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Abstract
The Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signaling pathway
is involved in immune function and cell growth. We evaluated the association between genetic
variation in JAK1 (10 SNPs), JAK2 (9 SNPs), TYK2 (5 SNPs), SOCS1 (2 SNPs), SOCS2 (2
SNPs), STAT1 (16 SNPs), STAT2 (2 SNPs), STAT3 (6 SNPs), STAT4 (21 SNPs), STAT5A (2
SNPs), STAT5B (3 SNPs), STAT6 (4 SNPs) with risk of colorectal cancer. We used data from
population-based case-control studies (colon cancer n=1555 cases, 1956 controls; rectal cancer
n=754 cases, 959 controls). JAK2, SOCS2, STAT1, STAT3, STAT5A, STAT5B, and STAT6
were associated with colon cancer; STAT3, STAT4, STAT6, and TYK2 were associated with
rectal cancer. Given the biological role of the JAK/STAT-signaling pathway and cytokines, we
evaluated interaction with IFNG, TNF, and IL6; numerous statistically significant associations
after adjustment for multiple comparisons were observed. The following statistically significant
interactions were observed: TYK2 with aspirin/NSAID use; STAT1, STAT4, and TYK2 with
estrogen status; and JAK2, STAT2, STAT4, STAT5A, STAT5B, and STAT6 with smoking status
and colon cancer risk; JAK2, STAT6, and TYK2 with aspirin/NSAID use; JAK1 with estrogen
status; STAT2 with cigarette smoking and rectal cancer. JAK2, SOCS1, STAT3, STAT5, and
TYK2 were associated with colon cancer survival (HRR of 3.3 95% CI 2.01, 5.42 for high
mutational load). JAK2, SOCS1, STAT1, STAT4, and TYK2 were associated with rectal cancer
survival (HRR 2.80 95 %CI 1.63, 4.80). These data support the importance of the JAK/STAT-
signaling pathway in colorectal cancer and suggest targets for intervention.
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Introduction
The Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signaling
pathway is involved in immune function and cell growth and differentiation1, 2. The JAK
family consists of four non-receptor protein tyrosine kinases, JAK1, JAK2, JAK3, and
TYK2. Of these, JAK1, JAK2, and TYK2 are expressed ubiquitously in mammals, while
JAK3 is expressed mainly in hematopoietic cells3. Once activated by cytokines, JAKs serve
as docking sites for signaling molecules such as STATs. Activated STATs translocate from
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the cytoplasm to the nucleus where they increase the transcription rate of several genes.
STAT1 and STAT2 were first identified as contributing to activation of genes involved in
immune response4. Five additional STATs have been identified: STAT3, STAT4, STAT5A,
STAT5B, and STAT6. Cytokines, as part of a feedback loop, up-regulate suppressors of
cytokine signaling (SOCS) that inhibit the activity of JAKs and STATs5. Several studies
have implicated components of the JAK/STAT/SOCS-signaling pathway in colorectal
adenomas and cancer, 1, 2, 6 which is biologically plausible given that the gut contains the
largest collection of lymphoid tissue in the body4.

Research focused on understanding the JAK/STAT/SOCS-signaling pathway often has
involved their interaction and relationship with cytokines. STAT1 and STAT2 were first
identified from work involving downstream events of receptor binding of IFNγ on
transcriptional activation of genes involved in immune response4. Pro-inflammatory
cytokines, such as TNFα, IL-6, and INFγ have been shown to up-regulate STAT
proteins4, 7, 8. Both JAK1 and JAK2 are important for cytokines through use of the shared
receptor subunits, γ chain (γc) and gp130; IFNs and IL-6 are two important pro-
inflammatory cytokines that use these receptors that are essential for cytokine signaling9.
JAK2 is essential for hormone-like cytokine signaling, including prolactin signaling9. Thus,
the JAK/STAT/SOCS-signaling pathway is an important regulator of the ultimate cellular
response to cytokines.

The influence of genetic variation in the JAK/STAT/SOCS-signaling pathway on colon and
rectal cancer risk is unknown. It is biologically plausible that JAK/STAT/SOCS-signaling
pathway risk would be associated with genetic variation in cytokine genes such as TNF and
its receptors, IFNG (IFNγ) and its receptors, and IL6 which are important cytokines
associated with inflammatory processes, aspirin/NSAIDs that influence inflammation,
cigarette smoking that can influence inflammation through oxidative stress, and estrogen
which has many biological functions including anti-inflammatory properties. In this study
we evaluate genetic variation in the JAK/STAT/SOCS-signaling pathway and assess if that
variation is associated with key cytokine and inflammation-related factors and risk of
developing colon and rectal cancer. Because the JAK/STAT/SOCS-signaling pathway
influences cell growth, we also evaluate if genetic variation in this pathway is associated
with survival after diagnosis with colon and rectal cancer.

Methods
Data for the study come from a population-based case-control study of colon cancer (cases
n=1,555; controls n=1,956) and rectal cancer (cases n=754; controls n=959) The colon
cancer study case identification was between October1, 1991 and September 30, 1994 and
included people living in the Twin Cities Metropolitan Area, Kaiser Permanente Medical
Care Program of Northern California (KPMCP) and a seven-county area of Utah 10. The
rectal study used identical data collection methods as the colon study, it included
population-based cases with cancer of the rectosigmoid junction or rectum who were
identified between May 1997 and May 2001 in Utah and KPMCP 11. Eligible cases were
between 30 and 79 years old at time of diagnosis with adenocarcinoma, English speaking,
mentally competent to complete the interview, had no previous history of CRC, and no
known (as indicated on the pathology report) familial adenomatous polyposis, ulcerative
colitis, or Crohn’s disease. Controls were matched to cases by sex and by 5-year age groups.
At KPMCP, controls were randomly selected from membership lists. In Utah, controls 65
years and older were randomly selected from the Health Care Financing Administration lists
and controls younger than 65 years were randomly selected from driver’s license lists.
Controls were selected from driver’s license and state-identification lists in Minnesota.
Study details have been previously reported 10, 11.
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Interview Data Collection
Data were collected by trained and certified interviewers using laptop computers. All
interviews were audio-taped and reviewed for quality control purposes 12. The referent
period for the study was two years prior to diagnosis for cases and prior to selection for
controls. Detailed information was collected on diet, physical activity, medical history, and
cigarette smoking history, regular use of aspirin and non-steroidal anti-inflammatory drugs,
use of hormone replacement therapy, menopausal history, and body size.

Tumor Registry Data
Tumor registry data were obtained to determine disease stage at diagnosis and months of
survival after diagnosis. Disease stage was categorized centrally by one pathologist in Utah
using the sixth edition of the American Joint Committee on Cancer (AJCC) staging criteria.
Local tumor registries also provided information on patient follow-up including vital status,
cause of death, and contributing cause of death. Follow-up was obtained for all study
participants for at least five years and was terminated for the Colon Cancer Study in 2000
and for the Rectal Cancer Study in 2007.

TagSNP Selection and Genotyping
TagSNPs were selected using the following parameters: LD blocks were defined using a
Caucasian LD map and an r2=0.8; minor allele frequency (MAF) >0.1; range= −1500 bps
from the initiation codon to +1500 bps from the termination codon; and 1 SNP/LD bin. All
markers were genotyped using a multiplexed bead-array assay format based on GoldenGate
chemistry (Illumina, San Diego, California). A genotyping call rate of 99.85% was attained.
Blinded internal replicates represented 4.4% of the sample set; the duplicate concordance
rate was 100%. Individuals with missing genotype data were not included in the analysis for
that specific marker. We evaluated associations with candidate genes, including JAK1 (10
SNPs), JAK2 (9 SNPs), TYK2 (5 SNPs), SOCS1 (2 SNPs), SOCS2 (2 SNPs), STAT1 (16
SNPs), STAT2 (2 SNPs), STAT3 (6 SNPs), STAT4 (21 SNPs), STAT5A (2 SNPs),
STAT5B (3 SNPs), STAT6 (4 SNPs). Table 1 details SNPs associated with colon or rectal
cancer, either by independent associations or through interactions; online Supplement 1
contains information about all SNPs included on the platform.

Statistical Methods
Statistical analyses were performed using SAS® version 9.2 (SAS Institute, Cary, NC). We
report odds ratios (ORs) and 95% confidence intervals (95%CIs) assessed from multiple
logistic regression models adjusting for age, center, race/ethnicity, and sex. To summarize
risk associated with multiple variants across the pathway we created a summary polygenic
score that was based on all at-risk genotypes for colon and rectal cancer. The score for each
SNP was based on the inheritance model and its associated risk. For the co-dominant or
additive model a score of zero, one, or two was assigned which directly as correlated to the
number of high-risk alleles; scores of zero or two were assigned for the dominant and
recessive models. After assigning a score for each SNP previously identified as being
significant, the scores were summed across SNPs to generate an individual polygenic
summary score. Individuals missing SNP data were dropped from the analysis. The
continuous score variable was redefined as a categorical variable based on the frequency
distribution within the study population.

Analysis for interaction was based on tagSNPs within each gene. We tested interaction with
targeted genes including tumor necrosis factor and its receptors (TNF, TNFRSF1A,
TNFRSF1B), interferon gamma and its receptors (IFNG, IFNGR1, IFNGR2), and IL6 which
we hypothesized would modify the effect of candidate genes given the importance of

Slattery et al. Page 3

Mol Carcinog. Author manuscript; available in PMC 2014 February 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



cytokines in regulating the pathway. Lifestyle variables were selected because of their
biological plausibility for involvement in this candidate pathway. In these analyses we
focused on interaction between estrogen status (defined as currently using hormone
replacement if post-menopausal or being pre/peri menopausal), cigarette smoking status, and
use of aspirin/NSAIDs. These factors were targeted because of their influence on estrogen,
inflammation, and oxidative stress. P values for interaction were determined using a
likelihood-ratio test comparing a full model that included an ordinal interaction term with a
reduced model without an interaction term.

Survival-months were calculated based on month and year of diagnosis and month and year
of death or date of last contact. Associations between SNPs and risk of dying of colorectal
cancer were evaluated using Cox proportional hazards models to obtain multivariate hazard
rate ratios (HRRs) and 95% confidence intervals. We adjusted for age at diagnosis, study
center, race, sex, tumor molecular phenotype, and AJCC stage to estimate HRRs.

Adjusted multiple-comparison p values, taking into account tagSNPs within the gene, were
estimated using the methods of Conneely and Boehnke 13 via R version 2.12.0 (R
Foundation for Statistical Computing, Vienna, Austria). Wald p values (1 df) from the main
effect models and interaction p values based on likelihood-ratio tests were used in the
calculation of multiple comparisons. We consider a pACT of <0.20 as potentially important
given the underlying candidate pathway approach of this study and the need to consider both
type 1 and type 2 errors. We believe that findings at this level would merit replication,
especially when evaluating interactions.

Results
Evaluation of the associations with SNPs in genes in the JAK/STAT signaling pathway
showed more significant associations for colon cancer than for rectal cancer (Table 2). JAK2
(4 SNPs), SOCS2 (1 SNP), STAT1 (2 SNPs), STAT3 (2 SNPs), STAT5A (1 SNP),
STAT5B (2 SNPs), and STAT6 (1 SNP) were significantly associated with colon cancer.
After adjustment for multiple testing, all but five SNPs remained significant at the 0.10 level
and all but one had a pACT value of <0.20. Only four SNPs in four separate genes, STAT3,
STAT4, STAT6, and TYK2, were associated with rectal cancer. The adjusted p values for
STAT3, STAT6, and TYK2 were 0.0552, 0.0623, and 0.1255 respectively. Assessment of
mutational load from having multiple at-risk alleles showed only minimal increased risk for
colon cancer. However, for rectal cancer having all four at-risk alleles (score of 8) versus
none (score of 0–2) was associated with an almost four-fold increased risk (OR 3.90 95 %CI
2.02, 7.52), which was considerably greater than the combined independent risk.

Given the biological role of the JAK/STAT signaling pathway and its involvement with
IFNG, TNF, and other cytokines, we evaluated interaction with IFNG and its receptors, TNF
and its receptors, and IL6. We observed numerous statistically significant associations; those
with pACT values of <0.20 are shown in Table 3 while those with unadjusted p values of
<0.05 but adjusted p values of >0.20 are available in the online Supplement 2. We observed
more associations with colon cancer than with rectal cancer. For colon cancer, we observed
significant interaction and adjusted pACTs of <0.2 between IFNG and STAT4, JAK1,
JAK2, and SOCS1; between IFNGR1 and STAT6 and TYK2; IFNGR2 and STAT1,
STAT5B, SOCS2, SOCS1, and STAT4. TNF interacted significantly with JAK2, STAT1,
STAT6, JAK1, and STAT4; TNFRSF1A and STAT3, STAT6, STAT5A, STAT5B, TYK2,
and JAK1. IL6 interacted with STAT5B, JAK1, JAK2, STAT3, STAT6, and STAT4. For
rectal cancer we observed that IFNG interacted with JAK2, IFNGR1 interacted with
STAT5B and SOCS2, and IFNGR2 interacted with JAK1, JAK2, STAT3, and STAT5A.
TNF interacted with TYK2 and TNFRSF1A interacted with JAK2, SOCS2, SOCS1, and
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STAT4. IL6 interacted with JAK2, STAT1, STAT4 and with TYK2. For both colon and
rectal cancer several SNPs within each gene interacted with the targeted pathway genes, i.e.
IFNG, TNF, and IL6.

Assessment of interaction between genes in the JAK/STAT-signaling pathway and use of
aspirin/NSAIDs, estrogen status, and cigarette smoking showed several significant
interactions (Table 4). For colon cancer, TYK2 interacted significantly with aspirin/NSAID
use; STAT1, STAT4, and TYK2 interacted with estrogen status; and JAK2, STAT2,
STAT4. STAT5A, STAT5B, and STAT6 interacted with smoking status. Several significant
associations also were detected with rectal cancer. JAK2, STAT6, and TYK2 interacted
significantly with aspirin/NSAID use; JAK1 interacted with estrogen status and STAT2 with
cigarette smoking. Of potential importance, is the observation that five STAT1 SNPs
interacted with estrogen status for colon cancer and four JAK1 SNPs interacted with
estrogen status for rectal cancer. Also, three JAK2 SNPs interacted with smoking status. The
associations involving the variant genotype with either estrogen or NSAID use resulted in
reduced risk of colon cancer below that observed for the variant without the lifestyle
exposure, which is also true for NSAID use and rectal cancer. For colon cancer, having the
variant genotype in the presence of smoking typically increased risk beyond that observed
for being a smoker and not having the variant or having the variant and not smoking
cigarettes.

Several SNPs were associated with survival after diagnosis for both colon and rectal cancer
(Table 5). For colon cancer, JAK2 (5 SNPs), SOCS1 (1 SNP), STAT3 (3 SNPs), STAT5 (1
SNP), and TYK2 (2 SNPs) were associated with survival. For rectal cancer, JAK2 (1 SNP),
SOCS1 (1 SNP), STAT1 (4 SNPs), STAT4 (2 SNPs), and TYK2 (1 SNP) were associated
with survival. In Table 5, we summarize the combined effect of these at-risk SNPs in
relation to survival. For both colon and rectal cancer the hazard of dying increases with
mutational load after adjusting for disease stage and molecular phenotype of the tumor. For
colon cancer the estimate of risk of dying is HRR of 3.3 (95% CI 2.01, 5.42) for the highest
category of mutational load, while for rectal cancer it is 2.80 (95 % CI 1.63, 4.80).

Discussion
Genetic variation in the JAK/STAT/SOCS-signaling pathway appears to be associated with
both colon and rectal cancer risk. We observed associations with several SNPs for
development of both colon and rectal cancer as well as with survival after diagnosis. The
impact of the genetic variation in this signaling pathway goes beyond that observed for main
effects and encompasses additional risk associated with interaction of genetic and lifestyle
factors.

Evaluation of genetic variation in this pathway with risk of colon and rectal cancer has not
previously been reported to our knowledge, however genetic associations between JAK2,
TYK2, and STAT3 have been reported with Crohn’s disease and ulcerative colitis.14 The
JAK/STAT/SOCS-signaling pathway plays a critical role in immune response and
regulation of inflammation given its essential affiliation with cytokine signaling.
Additionally, components of the pathway, such as STAT3, have been shown to promote
uncontrolled cell growth and survival through dysregulation of gene expression involved in
apoptosis, cell-cycle regulation, and angiogenesis.15 JAK1, JAK2, and STAT3 have been
associated with colorectal cancer progression2. Thus, our observation that mutational load
associated with the pathway influences survival is consistent with previous reports of
biological effects of this pathway.
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While the pathway appeared to be associated with both colon and rectal cancer, the
magnitude of the association identified with each independent SNP was generally weak for
both colon and rectal cancer. Key differences between colon and rectal cancer were
observed. First, the number of SNPs and genes associated with colon cancer was greater
than that observed for rectal cancer. However, evaluation of mutational load derived from
these SNPs and the corresponding associations implied that for colon cancer the composite
effect of having multiple variant alleles was only marginally greater than the risk associated
with the individual SNPs themselves, while for rectal cancer, having all high-risk alleles,
resulted in considerably greater risk than would be expected from addition of the
independent risk. Likewise, differences also were observed in the SNPs associated with
colon and rectal cancer. It is unclear why these differences exist. It could stem from the
relative importance of different biological mechanisms for colon and rectal cancer, despite
the overlap of importance for the pathway for both cancers, including genes targeted by
various STATs. While we acknowledge that these differences could stem from chance
findings, many associations remained significant after adjusting for multiple comparisons.
These findings are supported by other reports showing differences in both genetic and
lifestyle factors for colon and rectal cancer 11, 16–19. We have reported that miRNA
expression profile of normal tissue from colon and rectal cancer are different20, further
supporting the hypothesis that colon and rectal cancer represent two distinct diseases.

This pathway was associated with several key lifestyle factors, including aspirin/NSAID
use, cigarette smoking and estrogen status. These lifestyle factors were targeted because of
their association with inflammation which appears to be a critical modulator of colon and
rectal cancer risk21. The role of aspirin and NSAID use in colon and rectal cancer risk is
well documented 22–25 and has been hypothesized as stemming from the anti-inflammatory
properties of these drugs. Cigarette smoking has been associated with increased nitric oxide
(NO) synthesis by activating nitric oxide synthase (NOS2) and inflammation;26–28 NO has
been shown to contribute to chronic inflammation 29. Estrogens could be operating via an
inflammation-related mechanism given their influence on the NFκB pathway.30, 31

Estrogens also have been shown to activate STAT4.32 Additionally, JAK2 is essential for
hormone-like cytokines such as prolactin9; estrogens are key regulators of prolactin. Thus,
the observation that estrogen status interacts with genes in the JAK/STAT/SOCS-signaling
pathway has a biological basis.

TNF, IFNG, and IL6 also were hypothesized to interact with JAK/STAT/SOCS-signaling
pathway genes. The association between JAKs and cytokine signaling was identified when
mutant JAK cell lines were shown to lack responsiveness to interferon while adding TYK2
restored IFN signaling9. Since then, both JAK1 and JAK2 have been shown to be important
for cytokines such as TNF, IFN, and IL6 9. STAT1 and STAT2 also were originally
discovered as mediators of IFN signaling8. JAK1 and JAK2 have been shown to be
associated with IFNγ receptors subunits33. SOCS interacts directly with the JAK/STAT
pathway and has been shown to suppress cellular response to various cytokines including
IL6 and IFNγ34. Thus, we targeted cytokines thought to be operating in the pathway. We
observed numerous statistically significant interactions between genes and SNPs in the JAK/
STAT/SOCS signaling pathway and these targeted cytokines. Of these interactions, 10 had
an adjusted p value of <0.05 and another 19 had adjusted p values of <0.10, many more had
adjusted p values of 0.20 or less. Taken together, our data support the importance of the
pathway and that genetic variation in this pathway is associated with colon and rectal cancer
both for the independent effects, but also for their effect modification of cytokine genes.

Major strengths of our study were the hypothesis-driven approach, the large and extensive
data set that includes information on genetic, lifestyle, and survival data, and our ability to
examine colon and rectal cancer separately. While we believe that the data we present is
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both thorough and informative, we acknowledge that limitations exist. For instance, while
we have detected associations we have minimal information on the functionality of the SNPs
evaluated. Additional lab-based experiments are needed to determine functionality. Through
our analysis of the JAK/STAT/SOCS-signaling pathway, we have made many comparisons.
Although we have provided pACT values to take into account multiple comparisons, chance
findings may exist and therefore replication of these findings is critical. A hazard of multiple
testing adjustments is the increased likelihood of rejecting a finding that is true. Thus, we
believe that adjusted p values of <0.20, especially for interactions, merit replication in other
large sample sets to validate these findings.

In summary, these data support the hypothesis that the JAK/STAT/SOCS signaling pathway
is associated with colon and rectal cancer because of their independent effects on risk as
well as from the modifying effect they have on lifestyle and genetic factors. We
hypothesized that this pathway is central to development of colon and rectal cancer because
of its role in regulation of inflammation. We also provide data which suggest that this
pathway is importantly related to survival after cancer diagnosis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Table 5

HRR from pathway SNPs associated with survival after diagnosis with colon or rectal cancer

Summary Score Death/Person Years HRR1 (95% CI)

ColonCancer2

(0–7) 31/1304 1.00

(8–9) 36/985 2.41 (1.47, 3.94)

(10–11) 42/1487 1.70 (1.06, 2.73)

(12–13) 65/1530 2.49 (1.60, 3.87)

(14–15) 52/1212 2.63 (1.67, 4.16)

(16–18) 47/1061 2.57 (1.61, 4.10)

(19–24) 36/570 3.30 (2.01, 5.42)

P Trend <.0001

Rectal Cancer3

(0–4) 19/729 1.00

(5–7) 19/695 1.29 (0.67, 2.49)

(8–10) 33/842 1.97 (1.11, 3.49)

(11–13) 47/1074 1.62 (0.94, 2.80)

(14–18) 53/951 2.80 (1.63, 4.80)

P Trend <0.0001

1
Hazard Rate Ratios (HRR) and 95% Confidence Intervals (CI) adjusted for age, center, race, sex, AJCC stage, and tumor molecular phenotype

2
SNPs in colon cancer summary score: JAK2 rs10815160(A), rs10974947(D), rs1887429(A), rs3780379(A), and rs7043371(R), SOCS1

rs4780355(D), STAT3 rs1053005(D), rs2293152(R), and rs8069645(D), STAT5A rs12601982(D), TYK2 rs280521(D) and rs280523(D)

3
SNPs in rectal cancer summary score: JAK2 rs1536800(R), SOCS1 rs193779(D), STAT1 rs10199181(D), rs1547550(D), rs2280234(D) and

rs7562024(A), STAT4 rs10168266(A) and rs16833260(D), TYK2 rs280519(D)
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