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 Background The interplay between obesity, physical activity, weight gain, and genetic variants in the mTOR pathway has 
not been studied in renal cell carcinoma (RCC). We examined the associations between obesity, weight gain, 
physical activity, and RCC risk. We also analyzed whether genetic variants in the mTOR pathway could modify the 
association.

 Methods Incident RCC case subjects and healthy control subjects were recruited from the University of Texas MD Anderson 
Cancer Center in Houston, Texas. Case subjects and control subjects were frequency matched. Epidemiologic data 
were collected by in-person interview. One hundred ninety single nucleotide polymorphisms (SNPs) from 22 
genes in the mTOR pathway were extracted from previous genome-wide association studies. Logistic regression 
and regression spline were performed to obtain odds ratios (ORs). All statistical tests were two-sided.

 Results A total of 577 non-Hispanic white case subjects and 593 healthy control subjects were included. Obesity at age 
20 years (OR = 1.92, 95% confidence interval [CI] = 1.05 to 3.50; P = .03) and age 40 years (OR = 2.03, 95% CI = 1.38 
to 2.98; P < .001) and moderate (OR = 1.46, 95% CI = 1.02 to 2.09; P = .04) and massive weight gain (OR = 1.62, 95% 
CI = 1.10 to 2.39; P = .01) from age 20 to 40 years were each statistically significantly associated with increased RCC 
risk. Low physical activity was associated with a 4.08-fold increased risk. Among 190 SNPs in the mTOR pathway, 
six SNPs located in the AKT3 gene were statistically significantly associated with increased risk, and those with 
three or more unfavorable genotypes had a 1.72-fold increased risk of RCC.

 Conclusion Obesity, weight gain, physical activity, and genetic variants in the mTOR pathway may individually and jointly 
influence susceptibility to RCC.

  J Natl Cancer Inst;2013;105:424–432 

Kidney cancer accounted for an estimated 4% of new cancer cases 
in the United States in 2012, with approximately 40 250 cases in 
men and 24 520 cases in women (1). An estimated 8650 men and 
4920 women will die from kidney cancer by the end of 2012 (1). 
Approximately 85% of kidney cancers are renal cell carcinomas 
(RCCs) (2). Although major risk factors for RCC, such as cigarette 
smoking, obesity, and hypertension, have been identified (3–6), the 
etiology of RCC is not well understood (7).

The associations between RCC risk and obesity, physical 
activity, and weight gain have been inconsistent (8–21). Weight 
gain in early and mid-adulthood has been shown to be a strong 
risk factor (8); however, another case–control study did not 
observe such an association (10). Physical activity and RCC risk 
are more controversial. Several articles reported physical activity 
as a potential protective factor (9,13,20). Other studies, including 
cohort (18,19,21) and case–control (14) studies, reported either 
an insignificant protective association (18,19) or no association 
(14,21).

There is compelling evidence for genetic susceptibility to RCC 
(22–28). For example, RCC risk may be two to three times higher 
in individuals who have first-degree relatives who have had kidney 
cancer (22–24). Moreover, rare inherited kidney cancer syndromes 
(25–29) have been described in the literature. In recent years, 
polymorphisms of genes in the pathways of carcinogen metabolism, 
cell cycle control, apoptosis, DNA repair, and obesity have been 
investigated to assess their associations with RCC risk (30,31). Among 
them, the phosphatidylinositol 3-kinase/Akt/mammalian target of 
rapamycin (PI3K-AKT-mTOR), or mTOR, pathway is important 
because of its role in cell metabolism, growth, and proliferation (32). 
The mTOR complex is composed of mTORC1 and mTORC2. The 
activity of mTORC1 can be regulated by nutrients, energy, growth 
factors, and other upstream factors, whereas only growth factors can 
directly regulate the activity of mTORC2 (32,33). The activation or 
suppression of mTORC1 and/or mTORC2 would affect mRNA 
translation, cell proliferation and survival, lipid biogenesis, autophagy, 
and angiogenesis (33), which are involved in carcinogenesis (34–39). 
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Mutations in several genes that locate in the mTOR pathway are 
found in RCC or other types of kidney cancer (40). Animal studies 
also support the hypothesis that both energy intake and physical 
activity could reduce cancer via the mTOR signaling pathway (41). 
Hence, genetic variants in the mTOR pathway and their interaction 
with energy balance–related risk factors may affect cell proliferation 
and/or cell death and subsequently increase cancer risk.

In this study, we examined the associations between obesity, 
weight gain, physical activity, and RCC risk. We also analyzed 
whether genetic polymorphisms in the mTOR pathway could 
modify the association.

Methods
Study Population
This is an ongoing case–control study of RCC (24) that has been 
recruiting newly diagnosed incident RCC patients from the 
University of Texas MD Anderson Cancer Center in Houston, 
Texas, since 2002. All case subjects were newly diagnosed and his-
tologically confirmed and are residents of Texas. Healthy control 
subjects without a history of cancer, except nonmelanoma skin can-
cer, are identified and recruited using random digit dialing (42). 
The control subjects were matched to the patients by frequency 
according to age (±5 years), sex, ethnicity, and county of residence 
(have lived at least 1 year). The response rates were 87% and 88% 
for case subjects and control subjects, respectively (24).

Data Collection
The study was approved by the MD Anderson Institutional Review 
Board. All participants provided written informed consent before 
participation in the study. Epidemiologic data were collected by 
MD Anderson staff interviewers in an in-person interview. Weight 
at age 20 and 40 years was recorded, as well as usual weight (ie, 
weight 3 years before diagnosis [for case subjects] or recruitment 
[for control subjects]). Body mass Index (BMI; kg/m2) was derived 
from weight at different ages and adult height. Participants also 
reported the average frequency they spent on five broad groups 
of activities in the year before the interview. After the interview, a 
40-ml blood sample was collected from each participant and deliv-
ered to the laboratory for molecular analysis.

Selection of Single Nucleotide Polymorphisms (SNPs)
The selection of genes and SNPs was described previously (43). 
Briefly, 222 SNPs from 22 genes were originally selected. SNPs 
were within 10 kb upstream of the transcription start site and 
10 kb downstream of the transcription stop site of each gene. The 
genotyping data for these SNPs were extracted from previously 
genotyped SNPs as part of our genome-wide association study of 
RCC (44). One hundred fifty-seven SNPs located in 18 genes in 
the PI3K-AKT-mTOR pathway were extracted. Nearby SNPs in 
high linkage disequilibrium (r2 > 0.80, distance < 500 kb) with the 
targeted SNPs not covered by genome-wide association study and 
33 proxy SNPs were identified. Thus, a total of 190 SNPs (157 
original SNPs and 33 proxy SNPs) from 22 genes in the mTOR 
pathway were available for analysis. The SNPs were originally gen-
otyped using Illumina HumanHap660K BeadChips (case subjects, 

Illumina Inc., San Diego, CA) or Illumina HumanHap610K 
BeadChips (control subjects, Illumina Inc., San Diego, CA).

Statistical Analysis
Continuous variables were analyzed using Student t test or the 
Wilcoxon rank-sum test, whereas categorical variables were 
analyzed using Pearson χ2. BMI was categorized according to 
the standard classifications of the World Health Organization 
(normal = <25 kg/m2; overweight = ≤25–29.9 kg/m2; obese = ≥30 kg/
m2) (45). Weight change was calculated as weight at age 40 years 
minus weight at age 20  years. Weight gain (defined as weight 
change > 0.1 lb) was categorized into tertiles (0.1–10 lb; 10.1–25 lb; 
and >25 lb) in control subjects. The same strategy was applied to 
calculate and categorize BMI change. A metabolic equivalent value 
(MET) was assigned on the basis of the energy cost of each activity 
group (46,47). The energy expenditure from physical activity was 
calculated as the MET value of each activity multiplied by the fre-
quency of each activity and then summed across all activities. We 
estimated the weekly MET of activity, and the score was catego-
rized into tertiles in control subjects.

A multivariable unconditional logistic regression model was 
used to estimate odds ratios (ORs) and their 95% confidence 
intervals (CIs). A  logistic regression spline model (48) was used 
to complement traditional logistic regression to investigate the 
dose–response relationship for BMI at different ages and weight 
gain. The linearity of splines was tested. The number of knots and 
segments was determined by minimizing Akaike’s information 
criterion (49).

For each SNP, we evaluated additive, dominant, and recessive 
models. The model with the smallest P value was chosen as the best-
fitting one. Considering linkage disequilibrium, only one SNP with 
the smallest P value for each block was selected for further analyses. 
To account for multiple comparisons, we chose the false discovery 
rate method (50) and considered a Q value less than.05 as the signifi-
cance level to take into account multiple comparisons. Furthermore, 
we generated 1000 datasets by randomly permuted case subject and 
control subject status. The permutation-based false discovery rate 
for each SNP was calculated by the following formula:

min (
% ,

%

P P

P P
j i

j i

in all permuted dataset in observed dataset<
< iin observed dataset

, ),1

where P is the smallest P value from 3 genetic models, and i, 
j = 1, 2 … N (N is the total number of SNPs in the dataset; the 
range of the denominator is from 1/N to 1). Consistent results 
obtained from two methods indicated the probability of false posi-
tives was controlled. Genotypes showing statistically significant 
association in single SNP analysis were treated as unfavorable 
genotypes in cumulative analysis.

We performed stratified analyses for weight change across 
different strata, including usual BMI (BMI 3 years before diagnosis), 
BMI at age 40  years, BMI at age 20  years, physical activity, and 
history of hypertension. Also, stratified analysis for unfavorable 
genotypes was performed across BMI, weight change, and physical 
activity strata. Interaction terms were assessed as well. All statistical 
analyses were performed using Stata 10.0 (College Station, TX). 
All statistical tests were two-sided.
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results
A total of 577 case subjects and 593 control subjects were included 
in this study (Supplementary Table  1, available online). We 
restricted our analyses to non-Hispanic white participants because 
of the small sample size of minority ethnic groups. By study design, 
case subjects and control subjects were well matched by age and 
sex (Supplementary Table 1, available online). Case subjects had a 
larger proportion of history of hypertension than control subjects 
(P < .001). Case subjects also had higher usual BMI (P  <  .001), 
higher BMI at age 20 years (P < .001), higher BMI at age 40 years 
(P < .001) than control subjects. The proportion of case subjects 
with low physical activity was statistically significantly higher 
than the proportion of control subjects with low physical activity 
(P < .001). However, we observed no statistically significant differ-
ences between case subjects and control subjects in smoking sta-
tus (P = .38) or pack years of smoking (P = .20) (Supplementary 
Table 1, available online). Among 577 case subjects, 402 participants 
had genome-wide association study genotyping data available. The 

distribution of host characteristics was compared for case subjects 
with and without genotyping data, and no statistically significant 
differences were observed (Supplementary Table 2, available online).

Low physical activity (METs < 27 per week) during adult 
life was associated with a 4.08-fold increased risk of RCC (95% 
CI  =  2.92 to 5.70; P < .001) compared with intensive physical 
activity (MET ≥ 45 per week) (Table  1). Compared with 
participants with normal BMI, overweight and obese participants 
had 1.41-fold increased risk (95% CI = 0.98 to 2.03; P = .07) and 
1.50-fold increased risk of RCC (95% CI = 1.04 to 2.08; P = .03), 
respectively, in a dose–response trend (Ptrend = .04). Participants 
who were overweight or obese at age 40  years had a 1.40-fold 
(95%CI = 1.02 to 1.93; P = .04) and a 2.03-fold (95% CI = 1.38 
to 2.98; P < .001) increased risk, respectively, compared with 
participants with normal BMI at this age. BMI at age 20  years 
yielded similar results (OR  =  1.92, 95% CI  =  1.05 to 3.50; 
P = .03) (Table 1). After the adjustment of covariables, moderate 
weight gain (10–25 lb) and massive weight gain (>25 lb) between 

Table 1. Main effects of epidemiologic risk factors for renal cell carcinoma*

Variable
Case subjects/

control subjects OR (95% CI) P

Physical activity†
Intensive 77/214 Referent
Medium 124/200 1.65 (1.16 to 2.34) .005
Low 251/165 4.08 (2.92 to 5.70) <.001
Ptrend <.001

Usual BMI‡
Normal 80/161 Referent
Overweight 178/223 1.41 (0.98 to 2.03) .07
Obese 207/201 1.50 (1.04 to 2.18) .03
Ptrend .04
BMI 3 years before diagnosis, continuous 1.03 (1.01to1.05) .01

BMI at age 20 years
Normal 304/446 Referent
Overweight 124/118 1.48 (1.08 to 2.05) .02
Obese 34/21 1.92 (1.05 to 3.50) .03
Ptrend .003
BMI at age 20 years, continuous 1.07 (1.03 to 1.11) <.001

BMI at age 40 years
Normal 145/265 Referent
Overweight 180/220 1.40 (1.02 to 1.93) .04
Obese 122/85 2.03 (1.38 to 2.98) <.001
Ptrend <.001
BMI at age 40 years, continuous <.001

Weight change, age 20–40 years§
Weight loss > 0 lb 24/28 1.70 (0.89 to 3.27) .11
Weight gain 0.1–10 lb 109/204 Ref.
Weight gain 10.1–25 lb 138/167 1.46 (1.02 to 2.09) .04
Weight gain >25 lbs. 174/171 1.62 (1.10 to 2.39) .01
Ptrend .09

.03||

* For usual body mass index (BMI) (either categorized or continuous), BMI at age 20 years (either categorized or continuous), and BMI at age 40 years (either 
categorized or continuous), each variable was separately modeled with logistic regression and was adjusted for age, sex, smoking status, physical activity, and 
history of hypertension. For physical activity, the model was adjusted for age, sex, smoking status, history of hypertension, and usual BMI (category). All statistical 
tests were two-sided. CI = confidence interval; OR = odds ratio.

† Intensive: Metabolic equivalent value (MET) ≥ 45 per week; Medium: MET = 27–44.9 per week; Low: MET < 27 per week.

‡ Usual BMI refers to BMI 3 years before diagnosis or recruitment. Normal: <25 kg/m2; Overweight: 25–29.9 kg/m2; Obese: >30 kg/m2.

§ The model for weight change was adjusted for age, sex, smoking status, usual BMI (category), history of hypertension, and physical activity, additionally adjusted 
for BMI at age 20 years (category).

|| The P value for dose–response trend is statistically significant if weight loss and subtle weight gain (0.1–10 lb) groups are collapsed into the reference group.

http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djt005/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djt005/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djt005/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djt005/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djt005/-/DC1
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age 20  years and age 40  years were associated with a 1.46-fold 
(95% CI =1.02 to 2.09; P = .04) and a 1.62-fold (95% CI = 1.10 to 
2.39; P = .01) increased risk of RCC, respectively, compared with 
minor weight gain (0.1–10 lb). However, weight loss (<0 lb) was 
not associated with RCC risk. There were statistically significant 
differences in weight change by age, BMI, physical activity, and 
history of hypertension (Supplementary Table 3, available online). 
For example, participants who experienced massive weight gain 
(>25 lb) were younger at age of diagnosis, had higher usual 
BMI, and were physically less active than those who had minor 
weight gain (0.1–10 lb). RCC risk with usual BMI, BMI at age 
20  years, BMI at age 40  years, and weight change between age 
20 years and age 40 years are shown in Figure 1, A–D. RCC risk 
with usual BMI (Figure 1A) and BMI at age 40 (Figure 1B) were 
S-shaped, but linearity was not rejected by the test (Plinearity = .12 
and Plinearity = .06, respectively). Similarly, linear trend was observed 
for BMI at age 20 years and weight change (Plinearity = .32 and Plinearity =  
.07, respectively) (Figure 1, C and D). Slightly increased risk was 
also observed with weight loss. We also changed the number of 
knots, and the overall trend was not statistically significantly altered 

(Supplementary Figure 1, available online), and no threshold effect 
for either BMI change or weight change was observed.

We performed analysis for weight change stratified by usual 
BMI, BMI at age 40  years, BMI at age 20  years, physical activ-
ity, and history of hypertension (Table 2). The impact of massive 
weight gain was consistently observed for people who had abnor-
mal BMI but not in subjects who had normal weight in all three 
time periods. Gaining weight during adulthood was also only asso-
ciated with RCC risk in subjects who were less physically active and 
had a history of hypertension. However, none of the interactions 
was significant.

Among the 190 SNPs (Supplementary Table  4, available 
online) in the mTOR pathway (Supplementary Figure  2, avail-
able online) that were available for analysis, a total of 28 SNPs 
were statistically significantly associated with RCC risk after 
adjustments (P < .05; data not shown). Six SNPs located in AKT3 
remained statistically significant using the criterion Q < .05, and 
the most statistically significant was rs4132509 (OR = 1.68, 95% 
CI = 1.30 to 2.17; P = 6.44 × 10−5) under an additive genetic model 
(Supplementary Table 5, available online). Five of six SNPs also had 
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Figure  1. Logistic spline regression for body mass index (BMI) and 
weight change. A) Usual BMI. The curves are truncated at BMI equal 
to 45. B) BMI (age 40 years). The curves are truncated at BMI equal to 
38. C) BMI (age 20 years). The curves are truncated at BMI equal to 35. 
If participants with extreme obesity were included there would have 
been much wider 95% confidence interval (CI). Only 33 participants had 
usual BMI greater than 45 (2.9% of our study population). Thirty-nine 

participants had BMI (age 40  years) greater than 38 (3.8%). Twelve 
participants had BMI (age 20 years) greater than 35 (1.1%). D) Weight 
change. Forty-eight participants had weight change greater than 65 lb 
during the period (4.7%). In the spline model, the adjustment is the 
same as for our logistic regression models. The selection of knots is 
based on smallest Akaike’s information criterion (AIC). All statistical 
tests were two-sided.
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permutation-based false discovery rate less than 0.10. Two SNPs 
were in high linkage disequilibrium (rs3766673 and rs4132509; 
r2 = 1.00); thus, only rs4132509 was included in cumulative effect 
analysis. In a joint analysis of the cumulative effect of the significant 
SNPs, participants with one to two unfavorable genotypes were at 
1.14-fold (95% CI = 0.79 to 1.66; P = .49) increased risk, and par-
ticipants with three to five unfavorable genotypes had a 1.72-fold 
increased risk (95% CI = 1.20 to 2.46; P = .003), with a statistically 
significant dose−response trend (Ptrend = .002) (Table 3).

Stratified analysis showed that the risk associated with unfa-
vorable genotypes was different by weight gain, physical activ-
ity, and BMI. For example, people with three to five unfavorable 

genotypes had increased RCC risk only in the subgroup with nor-
mal weight and in the subgroup that had experienced more than 
25 lb of weight gain. The risk conferred by unfavorable genotypes 
only increased in physically inactive participants but not in subjects 
with intensive physical activity (Table 4).

Discussion
To our knowledge, this is the first study to examine obesity during 
life course, physical activity, weight change, and genetic variants in 
the mTOR pathway jointly in relation to risk of RCC. Our results 
showed that obesity is consistently associated with increased RCC 

Table 3. Associations between the number of unfavorable genotypes and renal cell carcinoma risk

Variable Case subjects, No. (%) Control subjects, No. (%) OR (95% CI)* P

No. of unfavorable genotypes†
0 108 (26.87) 136 (31.70) Referent
1–2 117 (29.10) 149 (34.73) 1.14 (0.79 to 1.66) .49
3–5 177 (44.03) 144 (33.57) 1.72 (1.20 to 2.46) .003
Ptrend .002

* Odds ratios (ORs) were estimated by logistic regression adjusted for age, sex, smoking status, body mass index at 3 years before the diagnosis or recruitment, and 
hypertension. All statistical tests were two-sided. CI = confidence interval.

† No. of unfavorable genotypes: calculated from rs4132509, rs12031994, rs4430311, rs1058304, and rs23459 94. Grouping is based on tertiles of the number of 
unfavorable genotypes in control subjects. Missing single nucleotide polymorphism data resulted in a lower number of case subjects and control subjects.

Table 4. Stratified analysis for unfavorable genotypes across strata of energy balance–related factors in renal cell carcinoma patients*

0 unfavorable genotypes 1–2 unfavorable genotypes 3–5 unfavorable genotypes

Strata

Case 
subjects/
control 

subjects OR (95% CI)†

Case 
subjects/
control 

subjects OR (95% CI)† P

Case 
subjects/
control 

subjects OR (95% CI)† P

Usual BMI ‡
Normal 10/44 Referent 21/48 1.86 (0.79 to 4.42) .16 29/29 4.29 (1.80 to 10.2) .001
Overweight and 

obese
78/92 Referent 87/101 1.02 (0.67 to 1.52) .92 130/114 1.39 (0.93 to 2.08) .11

Pinteraction .06
Weight gain (age 20 years  

to age 40 yearss)§
Weight loss >0 lb 2/8 Referent 4/8 2.13 (0.24 to 19.2) .50 9/4 4.74 (0.31 to 72.2) .26
Weight gain  

0–10 lb
21/45 Referent 26/62 0.93 (0.46 to 1.91) .85 38/54 1.53 (0.77 to 3.05) .23

Weight gain 
10.1–25 lb

34/39 Referent 34/37 0.94 (0.47 to 1.90) .87 42/44 1.02 (0.53 to 1.96) .95

Weight gain 
>25 lb

30/41 Referent 39/40 1.36 (0.70 to 2.65) .37 62/36 2.33 (1.23 to 4.44) .01

Pinteraction .39
Physical activity||

Intensive 12/47 Referent 23/63 1.40 (0.62 to 3.14) .41 26/53 1.71 (0.76 to 3.85) .19
Medium and low 72/87 Referent 86/85 1.24 (0.80 to 1.93) .34 127/88 1.79 (1.17 to 2.72) .007
Pinteraction .89

* BMI = body mass index; CI = confidence interval; OR = odds ratio.

† OR were estimated by logistic regression adjusted for age, gender, smoking status, usual BMI, hypertension, and physical activity where appropriate. All statistical 
tests were two-sided.

‡ Usual BMI refers to BMI 3 years before diagnosis or recruitment.

§ Weight gain from age 20 years to age 40 years.

|| Intensive: metabolic equivalent value (MET) ≥ 45 per week; Medium: MET 27–44.9 per week; Low: MET <27 per week.
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risk during the life course. Obesity is a well-recognized risk fac-
tor for kidney cancer. Two meta-analyses showed that each unit 
increase in BMI contributed to a 5% and 6% increase in the 
risk of kidney cancer in men and women, respectively (51,52). 
Previous cohort studies showed that being obese could result in 
60% to nearly twofold greater RCC risk (5,8,11,13,16). Evidence 
from case−control studies has also consistently suggested an asso-
ciation between increased RCC risk and obesity (10,14). Obesity 
increases insulin and insulinlike growth factor 1 levels (53), as well 
as free endogenous estrogens, which may influence the growth 
and proliferation of renal cells (54). Obesity can increase lipid 
peroxidation, which may be related to the etiology of RCC (55). 
Excessive BMI is also thought to damage the kidneys through oxi-
dative stress and other hypertension-induced injuries or athero-
sclerosis (56−58).

The association we observed between weight gain in adult-
hood and RCC risk supports previous studies that reported asso-
ciations that were statistically significant (8,11,18) or borderline 
statistically significant (5). Weight gain in adulthood was identi-
fied as an independent risk factor for RCC after adjustment for 
BMI in cohort studies (5,8,18). One study provided evidence that 
weight gain at early and middle adulthood rather than weight gain 
after midlife was strongly associated with RCC risk (8). In con-
trast, one case−control study showed that increased BMI from age 
30 years was not statistically significantly associated with risk of 
RCC (10). However, this result may have been confounded by 
the obesity status of participants at the beginning or end of the 
interval. To avoid such confounding, we adjusted for BMI when 
evaluating the effect of weight gain. Our results indicated that 
weight gain from age 20 years to age 40 years was positively asso-
ciated with RCC risk independent of BMI. Moreover, in stratified 
analyses, our data showed that the adverse effects of weight gain 
were only present in people who were overweight or obese either 
at early adulthood (BMI at age 20 years), mid-adulthood (BMI at 
age 40 years) or recently (usual BMI) (Table 2), suggesting that 
BMI may be a mediator in the causal pathway between weight 
gain and RCC. Gaining weight during adulthood may result in 
several unfavorable changes in blood pressure, lipid levels, and 
glucose metabolism (59). Interestingly, as long as people keep 
normal BMI, gaining weight has minimum impact on RCC risk. 
However, prospective cohort studies are warranted to elucidate 
the complex interaction between obesity and weight gain as well 
as the possible mediating role of obesity in the weight gain−cancer 
association.

We further performed logistic spline regression show-
ing increased RCC risk with increasing usual BMI, BMI at age 
20 years, BMI at age 40 years, and weight change (Figure 1). The 
curves were linear and stable regardless of the number of knots. 
One advantage of spline regression over traditional logistic regres-
sion is that it is better for assessing threshold effects and trends. 
The result that no threshold was observed for BMI was consist-
ent with a previous study (60). One limitation of spline regression 
is that it could be sensitive to data, and, in case of limited data, 
the model could be an artifact of noise relative to the signal in the 
dataset (48). However, it is still a complement to standard logistic 
regression for case−control studies (48).

Physical activity was associated with reduced RCC risk in 
cohort studies (9,13,18,19). One cohort study showed that indi-
viduals who engaged in physical activity more than five times per 
week had lower RCC risk (relative risk = 0.81, 95% CI = 0.67 to 
0.98) (9). Two other studies reported an inverse but non-statis-
tically significant association (18,19). However, a study of twin 
cohorts in Sweden found no association (21). Results from case−
control studies were also inconsistent (12,14,17,20). In our study, 
we observed that low physical activity was strongly associated with 
RCC risk, which is in agreement with findings from previous stud-
ies (9,13,20). The inconsistent results may have been attributed 
to various measures of physical activity. Usual leisure time physi-
cal activity during the past year (19,21), the frequency of physical 
activity during a certain period (9,20), the hours spent on physical 
activity per day or per week (12,18), and MET values (13,14) were 
used by different studies. We estimated weekly MET values, which 
account for both frequency and duration (47). Several biological 
mechanisms involved in lowering RCC risk by increasing physi-
cal activity have been proposed, including reducing body weight 
and blood pressure, reducing chronic inflammation and oxidative 
stress, and improving insulin sensitivity (31). Notably, our data 
showed that weight gain in adulthood had no effects in subjects 
who were physically active but statistically significantly positively 
associated with cancer risk in subjects who were less active, indi-
cating that intensive physical activity may partially reverse the 
hazardous effect of weight gain.

Compelling evidence emphasizes the impact of genetic sus-
ceptibility in development of kidney cancer (22−29,40). In the 
complicated signaling network, the mTOR pathway may con-
nect excessive BMI, weight gain, and lack of physical activity to 
RCC because its activity would be influenced by excessive energy 
that could then affect cell growth and proliferation. Mutations in 
the mTOR pathway have been observed in many cancers, such 
as breast, bladder, ovarian, brain, colon, kidney, and hepatocellu-
lar carcinomas (43,61,62). Mutations in several genes (eg, PTEN, 
TSC1, and TSC2) belonging to the mTOR pathway were found 
to have an important impact on the development of kidney cancer 
(29,40). It is also possible that dietary energy balance could modu-
late cellular signaling and thereby regulate multiple downstream 
genes located in the mTOR pathway (63). Furthermore, animal 
experiments showed that physical activity and restricted energy 
intake could reduce chemical-induced carcinogenesis by down-
regulating mTOR (41). Consistent with these results, our data also 
suggested that genetic variants in the mTOR pathway modified the 
association between energy-related risk factors and RCC risk.

To minimize survival bias, we chose to analyze incident case sub-
jects and frequency-matched our control subjects to case subjects 
by age and sex. One limitation of our study is that the informa-
tion for energy intake was not available for our analyses. Another 
limitation of our study is that the sample size may not be sufficient 
to detect interaction effects. However, our study comprehensively 
collected BMI information during life course that allowed evalua-
tion of weight change and its association with RCC.

In conclusion, our results indicated that weight gain and physi-
cal activity were independent risk factors for RCC. Furthermore, 
to our knowledge, this is the first study to assess the joint effects of 
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epidemiologic risk factors and genetic polymorphisms in the mTOR 
pathway on RCC risk. Our results provide evidence that exces-
sive BMI, weight gain during adulthood, low physical activity, and 
genetic variants in the mTOR pathway may jointly influence RCC 
risk. Our results warrant replication in future prospective studies.
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