






Immunohistochemistry for RAGE and Gr1
Paraffin colon sections were heated in antigen retrieval

solution (Dako) and blocked in 10% fetal calf serum
(FCS) with an avidin–biotin blocking kit (Vector Labo-
ratories), followed by overnight incubation at 4�C with
either anti-receptor for advanced glycation end products
(anti-RAGE; Abcam) or anti-Gr1 (eBioscience). Biotiny-
lated secondary antibodies to anti-RAGE or anti-Gr1 were
added to slides for 1 hour, followed by incubation with
streptavidin–horseradish peroxidase (BD Pharmingen).
Slides were developed using a 3,30-diaminobenzidine
(DAB) kit (Vector Laboratories) and counterstained in
hematoxylin (Sigma).

Isolation of lamina propria cells
One day after the last DSS-drinking cycle in the CAC

model (day 47; Fig. 3A), mice were sacrificed and colons
were dissected and washed in ice-cold PBS. Isolation of
lamina propria cells from colons was conducted as previ-
ously described (29). Lamina propria cells were analyzed by
flow cytometry using anti-CD11b phycoerythrin (PE), anti-

LY6C fluorescein isothiocyanate (FITC), and anti-LY6G
V450.

Flow cytometry
A total of 106 cells were isolated and stained in 1� PBS

with 0.5% FCS using the following antibodies at 1 mg/mL:
anti-B220 FITC, anti-CD11b antigen-presenting cell
(APC), anti-Gr1 PE (BD Pharmingen), anti-F4/80 allo-
phycocyanin (APC) (eBioscience), and anti-CT2 (Mayo
Clinic Arizona). Anti-CT2 detects the Muc1/MUC1 cyto-
plasmic tail and cells are permeabilized with BD Cytofix/
Cytoperm Fixation/Permeabilization solution (BD Phar-
mingen) overnight before staining with anti-CT2. Acqui-
sition was carried out on a Dako CyAn flow cytometer and
analysis was conducted on Summit 4.3. At least 20,000
events were isolated.

Cytokine array analysis
WT!WT and KO!WT mice were sacrificed on day 47

of the AOM þ DSS experimental model, 1 day after the
final duration of 4 days of DSS-treated drinking water,

Figure 2. KO!WT mice are more
resistant to DSS-induced colitis.
WT!WT and KO!WT chimeric
mice were subjected to three
drinking cycles of 3% DSS as
described in Materials and
Methods. KO!WT mice showed
(A) significantly lesser weight loss
and (B) significantly smaller
inflammatory lesions (Fisher exact
test, P¼ 0.04) in the colon of H&E-
stained colon sections (images
taken at �200 magnification;
WT!WT, n¼ 4; KO!WT, n¼ 5) as
compared with similarly treated
WT!WT animals. (Continued on
the following page.)
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and 0.5 mL of blood was collected and loaded on a Ficoll
gradient. Plasma was collected and the cytokine content
in the plasma was analyzed using the RayBio Mouse
Cytokine Antibody Custom Array (Ray Biotech) custom-
ized for 20 cytokines known to be involved in inflam-
mation and immunosuppression, as per the manufac-
turer’s instructions.

Microarray and protein analysis
Two groups of WT!WT and KO!WT mice [either

preinjected with AOM and having undergone three
cycles of DSS (AOM þ DSS), or nontreated control mice,
n ¼ 3 per group] were sacrificed on day 47 of the AOM þ
DSS experimental model, 1 day after the last DSS-drink-
ing cycle. Colons were opened longitudinally, washed in
PBS, and the mucosa from each colon was scraped and
individually snap-frozen in liquid nitrogen. For Western
blot analysis, mucosal cells were lysed with 200 mL radio-
immunoprecipitation assay (RIPA) lysis buffer, freeze-
thawed once and centrifuged at 13 000 rpm for 20
minutes at 4�C. The supernatant was used for Western

blot analysis with anti-C1q, anti-RAGE (Abcam), and
anti-MMP-10 (Abnova). For analysis of matrix metallo-
proteinase (MMP) activity, mucosal cells were lysed over-
night in 200 mL of lysis buffer containing 50 mmol/L Tris
7.5, 10 mmol/L CaCl2, 150 mmol/L NaCl, 0.05% w/v
Brij-35 before loading onto a precast gelatin zymogram
gel (Bio-Rad) and developed according to the manu-
facturer’s instructions. Samples were loaded alongside
recombinant mouse MMP-2 (R&D Systems) activated
with 4-Aminophenylmercuric acetate (APMA) (Sigma).

RNA from colonic mucosa was isolated using the RNeasy
Mini Kit (Qiagen). RNA integrity was determined using an
Agilent 2100 Bioanalyzer (Agilent). Cy3-labeled cRNA was
generated from 1 mg RNA per sample, using the Quick Amp
Labeling Kit (Agilent). Quantification and dye incorpo-
ration of the labeled cRNA was conducted using the Nano-
Drop (Thermo Scientific). Labeled cRNA (1.65 mg) was
hybridized onto a 4 � 44 whole mouse genome slide,
washed, scanned, and feature extracted on an Agilent scan-
ner as per the manufacturer’s instructions. Microarray data
were loaded onto GeneSpring 11.5 for analysis. During
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Figure 2. (Continued. ) C, WT!WT
and KO!WT mice were tail bled
1 day after the second DSS-
drinking cycle and PBMCs were
obtained for analysis of the levels of
CD11bþGr1þ and B220þcells as
determined via flow cytometry.
D, CD11bþGr1þ cells were sorted
by flow cytometry from PBMCs
derived from peripheral blood of
WT!WT (n¼ 3) and KO!WTmice
(n ¼ 4) and incubated with T cells
thatwere stainedwithCFSE. T cells
were stimulated with 1 mg/mL
a-CD3 and 0.5 mg/mL a-CD28 and
CFSE fluorescence was analyzed
by flow cytometry after 7 days.
The FlowJo software was used
to analyze cell proliferation by
assessing the number of T cells
within each division of the parent
T-cell population. The column
graph represents the percentage of
total T cells in each division and
represents six divisions of the
parent T-cell population.
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Figure 3. KO!WTmice show less inflammation postcolitis after induction of CAC, as compared with WT!WTmice. Reduced inflammation in KO!WTmice
was accompaniedby increased levels ofCD11bþGr1þcells and sRAGE in peripheral blood and reducedRAGEexpression in the colonicmucosa. A, flowchart
of CAC experimental model using AOM and DSS. Mice were sacrificed 1 day after the end of the third DSS-drinking cycle (day 47) for (B) analysis
of the absolute numbers of CD11bþGr1þ cells in the PBMCs of WT!WT and KO!WT mice and (C) for histologic analysis of H&E colon sections for the
percentage of colon that had inflammatory lesions. Incidence of inflammation was similar betweenWT!WTand KO!WT experimental mice (7 of 8WT!WT
experimental mice and 7 of 7 KO!WTexperimental mice showed at least 10%ormore of the colon that had inflammatory lesions), so only experimental mice
that developed inflammation in the colon were compared. D, plasma derived from the tail bleeds conducted 1 day after the end of the third DSS cycle (day 47)
were used in a cytokine antibody array for 20 cytokines known to be involved in immunosuppression. Boxed areas are spotted with antibodies to
RAGEandare representative of results fromarrays conducted induplicate forWT!WTand triplicate forKO!WTmice treatedwithAOMþDSS.Densitometry
graph shows the average signal intensity for the RAGE positive spots over replicate experiments. E, lysates from colonic mucosa of WT!WT and
KO!WT mice treated with AOM and DSS were made for Western blot analysis against RAGE as described in Materials and Methods. b-Actin was probed
for as a loading control. F, immunohistochemical staining of RAGE in inflammatory lesions of WT!WT (n¼ 8) and KO!WT (n¼ 6) was conducted and data
shown are representative of all stained sections. Images were taken at �200 magnification. i.p., intraperitoneal.
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analysis, the gene list data were filtered to remove compro-
mised signals. Unpaired t test was conducted between
samples from control and AOMþDSS–treatedmice within
each group of chimeras to determine the genes that were
significantly altered (P < 0.05) upon treatment between
WT!WT and KO!WT mice. Genes that were altered less
than 2-fold upon treatment with AOM þ DSS were subse-

quently excluded from the gene list. To develop a gene
signature that could further explain the larger tumors that
eventually developed in these mice, GeneGo analysis was
used to further categorize genes that were mutually or
exclusively altered in WT!WT or KO!WT mice. Micro-
array data can be accessed at Gene Expression Omnibus
(GEO), accession number GSE47487.

WT WT

KO WT

L
Y

6
C

3%

7%

0.6%

0.2%

CD11b

L
Y

6
G

4%

11%

L
Y

6
C

DSS onlyAOM+DSS
A

<10%

10%–25%

25%–50%

>50% P = 0.02

0

<10%

10%–25%

25%–50%

>50%

0

%
 o

f 
c
o

lo
n

 w
it

h
 t

u
m

o
rs

P < 0.05

C
o

lo
n

 l
e

n
g

th
 (

c
m

)

0

1

2

3

4

5

6

7

WT KOWT WTWT KOWT WT

B C

P < 0.04

KO KOWT WT 

injected 
with α-Gr1

%
 o

f 
to

ta
l 

c
o

lo
n

 w
it

h
 

tu
m

o
rs

D

Figure 4. One day after the last DSS-drinking cycle in the CAC and colitis model, KO!WT mice show increased levels of CD11bþGr1þ cells in the lamina
propria as compared withWT!WTmice. Four months after the start of the AOMþDSS experimental model, KO!WTmice show increased colon tumors as
comparedwithWT!WTmice that could be reducedwith anti-Gr1 treatment during eachDSScycle. A,WT!WTandKO!WTmicewere sacrificed 1day after
the last DSS-drinking cycle of the CAC model and colons were either fixed in formalin and embedded in paraffin for immunohistochemical staining of
Gr1þ cells (left most; images taken at �200 magnification; black arrows indicate some of the cells that stained positive for Gr1) or used for isolation
of lamina propria cells. Lamina propria cells were analyzed with antibodies to CD11b and the two subtypes of Gr1 (LY6C and LY6G) via flow cytometry.
WT!WT and KO!WTmice were also sacrificed 1 day after the last DSS-drinking cycle of the 3% DSS colitis model and lamina propria cells were similarly
analyzed forCD11bandLY6C (rightmost).No significant difference inCD11bþLY6Gþcellswereobservedbetween the laminapropria cells fromWT!WTand
KO!WT on the 3% DSS colitis model, hence the data were not shown. Lamina propria data reflect pooled cells from at least n ¼ 5 for each group of
WT!WT and KO!WT mice analyzed. WT!WT and KO!WT mice were sacrificed after 4 months after the start of the AOM þ DSS experimental model
for (B) histologic analysis of percentage of colon tissue that had developed adenomas. Tumor incidence was similar between WT!WT and KO!WT
experimental mice (6 of 7WT!WT and 5 of 6 KO!WTmice developed colonic tumors), so only experimental mice that had developed tumors are shown. C,
measurement of colon length in all chimeric mice subjected to the AOM þ DSS experimental model. D, KO!WT mice were injected with 100 mg anti-Gr1
on the second day after starting each DSS cycle in the AOMþ DSS experimental model and sacrificed 4 months later for analysis of the percentage of colon
tissue that had developed tumors. Graph shows mice that did or did not develop tumors and reflects a reduction in tumor incidence and size upon treatment
with anti-Gr1.
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RT-PCR validation of microarray results
The same RNA samples (n ¼ 3 per treatment or control

group) derived from colonic mucosa that were used for
microarray analysis were also used for validation of the
microarray results.Onemicrogramof cDNAwasmade from
these RNA samples and loaded onto TaqMan (Applied
Biosystems) microfluidic cards with TaqMan reaction mix
for quantitative real-timePCR (qRT-PCR) analysis as per the
manufacturer’s instructions. The cards are loaded and run
on a 7900HT RT-PCR system. The TaqMan microfluidic
cards are spotted with 191 sets of primers in duplicate, with
an endogenous control (18S). The selected primers are
against candidate genes that were derived from our micro-
array data. Most of the candidate genes assayed for on the
TaqManmicrofluidic cards have at least two different prim-
er sets spotted on the cards. Data were analyzed using the
SDS software package, using an automatic baseline and a
manual threshold of 0.2 to record the cycle threshold.

Immunosuppression assay
CD11bþGr1þ PBMCs were sorted by flow cytometry

from chimeric mice that had under gone three rounds of
3% DSS-drinking cycles. A total of 104 CD11bþGr1þ cells
sorted from each chimeric mice were incubated with 105

Carboxyfluorescein succinimidyl ester (CFSE)-labeled T
cells that were sorted from the spleen with magnetic beads
to CD4 and CD8 (Miltenyi Biotec). These CFSE-labeled T
cells were stimulated with 1 mg/mL soluble anti-CD3 and
0.5 mg/mL soluble anti-CD28. T-cell proliferation was ana-
lyzed 7 days later via flow cytometry for change in CFSE
fluorescence. Percentage of total T cells in each division of
the T-cell population as reflected by changes in CFSE fluo-
rescence was analyzed using the FlowJo software.

Statistical analysis
All statistical analysis was conducted using unpaired

Student t test unless otherwise stated.

Results
LowMUC1 expression onMDSCs in human andmouse
peripheral blood during IBD
Low levels of MUC1 were detected on increased levels of

CD14þHLA DR�/lo PBMCs (Fig. 1A and B), a previously
described MDSC population (22), from patients with IBD
who were enrolled at Mayo Clinic Arizona in accordance

with IRB guidelines. We also detected increased levels of
CD11bþGr1þ cells, an MDSC phenotype, in C57BL/6 WT
mice treated with 3% DSS (Fig. 1C). Further analysis
revealed similarly low levels of Muc1 on these CD11bþ

Gr1þ cells (Fig. 1D), as reflected by a lack of shift in
fluorescence intensity in the flow cytometry histogram. The
constitutively low expression ofMuc1 on increased levels of
CD11bþGr1þ cells further diluted the overall observed
levels of Muc1 on PBMCs (Fig. 1D).

Functional impact of Muc1 downregulation during
colitis and CAC

To determine the functional effect of low levels of Muc1
on hematopoietic cells during colitis, we conducted bone
marrow transplants on C57BL/6 WT recipient mice using
WT or Muc1 knockout bone marrow to generate chimeric
mice that either did or did not express Muc1 in the hemato-
poietic compartment only (WT!WT and KO!WT, respec-
tively). We have previously published that Muc1 knockout
mice are viable (26) with no significant changes in the
immune cell compartment at steady state (23). Interesting-
ly, KO!WTmice were significantly healthier (as shown by
reduced weight loss) thanWT!WTmice when subjected to
three drinking cycles of 3%DSS (Fig. 2A), with significantly
smaller inflammatory lesions after the third drinking cycle
(Fig. 2B).

Deleting Muc1 only in the hematopoietic compartment
also altered the immune cell phenotype seen during
chronic colitis. There was a significant increase in
CD11bþGr1þ cells but no significant decrease in B220þ

cells in the KO!WT mice as compared with WT!WT
(Fig. 2C). We did not observe significant changes in other
cell types such as T cells and NK cells in both WT!WT
and KO!WTmice. As we had previously published that a
lack of Muc1 in the bone marrow promoted the expan-
sion of CD11bþGr1þ MDSCs during tumor growth (23),
we analyzed the suppressive ability of CD11bþGr1þ cells
obtained from the PBMCs of KO!WTmice during colitis.
Indeed, deletion of MUC1 from the hematopoietic com-
partment prompted an increase (Fig. 2C) in CD11bþGr1þ

cells that were able to suppress T-cell proliferation in vitro
(Fig. 2D). CD11bþGr1þ cells from colitic KO!WT mice
were able to significantly suppress proliferation to a
greater extent as compared with CD11bþGr1þ cells from
colitic WT!WT mice (Fig. 2D).

Figure 5. Postcolitic KO!WTmice showed increased ECM remodelling in the colonic mucosa as compared with similarly treated WT!WTmice. Analysis of
gene regulation was conducted on RNA derived from the colonic mucosa of treated and untreated chimeric mice 1 day after the end of the third DSS cycle
(day47). A, left,microarray data are depicted in heatmaps that show the transcriptional regulation ofMMPswith (A, right) validation ofMMPgenesderived from
the microarray analysis as conducted with the TaqMan microfluidic cards as described in Materials and Methods. Blanks in heatmaps indicate that
thegeneswere not altered byat least 2-fold andwere thusnot consideredduring analysis. B, lysates fromcolonicmucosaofWT!WT,KO!WT, andKO!WT
mice treated with anti-Gr1 were made as described in Materials and Methods for Western blot analysis of pro and active MMP-10 levels. All lysates were
runon the samegel and the vertical line ongels indicates scans of different areas of the samegel. C,WT!WTandKO!WTmicewere sacrificed 1dayafter the
end of the third DSS cycle on the 3% colitis model and MMP-2 activity was analyzed via gelatin zymography. Samples were run alongside activated
recombinant MMP-2 (rMMP-2). D, top, microarray data are similarly depicted in heatmaps that show the transcriptional regulation of collagen genes with
(D, bottom) validation of collagen genes derived from the microarray analysis as conducted with the TaqMan microfluidic cards. E, representative colon
sections of WT!WT and KO!WT mice treated with AOM þ DSS that were stained with Masson's Trichome stain to reflect increased collagen deposition
(stained blue) in the colons of treated KO!WT mice. Colon sections show typical inflammatory lesions from both WT!WT and KO!WT mice treated with
AOM þ DSS (images were taken at �200 magnification).
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MDSCs correlate with tumorigenic advancement of
CAC
The increase in CD11bþGr1þ MDSCs would account for

the reduced inflammatory lesions in the colon of KO!WT
mice and their overall improved weight as compared with
WT!WTmice.MDSCs have been observed in patients with
IBD in other studies (22); however, their origin and func-
tion in IBD remain unknown. We hypothesized that pro-
longed circulation of MDSCs in patients with colitis might
render genetically susceptible patients more likely to devel-
op colon cancer. To test our hypothesis, we put our mouse
chimeras (WT!WT and KO!WT) on a CAC model that
uses AOM as a procarcinogen with multiple drinking cycles
of DSS to mimic the chronic colitis observed in humans.
We reduced the percentage of DSS used in this model

(2% DSS for 4 days, 14 days regular water; 2% DSS for 4
days, 14 days regular water; 2.5% DSS for 5 days; Fig. 3A),
as using 3% DSS as previously shown resulted in high
mortality rates when combined with use of AOM. In the
CAC model, both WT!WT and KO!WT mice showed
significant increases in CD11bþGr1þ cells after three DSS-
drinking cycles (Fig. 3B). However, there seems to be a
trend of higher levels of CD11bþGr1þ cells in KO!WT
mice, with higher mean values and lower P values for the
CD11bþGr1þ dataset in KO!WT mice as compared with
WT!WT. More importantly, the significant increase in
CD11bþGr1þ cells in KO!WT mice was accompanied by
significantly reduced inflammatory lesions in the colon
(as compared with similarly treated WT!WT mice) after
three drinking cycles of DSS (Fig. 3C).
We conducted a cytokine array (against 20 cytokines

known to be involved in immunosuppression) on the
plasma of WT!WT and KO!WT mice that were obtained
after three drinking cycles of DSS and observed a significant
increase in the levels of soluble RAGE (sRAGE; Fig. 3D).
Interestingly, there was a corresponding decrease in RAGE
levels in the colonic mucosa of KO!WTmice as compared
withWT!WTmice (Fig. 3E). Immunohistochemistry anal-
ysis also showed lower levels of RAGE staining in inflam-
matory lesions in KO!WT mice as compared with
WT!WT (Fig. 3F). Given the increased levels of CD11bþ

Gr1þ cells in the peripheral blood of KO!WT mice as
compared with WT!WT mice in both colitis and CAC
models (Figs. 2C and 3B), we proceeded to compare the
levels of CD11bþGr1þ cells in inflammatory lesions of
WT!WTandKO!WTmice. Immunohistochemistry stain-
ing revealed similar levels of Gr1þ cells in the inflammatory
lesions of both WT!WT and KO!WT mice (Fig. 4A).
However, flow cytometry analysis showed greater amounts
ofCD11bþGr1þ cells (as detected by antibodies to bothGr1

subtypes–LY6C and LY6G) in the lamina propria of
KO!WT mice as compared with WT!WT (Fig. 4A).

Consistent with the ability of immunosuppressive
CD11bþGr1þ MDSCs to promote tumor growth, we
observed a significant increase in the eventual colonic
tumor load of KO!WT mice (Fig. 4B) and shorter colon
lengths (Fig. 4C), a pathologic characteristic (30). The
increase of CD11bþGr1þ cells during each colitic cycle
seemed to be responsible at least in part for tumor growth
because depletion with anti-Gr1 during each DSS-drinking
cycle reduced the percentage of total colon that had devel-
oped tumors in KO!WT mice (Fig. 4D).

Impact of increased MDSCs during CAC on the gene
expression profile in the colon

Consistent with the increased tumor load, KO!WTmice
on the CAC model also showed increased transcription,
protein levels, and activity of MMPs (Fig. 5). Western blot
analysis showed increased levels of the pro and active forms
of MMP-10 in the colitic colonic mucosa of KO!WT mice
compared with WT!WT, which could be reduced upon
treatment with anti-Gr1 (Fig. 5B). Gelatin zymography also
showed increased MMP-2 activity in the colitic colonic
mucosa of KO!WT mice as compared with WT!WT (Fig.
5C). Further evidence of increased extracellular matrix
(ECM) remodeling was seen by the increased transcription
and protein levels of collagen in the colon as shown by
microarray, qRT-PCR (Fig. 5D), and Masson’s Trichome
stain of colon sections (Fig. 5E).

Interestingly, microarray (Fig. 6A, left) and confirmatory
qRT-PCR (Fig. 6A, right) analysis showed increased tran-
scription of defensin and complement genes in KO!WT
mice on the CACmodel. These mice also showed increased
levels of the complement protein C1q in the distal colonic
mucosa, which could be reduced upon treatment with anti-
Gr1 (Fig. 6B). Our microarray data showed increased
growth factor and chemokine signaling (Fig. 6C) in the
colonic mucosa of KO!WT mice on the CAC model after
three DSS-drinking cycles. From the microarray data, the
growth factor, chemokine, and interleukin genes that were
confirmedby further qRT-PCR analysis areCxcl3,Ccl4,Ccl2,
Ccr2, Cxcl10, Il1rl1/ST2, Il4i1,Gcsfr, Tnf, and Igf1 (Fig. 6D),
which have been shown to be involved in tumor develop-
ment (31–35).

Discussion
Role of hematopoietic Muc1 during acute and chronic
inflammation and its role in the progression to CAC

We show here for the first time that patients with IBD
have increased levels of CD14þHLA DR�/lo MDSCs that

Figure6. PostcoliticKO!WTmice showed increasedprotumorigenic signaling in the colonicmucosa ascomparedwith similarly treatedWT!WTmice.A, left,
microarray data are depicted in heatmaps that show the regulation of gene transcription for defensins and complements in chimericmice at day 47 of theAOM
þ DSS experimental model. A, right, validation of defensins and complement transcription derived from the microarray analysis was conducted with the
TaqMan microfluidic cards. B, lysates from colonic mucosa of WT!WT, KO!WT, and KO!WT mice treated with anti-Gr1 were made as described in
Materials and Methods for Western blot analysis with anti-C1q. C, microarray data are depicted in heatmaps that show the regulation of genes involved in
growth, chemokine, andcytokine signaling in chimericmiceat day47of theAOMþDSSexperimentalmodel. D, validation of growth, chemokine, andcytokine
signaling genes derived from the microarray analysis was conducted with the TaqMan microfluidic cards.
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express low levels of MUC1. In mice, downregulation of
MUC1 on PBMCs during colitis indicates an expansion of
CD11bþGr1þ MDSCs that express low levels of Muc1. We
have previously shown by using Muc1 knockout mice that
deletion of Muc1 on hematopoietic cells promotes expan-
sion of CD11bþGr1þ MDSCs during tumor development
(23). We show here that similar downregulation of Muc1
on hematopoietic cells also promotes the expansion of
immunosuppressive CD11bþGr1þ cells during colitis
that enhanced colon tumor development in KO!WT
mice. We observed similar levels of Gr1þ cells in the
inflammatory lesions of WT!WT and KO!WT mice,
however, flow cytometry of the colonic lamina propria
cells revealed that more of these cells were CD11bþGr1þ

in KO!WT mice as compared with WT!WT. CD11bþ

Gr1þ cells decreased steadily to normal levels during the
recovery period post-DSS–induced colitis (data not
shown), but the increase in CD11bþGr1þ cells during
colitis was sufficient to alter the colonic microenviron-
ment such that more tumors eventually developed in
KO!WT mice on the CAC model as compared with
WT!WT mice. Even though MDSCs have been shown
to be present in patients with IBD (22), this is the first
time that the transient inflammatory expansion of
CD11bþGr1þ MDSCs during colitis has been shown to
promote a protumorigenic milieu in the progression of
CAC.

In our model, we observed an increase in sRAGE in the
plasma of KO!WT mice that was concomitant with the
increase inCD11bþGr1þ cells (as comparedwithWT!WT)
after threeDSS-drinking cycles. The increase in sRAGEcould
be a result of cleavage of RAGE (36), given that we observed
a reduction of RAGE levels in the colonic mucosa of
KO!WT mice treated with AOM þ DSS. RAGE activation
can activate NF-kB signaling, leading to transcription of
proinflammatory factors (37). Therefore, it is likely that the
anti-inflammatory effects observed inKO!WTmice during
colitis are a result of reducedRAGE signaling in the colon. In
addition, MDSCs have been shown to express RAGE (38). It
is possible that the increased level of sRAGE in the plasma
of KO!WT mice treated with AOM þ DSS is also a result
of additional cleavage of RAGE from the increased levels
of CD11bþGr1þ MDSCs. Preliminary data in our studies
seem to indicate that treatment with anti-Gr1 during the
DSS-drinking cycles can reduce the levels of sRAGE in the
plasma (data not shown). Despite the anti-inflammatory
effects of reduced RAGE signaling in the colon, our
microarray analysis of the colonic mucosa uncovered a
gene signature in the colons of KO!WTmice treated with
AOM þ DSS that was more protumorigenic than in
similarly treated WT!WT mice. This indicates that tumor
progression can still proceed in the presence of lower
levels of colonic inflammation during colitis in KO!WT
mice, as compared with similarly treated WT!WT mice.
These findings further emphasize the significance of the
IBD-associated deregulation of immune signaling toward
protumorigenic immunosuppression, for example, via
the generation of MDSCs.

Transcriptional network involved in tumorigenesis in
the absence of hematopoietic Muc1

We did not observe any significant difference between
KO!WT and WT!WT untreated mice, indicating that the
differences in gene signatures observed are purely due to the
induction of CAC in these mice. Given the larger tumors
that eventually developed in KO!WT mice, it was not
surprising that the colonic mucosa of postcolitic KO!WT
mice reflected a larger amount of ECMremodeling, ofwhich
increased transcription of collagen and MMP genes predo-
minated. These data were further confirmed by the
increased collagen deposition with Masson’s Trichome
stain and increased MMP-2 activity. Increased levels of
MMP-2 have been found in biopsy specimens of Crohn’s
disease and ulcerative colitis (39). Increased levels of pro
and active MMP-10 were observed in the mucosa of colitic
KO!WTmice. MMP-10 has been described to be produced
by infiltratingmyeloid cells during colitis (40) and our data
confirm that observation by showing that the levels of pro
and active MMP-10 could be reduced with anti-Gr1
treatment

Intriguingly, our microarray data reflect a dramatic
increase in innate immune signaling, as indicated by upre-
gulation of a-defensin and complement genes, in KO!WT
treated mice, as compared with WT!WT mice. Defensins
are antimicrobicidal peptides and expression ofa-defensins
has been shown to be upregulated in colonic tumormucosa
(41). We observed upregulation of a variety of a-defensins
in ourmicroarray data butwere only able to spot primers for
Defa 1, 4, and 20 on our TaqMan microfluidic cards. Of
these three Defas, only upregulation of Defa 20 in post-
colitic KO!WT mucosa was validated in our TaqMan
microfluidic card analysis. Defa 20 was observed to be
similarly upregulated in a mouse model of 1,2-dimethyl-
hydrazine (DMH)-induced colorectal cancer and thought
to be associated with tumorigenesis (42). Increased activa-
tion of the complement pathway in the postcolitic KO!WT
mucosa also parallels studies by others that show elevation
of the complement effector protein, C3, in the colon of
patients with IBD (43). In addition, activation of the com-
plement pathway is also a potential immunosuppressive
mechanism that could promote tumor formation in CAC
(44). C1q has been shown to promote canonical Wnt
signaling and aging-related phenotypes (45).Wnt signaling
is important in the progression of colon cancer (46), which
could be significant in our data given that we observe C1q
upregulation in the colonic mucosa of KO!WT mice dur-
ing CAC that could be reversed with anti-Gr1 treatment.

We observed marked upregulation of Ccl2 and Ccr2 in
the mucosa of postcolitic KO!WT mice. Blocking of Ccl2
signaling has been shown to be able to reduce tumor
incidence in CAC (32). Increased growth signaling as seen
by the increased transcription of Gcsfr, Tnf, Tgf, and Igf
signaling in postcolitic colonic mucosa of KO!WT chi-
meras can help promote tumor growth in these mice. Tnf-a
can regulate the trafficking of macrophages to the site of
inflammation and blocking of the Tnf-a/Tnf receptor axis
reduced colorectal carcinogenesis (34). In addition, GCSFR
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and Igf1 have been shown to be upregulated in colorectal
cancer (33, 35, 47).

The role of Muc1/MUC1 loss on hematopoietic cells in
the tumorigenic progression of malignantly
transformed cells in the colon
This is the first time that downregulation of Muc1 on

PBMCs has been shown to be indicative of an increase in
Muc1 low expressingCD11bþGr1þMDSCs during colitis in
mice. Similarly, we have also shown that CD14þ HLA
DR�/lo cells, purported to be indicative of the MDSC pop-
ulation in IBD (22), also do not express MUC1.We observe
a lack of reduction of B220þ cells in the peripheral blood
during colitis in KO!WTmice as compared withWT!WT.
The deletion of hematopoietic Muc1 prevented the down-
regulation of B220þ cells in KO!WT mice during colitis,
either at the B-cell level or through a lack of differentiation
of B220þ progenitor cells. This may be related to the
increased expansion of MDSCs observed in the KO!WT
mice as an effect of disease-associated shunting of immune
developmental pathways and could be important for the
changes we observe in inflammation and tumor develop-
ment.However, for this article, we chose to focus on the role
of the expansion of Muc1 low expressing CD11bþGr1þ

MDSCs for two reasons: (i) MDSCs are found in patients
with IBD (22) but their functions remain unknown, and (ii)
we have shown a direct link between deletion of Muc1 in
mice and MDSC expansion during tumor development
(23). MDSCs in colitis do not seem to contribute to alle-
viation of inflammation in patients, as all our patient
samples were derived from patients having an active flare
of disease; however, they can play a significant role in
promoting eventual tumor development, which is what we
have shown phenotypically and mechanistically in this
article.
MDSCs expand in part due to the deregulated cytokine

production during colitis and can result in an altered
protumorigenic colonic microenvironment in genetically
susceptible individuals. KO!WT mice exhibit increased
peripheral levels of MDSCs with reduced inflammation
during colitis. Depletion of MDSCs in KO!WT mice
reduced tumorigenesis indicating that CAC progression
is dependent on MDSCs. Furthermore, we have shown
that levels of MMP-10 and the complement C1q can be
modulated by MDSCs as depletion with anti-Gr1 blocked
the increase in levels of these proteins in KO!WT mice.

Our data show that tumor progression in CAC is not
entirely dependent on the inflammatory colonic damage
caused during colitis. In fact, deregulated immune sig-
naling as a result of the colitic inflammation is an impor-
tant component for tumor progression. Our data indicate
a need to consistently analyze the levels of peripheral
MDSCs and other immune cell populations during coli-
tis. Inappropriate skewing of the immune profile during
colitis toward a protumorigenic phenotypic (e.g., accu-
mulation of MDSCs) might be responsible for promoting
CAC, even after recovery from colitic inflammatory dam-
age in the colon.

Our data highlight a crucial link for CD11bþGr1þ

MDSCs in the transition from inflammation to cancer in
CAC, independent of inflammatory damage in the colon.
Preventing this process could be an important pathway to
target. Furthermore, MDSCs are not well characterized in
humans across different diseases and downregulation of
MUC1 might be a further prognostic marker for MDSCs in
cancer and inflammation.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: T.W. Poh, J.A. Leighton, P.A. Cohen, S.J. Gendler
Development of methodology: T.W. Poh, P.A. Cohen, S.J. Gendler
Acquisitionofdata (provided animals, acquired andmanagedpatients,
provided facilities, etc.): T.W. Poh, C.S.Madsen, J.E. Gorman, J.A. Leighton
Analysis and interpretation of data (e.g., statistical analysis, biosta-
tistics, computational analysis): T.W. Poh, R.J. Marler, J.A. Leighton, P.A.
Cohen
Writing, review, and/or revision of the manuscript: T.W. Poh, J.A.
Leighton, P.A. Cohen, S.J. Gendler
Administrative, technical, or material support (i.e., reporting or orga-
nizingdata, constructingdatabases):T.W. Poh, C.S.Madsen, J.E.Gorman
Study supervision: P.A. Cohen, S.J. Gendler

Acknowledgments
The authors thank Edna Ramos andNarcelle Jean-Louis fromMayoClinic

Arizona for their help in enrollment of patients with IBD.

Grant Support
This work was funded by NIH/NCI RO1 CA64389 (to S.J. Gendler), The

Mayo Foundation, and a fellowship from the Immunology, Transplantation
and Infectious Disease Theme at the Mayo Clinic (to T.W. Poh).

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received January 31, 2013; revised June 17, 2013; accepted July 9, 2013;
published OnlineFirst July 19, 2013.

References
1. Zhang TY, Song BW, ZhuW, Xu X, GongQQ,Morando C, et al. An ileal

Crohn's disease gene signature based on whole human genome
expression profiles of disease unaffected ilealmucosal biopsies. PLoS
ONE 2012;7:e37139.

2. McGovern DP, Gardet A, Torkvist L, Goyette P, Essers J, Taylor KD,
et al. Genome-wide association identifies multiple ulcerative colitis
susceptibility loci. Nat Genet 2010;42:332–7.

3. Iskandar HN, Ciorba MA. Biomarkers in inflammatory bowel dis-
ease: current practices and recent advances. Transl Res 2012;159:
313–25.

4. Franke A, McGovern DP, Barrett JC, Wang K, Radford-Smith GL,
Ahmad T, et al. Genome-wide meta-analysis increases to 71 the
number of confirmed Crohn's disease susceptibility loci. Nat Genet
2010;42:1118–25.

5. Beatty PL, Narayanan S, Gariepy J, Ranganathan S, Finn OJ. Vaccine
against MUC1 antigen expressed in inflammatory bowel disease and
cancer lessens colonic inflammation and prevents progression to
colitis-associated colon cancer. Cancer Prev Res 2010;3:438–46.

6. Petersson J, Schreiber O, Hansson GC, Gendler SJ, Velcich A, Lund-
berg JO, et al. Importance and regulation of the colonic mucus barrier

Muc1 and Immunosuppression in Colitis-Associated Cancer

www.aacrjournals.org Clin Cancer Res; 19(18) September 15, 2013 5051

Research. 
on September 19, 2021. © 2013 American Association for Cancerclincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst July 19, 2013; DOI: 10.1158/1078-0432.CCR-13-0278 

http://clincancerres.aacrjournals.org/


in a mouse model of colitis. Am J Physiol Gastrointest Liver Physiol
2011;300:G327–33.

7. Nishida A, LauCW, ZhangM, Andoh A, Shi HN,Mizoguchi E, et al. The
membrane-bound mucin Muc1 regulates Th17-cell responses and
colitis in mice. Gastroenterology 2012;142:865–74.

8. Hollingsworth MA, Swanson BJ. Mucins in cancer: protection and
control of the cell surface. Nat Rev Cancer 2004;4:45–60.

9. Singh PK, Hollingsworth MA. Cell surface-associatedmucins in signal
transduction. Trends Cell Biol 2006;16:467–76.

10. Hattrup CL, Gendler SJ. Structure and function of the cell surface
(tethered) mucins. Annu Rev Physiol 2008;70:431–57.

11. Gendler SJ, Lancaster CA, Taylor-Papadimitriou J, Duhig T, Peat N,
Burchell J, et al. Molecular cloning and expression of human tumor-
associated polymorphic epithelial mucin. J Biol Chem 1990;265:
15286–93.

12. Cheever MA, Allison JP, Ferris AS, Finn OJ, Hastings BM, Hecht TT,
et al. The prioritization of cancer antigens: a National Cancer Institute
pilot project for the acceleration of translational research. Clin Cancer
Res 2009;15:5323–37.

13. Li Q, Ren J, Kufe D. Interaction of human MUC1 and beta-catenin is
regulated by Lck and ZAP-70 in activated Jurkat T cells. Biochem
Biophys Res Commun 2004;315:471–6.

14. Mukherjee P, Tinder TL, Basu GD, Gendler SJ. MUC1 (CD227) inter-
acts with lck tyrosine kinase in Jurkat lymphoma cells and normal T
cells. J Leukoc Biol 2005;77:90–9.

15. Agrawal B, Krantz MJ, Parker J, Longenecker BM. Expression of
MUC1 mucin on activated human T cells—implications for a role of
MUC1 in normal immune regulation. Cancer Res 1998;58:4079–81.

16. Treon SP, Mollick JA, UrashimaM, Teoh G, Chauhan D, Ogata A, et al.
MUC1 core protein is expressed on multiple myeloma cells and is
induced by dexamethasone. Blood 1999;93:1287–98.

17. Kruger W, Kroger N, Zander AR. MUC1 expression in hemopoietic
tissues. J Hematother Stem Cell Res 2000;9:409–10.

18. Gendler SJ. MUC1, the renaissance molecule. J Mammary Gland Biol
Neoplasia 2001;6:339–53.

19. Rughetti A, BiffoniM,Pierelli L, RahimiH,BonannoG,Barachini S, et al.
Regulated expression of MUC1 epithelial antigen in erythropoiesis. Br
J Haematol 2003;120:344–52.

20. Cloosen S, Gratama J, van Leeuwen EB, Senden-Gijsbers BL,
Oving EB, von Mensdorff-Pouilly S, et al. Cancer specific Mucin-
1 glycoforms are expressed on multiple myeloma. Br J Haematol
2006;135:513–6.

21. Fatrai S, Schepers H, Tadema H, Vellenga E, Daenen SM, Schuringa
JJ. Mucin1 expression is enriched in the human stem cell fraction of
cord blood and is upregulated in majority of the AML cases. Exp
Hematol 2008;36:1254–65.

22. Haile LA, von Wasielewski R, Gamrekelashvili J, Kruger C, Bachmann
O, Westendorf AM, et al. Myeloid-derived suppressor cells in inflam-
matory bowel disease: a new immunoregulatory pathway. Gastroen-
terology 2008;135:871–81, 881.e1–5.

23. Poh TW, Bradley JM, Mukherjee P, Gendler SJ. Lack of Muc1-regu-
lated beta-catenin stability results in aberrant expansion of CD11bþ

Gr1þmyeloid-derived suppressor cells from the bonemarrow. Cancer
Res 2009;69:3554–62.

24. LakshminarayananV, ThompsonP,WolfertMA,BuskasT,Bradley JM,
Pathangey LB, et al. Immune recognition of tumor-associated mucin
MUC1 is achieved by a fully synthetic aberrantly glycosylated MUC1
tripartite vaccine. Proc Natl Acad Sci U S A 2012;109:261–6.

25. NovakEK,ReddingtonM,ZhenL, StenbergPE, JacksonCW,McGarry
MP, et al. Inherited thrombocytopenia caused by reduced platelet
production in mice with the gunmetal pigment gene mutation. Blood
1995;85:1781–9.

26. Spicer AP,RowseGJ, Lidner TK,Gendler SJ.Delayedmammary tumor
progression in Muc-1 null mice. J Biol Chem 1995;270:30093–101.

27. Okayasu I, Ohkusa T, Kajiura K, Kanno J, Sakamoto S. Promotion of
colorectal neoplasia in experimental murine ulcerative colitis. Gut
1996;39:87–92.

28. Greten FR, Eckmann L, Greten TF, Park JM, Li ZW, Egan LJ, et al.
IKKbeta links inflammation and tumorigenesis in a mouse model of
colitis-associated cancer. Cell 2004;118:285–96.

29. Weigmann B, Tubbe I, Seidel D, Nicolaev A, Becker C, Neurath MF.
Isolation and subsequent analysis of murine lamina propria mononu-
clear cells from colonic tissue. Nat Protoc 2007;2:2307–11.

30. ChumanevichAA,Poudyal D,Cui X, Davis T,WoodPA,SmithCD, et al.
Suppression of colitis-driven colon cancer in mice by a novel small
molecule inhibitor of sphingosine kinase. Carcinogenesis 2010;31:
1787–93.

31. McLeanMH,Murray GI, Stewart KN, Norrie G, Mayer C, Hold GL, et al.
The inflammatory microenvironment in colorectal neoplasia. PLoS
ONE 2011;6:e15366.

32. Popivanova BK, Kostadinova FI, Furuichi K, Shamekh MM, Kondo T,
Wada T, et al. Blockade of a chemokine,CCL2, reduces chronic colitis-
associated carcinogenesis in mice. Cancer Res 2009;69:7884–92.

33. YangX, Liu F, XuZ, ChenC,WuX, LiG, et al. Expression of granulocyte
colony stimulating factor receptor in human colorectal cancer. Post-
grad Med J 2005;81:333–7.

34. PopivanovaBK,KitamuraK,WuY,KondoT, KagayaT, KanekoS, et al.
Blocking TNF-alpha in mice reduces colorectal carcinogenesis asso-
ciated with chronic colitis. J Clin Invest 2008;118:560–70.

35. Olivo-Marston SE, Hursting SD, Lavigne J, Perkins SN, Maarouf RS,
Yakar S, et al. Genetic reduction of circulating insulin-like growth
factor-1 inhibits azoxymethane-induced colon tumorigenesis in mice.
Mol Carcinog 2009;48:1071–6.

36. Metz VV, Kojro E, Rat D, Postina R. Induction of RAGE shedding by
activation of G protein-coupled receptors. PLoS ONE 2012;7:e41823.

37. Volz HC, Laohachewin D, Seidel C, Lasitschka F, Keilbach K, Wien-
brandt AR, et al. S100A8/A9 aggravates post-ischemic heart failure
through activation of RAGE-dependent NF-kappaB signaling. Basic
Res Cardiol 2012;107:250.

38. WangL,ChangEW,WongSC,OngSM,ChongDQ, LingKL. Increased
myeloid-derived suppressor cells in gastric cancer correlate with
cancer stage and plasma S100A8/A9 proinflammatory proteins.
J Immunol 2012;190:794–804.

39. Rath T, Roderfeld M, Graf J, Wagner S, Vehr AK, Dietrich C, et al.
Enhanced expression of MMP-7 and MMP-13 in inflammatory bowel
disease: a precancerous potential? Inflamm Bowel Dis 2006;12:
1025–35.

40. Koller FL, Dozier EA, Nam KT, Swee M, Birkland TP, Parks WC, et al.
Lack of MMP10 exacerbates experimental colitis and promotes devel-
opment of inflammation-associated colonic dysplasia. Lab Invest
2012;92:1749–59.

41. Pagnini C, Corleto VD, Mangoni ML, Pilozzi E, Torre MS, Marchese R,
et al. Alteration of local microflora and alpha-defensins hyper-produc-
tion in colonic adenoma mucosa. J Clin Gastroenterol 2011;45:
602–10.

42. Wang JL, Lin YW, Chen HM, Kong X, Xiong H, Shen N, et al. Calcium
prevents tumorigenesis in a mouse model of colorectal cancer. PLoS
ONE 2011;6:e22566.

43. Chen G, Yang Y, Gao X, Dou Y, Wang H, Han G, et al. Blockade of
complement activation product C5a activity using specific antibody
attenuates intestinal damage in trinitrobenzene sulfonic acid induced
model of colitis. Lab Invest 2011;91:472–83.

44. Markiewski MM, DeAngelis RA, Benencia F, Ricklin-Lichtsteiner SK,
Koutoulaki A, Gerard C, et al. Modulation of the antitumor immune
response by complement. Nat Immunol 2008;9:1225–35.

45. Naito AT, Sumida T, Nomura S, Liu ML, Higo T, Nakagawa A, et al.
Complement C1q activates canonical Wnt signaling and promotes
aging-related phenotypes. Cell 2012;149:1298–313.

46. Burgess AW, Faux MC, Layton MJ, Ramsay RG. Wnt signaling and
colon tumorigenesis—a view from the periphery. Exp Cell Res
2011;317:2748–58.

47. WongHL,KohWP,Probst-HenschNM,VandenBergD,YuMC, Ingles
SA. Insulin-like growth factor-1 promoter polymorphisms and colo-
rectal cancer: a functional genomics approach. Gut 2008;57:1090–6.

Poh et al.

Clin Cancer Res; 19(18) September 15, 2013 Clinical Cancer Research5052

Research. 
on September 19, 2021. © 2013 American Association for Cancerclincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst July 19, 2013; DOI: 10.1158/1078-0432.CCR-13-0278 

http://clincancerres.aacrjournals.org/


2013;19:5039-5052. Published OnlineFirst July 19, 2013.Clin Cancer Res 
  
Tze Wei Poh, Cathy S. Madsen, Jessica E. Gorman, et al. 
  
Cells
Colitis Increases Tumor-Promoting Myeloid-Derived Suppressor 
Downregulation of Hematopoietic MUC1 during Experimental

  
Updated version

  
 10.1158/1078-0432.CCR-13-0278doi:

Access the most recent version of this article at:

  
Material

Supplementary

  
 http://clincancerres.aacrjournals.org/content/suppl/2013/07/22/1078-0432.CCR-13-0278.DC1

Access the most recent supplemental material at:

  
  

  
  

  
Cited articles

  
 http://clincancerres.aacrjournals.org/content/19/18/5039.full#ref-list-1

This article cites 47 articles, 13 of which you can access for free at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.org

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at

  
Permissions

  
Rightslink site. 
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)

.http://clincancerres.aacrjournals.org/content/19/18/5039
To request permission to re-use all or part of this article, use this link

Research. 
on September 19, 2021. © 2013 American Association for Cancerclincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst July 19, 2013; DOI: 10.1158/1078-0432.CCR-13-0278 

http://clincancerres.aacrjournals.org/lookup/doi/10.1158/1078-0432.CCR-13-0278
http://clincancerres.aacrjournals.org/content/suppl/2013/07/22/1078-0432.CCR-13-0278.DC1
http://clincancerres.aacrjournals.org/content/19/18/5039.full#ref-list-1
http://clincancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://clincancerres.aacrjournals.org/content/19/18/5039
http://clincancerres.aacrjournals.org/

