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Abstract

Chronic inflammation is a risk factor for colorectal cancer. The MAPK-activated protein kinase 2 

(MK2) pathway controls multiple cellular processes including p38-dependent inflammation. This 

is the first study to investigate the role of MK2 in development of colitis-associated colon cancer 

(CAC) using the AOM/DSS model. Herein, we demonstrate that MK2−/− mice are highly resistant 

to neoplasm development when exposed to AOM/DSS, while wild type C57BL/6 develop 

multiple neoplasms with the same treatment. MK2-specific cytokines IL-1, IL-6 and TNF-α were 

substantially decreased in AOM/DSS treated MK2−/− mouse colon tissues compared to wild type 

mice which coincided with a marked decrease in macrophage influx. Restoring MK2-competent 

macrophages by injecting wild type (WT) bone marrow derived macrophages into MK2−/− mice 

led to partial restoration of inflammatory cytokine production with AOM/DSS treatment; 

however, was not sufficient to induce neoplasm development. Our results indicate that MK2 

functions as an inflammatory regulator to promote colonic neoplasm development and may be a 

potential target for CAC.

Keywords

MK2; Colorectal Cancer; IL-1; IL-6; TNF-α; macrophages

Correspondence: Dr. Ellen J. Beswick, MSC08 4660, 1 University of New Mexico, Albuquerque, NM 87131-0001, 
ebeswick@salud.unm.edu, phone 505-272-3383, fax 505-272-9675.
*contributed equally.

The authors have no financial conflicts to disclose.

HHS Public Access
Author manuscript
Int J Cancer. Author manuscript; available in PMC 2017 February 01.

Published in final edited form as:
Int J Cancer. 2016 February 1; 138(3): 770–775. doi:10.1002/ijc.29716.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Colorectal cancer will kill approximately 50,000 people every year in the US.(1) Patients 

with chronic colonic inflammation develop colorectal cancer (CRC) at a rate 2–6 times 

above normal and CAC is more difficult to treat than other CRCs.(2) Although the 

mechanisms of inflammation promoting cancer development are not fully understood, tissue 

damage and pro-survival mechanisms likely contribute to the growth of colon cancer. The 

protein kinase p38MAPK pathway has known pathogenic contributions to inflammatory 

bowel disease.(3) However, p38MAPK inhibition has resulted in poor outcomes; side effects 

of treatment can be severe and affect multiple organ systems, such as infection, dangerous 

increases in liver enzymes, skin disorders, in humans. (4;5) In animal models utilizing p38 

inhibitors, gastrointestinal toxicity, destruction of lymphoid tissues, and promotion of 

cardiac plaques have been observed. (6;7)

MK2 is downstream of p38 MAPK and stabilizes the mRNAs of IL-1, IL-6, and TNF-α. Due 

to its stringent regulation of rather few genes compared to p38, it may be a better target. In 

LPS induction of inflammation in MK2−/− mice, IL-1, IL-6, and TNF-α were greatly 

reduced, (8) indicating a major role of this pathway in production of these cytokines. 

Additionally, these cytokines have been implicated in CAC development.(9;10) This is 

likely due to recruitment of immune cells to the site of inflammation and promotion of cell 

survival and proliferation.(11) MK2 is constitutively expressed at steady-state in multiple 

cell-types, both hematopoietic and non-hematopoietic origin. Recent evidence shows that 

intestinal macrophages maintain intestinal homeostasis, but are also major contributors to 

chronic inflammatory conditions in the colon.(12) Given this plasticity in function, it is 

crucial to understand the role of macrophages in CAC development. This functional 

plasticity may depend on MK2 activation and subsequent conditioning of the 

microenvironment to an inflammatory state. Pro-survival and pro-growth signals driven by 

inflammatory cytokine production from macrophages may be at the apex of inflammation 

and cancer development.

In this study, we set out to uncover the role of MK2 in CRC development as well as 

understand MK2 signaling in macrophages. Herein, we demonstrate MK2−/− mice were 

resistant to neoplasm development in the AOM/DSS CAC model. The complete loss of 

MK2 led to stunted production of cytokines and reduced macrophage infiltration into the 

colon. Transfer of MK2-proficient macrophages into MK2−/− mice ignited an inflammatory 

response, but was insufficient to restore tumorigenesis. Taken together, these results 

highlight the importance of MK2 in the inflammatory response and CAC development and 

highlight the importance of MK2 in multiple cell types is required to establish tumor 

development.

Materials and Methods

Mice

C57Bl/6 mice from Harlan Laboratories and the MK2−/−tm1Mgl (8) mouse strain were bred 

under pathogen free conditions. Animal procedures were approved by the UNM IACUC. 

Azoxymethane (AOM), (Sigma Aldrich, St. Louis, MO) was injected IP into 6–8 week old 
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female mice at 12.5mg/kg. Dextran Sodium Sulfate (DSS), (MP Biomedicals, MW 36,000–

50,000) was added to drinking water at 2.5% at days 5 and 26 and at 2.0% at day 47, 2.0% 

for 5 days sacrificed at day 80. Control mice received PBS IP and no DSS in water.

Mouse Colon Supernatants

8 mg (± 0.5 mg) of cleaned colon tissues were incubated in complete RPMI with antibiotics 

for 12 hours. Supernatants were analyzed for cytokines by Luminex bead array (Millipore, 

Billerica, MA) according to manufacturer’s instructions.

Flow Cytometry

Mouse colon tissues were treated with collagenase (I, II, and IV, Sigma Aldrich) and 

dispersed using the gentleMACs tissue dissociator (Miltenyi Biotech, Cologne, Germany). 

Cell suspensions were incubated overnight in media before staining for flow cytometry 

according to standard Biolegend protocols (Biolegend, San Diego, CA). Macrophages were 

stained with anti-F4/80-PE or FITC (Biolegend, BM8), anti-CD11b-APC or PE 

(eBioscience M1/70), anti-IL-1α-PE (eBioscience, ALF-161), anti-IL-1β-APC (eBioscience 

NJTEN3), anti-IL6 (eBioscience MP5-20F3), anti-TNF-α-PEcy5 (MP6-XT22 eBioscience), 

anti-IL-10-APC (eBioscience JES5-16E3), anti-Arg1-FITC (R&D Systems IC5868F) or 

isotype controls. All samples were run on a Guava easyCyte 8HT flow cytometer. Cells 

were gated on the forward and side scatter plot to remove debris, next on the F4/80+CD11b+ 

population and examined for cytokines. Macrophage numbers per colon were calculated by 

the percent of gated cells in relation to the overall number of cells per mouse colon.

Macrophage Culture

Macrophages were extracted and cultured as previously described. (13) For macrophage-

treated mice, 1×106 macrophages were injected IP on the first day of each DSS treatment 

(days 5, 26, 47) and on day 68.

Statistics

Power analysis was performed to determine the sample size of the experimental and control 

groups to ensure that any effect, if one is in fact present, is statistically detectable. An alpha 

of 0.05 was used, and the minimum acceptable power was 0.80. A minimum of 5 animals 

per group (to allow for experimental error) at three independent experiments in vivo was 

used. Results were expressed as the mean ± SE. Differences between means were evaluated 

by one-way ANOVA in GraphPad Prism 5. Values of p <0.05 were considered statistically 

significant.

Results and Discussion

MK2 is essential for CAC development

Activation of MK2 leads to IL-1, IL-6, and TNF-α production. These cytokines are known 

to induce multiple cell survival and invasion pathways.(9–11) However, a specific role in 

cancer development has only been examined for MK2 in one study of skin cancer.(14) Thus, 

we set out to investigate pro-tumorigenic effects of MK2 in CAC. WT and MK2−/− mice 

were subjected to AOM and chronic treatments of DSS through three treatments and 
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examined at day 80 as the commonly examined endpoint for this model. (15) Remarkably, 

MK2−/− mice did not develop neoplasms (Figure 1A), while wild type mice had 100% 

incidence. Also, upon H&E staining, AOM/DSS treated WT mice developed well defined 

neoplasms with dysplastic proliferation of the colonic epithelium (Figure 1B) and with DSS 

treatment had mild architectural disarray consistent with chronic injury (Figure 1C). In 

contrast, MK2−/− mice treated with AOM/DSS displayed no signs of dysplasia (Figure 1D). 

The complete absence of neoplasms in MK2-deficient mice after AOM and DSS-induced 

colitis indicate that MK2 is an important player in neoplasm development in CAC although 

the possibility exists that development could be delayed.

Cytokine response is substantially reduced in MK2−/− mice exposed to AOM/DSS 
compared to wild type mice

IL-1, IL-6 and TNF-α are major factors in the establishment of the IBD promoting chronic 

inflammation, and are also known as tumor promoting cytokines in CRC (16;17). 

Interestingly, MK2−/− mice display decreased IL-1, IL-6 and TNF-α production in multiple 

models.(18;19) Since these cytokines may be the major inflammatory mediators driving 

inflammation and neoplasm development, we hypothesized the lack of neoplasms in 

MK2−/− mice could be the result of a dampened inflammatory response. Conditioned media 

collected from AOM/DSS treated wild type mouse colon organ cultures in a previously 

described tissue explant approach used by multiple groups (20;21) displayed a marked 

increase in IL-1α, IL-1β, IL-6 and TNF-α compared to control mice receiving one PBS 

injection and regular water (Figures 1E–H). To further support the induction of MK2-

downstream cytokines in mouse colons, we found a similar pattern of increase in IL-1α, 

IL-1β, IL-6 and TNF-α gene expression in WT AOM/DSS treated mice, but minimal 

induction in MK2−/− mice (Figure S1). These high levels (compared to PBS groups) of 

cytokines indicate a chronic inflammatory response in the colon due to multiple DSS 

treatments. Conversely, supernatant from colon tissues of MK2−/− mice treated with 

AOM/DSS displayed a significant reduction in these cytokines compared to WT AOM/DSS 

treated mice. These findings emphasize the importance of MK2 in regulating the production 

of inflammatory mediators that promote colon neoplasm development.

MK2 deficiency reduces colonic macrophage accumulation and cytokine production in 
AOM/DSS treated mice

The MK2 downstream cytokines IL-1, IL-6 and TNF-α are produced by multiple cell types, 

including macrophages, in the AOM/DSS model.(13) To examine the impact of 

macrophages in MK2-dependent inflammation and neoplasm development, we first 

examined factors related to macrophage accumulation and activation in mouse colon 

supernatants. GM-CSF and MCP-1 were substantially decreased in MK2−/− mice compared 

to WT mice administered AOM/DSS (Figure 2A and B). The expression of these factors is 

important for macrophage development and accumulation.(22;23) Due to the role of GM-

CSF, MCP-1, IL-1, IL-6 and TNF-α in macrophage accumulation and activation, we 

assessed the number of colonic macrophages by staining single cell colon suspensions for 

F4/80 and CD11b. The amount of F4/80+ CD11b+ cells found in the colon of AOM/DSS 

treated WT mice at day 80 was drastically increased in AOM/DSS treated WT mice 

compared to control groups, but markedly decreased in MK2−/− mice (Figure 2C). To 
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further understand the role of MK2 in macrophages localized in the colon of mice that have 

developed neoplasms, intracellular cytokines were examined after isolation and ex vivo 

stimulation. A substantial amount of macrophages isolated from colon preps of AOM/DSS 

treated WT mice expressed IL-1α, IL-1β, IL-6 and TNF-α compared to macrophages 

isolated from AOM/DSS treated MK2−/− mice (Figures 2D–G). The considerable decrease 

in colonic macrophages during CAC development in MK2−/− mice indicate the proper cells 

are not present in the colon to mount an inflammatory response to contribute to neoplasm 

development. We also found an increase in IL-10-expressing macrophages in WT 

AOM/DSS treated mice (Figure 2H) and arginase-1 expressing macrophages (Figure 2I), 

both of which were significantly decreased in MK2−/− mice. These data suggest that MK2−/− 

mice not only show a decrease in macrophages expressing MK2 downstream mediators, but 

are also decreased in macrophages producing M2-like pro-tumorigenic factors. In addition 

to macrophages, there are also other myeloid-derived cells that are attracted to the mouse 

colon during inflammation. Myeloid-derived suppressor cells (MDSC) have been found to 

contribute to colitis and colitis-associated tumor development and growth. Suppressing 

trafficking to the colon, or knocking out MDSC-associated activity reduces inflammation 

and tumor burden in the AOM/DSS model. (24;25) Thus, we also stained for MDSC 

(CD11b+Gr1+ cells). These cells were increased in WT mice treated with AOM/DSS 

compared to PBS and present at higher levels in WT than MK2−/− mice, but the difference 

did not achieve significance (Figure S2).

Macrophages enhance pro-inflammatory cytokine production, but not neoplasm 
development in AOM/DSS treated mice

Macrophages harbor both anti- and pro-tumorigenic features that can hinder or enhance 

tumor formation. Our data above clearly indicate that macrophages accumulate and are 

producing MK2 downstream pro-inflammatory cytokines in tumor burden colons (Figure 2). 

To assess the contribution of macrophage to CAC, bone marrow-derived macrophages 

(BMM) from WT mice were adoptively transferred into WT and MK2−/− AOM/DSS treated 

mice at days 5, 26, 47, and 68. Interestingly, AOM/DSS treated MK2−/− mice receiving WT 

BMM displayed no neoplasms, while an increased number of neoplasms were found in WT 

mice injected with WT BMM (Figure 3A). WT mice receiving WT BMM had a mean of 6 

neoplasms per mouse, while the WT mice had a mean of 3 neoplasms per mouse, which is a 

significant increase in number (p=0.006). These data indicate that macrophages promote 

neoplasm development in this system. Furthermore, addition of WT macrophages restored a 

proportion of the MK2 downstream cytokine production in MK2−/− mouse colons and also 

enhanced the amounts in WT mice receiving cells (Figures 3B–E). We further found an 

increase in the macrophage related cytokines GM-CSF and MCP-1 (Figure 3F and G). 

When comparing AOM/DSS treated MK2−/− mice supplemented with WT macrophages to 

AOM/DSS treated WT mice in Figures 1 and 2, IL-6, GM-CSF, and MCP-1 were drastically 

increased to similar levels, indicating the role of MK2 in promoting these responses. These 

data suggest that the number and frequency of BMM transfer into MK2−/− mice was 

adequate to mount a similar level of these cytokines as in wild type mice. IL-1α, IL-1β, and 

TNF-α were also increased upon WT BMM transfer into MK2−/− mice, but not to the same 

levels as WT mice suggesting that MK2 signaling in other cells may be responsible for 

production of these cytokines in WT mice. Introduction of WT macrophages into MK2−/− 
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mice was not sufficient to restore neoplasm development indicating that MK2 is critical in 

other cells, perhaps epithelial cells, for neoplasm development. Furthermore, the 

significantly increased neoplasm development upon addition of extra macrophages into WT 

mice highlights the importance of MK2 signaling in macrophages in promoting tumor 

growth. Nevertheless, in our model, we have eliminated macrophages as being the primary 

determinant driving CAC development.

Our data highlight the importance of MK2 in CAC development and provide a target to 

hinder the inflammatory response. We demonstrate that restored MK2 signaling in a single 

cell type (macrophages) can restore the inflammatory response in MK2−/− mice and hence, 

this further substantiates the robustness of MK2 signaling pathway as a highly inflammatory 

event. Given the insurgence of reports demonstrating macrophages promote inflammation 

and cancer, we set out to the test hypothesis that MK2 in macrophages drives CAC 

development. The transfer of these cells was sufficient to restore the inflammatory response 

as determined by cytokine output (Figure 3B–G). Nonetheless, restoration of MK2 in these 

cells (as well as the proinflammatory cytokines detected) was not sufficient to re-establish 

tumor development in MK2−/− mice. This suggests a more complex role for MK2 in CAC 

development where restoration of the inflammatory cytokines is only one part of the 

equation. Upon supplementation of macrophages to WT mice, neoplasm number was 

significantly increased (Figure 3A). These data indicate that MK2-induced cytokines from 

macrophages promote increased tumor growth, but MK2 signaling is also needed in other 

cells, such as epithelial cells for tumor development. Thus, these studies raise the possibility 

that MK2 is a potential therapeutic target for patients with colitis or CAC that could prove 

beneficial.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

MK2 MAPK-activated protein kinase 2

CAC colitis associated cancer

WT wild type

CRC colorectal cancer

BMM bone marrow-derived macrophages

AOM azoxymethane

DSS dextran sodium sulfate
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Impact of work

This is the first study to examine previously unreported mechanisms regarding the role of 

the MK2 pathway in colorectal cancer development in a mouse model. These 

mechanisms include: 1) a major role for MK2 downstream cytokines in colorectal cancer 

development, 2) a major role for the MK2 pathway in macrophages in the development 

of an inflammatory response in colorectal cancer, and 3) a major role for the MK2 

pathway in macrophages in promoting tumor development.
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Figure 1. MK2−/− mice exposed to AOM/DSS do not develop neoplasms and have substantially 
decreased cytokine production compared to WT mice
AOM/DSS treated mice develop A) multiple neoplasms, while MK2−/− mice do not. H&E 

staining indicates that B) AOM/DSS treated WT mice developed defined neoplasms with 

dysplastic proliferation of the colonic epithelium compared to C) architectural disarray of 

mucosal tissue consistent with chronic injury from multiple DSS treatments, while D) 

AOM/DSS treated MK2−/− mice displayed no visible signs of dysplasia or mucosal damage. 

AOM/DSS treated MK2−/− mice have significantly decreased E) IL-1α, F) IL-1β, G) IL-6, 

and H) TNF-α in organ culture supernatants compared to WT mice by multiplex bead array. 

N=7 for WT mice and 8 for MK2−/− mice in duplicate experiments.
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Figure 2. Macrophages are a major source of MK2 downstream cytokines
Cytokines related to macrophage influx and function, A) GM-CSF and B) MCP-1 are 

substantially increased in AOM/DSS treated mice, but significantly decreased in MK2−/− 

mice. WT mice treated with AOM/DSS have increased C) F4/80+CD11b+ macrophage 

influx, which is substantially decreased in MK2−/− mice treated with AOM/DSS. 

F4/80+CD11b+ cells in MK2−/− mice also displayed significantly less intracellular staining 

of D) IL-1α, E) IL-1β, F) IL-6, G) TNF-α, H) IL-10, and I) ARG1 compared to WT mice. 

N=7 for WT mice and 8 for MK2−/− mice in duplicate experiments.
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Figure 3. WT BMM injection in MK2−/− mice restores some cytokine production, but not 
neoplasm development
BMM injections into WT and MK2−/− mice led to A) increased neoplasm development for 

WT mice, but not MK2−/− with AOM/DSS treatments. In organ culture, B) IL-1α, C) IL-1β, 

D) IL-6, E) TNF-α, F) GM-CSF, and G) MCP-1 production were found at higher levels in 

WT mice, but were also increased in MK2−/− mice supplemented with WT macrophages. 

N=6 for BMM supplementation experiments in duplicate experiments.
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