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Abstract

Background & Aims—Patients with colorectal cancer (CRC) have high circulating levels of 

macrophage inhibitory cytokine-1 (MIC1 or GDF15), a marker of inflammation that might be 

involved in carcinogenesis. We analyzed blood samples collected from individuals before they 

were diagnosed with CRC to determine whether levels of MIC1 were associated with mortality.

Methods—We collected data on survival of 618 participants diagnosed with CRC who provided 

pre-diagnosis blood specimens in 1990 (Nurses’ Health Study) and 1994 (Health Professionals’ 

Follow-up Study) and were followed through 2010. Levels of MIC1 were measured by ELISA and 

then were categorized into quartiles based upon the known distribution of MIC1 levels among 

previously matched individuals without CRC (controls) within each cohort. We then examined the 

association of MIC-1 levels with overall and CRC-specific mortality using Cox proportional 
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hazards models, with adjustments for mortality-associated risk factors and other plasma markers 

of inflammation. We also assessed the relationship between levels of MIC1 and levels of 

prostaglandin-endoperoxide synthase 2 expression (PTGS2 or COX2), measured in 245 tumor 

samples by immunohistochemistry.

Results—Compared to participants in the lowest quartile for plasma level of MIC1, the 

multivariate hazard ratio (HR) for CRC-specific death for participants in the highest quartile of 

MIC1 level was 2.40 (95% confidence interval, 1.33–4.34; P for linear trend=.009). The 

association of MIC1 with survival varied with level of PTGS2 expression in tumor samples 

(Pinteraction=.04). For individuals with PTGS2-positive tumors, the HR for CRC-specific death 

among those with high levels of MIC1 (equal to or greater than the median) was 2.13 (95% CI, 

0.99–4.58) compared to participants with low levels of MIC1 (below the median). In individuals 

with PTGS2-negative CRC, a high level of MIC1 was not associated with an increased risk of 

CRC-specific death (multivariate HR=0.61; 95% CI, 0.13–2.93).

Conclusions—Based on an analysis of blood and colorectal tumor samples from 2 large studies, 

high plasma levels of MIC1 (GDF15) before diagnosis of CRC are associated with greater CRC-

specific mortality, particularly in individuals with PTGS2-positive tumors.
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Introduction

Chronic inflammation has been demonstrated to influence the pathogenesis and progression 

of colorectal cancer (CRC). This effect appears to be mediated in part by the enzyme PTGS2 

(prostaglandin-endoperoxide synthase 2, also known as cyclooxygenase-2 [COX-2]).1 

Observational and randomized clinical studies have suggested that regular use of aspirin and 

NSAIDs is associated with a lower risk of CRC incidence as well as CRC-specific mortality, 

particularly among tumors overexpressing PTGS2.2,3

The circulating inflammatory cytokine growth differentiation factor 15 (GDF15), also 

known as macrophage inhibitory cytokine-1 (MIC1), is a divergent member of the human 

transforming growth factor-β (TGFB1) superfamily and may play a specific role in 

carcinogenesis.4–8 We have recently shown in a prospective study that elevated 

prediagnostic levels of MIC1, independent of other markers of inflammation, are associated 

with an increased risk of incident CRC.9 In addition to CRC, MIC1 has been linked through 

cross-sectional studies to various cancers, including those of the prostate, pancreas, ovary, 

bile ducts, and brain, as well as recurrent adenoma among patients with a history of prior 

adenoma.4,10–13 Furthermore, experimental and epidemiological evidence suggests that high 

serum levels of MIC1 measured after diagnosis among patients with colorectal cancer, 

ovarian cancer, prostate cancer, and glioblastoma have been associated with shorter 

survival.11–15

Despite these prior data, prospective evidence relating prediagnostic circulating MIC1 levels 

and CRC-specific survival among patients with established CRC are limited. Therefore, 
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within two large prospective cohorts we investigated the association between prediagnostic 

MIC1 plasma concentrations in relation to CRC-specific and overall survival among CRC 

patients. Given the important role of PTGS2 in inflammation-associated colorectal 

carcinogenesis, we also explored the association between MIC1 levels and CRC-specific 

survival according to the expression of PTGS2 in the primary tumor.

Methods

Study populations

We used data drawn from two ongoing cohorts, the Nurses’ Health Study (NHS) and the 

Health Professionals Follow-up Study (HPFS). The NHS began in 1976 among 121,700 

U.S. female registered nurses aged 30 to 55 at enrollment. The HPFS began in 1986 among 

51,529 U.S. male podiatrists, dentists, osteopathic physicians, veterinarians, pharmacists, 

and optometrists aged 40 to 75 at enrollment. In both cohorts, participants have returned 

questionnaires every two years with follow-up rates to 2010 of 95.4% in the NHS and 95.9% 

in the HPFS to provide information about lifestyle and dietary factors, medication (including 

aspirin) use, and diagnoses of CRC and other diseases. The Institutional Review Board at 

the Brigham and Women’s Hospital and Harvard School of Public Health approved this 

study.

Blood collection

Blood samples were collected by mailing phlebotomy kits to participants. From 1989-90 and 

1993-95, 32,826 NHS participants and 18,225 HPFS participants, respectively, returned a 

single blood sample on ice packs by overnight courier. When received, blood samples were 

immediately centrifuged, aliquoted into plasma, and stored in continuously monitored liquid 

nitrogen freezers (−130 °C or below). More than 95% of the blood samples arrived in our 

laboratory within 26 hours of phlebotomy. Additional details regarding blood collection, 

transportation of specimens, and processing and storage of plasma aliquots within these two 

cohorts has been previously described.16–17

Selection of colorectal cancer participants and ascertainment of death

Eligible men and women for this study were individuals diagnosed with incident CRC after 

blood draw through 2010 follow-up who provided a prediagnostic blood specimen, 

completed the baseline questionnaire, and did not have a history of inflammatory bowel 

disease or other cancer (except non-melanoma skin cancer) prior to diagnosis of CRC. 

Baseline characteristics of participants with colorectal cancer whose blood we collected 

were not materially different from those of participants with colorectal cancer whose blood 

we did not collect (mean age, 68.8 vs. 67.3 years; former or current smoker, 58% vs. 63%; 

mean body-mass index [the weight in kilograms divided by the square of the height in 

meters], 26.1 vs. 26.1 kg/m2; mean metabolic equivalent [MET; i.e., exercise intensity] 

score per week, 20.7 vs. 18.5 hours/week; cancer of colon or rectum, 75% vs. 72%).

Cases of CRC were self-reported by participants or next-of-kin and after obtaining consent 

confirmed with medical records or pathology reports. We identified deaths through next-of-

kin and the National Death Index. For all deaths, we sought information to determine the 
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cause, including death certificates and medical records. A study physician, blinded to 

exposure information, reviewed all records to confirm cases, as well as to extract data on 

histological type, anatomic location, and stage of the cancer. We excluded 33 cases that 

failed laboratory assays, thereby leaving 618 CRC cases for the analysis.

Laboratory Assays

In a core laboratory facility, technicians used sandwich enzyme-linked immunosorbent 

assays (ELISA) (R&D Systems, Minneapolis, MN) to measure MIC1 (GDF15) levels in the 

archived pre-diagnostic plasma specimens. Based on quality controls randomly interspersed 

among the case–control samples, the coefficients of variation were 9.0% in HPFS, 7.0% in 

NHS (1990–2004), and 11.0% in NHS (2006–2008). Because we measured NHS samples in 

two different batches (cases and controls from 1990–2004 follow up; cases and controls 

from 2006–2008 follow-up), duplicate samples were included to assess laboratory drift for 

the NHS. The estimated coefficient of reliability between the two drift batches was 0.96 

(95% CI 0.87–0.99), suggesting excellent reproducibility in the assay’s performance. 

Furthermore, to assess the intra-individual variation of MIC1 levels over time, we also 

measured MIC1 among a subset of the controls enrolled in the NHS who also provided a 

second blood specimen in 2000–2001 (n=103). There appeared to be good correlation 

among MIC1 levels in these participants (Spearman’s rho = 0.81, p<0.0001), supporting the 

reproducibility of MIC1 levels within individuals over a ten-year period. We have 

previously described our measurements of MIC1 and the other biomarkers of inflammation 

in these cohorts, including high-sensitivity CRP and IL6.9,18,19

Assessment of PTGS2 (COX-2) Expression

Among cases of CRC in NHS and HPFS with available tumor specimens, we conducted 

immunohistochemical staining for PTGS2 as previously described.3,20 A pathologist (S.O.) 

who was unaware of any participant data scored the tumor epithelial PTGS2 expression 

according to the intensity of staining compared to surrounding normal epithelium using a 

standardized grading scheme. Tumors with moderate or strong staining intensity compared 

to normal colon were classified as PTGS2 positive, whereas tumors with weak or absent 

staining were classified as PTGS2 negative. For an agreement study, a random selection of 

124 cases was examined by a second pathologist (T.M.) unaware of other data. There was 

good concordance between the 2 observers (kappa=0.69, p<0.001).

Statistical Analysis

We first examined heterogeneity for the association between MIC1 and CRC mortality 

among men in the HPFS compared with women in the NHS using the Cochran’s Q test.21 

We found no significant heterogeneity (P for heterogeneity=0.41). Thus, we pooled data 

from the two cohorts and calculated means, medians, and proportions according to MIC1 

levels for baseline characteristics of study participants for demographics and exposures at 

the time of blood draw as well as information on cancer stage, site, and grade at the time of 

diagnosis. To examine the association of MIC1 levels with overall and CRC-specific 

mortality, we categorized MIC1 into quartiles based upon the known distribution of MIC1 

levels among previously matched controls without CRC within each cohort, with the lowest 

category used as reference group.9 The Kaplan-Meier method and log-rank test were 
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performed for the survival analysis. In the time-to-event analysis, using CRC death as the 

outcome, patients dying from causes other than CRC were censored. To compare CRC-

specific and overall mortality according to MIC1 levels, we estimated hazard ratios (HRs) 

for CRC with 95% confidence intervals (CIs) using Cox proportional hazards models. We 

stratified for age at the time of diagnosis, and conducted age and multivariate-adjusted 

analyses. Potential confounders adjusted in the model included cohort (sex); date of blood 

draw; race; body mass index (BMI) at the time of blood draw; physical activity (in MET-

hours/week) at the time of blood draw; family history of CRC at time of blood draw; regular 

use of aspirin or NSAIDs at the time of blood draw; stage at diagnosis; history of polyps at 

the time of blood draw; grade (poor/unknown vs. well vs. moderate) at diagnosis; anatomic 

tumor location (colon vs. rectum) at diagnosis; and the markers of inflammation, CRP and 

IL6.

We assessed collinearity of the model by using collinearity diagnostics; variance inflation 

factors showed no significant collinearity between each of our included covariates (all 

variance inflation factors < 2.0). We tested for trend by assigning each participant to the 

median value of their quartile and using these values as continuous terms in the hazards 

model. The proportional hazards assumption was tested by the Harrell and Lee test, which 

detects correlations between the Schoenfeld residuals of each covariate and the ranking of 

individual failure times (p for correlation coefficient for age at diagnosis = 0.02; all other p 

for correlation coefficients >0.05).22 In our secondary analyses, we assessed statistical 

interaction of plasma MIC1 (as a dichotomous variable defined according to the median 

based on the distribution among the controls) with subgroups, including tumor PTGS2 

expression, by including cross-product terms in our models and assessing their statistical 

significance using the likelihood ratio test. We used SAS version 9.3 (SAS Institute, Inc, 

Cary, NC) for all analyses. All statistical tests were two-sided and P< 0.05 was considered 

statistically significant.

Results

Baseline cohort characteristics

Among the 618 eligible participants with CRC, we documented 266 total deaths among 

which 178 were due to CRC. For participants who were alive through the end of follow-up, 

the median time of follow-up from date of diagnosis was 9.2 years (interquartile range, 6.0–

12.3). Plasma collection was performed at a median of 9.8 years for NHS and 6.3 years for 

HPFS (standard deviation, 5.0 years for NHS and 3.6 years for HPFS) before CRC 

diagnosis. Table 1 shows the baseline characteristics of the 618 CRC participants according 

to quartiles of MIC1 defined by the distribution among control individuals without CRC in 

our previous study.9 The proportion of colon versus rectal cancer, the distribution of stage at 

diagnosis, and the median age at diagnosis (including the proportion of postmenopausal 

women) appeared to vary significantly across quartiles of MIC1.

Plasma MIC1 and risk of CRC-specific and overall mortality

We examined the association of MIC1 with risk of CRC-specific and all-cause death 

according to quartile categories defined by the distribution among control individuals 
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without CRC in our previous study (Table 2). Elevated levels of MIC1 were associated with 

a statistically significant higher in risk of overall mortality (log-rank p<0.0001; Figure 1) 

and CRC-specific mortality (log-rank p=0.003; Figure 2). For both cohorts together, the 

overall 5-year survival was 83% for those participants with the lowest levels of MIC1 

compared with 62% for those with the highest levels of MIC1. The corresponding 10-year 

survival rates were 79% and 46%. Compared to men and women with levels of plasma 

MIC1 in the lowest quartile (Q1), the multivariate HRs for CRC were 1.67 (95% CI, 0.93 – 

3.00) for those with MIC1 levels in the second quartile; 2.67 (95% CI, 1.49 – 4.80) for the 

third quartile; and 2.40 (95% 1.33 – 4.34) for the highest quartile after adjustment for other 

prognostic factors, including age, sex, stage at diagnosis, tumor grade, anatomic site, BMI, 

and family history of CRC as well as plasma CRP and IL6 (p for linear trend = 0.009). In 

contrast, there was no association observed with CRC-specific death when comparing 

extreme quartiles for CRP (multivariate HR, 1.09; 95% CI, 1.09 – 1.72; p for linear trend = 

0.32) or IL6 (multivariate HR, 1.15; 95% CI, 0.72 – 1.84; p for linear trend = 0.59).

To assess if the association between MIC1 and CRC-specific death differed according to 

selected mortality-associated risk factors, we performed secondary analyses according to 

subgroups defined by age at diagnosis, sex, BMI, tumor stage, tumor grade, and smoking 

status (Table 3). No statistically significant interactions were identified between MIC1 

levels and these factors. We also did not observe material differences between the 

association of MIC1 and risk of CRC-specific death according to anatomic site of tumor 

(colon vs. rectum) (p=0.92). Finally, we did not observe differences between the association 

of MIC1 and risk of CRC-specific death according to history of polyps at the time of blood 

draw (pint=0.16).

To address the possibility that occult or subclinical CRC could influence levels of MIC1, we 

excluded cases diagnosed up to four years after blood draw from our analysis and observed 

similar results (multivariate HR for CRC-specific death 2.51, 95% CI, 1.20–5.24), 

comparing extreme quartiles of MIC1 (ptrend = 0.02). We also explored if the association 

between plasma MIC1 and colorectal cancer-specific mortality varied according to time 

between blood draw and diagnosis, but did not find material differences (pinteraction=0.44). 

Finally, given the measurement of MIC1 pre-diagnostically, we explored if stratification by 

tumor stage and adjustment for grade may have attenuated our associations if the association 

of MIC1 and survival was mediated by differences in these prognostic factors at diagnosis. 

Comparing extreme quartiles, we observed a stronger association without additional 

adjustment for stage or grade (multivariate HR for CRC-specific death 3.10, 95% CI, 1.74–

5.51) (ptrend = 0.0003).

Association between MIC1 levels and colorectal cancer-specific mortality according to 
PTGS2 status

In an exploratory analysis, we considered the possibility that MIC1 may be differentially 

associated with risk of CRC-specific death according to tumoral PTGS2 expression among 

the 245 cases in which there was available tumor tissue for analysis. We found evidence 

suggestive of an interaction between plasma MIC1 and tumor PTGS2 expression in survival 

analysis (pinteraction=0.04). Among individuals with PTGS2 positive cancers (n=161), we 
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found that those with levels of plasma MIC1 at or above the median had a multivariate HR 

for CRC-specific mortality of 2.13 (95% CI 0.99 – 4.58) compared to those with levels of 

MIC1 below the median. In contrast, the corresponding HR for CRC-specific mortality 

among participants with PTGS2 negative cancer (n=84) was 0.61 (95% CI 0.13–2.93).

Association of aspirin/NSAIDs use and risk of CRC-specific death according to MIC1 levels

In an exploratory analysis, we also examined if aspirin/NSAIDs use may be differentially 

associated with the risk of CRC-specific mortality according to baseline levels of MIC1. 

Consistent with previous findings in these cohorts, regular use of aspirin compared to non-

use after diagnosis was associated with a multivariate HR for CRC-specific death of 0.36 

(95% CI, 0.22–0.60).3 However, there did not appear to be a differential association of 

aspirin with CRC-specific survival according to prediagnostic levels of MIC1.

Discussion

In this prospective study, we observed that men and women with CRC in the highest two 

quartiles of prediagnostic plasma MIC1 had a nearly three-fold higher risk of CRC-specific 

mortality. Results were similar in men and women and persisted after adjusting for known 

prognostic factors, lifestyle risk factors for CRC, as well as other plasma markers of 

inflammation, including CRP and IL6. The associations did not materially change according 

to subgroups defined by age, sex, BMI, tumor site, history of colonic polyps, tumor grade, or 

tumor stage. Our results, which included a large number of incident cases of CRC (n=618), 

are consistent with and significantly extend upon a prior smaller cross-sectional 

investigation demonstrating an association between MIC1 and overall survival and between 

MIC1 and relapse-free survival (n=224).14 Furthermore, they build upon our recent findings 

reporting an association between MIC1 and incident CRC.9

Our results support the role of chronic inflammation in the development and progression of 

CRC. This is supported by considerable evidence demonstrating a specific mechanistic role 

for MIC1 in tumor development. MIC1, as a member of the TGFB1 superfamily, appears to 

have pleiotropic roles in carcinogenesis, showing anti-tumorigenic behavior in early stages 

but contributing to enhanced invasive and metastatic abilities by the cancer in later stages.23 

In early stages of neoplasia, in vitro evidence shows that MIC1 expression is up-regulated 

by several tumor suppressor genes, such as TP53 and early growth response protein 1 

(EGR1) and may mediate endoplasmic reticulum-stress-induced apoptosis.4,24 In animal 

models, MIC1-overexpressing transgenic mice bred to the Apcmin mouse (a model for 

human familial adenomatous polyposis) had a significantly reduced number of colonic 

polyps.6

However, MIC1 may promote neoplasia in other contexts. Experimental evidence shows 

enhancement of tumorigenic activity by MIC1 via the AKT and MAPK3/MAPK1 (ERK1/

ERK2) pathways in human breast and gastric cancer cells.25 In mouse xenograft models, 

MIC1 enhances tumor growth, stimulates cell proliferation, and promotes distant 

metastases.4 Furthermore, in both mice and humans, MIC1 (GDF15) has been shown to be 

involved in cancer-related cachexia.26 Alternatively, it has been hypothesized that cancer 

cells may become resistant to the initial tumor suppressive effects of MIC1; thus, as these 
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cells proliferate, ongoing expression of MIC1 may contribute to declining tumor immunity, 

leading to greater dissemination and/or earlier death.4,15 Nonetheless, regardless of the 

specific role of MIC1 in either inhibiting or stimulating carcinogenesis, our findings provide 

evidence that elevated prediagnostic circulating levels of MIC1 may have potential as a 

biomarker for risk of CRC death.

Although we had a limited number of cases with available tissue for PTGS2 analysis, we 

found evidence in exploratory analyses suggesting that individuals with PTGS2 positive 

tumors and elevated plasma levels of MIC1 had a particularly higher risk of CRC-specific 

death compared to individuals with PTGS2 negative tumors. These findings offer a 

mechanistic corroboration of our results, suggesting that MIC1 is primarily associated with 

progression among cancers that arise and progress through a proinflammatory milieu. Our 

findings are also consistent with the interactive effect of physical activity and tumor PTGS2 

expression in colorectal cancer survival,27 supporting a potential immuno-modulatory role 

of physical activity in reducing systemic tumor-promoting inflammation. Furthermore, our 

exploratory results are supported by our recent findings that the association between MIC1 

and incident CRC appeared more evident among PTGS2-positive tumors compared with 

PTGS2-negative tumors.9

There are several strengths of our study, including its large size, its prospective design, and 

high follow-up rate. By measuring MIC1 levels before diagnosis of CRC, we were uniquely 

able to examine the association of an individual’s pro-inflammatory status prior to diagnosis 

in relation to survival, minimizing the potential bias related to elevation of this marker by 

the cancer itself. Second, our findings were consistent between two independent cohorts. 

Third, we were able to examine a potential interaction between MIC1 levels and tumor 

expression of PTGS2 in our molecular pathological epidemiology database.28 Finally, we 

were able to examine associations after accounting for other markers of inflammation.

There are also some limitations to this study. Information on cancer treatment was limited. 

However, it is unlikely that differential receipt of chemotherapy could account for our 

findings. During the time period of the study, there was little variation in the type of 

chemotherapy available and the receipt of chemotherapy was likely defined by stage of 

disease for which we were able to adjust. Further, data on cancer recurrence and relapse are 

not available in these cohorts. However, because median survival for recurrent colorectal 

cancer was approximately 10–12 months during the time period of this study, colorectal-

cancer specific survival should be a reasonable surrogate for recurrence.29 Also, we only 

had a single measurement of MIC1. However, we found minimal intra-individual variation 

in MIC1 levels over a 10 year period among a subset of NHS participants, supporting MIC1 

as a stable biomarker over time. Moreover, we found that the time between blood draw and 

diagnosis may have little effect on the association between MIC1 and CRC survival. Finally, 

because our participants were all health professionals and are largely Caucasian, our study 

may not be generalizable to other populations.

In summary, our data shows a higher risk of CRC-specific mortality associated with 

elevated prediagnostic MIC1 (GDF15) levels, even after accounting for other 

clinicopathological (e.g. stage) and lifestyle risk factors and other markers of inflammation. 
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This association appeared to differ by CRC tumor PTGS2 status. These findings suggest that 

MIC1 may be a specific prognostic marker for risk of CRC death, and provide additional 

evidence for the role of chronic inflammation in the development and progression of CRC. 

Additional studies are needed to further explore the mechanistic role for MIC1 in the 

development and progression of colorectal cancer as well as a prognostic role of MIC1 after 

diagnosis.
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Figure 1. 
All-cause survival according to levels of MIC1 (in quartiles). Log rank test: p<0.0001.
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Figure 2. 
CRC-specific survival according to levels of MIC1 (in quartiles). Log rank test: p = 0.003.
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Table 1

Baseline characteristics of study participants according to MIC1 levels.a

Quartiles of MIC1b

Characteristic 1 (n=119) 2 (n=160) 3 (n=174) 4 (n=165)

Age at diagnosis, y, mean (SD) 63.7 (8.0) 68.7 (7.2) 71.4 (7.6) 74.4 (7.1)

Sex

    Female, % 55 63 57 48

Body mass index, kg/m2, mean (SD) 26.1 (4.1) 26.2 (4.5) 26.0 (4.4) 25.8 (3.8)

Race

    White, % 95 96 97 95

    Other, % 5 4 3 5

Smoking status

    Current or past, % 51 43 45 38

    Never, % 49 58 55 62

Physical activity, METs, mean (SD) 20.3 (20.1) 20.9 (22.2) 24.5 (25.7) 24.4 (22.7)

Postmenopausalc, % 69 88 95 96

Menopausal hormone usec

    Current or past, % 42 54 71 53

    Never, % 58 46 29 48

Regular use of aspirin or NSAIDsd, % 40 45 50 52

Site of CRC, %

    Colon 83 86 90 93

    Rectum 17 14 10 7

Stage of Disease, %

    I 37 26 21 29

    II 23 24 27 18

    III 18 23 21 18

    IV 11 15 15 16

    Other/unknown 12 16 16 19

Grade of differentiation, %

    Well 13 11 11 7

    Moderate 61 53 56 55

    Poor/undifferentiated 13 18 13 14

    Unknown 13 19 20 24

a
Data on lifestyle characteristics from the time of the blood draw. Data on tumor characteristics from the time of cancer diagnosis.

b
Quartiles of MIC1 were defined by the distribution among control individuals without CRC in our previous study.9

c
The percentages of postmenopausal participants as well as hormone use is among women only.

d
Regular use of aspirin or NSAIDs defined as ≥2 tablets/week

Abbreviations: CRC = colorectal cancer; METs = metabolic equivalent task score hours per week; MIC1 = macrophage inhibitory cytokine-1; 
NSAIDs = nonsteroidal anti-inflammatory drugs; SD = standard deviation.
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