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Abstract

Background The Wnt/b-catenin pathway regulates intes-

tinal development, homeostasis, and regeneration after

injury. Wnt/b-catenin signaling drives intestinal prolifera-

tion by activating expression of the c-Myc proto-oncogene

(Myc) through the Myc 30 Wnt responsive DNA element

(Myc 30 WRE). In a previous study, we found that deletion

of the Myc 30 WRE in mice caused increased MYC

expression and increased cellular proliferation in the colon.

When damaged by dextran sodium sulfate (DSS), the

increased proliferative capacity of Myc 30 WRE-/- col-

onocytes resulted in a more rapid recovery compared with

wild-type (WT) mice. In that study, we did not examine

involvement of the immune system in colonic regeneration.

Purpose To characterize the innate immune response in

Myc 30 WRE-/- and WT mice during and after DSS-

induced colonic injury.

Methods Mice were fed 2.5 % DSS in their drinking

water for five days to induce colonic damage and were then

returned to normal water for two or four days to recover.

Colonic sections were prepared and neutrophils and mac-

rophages were analyzed by immunohistochemistry. Cyto-

kine and chemokine levels were analyzed by probing a

cytokine array with colonic lysates.

Results In comparison with WT mice, there was

enhanced leukocyte infiltration into the colonic mucosal

and submucosal layers of Myc 30 WRE-/- mice after DSS

damage. Levels of activated neutrophils were substantially

increased in damaged Myc 30 WRE-/- colons as were

levels of the neutrophil chemoattractants C5/C5a, CXCL1,

and CXCL2.

Conclusion The Myc 30 WRE regulates neutrophil infil-

tration into DSS-damaged colons.

Keywords MYC � Wnt responsive element � Dextran

sodium sulfate � Neutrophil � Colon regeneration

Introduction

The entire intestinal epithelium is replaced every 3–5 days,

making the intestine one of the most rapidly regenerating

organs in the body [1]. This level of regeneration requires a

fine balance of cellular proliferation, differentiation, and

apoptosis. The surface of the colon is characterized by a

single layer of epithelial cells marked by thousands of in-

vaginations, or crypts. Stem cells occupy the lower regions

of each crypt and produce highly proliferative transit

amplifying (TA) precursor cells [2]. As TA cells divide,

they migrate up the crypt axis and differentiate into

absorptive colonocytes, mucus-secreting goblet cells, or

hormone-secreting enteroendocrine cells. Ultimately, these

differentiated cells undergo apoptosis and are shed into the

lumen. When the colon is severely injured, the colonic

architecture initially deteriorates and stem cells are
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depleted [3–6]. During the repair process, stem cells

repopulate the crypts and drive a proliferative program to

restore the colonic crypt microenvironment.

Ulcerative colitis (UC) is an inflammatory bowel disease

(IBD) in which the colonic epithelium is compromised and

luminal bacteria penetrate into underlying mucosal and sub-

mucosal layers where they elicit a host immune response

[7, 8]. Administration of dextran sodium sulfate (DSS) is a

widely used model of UC in mice; it is also used as a model to

study colonic regeneration after injury [9–11]. DSS perfo-

rates the colonic epithelium and leukocytes from the innate

arm of the immune system, for example neutrophils and

macrophages, respond to the tissue damage and invading

bacteria. This process severely damages the colonic crypts;

when DSS is removed, however, stem cells drive a regener-

ative program that stimulates cellular proliferation and repair.

The Wnt/b-catenin signaling pathway drives proliferation

of the intestinal epithelium [12–14]. The key effector of the

Wnt pathway is the b-catenin transcriptional co-activator.

When Wnt binds Frizzled/LRP cell surface receptors,

b-catenin translocates into the nucleus and associates with

members of the T cell factor/lymphoid enhancer factor

(TCF/Lef) family of sequence specific transcription factors.

b-Catenin/TCF complexes bind Wnt-responsive DNA ele-

ments (WREs) and activate expression of Wnt/b-catenin

target genes including the c-MYC protooncogene (MYC)

[15–17]. MYC is a transcription factor that promotes cellular

proliferation and growth by regulating expression of target

genes that control ribosome biogenesis, metabolism, and

progression through the cell cycle [18, 19]. The MYC 30

WRE maps approximately 1.4 kb downstream from the

MYC transcription stop site and this element controls MYC

expression in human and mouse intestinal cells [17, 20, 21].

Deletion of the Myc 30 WRE in mice led to increased MYC

expression, increased cellular proliferation, and a decrease in

differentiated cells within their colons [22].

As a key driver of intestinal cell proliferation, the Wnt/b-

catenin signaling pathway is crucial for intestinal repair after

injury [23, 24]. Ashton et al. [23] found that Wnt/b-catenin

signaling was required for intestinal repair of damage caused

by a sub-lethal dose of gamma-irradiation. In addition, they

demonstrated that MYC was required for the Wnt/b-catenin-

induced regeneration. Koch et al. [24] demonstrated that

Wnt/b-catenin signaling promoted colonic regeneration in

the DSS model; however, the role of MYC in this response

was not evaluated. We have previously reported an

enhanced regenerative phenotype of the colonic crypts of

Myc 30 WRE-/- mice in response to DSS-induced damage

[22]. Because Myc 30 WRE-/- mice contain 2.5-fold higher

levels of MYC protein in the colon than WT mice, we

concluded that MYC expression correlates with a greater

regenerative propensity. Each of these aforementioned

studies focused primarily on the Wnt/b-catenin stimulation

of intestinal epithelial cells and did not consider the role of

the innate immune system in mediating regeneration.

In our previous analysis, we noted that DSS treatment

caused more dramatic thickening of the colonic submuco-

sal layer in Myc 30 WRE-/- mice [22]. This observation

suggested that the Myc 30 WRE might regulate the immune

response to injury. In this study, we find that colonic

damage stimulates a greater influx of activated neutrophils

into the mucosal and submucosal layers of Myc 30 WRE-/-

versus WT mice. In addition, DSS treatment causes both

increased numbers of macrophages and increased expres-

sion of cytokines and chemokines known to recruit neu-

trophils within Myc 30 WRE-/- colons. Together, our data

indicate that the Myc 30 WRE is a critical regulator of

neutrophil infiltration into damaged colons.

Methods

Mice and Dextran Sodium Sulfate-Induced Injury

Generation of Myc 30 WRE-/- mice is described elsewhere

[22]. Colonic injury was induced in seven-week-old mice

by treating them with 2.5 % dextran sodium sulfate (DSS;

TdB Consulting; AB DB001-229) in their drinking water

for five days, after which the animals were returned to

normal water and allowed to recover for up to four days.

Tissue samples were collected before treatment, after five

days of DSS treatment, and after two or four days of

recovery. The Pennsylvania State University College of

Medicine Institutional Animal Care and Use Committee

approved the animal protocols used in this study.

Histology and Immunohistochemistry

Tissue collection, processing, and immunohistochemistry

were performed as described elsewhere [22]. Briefly, tissue

was collected from mice subjected to the DSS treatment

protocol and fixed in 3.7 % paraformaldehyde overnight.

Tissue was then paraffin-embedded and 4-lm sections

were cut for slides. For immunohistochemistry, slides were

dewaxed in xylenes and rehydrated in graded ethanol

washes. Antigen retrieval was performed by heating slides

in 10 mM citrate buffer, pH 6.0, for 20 min in a standard

rice steamer. Slides were first blocked for 1 h with 10 %

goat serum (Jackson Immunoresearch; 005-000-121), fol-

lowed by avidin/biotin blocking (Vector Laboratories; SP-

2001). The slides were incubated overnight at 4 �C with

anti-Ly6/G (Santa Cruz Biotechnology; sc-53515) or anti-

F4/80 (Santa Cruz Biotechnology; sc-59171) antibodies

that were diluted 1:200 in 1 % bovine serum albumin. The

slides were then washed in 19 TBST and incubated with

secondary antibody (Vector; BA-9400) at 1:300 dilution in
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1 % bovine serum albumin for 1 h at room temperature.

The slides were treated with ABC reagent (Vector; PK-

6100), developed with DAB (Vector; SK-4100), counter-

stained with hematoxylin (Fisher Scientific; CS401-1D),

and mounted with cytoseal (Thermo Scientific; 8310-16).

Images were taken on an Olympus scope by use of Tou-

peview software (Amscope; version x86 3.2.1168).

For Hanker–Yates staining, slides were dewaxed and

rehydrated as above. A vial of peroxidase indicator reagent

(Sigma; 390-1) was added to 50 mL prewarmed

100 mM Tris pH 6.8 containing 0.012 % hydrogen per-

oxide (Fisher Scientific; M-12141). Slides were incubated

at 37 �C in the dark with Hanker–Yates reagent for 30 min.

The slides were then washed with 19 PBS, counterstained

with methylene green (Vector; H-3402), dehydrated, and

mounted with cytoseal. Images were taken on an Olympus

scope by use of Toupeview software.

Intestinal Barrier Function

To assess intestinal barrier function, mice were briefly anes-

thetized by use of isoflurane and gavaged with 0.4 mg/g

TRITC-dextran (molecular mass 4.4 kDa; Sigma; T1037) in

19 PBS [6]. After 4 h, blood was collected by cardiac punc-

ture and samples were measured in duplicate on a Spectramax

Paradigm plate reader (Molecular Devices). The values

reported are normalized to levels measured in WT mice.

Flow Cytometry

Blood was collected by cardiac puncture from untreated

animals, and red blood cells were lysed by incubating the

samples in pre-warmed FCM lysing solution (Santa Cruz; sc-

3621) at room temperature for 5 min. White blood cells were

collected by centrifugation at 3009g for 5 min and resus-

pended in cold 19 PBS. FC receptors were blocked by

incubating the samples with 0.5 lg FCc RIIb/CD16-2 anti-

body (Santa Cruz; sc-18867) at room temperature for 10 min.

Next, 1 lg Ly6/G antibody was added and the samples were

incubated for 20 min at room temperature. The leukocytes

were pelleted by centrifugation for 5 min at 3009g and

washed three times with 19 PBS to remove unbound anti-

body. The samples were then incubated with 0.5 lg goat anti-

rat PE-CY5 conjugated secondary (Santa Cruz; sc-3830) for

20 min at room temperature, followed by three additional

washes with 19 PBS. The cells were then resuspended in

300 ll 1 % paraformaldehyde, and the samples were ana-

lyzed on a Guava PCA flow cytometer (Millipore).

Myeloperoxidase Activity Assays

Approximately 3 cm of a distal colon section was first Dounce

homogenized in 500 ll 50 mM potassium phosphate buffer

(pH 6.0) containing 0.5 % hexadecyltrimethylammonium

bromide (Sigma; H9268); the sample was then briefly soni-

cated on ice for 10 s [25, 26]. The lysates were subjected to

three freeze–thaw cycles, and the samples were cleared by

centrifugation at 14,0009g for 15 min at 4 �C. A milligram of

soluble colonic lysate was then added to 1 ml 50 mM phos-

phate buffer (pH 6.0) containing 0.167 mg/ml o-dianisidine

dihydrochloride (TCI; D1657) and 0.005 % hydrogen per-

oxide. Myeloperoxidase (MPO) activity was measured spec-

trophotometrically and is reported as the change in absorbance

at 450 nm over time.

Cytokine Analysis

Mouse cytokine array panels were purchased from R&D

systems (ARY006) and analyzed in accordance with the

manufacturer’s recommended procedure. Colon samples

were collected from untreated and DSS-treated animals and

Dounce homogenized in 19 PBS containing 10 lg/ml leu-

peptin, 10 lg/ml aprotinin, and 1 mM PMSF. Triton-X

(Fisher Scientific, BP151) was then added to a final concen-

tration of 1 %. Samples were frozen at -70 �C, thawed, and

centrifuged at 10,0009g for 5 min at 4 �C. The protein con-

tent of the lysate was quantified by use of Bradford reagent and

200 lg was incubated with the array membrane overnight at

4 �C. The membrane was then washed in 19 TBST and

developed in accordance with the manufacturer’s recom-

mended procedure. The signals from two independent

experiments (four spots in total for each cytokine) were

quantified by use of Image J software.

Statistical Analysis

Leukocytes, neutrophils, and macrophages were quantified

from 10 high-powered fields of view per animal (n = 3

mice per genotype per time point) and p values were

assessed by use of the Mann–Whitney U test. In MPO

assays, flow cytometry, and TRITC-dextran experiments,

p values were determined by use of Student’s t test

(n = 3–6 mice per genotype per experiment, as described).

Results

DSS Causes a Greater Influx of Leukocytes

into the Colonic Mucosal Layers of Myc 30 WRE-/-

Mice in Comparison with WT Mice

To study colonic regeneration in response to injury, Myc 30

WRE-/- and WT mice were fed 2.5 % DSS in their

drinking water for five days and then returned to normal

drinking water for four days (Fig. 1a) [10, 27]. We col-

lected colonic tissues before DSS treatment (PT), after DSS
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treatment (DSS), and two or four days during the recovery

period (RD 2 and RD 4, respectively). The tissues were

sectioned, stained with hematoxylin and eosin, and the

leukocytes were tallied in the mucosal layer. Before the

treatment, there were slightly more resident leukocytes

within the colons of Myc 30 WRE-/- animals (Fig. 1b, c).

DSS treatment caused a more dramatic influx of leukocytes

into Myc 30 WRE-/- mucosal layers. As we had previously

reported, more accelerated regeneration of the colonic

architecture in knockout mice was evident at RD 2 [22].

Next, we examined leukocytes in the submucosal layer

and found that although levels in the colonic submucosa

were negligible in pretreated animals, DSS treatment

caused a marked increase in infiltrating leukocytes in both

groups of mice. In fact, there were 2.5-fold more leuko-

cytes in damaged Myc 30 WRE-/- versus WT colons

(Fig. 2a, b). Together, these results indicate that injury

induces a more robust immune response within the colons

of Myc 30 WRE-/- mice and implicate the Myc 30 WRE as

a critical mediator of colonic inflammation.

Because we observed a slight, but significant increase in

the number of leukocytes within the mucosa of knockout

animals before treatment (Fig. 1b, c), we hypothesized that

Myc 30 WRE-/- intestines may have a reduced barrier

capacity. To test this hypothesis, untreated animals were

gavaged with TRITC-dextran and, 4 h later, blood was

collected via cardiac puncture. Low levels of TRITC-

dextran will pass into the bloodstream if the intestinal

barrier is intact, and these levels will increase if the barrier

function of the intestinal epithelium is disrupted. This

analysis found higher levels of TRITC-dextran in the

bloodstream of Myc 30 WRE-/- mice, suggesting that

deletion of the Myc 30 WRE compromises the barrier

function of the intestine (Fig. 3).

DSS Causes Greater Infiltration of Neutrophils

into the Colons of Myc 30 WRE-/- Mice in Comparison

with WT

When the colonic epithelium is damaged, neutrophils

migrate from the bloodstream to the site of injury and

phagocytose invading bacteria. To determine whether

neutrophils are among the leukocytes recruited in response

to DSS-induced colonic injury, we stained colonic sections

with antibodies against the neutrophil surface antigen, Ly6/

G. Myc 30 WRE-/- colons contained fivefold more neu-

trophils after DSS treatment and this enhanced infiltration

characterized both the colonic mucosal and submucosal

Fig. 1 DSS causes a greater influx of leukocytes into the colonic

mucosa of Myc 30 WRE-/- mice in comparison with WT mice.

a Schematic diagram of the DSS treatment/recovery protocol. Mice

were given 2.5 % DSS in their drinking water for five days and then

returned to normal drinking water. Colonic tissue was collected and

sectioned before treatment (pretreatment, PT), after DSS exposure

(DSS), and after two (RD 2) or four (RD 4) days of returning them to

normal drinking water. b H&E-stained sections of colonic tissue

prepared after the indicated treatments. Each panel is a representative

image from n = 3 mice examined per genotype and enlargements of

the boxed regions are placed to the right of each image. Yellow arrows

identify representative leukocytes in each panel. c Quantification of

leukocytes in 10 fields of the colonic mucosa. Error is standard error

of the mean (*p \ 0.05 and **p \ 0.0005)
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layers (Fig. 4a–d). Interestingly, even though there were

more neutrophils recruited to damaged Myc 30 WRE

knockout colons, the Myc 30 WRE does not seem to have a

major effect in resolving the inflammatory response as

neutrophil levels decreased at the same rate in the colons of

both groups of mice during the recovery phases of the

protocol (Fig. 4b).

We next determined whether the infiltrating neutrophils

were functional by measuring myeloperoxidase (MPO)

activity. MPO is an enzyme expressed in activated neu-

trophils that facilitates the degradation of phagocytosed

bacteria and bacterial products [26]. We did not detect

MPO activity in colonic lysates prepared from untreated

mice, which is consistent with the low levels of resident

neutrophils in undamaged colons (Fig. 5a). DSS treatment

caused a substantial increase in MPO activity within the

colons of both Myc 30 WRE-/- and WT mice (Fig. 5a).

Importantly, in comparison with WT, knockout colons

contained a 2.5-fold increase in DSS-induced MPO activity

(Fig. 5a).

To test whether the increased MPO activity reflected an

increased number of functional neutrophils, we assessed

numbers of MPO? cells in colonic tissue by staining

sections with Hanker–Yates solution. This analysis clearly

indicated that DSS-induced damage caused a higher num-

ber of activated neutrophils to infiltrate into Myc 30

WRE-/- colons (Fig. 5b). Indeed, quantification of MPO?

cells revealed 2.5-fold more functional neutrophils that

were recruited to Myc 30 WRE-/- than to WT colons after

damage (Fig. 5c). Taken together, these data indicate that

DSS damage elicits a more dramatic influx of functional

neutrophils into the mucosa and submucosa of Myc 30

WRE-/- colons.

Because MYC is involved in neutrophil development, a

simple explanation for our observations is that there are

higher levels of circulating neutrophils in Myc 30 WRE-/-

mice. To assess this possibility, we used flow cytometry to

analyze neutrophil levels in the blood of untreated animals.

We observed no significant difference in the numbers of

circulating neutrophils within the two groups of mice, and,

if anything, there is a slight decrease in their numbers in

Myc 30 WRE-/- animals (Fig. 6a, b). Thus, the increased

numbers of infiltrating neutrophils in Myc 30 WRE-/-

colons is not because of an overall increase in the number

of neutrophils within these animals.

DSS Causes Higher Expression of Known Neutrophil

Chemoattractants in the Colons of Myc 30 WRE-/-

Mice in Comparison with WT Mice

When tissue is damaged, epithelial cells and resident leu-

kocytes are stimulated to secrete cytokines and chemokines

Fig. 2 DSS causes a greater influx of leukocytes into the colonic

submucosa of Myc 30 WRE-/- mice in comparison with WT mice.

a H&E-stained sections of colonic tissue prepared before treatment

and after five days of DSS treatment. Each panel is a representative

image from n = 3 mice examined per genotype and enlargements of

the boxed regions are placed to the right of each image. Yellow arrows

identify representative leukocytes in each image. b Quantification of

leukocytes in 10 fields of the colonic submucosa. Error is standard

error of the mean (*p \ 0.0005)

Fig. 3 The intestinal barrier is

slightly compromised in the

intestines of Myc 30 WRE-/-

mice. Mice were gavaged with

TRITC-dextran and

fluorescence was measured in

the blood 4 h later. Values

detected are normalized to WT

levels and n = 6 mice were

examined for each genotype.

Error is standard error of the

mean (*p \ 0.005)
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to elicit both innate and adaptive immune responses to

neutralize invading pathogens. To assess cytokine levels in

the colons of Myc 30 WRE-/- and WT mice, we prepared

colonic lysates and probed cytokine arrays. Before treat-

ment with DSS, we did not detect differences in cytokine

levels in the colons of knockout versus WT mice (Fig. 7a,

left panels). In contrast, DSS-induced damage led to ele-

vated expression of several cytokines in the colons of Myc

30 WRE-/- mice relative to WT (Fig. 7a, right panels).

In particular, three known neutrophil chemoattractants,

C5/C5a, CXCL2, and CXCL1 [28, 29], were expressed at

higher levels in Myc 30 WRE-/- colons after DSS treat-

ment (Fig. 7b, c). These results suggest that the increased

neutrophil infiltration of knockout colons after DSS-

induced injury results from increased production of known

neutrophil chemoattractants.

Because several cytokines, including CXCL2, CXCL1,

and IL-6, are secreted by macrophages, we used immu-

nohistochemistry with anti-F4/80 antibodies to analyze

macrophages within the colons Myc 30 WRE-/- and WT

mice subjected to the DSS damage/recovery protocol. This

analysis found no difference in the numbers of resident

macrophages in pre-treated mice and DSS induced an

increase in macrophages in the colons of both groups of

mice (Fig. 8a, b). In fact, there were significantly more

macrophages in damaged Myc 30 WRE-/- colons, which is

especially evident in the submucosa (Fig. 8b–d).

Discussion

The highly proliferative nature of colons enables their

efficient repair and regeneration after acute injury. When

colons are subjected to damage by DSS, an innate immune

response initially results in deterioration of the colonic

crypt architecture [10]. On removal of DSS, colonic stem

cells divide and produce the highly proliferative transit

amplifying cells [3]. As these migrate toward the lumen,

TA cells differentiate into the functional cells of the colon.

Remarkably, in as little as 3–4 days the repaired colons are

Fig. 4 DSS causes greater infiltration of neutrophils into the colons

of Myc 30 WRE-/- mice in comparison with WT. a Colonic sections

were prepared from Myc 30 WRE-/- and WT mice at the indicated

time during the DSS protocol and neutrophils were identified by

staining sections with antibodies against Ly6/G. Representative

images are shown and arrows identify Ly6/G? leukocytes.

b Quantification of Ly6/G? cells from 10 fields for each time point

per mouse. c Quantification of Ly6/G? cells in 10 fields of colonic

mucosal and d submucosal layers before and after DSS treatment. In

b–d, n = 3 mice were examined at each time point for each genotype.

Error is standard error of the mean and *p \ 0.05, **p \ 0.005,

***p \ 0.0005
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virtually indistinguishable from pre-DSS treated colons

[22]. The Wnt/b-catenin signaling pathway is important in

stimulating cellular proliferation and regeneration after

DSS-induced damage by activating expression of target

genes including Myc. In the intestine, Wnt/b-catenin

regulation of Myc expression is controlled by the Myc 30

WRE. Although Myc 30 WRE-/- mice contain 2.5-fold

higher levels of colonic MYC [22], expression of another

Wnt/b-catenin target gene, Axin2, was not affected (data

not shown). This finding suggests that the Myc 30 WRE

does not affect global Wnt/b-catenin signaling in the

intestine. Despite this, Myc 30 WRE-/- mice recover more

quickly from DSS-induced damage than WT littermates

subjected to the same protocol [22]. During recovery, the

heightened MYC expression in Myc 30 WRE-/- mice led

to a more rapid re-establishment of the colonic architecture

by promoting colonocyte proliferation and restoring goblet

cell populations. Here, we provide evidence that MYC also

regulates neutrophil infiltration into colonic tissues during

DSS-induced damage.

Our assessment of barrier function indicated that the

intestinal epithelium was slightly compromised in Myc 30

WRE-/- animals (Fig. 3). This may, in part, explain our

observations that the colons of Myc 30 WRE-/- mice had

elevated levels of leukocytes prior to damage with DSS

(Fig. 1c). Our data support the following model of how the

elevated MYC expression in Myc 30 WRE-/- colons leads

to increased neutrophil infiltration during DSS-induced

damage. As bacteria penetrate into the mucosal and

submucosal layers, bacterial products, for example

lipopolysaccharide (LPS), stimulate colonocytes and/or

macrophages to express various cytokines and chemokines,

including C5/C5a, CXCL1, and CXCL2 [30–32]. Neutro-

phils perceive these chemoattractants, and migrate from the

blood stream into the colonic tissue. CXCL2 is a direct

MYC target gene [33]. Therefore, the heightened MYC

expression in Myc 30 WRE-/- colonocytes may induce

higher levels of CXCL2 expression. It is currently unknown

whether C5/C5a, CXCL1, or any of the other factors that

were differently expressed in DSS-treated WT and Myc 30

Fig. 5 DSS causes greater infiltration of activated neutrophils into

the colons of Myc 30 WRE-/- mice in comparison with WT.

a Relative myeloperoxidase (MPO) activity that was measured in

protein homogenates from colonic tissue (n = 5 mice examined per

genotype per time point; n.d. none detected). b Colonic sections were

stained with Hanker–Yates reagent which detects myeloperoxidase

activity. Representative images are shown and arrows indicate

Hanker–Yates? cells (n = 3 mice examined per genotype per time

point). c Quantification of Hanker–Yates? cells in 10 independent

fields at the indicated times. In a, c, error is standard error of mean

and *p \ 0.05, **p \ 0.0005

Fig. 6 There is no difference in

circulating neutrophils between

Myc 30 WRE-/- and WT mice.

a Representative scatter plots of

blood leukocytes labeled with

anti-Ly6/G specific antibodies.

b Average levels of circulating

neutrophils reported as

percentage of Ly6/G? cells

detected in purified white blood

cells. Error is standard error of

the mean (n = 5 mice examined

per genotype). ns not significant
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WRE-/- mice in our array analysis are direct MYC target

genes. The heightened expression of these targets may also

reflect an indirect mechanism. More detailed character-

ization of target gene expression is required to distinguish

between these two possibilities.

We cannot formally exclude the possibility that the

slightly increased levels of resident leukocytes in the

colons of Myc 30 WRE-/- mice may account, in part, for

the enhanced immune response to acute damage caused by

DSS (Fig. 1). However, the levels of neutrophils and res-

ident macrophages in uninjured mucosal and submucosal

colonic layers were largely equivalent in WT and Myc 30

WRE-/- mice (Figs. 4, 8). It is possible that innate

immune cells other than macrophages or neutrophils are

involved in the response. Our attempts to analyze natural

killer (NK) cell populations were unsuccessful (data not

shown) leaving the identity of additional resident leuko-

cytes unknown. In addition to heightened expression of

known neutrophil chemoattactants in Myc 30 WRE-/-

colons after DSS-induced damage, several other chemo-

kines and cytokines were also expressed to higher levels in

the knockouts. Among these are IL-16, which modulates T

cell activation [34, 35], and CCL2, which attracts mono-

cytes [36]. In this acute model of DSS-induced damage, it

is unlikely that adaptive immune cells are contributing to

the inflammatory response over the time period of our

protocol [37]. However, these results suggest that adaptive

immune cells may also be important in the enhanced crypt

regeneration of Myc 30 WRE-/- mice after chronic damage

and inflammation. We are currently analyzing the immune

response and colonic regeneration in WT and Myc 30

WRE-/- mice by use of a DSS treatment/recovery protocol

that more faithfully models the chronic inflammation seen

in UC patients.

The effect of neutrophils in the pathophysiology of UC

is not fully resolved. On the one hand, blocking neutrophil

recruitment limits damage to the colonic architecture

[38–40]. On the other hand, neutrophil depletion also prevents

effective clearance of bacteria from DSS-damaged colons

[41, 42]. In the Myc 30 WRE-/- colons, we did not observe

increased tissue damage after DSS treatment compared

with controls (Fig. 1; [22]). Therefore in this acute model

of colitis, the enhanced recruitment of neutrophils is likely

to contribute to the more rapid recovery of Myc 30 WRE-/-

colonic crypts after DSS is removed. However, UC patients

contain elevated levels of MYC expression and persistent

neutrophil infiltration within their colons [43–45]. There-

fore, it is possible that in UC patients, increased MYC

expression may contribute to disease pathogenesis. Several

chemical inhibitors of MYC function or expression are now

commercially available, but these have not been evaluated

in mouse models of UC [46–49]. Because elevated MYC

expression and colonic neutrophil infiltration are observed

in Myc 30 WRE-/- mice, these mice serve as an attractive

Fig. 7 DSS causes higher

expression of known neutrophil

chemoattractants in the colons

of Myc 30 WRE-/- mice in

comparison with WT mice.

a Cytokine/chemokine arrays

were probed with colonic

lysates prepared from Myc 30

WRE-/- and WT mice that

were untreated or treated with

DSS for five days. Signals on

the blots that correspond to

neutrophil chemoattractants are

circled. Shown are

representative blots from two

independent experiments. b,

c Densitometric quantification

of b weakly and c highly

expressed cytokines and

chemokines from two

independent experiments after

DSS treatment. Shown is the

average signal detected with

error as the standard error of the

mean. n.d. not detected
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model system for investigation of the involvement of MYC

in chronic colitis and to test whether MYC inhibition is a

therapeutically viable option.
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