodium sulfate (AOM/DSS)
experiments demonstrated increased tumor numbers in mice heterozygous for Sepp1 (Sepp1*/~), which parallels the protumorigenic effects of increased oxidative injury
(Fig. 1A). In contrast, we found relatively few tumors in global Sepp1 knockout mice, most likely because of critically high levels of oxidative damage and cytotoxicity.
These studies also identified tissue-specific effects of SEPP1 that may independently contribute to tumorigenesis (Fig. 1B). We determined that epithelial-derived SEPP1
inhibits reactive oxygen species (ROS) production and contributes to genome stability, stemness, and WNT activity in ex vivo cultures. SEPP1 expression also affected mac-
rophage populations, as we identified altered recruitment and skewed polarization in the setting of Sepp1 heterozygosity. Together, these results illustrate a significant

role for SEPP1 in both intestinal homeostasis and disease development.

SEPP1-deficient enteroids were completely lost by 24 hours.
Together, these studies suggest that while the modestly
increased ROS induced by Seppl heterozygosity may increase
disease severity, complete loss of SEPP1 (and likely other sele-
noproteins) leads to continuous oxidative assault that cells are
unable to overcome.

To add to the complexity of SEPP1’s role in CAC, we further
identified tissue-specific effects of SEPP1 that likely influence
tumorigenesis (Fig. 1B). SEPPI is highly expressed in macro-
phage populations and is one of the most upregulated genes in
alternatively activated (M2) macrophages.” Indeed, macro-
phages from Sepp*~ mice were preferentially skewed to the
protumorigenic M2 phenotype and naive macrophages dis-
played a heightened response to M2 stimuli. A separate SEPP1
pool in intestinal epithelial cells, however, modulated epithelial
stem cell behavior and increased “stemness.” This was likely
due to activation of the WNT signaling pathway, which is a
crucial pathway for both stem cell maintenance and intestinal
tumorigenesis.'® Both of these cell type-specific effects can pro-
mote tumor development and progression, and further suggest
that SEPP1 contributes to cell homeostasis in a variety of
tissues.

Our study analyzed the specific contribution of SEPP1 to
intestinal homeostasis and disease. Interestingly, while our
observations firmly establish the importance of SEPP1 in colitis

and intestinal disease, most likely through its role in mediating
oxidative damage, they also greatly add to the complexity of
SEPP1 biology. Whether the numerous functional and tissue-
specific effects of SEPP1 contribute independently to colitis and
intestinal tumorigenesis is still unknown. Our studies establish
a critical role for SEPPI in intestinal biology, homeostasis,
injury response, preservation of genomic integrity, and inflam-
matory carcinogenesis and suggest that SEPP1 could serve as a
therapeutic target in the prevention of CAC.
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