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ABSTRACT
◥

Background: Type 2 diabetes mellitus (T2DM) has been asso-
ciatedwith an increased risk of developing several common cancers,
but it is unclear whether this association is causal. We aimed to
summarize the evidence on T2DM and cancer and evaluate the
validity of associations from both observational and Mendelian
randomization (MR) studies.

Methods: We performed an umbrella review of the evidence
across meta-analyses of observational studies that examined asso-
ciations of T2DMwith risk of developing or dying from site-specific
cancers, and MR studies that explored the potential causal associ-
ation of T2DM and associated biomarkers with cancer risk.

Results: We identified eligible observational meta-analyses that
assessed associations between T2DM and cancer incidence for 18
cancer sites, cancermortality for seven sites, and cancer incidence or
mortality for four sites. Positive associations between T2DMand six

cancers reached strong or highly suggestive evidence. We found
eight MR studies assessing the association of genetically predicted
T2DM and seven and eight studies assessing the association of
genetically predicted fasting insulin or fasting glucose concentra-
tions, respectively, upon site-specific cancers. Positive associations
were found between genetically predicted T2DMand fasting insulin
and risk of six cancers. There was no association between genetically
predicted fasting plasma glucose and cancer except for squamous
cell lung carcinoma.

Conclusions: We found robust observational evidence for the
association between T2DM and colorectal, hepatocellular, gallblad-
der, breast, endometrial, and pancreatic cancers.

Impact: Potential causal associations were identified for genet-
ically predicted T2DM and fasting insulin concentrations and risk
of endometrial, pancreas, kidney, breast, lung, and cervical cancers.

Introduction
The prevalence of diabetes has increased by more than 4-fold since

1980 and in 2014, there were over 420 million individuals living with
diabetes (1). Compelling evidence for a causal link between type 2
diabetes mellitus (T2DM) and renal disease (2), coronary heart
disease (3) and stroke (2) has led to the development of targeted
prevention approaches (4). Type 2 diabetes has also been associated in
observational studies with several cancers, including breast, colorectal,
endometrial, gallbladder, liver, and pancreatic cancer (5). Cancer is a

leading cause of mortality and morbidity, with 18.1 million cases
worldwide in 2018 (6) and a recent study estimated 293,000 cancer
cases globally could be attributable to diabetes in 2012 (7); accordingly,
prevention of type 2 diabetes may also reduce the burden of cancer.

Effective clinical and public health policy can be informed by robust
evidence regarding site-specific cancer associations with type 2 diabetes
and by identifying potential causal associations and pathophysiological
pathways. Hyperinsulinemia and hyperglycemia (8) are leading pro-
posed mechanisms underlying the type 2 diabetes–cancer association;
however, these potential mechanisms have not been fully characterized.
Observational research into the association between type 2 diabetes and
cancer has been extensive but is vulnerable to several biases, including
residual confounding, reporting bias (9), and type 2 diabetes classifi-
cation bias. Our previous umbrella review of meta-analyses of obser-
vational studies on type 2 diabetes and cancer concluded that only a
minority of reported associations had strongly statistically significant
results without hints of bias (5). Subsequently, several meta-analyses on
type 2 diabetes and cancer have been published. Thus, we updated our
umbrella review of observational evidence investigating type 2 diabetes
in relation to cancer incidence ormortality, and extended the analysis to
include Mendelian randomization (MR) studies.

Materials and Methods
Eligibility of observational studies

For this update to our previous umbrella review (5), we searched
PubMed from January 1, 2014 to June 16, 2020 for systematic
reviews or meta-analyses of epidemiological studies using the fol-
lowing algorithm: “(diabetes) AND (cancer OR carcinoma OR neo-
plasia OR tumor OR neoplasm OR maligna�) AND (meta-analysis
OR systematic review).” References from relevant systematic or
narrative reviews were manually reviewed. The titles, abstracts, and
full texts of the resulting articles were examined in detail by two
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authors (J. Pearson-Stuttard and A. Kakourou), and discrepancies
were resolved by consensus.

We included systematic reviews andmeta-analyses of cohort studies
or combined cohort and case–control studies in humans, inwhich type
2 diabetes was the exposure of interest and cancer incidence and/or
mortality were the outcomes of interest.We excludedmeta-analyses of
prognostic studies associating type 2 diabetes and outcomes among
patients with cancer. Where meta-analyses did not present study-
specific data, such as relative risks (RR), 95% confidence intervals (CI),
and number of cases or total population, we extracted these data from
the primary studies. When we identified more than one meta-analysis
per outcome, the meta-analysis with the highest quality assessment
scorewas selected to avoid duplication; for equivocal quality scores, the
larger meta-analysis was retained. The “duplicate”meta-analyses were
evaluated separately in a sensitivity analysis. The methodological
quality of all the systematic reviews and meta-analyses included in
this study was assessed with the AMSTAR tool, an 11-item question-
naire from which positive responses are summed to obtain an overall
quality score (high, ≥8; moderate, 4–7; low, <4; ref. 10). The quality
evaluation was performed by S. Cividini and reviewed by K.K. Tsilidis.

From each eligible systematic review or meta-analysis, we extracted
the name of the first author, year of publication, exposure, outcome,
and meta-analytic estimate in duplicate by two study authors
(J. Pearson-Stuttard and N. Papadimitriou/G. Monori). From each
individual study in a meta-analysis, we extracted the name of first
author and publication year, epidemiological design, number of cases
and total population, maximally adjusted RR (e.g., hazard ratio or
standardized incidence/mortality ratio in prospective or retrospective
cohort studies, respectively, and odds ratios in case–control studies)
and 95% CIs.

Data analysis of observational studies
The statistical analysis for umbrella reviews has been described

previously in detail in the published literature (11–13). Briefly, for each
exposure and outcome pair, we calculated the summary effect and the
95% CI using both fixed and random effects inverse variance weighted
methods (14). Heterogeneity between studies was assessed with the
Cochran’s Q test (15) and the I2 metric of inconsistency (16). We
calculated 95% prediction intervals for the summary random effect
estimates, which further account for between study heterogeneity and
represent the range of estimates expected for future studies (17). The
small study effects were evaluated by the Egger’s regression asymmetry
test (P ≤ 0.10) and whether the random effects summary estimate was
larger than the point estimate of the largest study (i.e., smallest
standard error) in the meta-analysis. For excess significance bias,
we compared the observed number of studies with nominally statis-
tically significant results (i.e., P< 0.05) in the published literature to the
expected number of studies with significant results (18). The expected
number of significant studies in each meta-analysis was calculated
from the sum of the statistical power estimates for each component
study, calculated with an algorithm from a non-central t distribu-
tion (19, 20). The power estimates of each component study depend
on the plausible effect size for the tested association, which was
assumed to be the effect of the largest study in each meta-
analysis (21). Excess significance for individual meta-analyses was
determined at P ≤ 0.10 (18).

Grading the evidence of observational studies
The strength of observational evidence for type 2 diabetes and

cancer was categorized using the aforementioned criteria (11–13).
Briefly, a “strong association” referred tometa-analyses with a random

effects model P value smaller than 10�6 (a threshold that might
substantially reduce false-positive findings; refs. 22–24), more than
1,000 cancer cases, I2 values below 50%, 95% prediction intervals
excluding the null value, and no indication of small study effects or
excess significance bias. A “highly suggestive association” required a
random effects model P value smaller than 10�6, more than 1,000
cancer cases, and nominally significant results in the largest study
included (P < 0.05). “Suggestive” associations had a random effects P
value smaller than 10�3 and more than 1,000 cases. All other meta-
analyses with a nominally significant random effects model P value
were classified as “weak association.” The main analysis included
meta-analyses of both cohort and case–control studies, but we
conducted a sensitivity analysis, including cohort studies only. All
statistical analyses were performed using Stata version 13 (25), and all
P values were two-tailed.

Eligibility and statistical analysis of MR studies
We searched forMR studies evaluating potential causal associations

between type 2 diabetes and cancer. We additionally considered
circulating concentrations of fasting insulin, fasting glucose, and
glycosylated hemoglobin (HbA1C) as exposures, given their potential
role as a mediator or as a primary mechanism in the type 2 diabetes–
cancer association (8, 26–33). We used the following search algorithm
in PubMed, from inception to June, 16 2020: “(diabetes OR insulin OR
glucose OR HbA1c) AND (cancer OR carcinoma OR neoplasia OR
tumor OR neoplasm OR maligna�) AND (Mendelian randomization
OR Mendelian randomization).” The titles, abstracts, and full texts of
the resulting articles were examined in detail by two authors
(N. Papadimitriou and G. Markozannes/D. Gill), and discrepancies
were resolved by consensus.

We includedMR studies that assessed cancer incidence according to
genetic instruments for type 2 diabetes, fasting insulin, glucose or
HbA1C. From each eligible MR study, we extracted the name of the
first author, year of publication, specific exposure studied, choice of
genetic instruments, percentage of variance in the exposure explained
by the instruments, outcome, sample size (cases and controls), main
MR analysis approach, main result and additional sensitivity analyses.
This was done in duplicate by two study authors (N. Papadimitriou
and G. Markozannes/D. Gill). Type 2 diabetes is a binary trait,
therefore only a proportion of the individuals with the genetic variants
used to instrument its effects will actually have the condition (34).
Furthermore, unlike type 2 diabetes, genetic variants used in MR
analysis to proxy its effectsmay have lifelong cumulative consequences
that begin from conception (35). Given the resultant limitations in
using MR to estimate the effect of type 2 diabetes on risk of can-
cer (34, 36), only the statistical significance and direction of associa-
tions were assessed (35, 37). Evidence was categorized as either
“present” or “not present,” with studies considered as providing
evidence of a causal effect if they had a statistically significant effect
estimate (P < 0.05) with further evaluation that this finding was not
entirely attributable to possible bias related to pleiotropic effects of the
genetic variants used as instruments (35).

Results
Description and analysis of observational studies

Of the 1,610 articles initially identified in PubMed, 20 studies
reporting on 29 meta-analyses met our selection criteria (Fig. 1).
When combined with findings from the prior period covered in the
previous umbrella review (5), 29 studies met our selection criteria
reporting 41 associations for the main (n ¼ 29 meta-analyses) and
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sensitivity analysis (n¼ 12 duplicate meta-analyses; Fig. 1). Themeta-
analyses included associations of type 2 diabetes with risk of incidence
(n ¼ 26) or death (n ¼ 9) or incidence or death (n ¼ 6) from oral
cancer (38), esophageal (39), gastric (40), colorectal (41), hepatocel-
lular (42, 43), cholangiocarcinoma (44), biliary tract (45), gallblad-
der (46), pancreatic (47), lung (48), breast (49), endometrial (50),
ovarian (51), localized prostate (52), total prostate (53), kidney (54),
bladder (55), thyroid (56, 57) cancer, non-Hodgkin’s lymphoma
(NHL; ref. 58), myeloma (58), leukemia (58), and glioma (59, 60).
There were 5 to 57 studies combined per meta-analysis in the main
analysis; the median was 11 studies. Only the meta-analyses of
cholangiocarcinoma incidence (n ¼ 674) and hepatocellular carcino-
ma mortality (n ¼ 292) had fewer than 1,000 cases (Supplementary
Table S1). The included meta-analysis articles for the main analysis
were ofmoderate study quality base on an averageAMSTAR score of 6,
ranging from 4 to 8. Respectively, the quality of the studied included in
the sensitivity analysis of duplicate meta-analyses was also moderate
with an average AMSTAR score of 5.1, ranging from 3 to 7 (Supple-
mentary Table S2).

Out of the 29 meta-analyses in the main analysis, the summary
random effects estimates were significant at P ≤ 0.05 in 23 meta-
analyses (79%). When we used P ≤ 10�6 as a threshold for
significance, only six (gallbladder, breast, hepatocellular, colorectal,
endometrial and pancreatic cancer incidence) meta-analyses pro-
duced significant summary results (Fig. 2), all with increased risks

of cancer in individuals with type 2 diabetes. Most (n ¼ 22, 76%) of
the largest study effects in each meta-analysis were nominally
significant at P≤0.05. The effects of the largest studies were more
conservative than the summary effects of the meta-analysis in 14
(48%) of the 29 meta-analyses. The results from random effects and
fixed effect models were similar in all studies except three (breast
cancer mortality, myeloma incidence) where the P value was
significant in the fixed effects, but not in the random effects model,
and glioma incidence/mortality where the P value was significant in
random effects but not in the fixed effect model (Supplementary
Table S1).

The Q test showed significant heterogeneity (P ≤ 0.10) for 23 (79%)
meta-analyses and 21 (72%) had an I2 statistic >50% (Fig. 2). There
was moderate to high heterogeneity (I2 ¼ 50%–75%) in six meta-
analyses and high heterogeneity (I2 > 75%) in 15 meta-analyses
(incidence of bladder, gastric, hepatocellular, kidney, lung, leukemia,
multiple myeloma, NHL, pancreatic, and total prostate cancer; and
mortality from breast, colorectal, gastric and hepatocellular cancer and
incidence/mortality in glioma). When we calculated 95% prediction
intervals, the null value was excluded only for colorectal, endometrial,
thyroid cancer incidence, and oral and endometrial cancer mortality
(Supplementary Table S1).

Small study effects according to the Egger’s test (P < 0.10) were
present for the meta-analyses of lung, pancreatic, and localized
prostate cancer (incident only), and glioma and bladder cancer

Figure 1.

Flow diagram of selection process of meta-analyses of
type 2 diabetes and cancer in observational studies.
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(incidence andmortality combined).However, only the bladder cancer
and glioma incidence/mortality meta-analyses had adequate informa-
tion (n¼ 21 and 10 studies, respectively) for the Egger’s test (21). Three
(10%) meta-analyses (on incidence of hepatocellular and NHL, and
bladder cancer incidence/mortality) had evidence of a significant
excess of “positive” studies when the plausible effect was assumed to
be equal to the effect of the largest study in each meta-analysis
(Supplementary Table S1).

Evidence grading of observational studies
The association between type 2 diabetes and colorectal cancer

incidence was the only site supported by strong evidence (summary
random effects RR, 1.27; 95% CI, 1.21–1.34), with strongly statis-
tically significant results and no suggestion of bias (Supplementary
Table S1; Fig. 2). Highly suggestive evidence was detected for type 2
diabetes and greater risk of hepatocellular, gallbladder, pancreatic,
breast, and endometrial cancer incidence. Suggestive evidence was
found for the positive association between type 2 diabetes and

biliary tract and thyroid cancer (incidence), endometrial and oral
cancer (mortality), and bladder and esophageal cancers (incidence/
mortality), and for the inverse association for localized prostate
cancer. Associations with thyroid cancer incidence and oral and
endometrial cancer-related mortality satisfied all criteria for a
“strong” grading except for the random effects P value, which was
about 10�4 and not at 10�6. The remaining 10 associations under
study were only supported by weak evidence.

Sensitivity analyses of the 12 duplicate meta-analyses yielded
broadly similar findings (Supplementary Table S3). Most notably,
duplicate meta-analyses for breast and thyroid cancer incidence
had suggestive and not significant associations, respectively,
compared with highly suggestive and suggestive associations,
respectively, in the main analysis. When including cohort studies
only, the evidence grade remained the same except for breast
cancer incidence (from highly suggestive to suggestive) and
glioma incidence/mortality (weak to not significant; Supplemen-
tary Table S4).

Figure 2.

Summary random effects estimates with 95% confidence and prediction intervals from 29meta-analyses of type 2 diabetes and cancer incidence, mortality, or both.
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MR studies
Of the 143 articles initially identified in the PubMed search (Fig. 3),

eight studies and 31 MR analyses assessed a potential causal effect of
genetically predicted type 2 diabetes with risk of pancreatic (61–63),
liver (63), endometrial (63, 64), renal cell (63, 65), glioma (66),
thyroid (63, 67), breast (63, 68), prostate (63, 68), cervix (63), biliary
tract (63), ovarian (63), leukemia (63), head and neck (63), blad-
der (63), lung (63), stomach (63), NHL (63), colorectal (63), testic-
ular (63), multiple myeloma (63), melanoma (63), brain (63), and
esophageal cancers (63). Seven studies and 30 MR analyses assessed a
potential causal effect of genetically predicted fasting insulin concen-
trations with risk of pancreatic (61–63), lung (69), breast (63, 70),
endometrial (63, 64), renal cell (63, 65), glioma (66), liver (63),
thyroid (63), cervix (63), biliary tract (63), ovarian (63), leukemia (63),
head and neck (63), bladder (63), lung (63), stomach (63), NHL (63),
colorectal (63), testicular (63), prostate (63) multiple myeloma (63),
melanoma (63), brain (63), and esophageal cancer (63). There were
eight studies and 32 MR analyses assessing a potential causal effect of
genetically predicted fasting glucose concentrations with risk of
pancreatic (61–63), lung (69), breast (63, 68, 70), endometrial (63, 64),
renal cell (63, 65), glioma (66), prostate (68), thyroid (63), liver (63),
thyroid (63), cervix (63), biliary tract (63), ovarian (63), leukemia (63),
head and neck (63), bladder (63), lung (63), stomach (63), NHL (63),
colorectal (63), testicular (63), prostate (63) multiple myeloma (63),
melanoma (63), brain (63), and esophageal cancer (63). Finally there

was one study that assessed the potential role of genetically predicted
HbA1C concentrations in risk of breast (68) and prostate (68)
cancer development (Supplementary Table S5). The methodological
approaches used varied between studies, although consideration was
consistently offered to potential bias arising from the pleiotropic effect
of genetic variants through pathways unrelated to the exposure under
consideration.

Potentially causal positive associations were identified between
genetically predicted type 2 diabetes and risk of pancreatic, kidney,
endometrial, and cervical cancers, whereas inverse associations were
observed with risk of esophageal carcinoma and melanoma. However,
a larger MR study found no association between type 2 diabetes and
renal cell carcinoma. Positive associations were observed for geneti-
cally predicted fasting insulin concentrations and risk of pancreatic,
endometrial, kidney, breast and lung cancer. Genetically predicted
fasting glucose or HbA1C concentrations were not associated with
cancer risk with the exception of a positive association identified
between fasting glucose and squamous cell lung cancer only. Consis-
tent results were achieved in sensitivity analyses performed to inves-
tigate possible bias related to pleiotropic variants in the main analysis.

Triangulation of evidence
Triangulation of the evidence from both observational and MR

studies suggests amixed picture (Figs. 4–6). Among the six cancer sites
(i.e., colorectal, hepatocellular, gallbladder, breast, endometrial, and

Distinct references identified (n = 143)

Title review

Abstract review (n = 19)

References excluded (n = 120)

References excluded (n = 10)
-Type 2 diabetes, fasting insulin or glucose or HbA1C not
exposure of interest (n = 4)
-Cancer not outcome of interest (n = 2)
-Narrative review (n = 4)

Article review (n = 9)

Mendelian randomiza�on studies (n = 9)

Figure 3.

Flow diagram of selection process of
Mendelian randomization studies.
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pancreatic cancers) that showed strong or highly suggestive observa-
tional evidence for a positive association with T2DM, there was
corroborating MR evidence for genetically predicted T2DM and/or
insulin concentrations and risk of pancreatic, endometrial, and breast
cancers. Genetically predicted fasting glucose or HbA1C concentra-
tions were not associated with any major cancer site. The associations
of genetically predicted T2DM and/or insulin concentrations with risk
of colorectal, hepatocellular, and gallbladder cancers did not reach
statistical significance in an MR study conducted in the UK Biobank
cohort, but this study had relatively small number of cancer cases.
There were three additional positive associations between geneti-
cally predicted T2DM and/or insulin concentrations with risk of
kidney, lung, and cervical cancers, which reached weak, and non-
significant observational evidence or no relevant meta-analysis was
identified, respectively. Furthermore, inverse associations were
observed between genetically predicted T2DM, but not with insulin
or glucose concentrations, and risk of esophageal carcinoma and
melanoma, which were in disagreement with the observational
evidence that showed a suggestive positive association for esoph-
ageal cancer and no relevant meta-analysis was identified for
melanoma risk.

Discussion
Our study provides a comprehensive update of the observational

evidence linking type 2 diabetes and cancer risk across 21 different sites
and is substantially enhanced by the inclusion of MR studies that
address potential causation and mechanisms. The most robust obser-
vational evidence was detected for T2DM and increased risk of
colorectal, breast, endometrial, gallbladder, hepatocellular, and pan-
creatic cancers, whereas MR studies supported a causal association
between genetically predicted T2DM and/or fasting insulin concen-
trations and risk of endometrial, breast, and pancreatic cancer, as well
as with lung, kidney, and cervical cancer.

This updated umbrella review advances previous work (5); along
with several updated analyses, there are several cancer sites included in
this analysis not previously included, namely lung cancer incidence,
oral cancer and glioma incidence and mortality, and gallbladder,
esophageal, pancreatic and bladder cancer-related mortality. Another
major advancement of this study is the inclusion of MR studies. The
opportunity to draw upon genetic data from large-scale, international
consortia in MR studies allows for triangulation of evidence using
distinct methodological approaches that make orthogonal underlying
assumptions and suffer from distinct sources of bias (71). The MR

Figure 4.

Triangulation of evidence from observational andMendelian randomization studies assessing association between type 2 diabetes and site-specific cancers. Bubble
size corresponds to the number of cases in the correspondingmeta-analysis (more cases!larger bubble). If nometa-analysis was available but an MR analysis was,
then bubble size represents the number of cases in the MR analysis. Unless stated as incidence/mortality (i.e., both), is incidence, � , mortality.
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findings of our study support a potential causal effect of genetically
predicted T2DM and/or fasting insulin levels, rather than geneti-
cally predicted fasting glucose levels, on risk of breast, endometrial,
pancreatic, and kidney cancers. These findings are consistent with
experimental and molecular epidemiological data that support a
role for insulin signaling in the development of several can-
cers (72, 73), and may therefore represent an important pathway
linking T2DM and cancer.

The cancer sites with strong or highly suggestive observational
evidence of a robust association with type 2 diabetes, namely colo-
rectal, breast, endometrial, gallbladder, hepatocellular and pancreatic
cancers, are also strongly associated with overweight and obesi-
ty (13, 74). Indeed previous work estimated that more than 800,000
new cancer cases each year are attributable to the combination of high
BMI and diabetes, with these risk factors both increasing the risk of six
site-specific cancers (7). Though some of these observational findings
contrast with the null MR findings for genetically predicted type 2
diabetes and risk of colorectal, breast, gallbladder, and hepatocellular
cancers; thismay be due to the very heterogeneous genetic instruments
for type 2 diabetes, which might involve different underlying mechan-
isms (e.g., beta-cell function, insulin, obesity, etc.; ref. 75) and lead to
horizontal pleiotropy, or may be also due to the relatively small
number of cancer cases (except for breast cancer) used in some current
MR studies. Some of these reasons might also explain the inverse

associations observed between genetically predicted T2DM and risk of
esophageal carcinoma and melanoma. However, genetically predicted
T2DMwas associated with risk of pancreatic and endometrial cancers,
and genetically predicted fasting insulin concentrations were associ-
ated with breast cancer risk. Future MR studies should try to subgroup
the T2DM genetic instruments to specific mechanisms of action.
Accordingly, further understanding of potential mediation by insulin
levels or BMI could allow more precise causal identification, and also
risk stratification and screening opportunities in this patient group.

The evidence provided by our study has clinical and public health
implications, particularly for endometrial, breast, and pancreatic
cancers, where evidence from both observational and MR studies is
most robust. The global burden of cancer attributable to all diabetes is
expected to increase 30% in women and 20% in men over the next two
decades (7). Secondary prevention measures, reducing the risk of
complications, are vital to reducing morbidity and mortality in
patients with type 2 diabetes. Further research is needed to characterize
the mechanisms and/or predictive characteristics of fasting insulin in
relation to cancer risk, which could inform the development of clinical
guidelines for early screening. In addition, these results highlight the
overlapping nature of type 2 diabetes and cancer, which jointly occupy
an increasing share of the global disease burden (76). Population-based
strategies that target the largest modifiable drivers of type 2 diabetes
and cancer (poor diet, obesity, alcohol, tobacco and physical inactivity)

Figure 5.

Triangulation of evidence from observational and Mendelian randomization studies assessing association between fasting insulin and site-specific cancers. Bubble
size corresponds to the number of cases in the correspondingmeta-analysis (more cases!larger bubble). If nometa-analysis was available but an MR analysis was,
then bubble size represents the number of cases in the MR analysis. Unless stated as incidence/mortality (i.e., both), is incidence, � , mortality.
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through altering the environment to favor affordable, health-
promoting behaviors are positioned as an effective and equitable
approach (77).

Our study has several strengths. We were deliberately systematic in
our search algorithm for all studies of type 2 diabetes and cancer;
however, the published meta-analyses of observational studies pro-
vided limited granularity by sex, cancer sub-type, or other covariates
such as menopausal status and hormone replacement therapy use in
women. We applied several statistical criteria and sensitivity analyses
to evaluate the strength and validity of the observational evidence,
which should not be considered causal criteria, especially when used
individually, but we think that they are useful for identifying biases
when used together. The MR framework also has several advantages
and is complimentary to traditional epidemiology; it is able to over-
come the confounding and reverse causation bias that limits the ability
to draw causal inference in traditional observational research by using
genetic variants that are randomly allocated at conception as instru-
ments to proxy the effect of the exposure under consideration (78).

Limitations of this analysis include the accuracy of diabetes status.
Self-reported type 2 diabetes status is 99% specific, but just 66%
sensitive compared with medical records (79). Miss-classification bias
is likely given that 46% of all estimated diabetes prevalence is in
undiagnosed individuals. Clinical diagnosis of diabetes, diabetes dura-
tion, long-term glucose control (HbA1c and other related biomarkers),

and treatment regimens (80) data are optimal but often unavailable in
large cohort studies. Although our literature search was systematic,
and our results consistent with duplicate independent meta-analyses,
there is a risk of incomplete search. With respect to evidence grading,
both asymmetry and excess significance tests offer hints of bias, not
definitive proof thereof, but our estimates are likely to be conservative
as a negative test result does not exclude the potential for bias. We
confined the analysis to type 2 diabetes as there were very few studies of
variable quality available considering associations between type 1
diabetes and cancer (81).

The MR approach also has its own limitations. For this analysis,
we assessed studies using genetic instruments for type 2 diabetes,
fasting insulin, glucose, and HbA1C. Type 2 diabetes is a binary
outcome and as such corresponding genetic instruments will only
relate to its incidence in a fraction of the considered populations
(termed “compliers”). As such, MR effect estimates that consider
type 2 diabetes as the exposure can be biased (34, 36), with genetic
variants used as instruments to exert effects throughout an individual’s
life course, whereas type 2 diabetes typically arises in later life;
therefore, the relative lack of association between genetically predicted
type 2 diabetes with cancer risk must be interpreted with caution. In
contrast, fasting insulin is a continuous trait, and it is more plausible
that its genetic instruments will uniformly affect fasting insulin
levels across individuals in the outcome population. Thus, this

Figure 6.

Triangulation of evidence from observational and Mendelian randomization studies assessing association between fasting glucose and site-specific cancers. Bubble
size corresponds to the number of cases in the correspondingmeta-analysis (more cases!larger bubble). If nometa-analysis was available but an MR analysis was,
then bubble size represents the number of cases in the MR analysis. Unless stated as incidence/mortality (i.e., both), is incidence, � , mortality.
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“monotonicity” assumption of MR will be held, and resultant effect
estimates will be less susceptible to bias (35, 36). These potential
sources of bias may in part explain the partial discrepancy in
MR results when considering type 2 diabetes versus fasting insulin
as the exposure. In addition, MR approaches vary, with no standard-
ized or widely applicable reporting framework currently in use, which
may result in more subtle bias related to methodological nuances (82).
Importantly, the accumulation of data from future genome-wide
association studies will enable investigation into other potential
mechanisms underpinning the risk of cancer in patients with diabetes.

Conclusion
There ismounting evidence of a robust association between patients

with type 2 diabetes and an increased risk of common cancers (i.e.,
pancreatic, endometrial and breast cancer, but also colorectal, hepa-
tocellular, gallbladder, and kidney cancers). Understanding the mech-
anistic pathways underlying this risk is crucial to allow evidence-based
prevention policies.
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