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Abstract

We analyzed renal cell cancer incidence patterns in the United States and reviewed recent
epidemiologic evidence with regard to environmental and host genetic determinants of renal cell
cancer risk. Renal cell cancer incidence rates continued to rise among all racial/ethnic groups in
the United States, across all age groups, and for all tumor sizes, with the most rapid increases for
localized stage disease and small tumors. Recent cohort studies confirmed the association of
smoking, excess body weight, and hypertension with an elevated risk of renal cell cancer, and
suggested that these factors can be modified to reduce the risk. There is increasing evidence for an
inverse association between renal cell cancer risk and physical activity and moderate intake of
alcohol. Occupational exposure to TCE has been positively associated with renal cell cancer risk
in several recent studies, but its link with somatic mutations of the VHL gene has not been
confirmed. Studies of genetic polymorphisms in relation to renal cell cancer risk have produced
mixed results, but genome-wide association studies with larger sample size and a more
comprehensive approach are underway. Few epidemiologic studies have evaluated risk factors by
subtypes of renal cell cancer defined by somatic mutations and other tumor markers.
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Malignant tumors of the kidney account for about 4% of cancer incidence and 2% of cancer
mortality in the United States, with over 54,000 new cases and 13,000 deaths having been
estimated for 2008.1 More than 85% of kidney cancers arise in the renal parenchyma, with
the remainder arising in the renal pelvis.2 Renal pelvis cancer is mostly of the transitional
cell type and is not the focus of this review. Nearly all cancers originating in the renal
parenchyma are adenocarcinomas (renal cell carcinoma), in which clear cell is the
predominant subtype.2 The remainder is made up of the papillary type and other rare
histologic types, such as collecting duct and chromophobe carcinomas.3# Distinct
morphologic and genetic characteristics have also been described for renal cell carcinoma in
familial cancer syndromes.>~’ Descriptive and analytic epidemiologic studies in general
have not distinguished the subtypes of renal cell carcinoma, except for studies involving the
von Hippel-Lindau (VHL) gene mutation that is seen primarily in the clear cell type.8 Since
the clear cell type comprises 85% to 90% of renal cell carcinoma,? the epidemiology of
renal cell carcinoma is strongly influenced by that of the clear cell type.
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DESCRIPTIVE EPIDEMIOLOGY

Incidence patterns and temporal trends
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Incidence rates of renal cell carcinoma have been reported to be higher among men than
women, and among African Americans than Caucasians in the United States.2:%:10 Herein,
we used data from the U.S. Surveillance, Epidemiology, and End Results (SEER) program
which has collected population-based cancer incidence and survival data among white and
black residents of nine areas since 1973 (Atlanta, Connecticut, Detroit, Hawaii, lowa, New
Mexico, San Francisco, Seattle, and Utah), an additional four areas since 1992 (Los
Angeles, San Jose-Monterey, Rural Georgia, and Alaska Native Registry), and another four
since 2000 (rest of California, Kentucky, Louisiana, and New Jersey.11~15 Data were
available for the first time for Asian/Pacific Islanders, American Indian/Alaska Natives, and
Hispanics since 1992. There were too few cases for analysis among American Indian/Alaska
Natives, so recent data were based on the 12 SEER areas excluding Alaska. We found that
incidence rates of renal cell cancer were highest among African Americans, whereas rates
for whites and Hispanics were similar (Table 1). Asian/Pacific Islanders had about half the
incidence rates of those of the other racial/ethnic groups. In general, the incidence rate in
females was about half that of males, regardless of racial/ethnic origins. Compared to males,
incidence rates among females were more comparable across racial/ethnic groups, except for
the lower rates among Asian/Pacific Islanders. The substantially lower incidence rates
among Asian Americans mirrored the international data showing lower incidence rates of
kidney cancer in most Asian countries.16

Incidence rates during 1992 to 2005 increased consistently with age, before plateauing
around the age of 70 years (Figure 1). The drop in rates among the older age groups is likely
an artifact due to less rigorous diagnostic workup. When we included cases without
microscopic confirmation, the drop in rates for those over age 85 became less precipitous
(data not shown). The higher rates for African Americans were seen across all age groups
except the oldest in both men and women. Asian/Pacific Islanders of all ages had lower
rates. It has been shown recently in 12 European centers that renal cell cancer patients aged
40 years or younger were more likely to have had symptoms and to be diagnosed at an early
stage and with chromophobe and papillary cancers.3

Increasing incidence rates of renal cell cancer have been previously reported in the U.S. and
other countries.2:16-19 Recent analysis of the SEER data indicated that the increasing trends
have continued into 2005 (Figure 2). The increases in incidence among African Americans
have outpaced those of whites. The newly available data on Asian/Pacific Islanders and
Hispanics showed that incidence rates in these groups also are increasing.

The upward trends of renal cell cancer occurred across all ages among all race/ethnic groups
(Figure 3). The increases were remarkably comparable among the different age groups
during the same time period, suggesting that factors contributing to the increasing incidence
have affected the entire population rather than only certain subgroups over time. Of interest
is the apparent more rapid increase in recent years among whites and blacks 25-44 years of
age.

When examined by stage at diagnosis, most of the increases in incidence were seen in
localized stage tumors (Figure 4). A small part of the increases by stage may be explained
by the decline in tumors of unknown stage, possibly due to improvement in diagnostic
workup over time. For whites and African Americans, the incidence trends for regional and
distant tumors have leveled since the mid-1990s. For Asians and Hispanics, there is some
suggestion of recent increase in regional tumors and decrease in distant tumors, but a longer
time period is needed to definitively establish a trend pattern.
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Tumor size data were available in SEER since 1988.12:13 Consistent with the trends by
tumor stage, the most rapidly increasing trends are observed for the smallest tumors (< 2
cm), followed by tumors 2-4 cm in size (Figure 5). Of note, tumors of larger size also have
increased over time. As with the stage findings, the decrease in tumors of unknown size may
have contributed to the apparent increases in incidence rates for tumors of known size.
These findings are consistent with previous observations that the average size of renal cell
cancer at diagnosis has decreased over time.20:21 Even within Stage | tumors (defined as a
tumor 7 cm or less that is confined to the kidney), the average size of renal cell carcinoma
diagnosed in the U.S. has decreased over time.21 While some of the small tumors were
likely diagnosed incidentally,?? it has been estimated that most of the preclinical renal
carcinoma detected by CT screening among middle-aged Americans will progress to clinical
symptoms and diagnosis in the absence of screening.23

In summary, we found that renal cell cancer incidence rates continued to rise among all
racial/ethnic groups in the United States, across all age groups, and for all tumor sizes, with
the most rapid increases for localized stage disease and small tumors. These findings imply
that part of the rising rates may be related to improving detection and earlier diagnosis of
cancers, but the increases in even large size cancers and young and middle-aged groups
suggest that changes in the prevalence of risk factors may also be playing a role.

Stage at diagnosis and survival

With the more rapid increasing rate of localized tumors than tumors of other stages, an
increasing proportion of renal cell carcinomas are diagnosed at the localized stage. During
2002-2005, the percentage of renal cell carcinoma diagnosed at the localized stage among
men in the SEER-12 was 68% in African Americans, 64% in whites, 62% in Asian/Pacific
Islanders, and 59% in Hispanics. The corresponding percentages of localized tumors
diagnosed among females were 73%, 71%, 70%, and 64%, respectively.

The overall 5-year relative survival rate, which is the percentage of patients diagnosed with
renal cell cancer who survived 5 years after diagnosis, adjusting for the expected survival
experience of the general population, has improved over time (Table 2).14 Some of the
improvement in the overall survival could be attributed to the increasing proportion of
tumors diagnosed at an early stage. Among patients diagnosed during 1995-2004, the 5-year
relative survival rates for patients with localized tumors ranged from 85.8% for African
American men to 93.4% for white women, compared to a range of 55% to 64.2% for
regional tumors and 11% or lower for patients with distant disease. Similarly, a recent study
showed that the decrease in tumor size at diagnosis could be contributing in part to improved
survival among more recently diagnosed patients.2% However, survival improved even after
adjusting for tumor size, suggesting that there is advancement in the management of renal
cell cancer patients over time.

The increase in 5-year relative survival rates is apparent in all racial and gender groups,
although the improvement is largely confined to patients with localized and regional tumors
(Table 2). Within each tumor stage and gender, African Americans generally had lower 5-
year relative survival than white patients. The relatively poorer prognosis among African
Americans has also been observed in previous.2:9:10

RISK FACTORS

Several risk factors have been well-established for renal cell carcinoma, including tobacco
use, obesity, and hypertension, although the complexity of these associations and their
mechanisms have yet to be elucidated. Other risk factors, such as dietary practices, physical
activity, and occupational exposures, also have been implicated, but the evidence remains
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inconclusive. Most of the initial observations identifying these risk factors came from case-
control studies, in which histories of exposures were obtained from renal cell cancer patients
after their diagnosis and were compared to the exposure experience of the non-diseased
population. Increasingly, results from large cohort studies are being published as a sufficient
number of renal cell cancer patients are accumulated in these maturing cohorts. Since the
exposure data and biological samples for molecular analyses in cohort studies are collected
at baseline prior to cancer diagnosis, results from these studies are generally believed to be
less prone to recall bias and are unaffected by the cancer and its treatment. To the extent
possible, this review relies on recent results from cohort studies worldwide. Some results
from case-control studies also are included when they are complementary to the cohort
results.

Cigarette smoking

Obesity

Cigarette smoking is considered a causal risk factor for renal cell cancer by both the
International Agency for Research on Cancer and the U.S. Surgeon General.2425 The
association between cigarette smoking and renal cell cancer is relatively weak, but it tends to
be stronger among men than women. A meta-analysis of 24 studies showed that compared to
lifetime never smokers, ever smoking increased renal cell cancer risk by 54% among men
and 22% among women.28 A clear dose-response pattern of risk was apparent, with risk
doubling among men and increasing 58% among women who smoked more than a pack of
cigarettes per day. Using a modeling analytic approach and data from a large cohort of
smoking men in Finland, Lubin et al estimated that smoking fewer cigarettes per day for a
longer number of years posted a greater renal cell cancer risk than smoking at a higher
intensity for a shorter duration.2” Smoking cessation reduces the risk, but only among long-
term quitters of ten or more years.26:28 There is also evidence to suggest that occasional
smoking?® and passive exposure to tobacco smoke among nonsmokers3? may increase the
risk of renal cell cancer. In addition to carcinogens in tobacco smoke,2® cigarette smoking is
hypothesized to increase renal cell cancer risk through chronic tissue hypoxia due to
smoking-related conditions such as chronic obstructive pulmonary disease and exposure to
carbon monoxide.3!

Excess body weight is a well-established risk factor for renal cell carcinoma. It has been
estimated that over 40% of renal cell cancers in the United States may be attributable to
obesity and overweight.32 Recent cohort studies confirmed the association between obesity
and renal cell cancer observed in previous case-control studies.33744 A meta-analysis of data
from prospective observational studies estimated that the risk of developing renal cell cancer
increased 24% and 34% for men and women, respectively, for every 5 kg/m? increase in
body mass index (BMI).45

Limited cohort studies with measurements of waist and hip circumferences suggested that
waist-to-hip ratio (WHR) is also a predictor of renal cell cancer risk, but it remains unclear
whether BMI and WHR confer risk independent of each other.3%40:41,44 | 3 cohort of U.S.
women, weight gain or loss of ten pounds or more has been shown to increase risk
independent of BMI, particularly among individuals with frequent weight fluctuations of
this magnitude.*! In another cohort study of Swedish men in which multiple measurements
of height and weight were taken during a succession of health examinations, risk increased
further with increasing BMI over time. Compared to men whose weight remained stable, the
risk was doubled for men whose BMI had increased more than 14% over a six-year period.
33 An independent effect of weight gain has been recently confirmed in a large cohort of
U.S. men and women.#4 This study further demonstrated that the increased risk was mostly
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associated with weight gain during early adulthood, whereas weight gain after midlife was
unrelated to risk.

The pathophysiology underlying the association between excess weight and renal cell cancer
risk is not fully understood. Several mechanisms have been proposed, including increased
levels of insulin, insulin-like growth factor I (IGF-1) and sex steroids, production of
cytokines and adipokines by adipose tissue, lipid peroxidation and oxidative stress, and
increased glomerular filtration rate and renal plasma flow.32: 46-48 Chronic hypoxia, which
may result from obesity and related sleep apnea, has also been hypothesized as a potential
risk factor.31 Empirical data supporting these hypotheses are still limited, but active research
is underway to address these issues.

Hypertension and Use of Antihypertensive Medications

The link between hypertension and renal cell cancer risk was first noted in case-control
studies. Since certain type of renal cell cancer®® and cancer treatment®C itself can cause
hypertension, data on hypertension collected after renal cell cancer diagnosis are more
difficult to interpret. However, sufficient evidence from cohort studies have accumulated
linking hypertension reported at baseline to subsequent renal cell cancer incidence.3%:38:43,51
Cohort studies with blood pressure measurements taken at baseline clinic visits have
generally shown increasing risk of renal cell cancer with increasing blood pressure.33: 5254
Compared to individuals with normal blood pressure, those with the highest blood pressure
(=100 mmHg diastolic pressure or =160 mmHg systolic pressure) were found to have
twofold or higher risks. Use of diuretics and other antihypertensive medications also has
been associated with an elevated risk, but this association is likely confounded by a history
of hypertension,39:38:43,51,54=56 | 3 comprehensive evaluation of various antihypertensive
medications based on record-linkage of population-based databases in Denmark, excess risk
of renal cell cancer was observed only during short-term follow-up, and risks were reduced
to insignificant levels five or more years after the baseline.>® These findings suggest that use
of antihypertensive medications is probably not a causal risk factor. Indeed, in a cohort of
Swedish men with sequential blood pressure measurements during follow-up, the risk
further increased among those whose blood pressure increased above the baseline level and
reduced among those whose blood pressure declined over time.33 These data suggest that
hypertension is a promoting factor in renal cell cancer development, and the risk can be
modified with better control of blood pressure.

The association between hypertension and renal cell cancer risk has been shown to be
independent of the effects of excess body weight and cigarette smoking.33:38:43,51,53,54
Individuals who are both obese and hypertensive have greater risk of developing renal cell
cancer than those who have only one of these conditions.33:43:54 The biological mechanism
underlying the observed association between hypertension and renal cell cancer risk has yet
to be elucidated. Lipid peroxidation and formation of reactive oxygen species are found to
be elevated in hypertensive individuals and are hypothesized to play a role in renal cell
cancer development.®’ The chronic renal hypoxia accompanying hypertension has also been
hypothesized to increase renal cell cancer risk through up-regulation of hypoxia-inducible
factors, which may be a key mediator of kidney oncogenesis.31:54:58:59 Hypoxia-associated
hypertension has been shown to increase proximal tubular cell proliferation and glomerular
hypertrophy in animal models.59

Other Preexisting Conditions and Medication Use

Increased incidence of renal cell cancer has been observed among patients with uremia
undergoing hemodialysis, particularly among patients on long-term dialysis and those with
acquired cystic kidney disease.%1:62 Elevated renal cell cancer occurrence also has been
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reported among patients with end stage renal disease awaiting renal transplant as well as
renal transplant patients.53:64 In renal transplant patients, subsequent renal cell cancer was
more commonly diagnosed in the native kidney than the transplanted kidney.6°:66

Survivors of certain childhood cancers and other cancers such as esophageal
adenocarcinoma have been shown to have an increased risk of subsequent renal cell cancer.
67,68 |_jkewise, renal cell cancer patients have been shown to have an elevated risk of a
second primary cancer,5%70 including renal cell cancer in the contralateral kidney.’?

Patients hospitalized for diabetes mellitus have been reported to have an excess risk of renal
cell cancer.”73 Recent studies have suggested that diabetes mellitus may not be an
independent risk factor, since its association with renal cell cancer was rendered
insignificant after adjusting for obesity and hypertension,35:43:52,74

The use of statins, a class of commonly prescribed cholesterol-lowering agents, has recently
been associated with a reduced risk of renal cell carcinoma in a large case-control study
nested within a large database of U.S. veterans.’® Statins have been shown to inhibit renal
cancer cell growth in vitro and decrease the amount of pulmonary metastasis in animals
administered oral dose of statins.”® Although statin use has been associated with reduced
mortality rates and cancer risk in cohort studies,’”:"8 the specific link to a reduced risk of
renal call cancer has yet to be confirmed in further epidemiologic investigations.

Use of aspirin and other non-steroidal anti-inflammatory drugs has not been consistently
associated with renal cell cancer risk (reviewed in 79781). An increased risk of renal cell
cancer has been linked to use of phenacetin-containing analgesics and acetaminophen, a
metabgzlite of phenacetin, although this association has not been confirmed in a recent cohort
study.

Reproductive and Hormonal Factors

Parity was first reported to be a risk factor for renal cell carcinoma in case-control studies
and has been recently confirmed in a few cohort studies.83-85 Compared to nulliparous
women, the risk of renal cell cancer increased 40 to 90 percent among women who had
given birth.83=85 After controlling for age at first birth among parous women, a Swedish
nationwide record-linkage study found a significant 15% increase in risk with each
additional birth.83 Other reproductive-related factors, including the use of oral
contraceptives and hormone replacement therapy, have not been consistently linked to risk.
84,85 |t js unclear whether gestational hypertension and associated renal stress or the large
hormonal fluctuation during pregnancy is contributing to the elevated risk of renal cell
cancer. Human renal cell cancer tissue has been shown to express steroid hormone receptors
and luteinizing hormone releasing hormone receptors.86:87 In Eker rats, estrogen treatment
has been shown to enhance the development of renal cell cancer while ovariectomy reduced
neoplastic renal changes.88 There observations suggest that reproductive and hormonal
factors may play a role in renal cell cancer development in susceptible individuals.

Physical Activity

Evidence linking physical activity to a reduction in renal cell cancer risk is accumulating.
Data from most recent cohort studies suggest an inverse association between renal cell
cancer risk and leisure time and/or occupational activity levels,36:43:52,89,90 3lthough two
large record-linkage studies from Sweden reported either no association®? or an increased
risk with long-term employment in sedentary jobs only among men, but not among women.
92 A dose-response trend of further reduction in risk with increasing levels of activity or
energy expenditure was reported in some studies.#3:89:20 The inverse trend was observed for
current exercise, routine physical activity, recreational activity, or a composite of energy
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expenditure in a typical day. It has also been suggested that physical activity during
adolescence may have a bearing on renal cell cancer risk later in life, but this observation
needs confirmation in future studies.?9 Physical activity may decrease renal cell cancer risk
through a number of related pathways, including lowering body weight and blood pressure,
improving insulin sensitivity, and reducing chronic inflammation and oxidative stress.>7:93—
95

Diet and Beverages

Diet rich in fruits and vegetables has been suggested to reduce renal cell cancer risk in some
cohort studies, %98 put not in others.3%:99:100 Antioxidants such as vitamins A, C, and E,
and carotenoids that are common in fruits and vegetables also have not been consistently
linked to renal cell cancer risk.100:101 Of interest is a recent report from a cohort study of
Swedish women that the risk of renal cell cancer was consistently reduced with increasing
frequency of fatty fish consumption, but not with lean fish consumption.102 Fish oil is rich
in docosahexaneoic acid and eicosapentaenoic acid that have been shown to reduce the
invasive profile of renal cell cancer in vitrol03 and suppress neovascular response in mice
grafted with human kidney.104 Fatty fish are also a rich source of vitamin D3 which has been
inversely associated with renal cell cancer risk and progression.19% These observations
suggest that further investigations into the role of diet, particularly fatty fish consumption,
on renal cell cancer risk and progression are warranted.

A report by the Swedish National Food Administration in April, 2002, indicating the
detection of unexpectedly high levels of acrylamide in commonly consumed fried and baked
foods generated substantial public health and media concerns with regard to the potential
carcinogenic effects of acrylamide.1%6 Two earlier epidemiologic studies in Sweden reported
generally no association between renal cell cancer risk and the daily amount of acrylamide
consumption estimated from a Swedish food database. Consumption of food items with
elevated acrylamide levels, including coffee, crisp breads and fried potatoes, also were not
related to risk.107=109 |n contrast, a recent cohort study from the Netherlands reported a
moderate but statistically significant increase in renal cell cancer risk among individuals
estimated to have the highest quintile of acrylamide intake when compared to those in the
lowest quintile of intake.110 A consistent dose-response pattern of increasing risk with
higher intake was not observed, however. Since acrylamide has been shown to be mutagenic
and carcinogenic in animal models and to induce the formation of hemoglobin adducts in
humans, 111112 fyrther assessment of cancer risk in epidemiologic studies is prudent.

Alcohol consumption has been inversely associated with renal cell cancer in a number of
recent cohort studies,3>:113-115 although the association is not statistically significant or is
observed only in subgroups of subjects with certain age or BMI level in some studies.113:115
The inverse association was found for all types of alcoholic drinks, including beer, wine, and
liquor. In a pooled analysis of 12 prospective studies, renal cell cancer risk decreased with
increasing amount of alcohol consumption, with a significant 28% reduction in risk among
those who drank >15 g/day, equivalent to slightly more than one alcoholic drink per day.116
In contrast, total fluid intake from all beverages, including coffee, tea, milk, juice, soda, and
water, has not been consistently linked to risk.115 A potential mechanism by which moderate
consumption of alcohol may reduce renal cell cancer risk is through improvement in insulin
sensitivity,117:118 thus lowering the risk of type 2 diabetes, production of insulin-like growth
factor-1, and subsequent risk of renal cell cancer.

Occupation and Environment

Although generally not considered an occupational disease, renal cell carcinoma has been
linked to some occupational exposures. In particular, trichloroethylene (TCE), a chlorinated
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solvent commonly used as a degreaser in metal industries and as a general solvent in other
industries, has been extensively studied, and evidence with regard to its renal toxicity and
carcinogenicity reviewed.119-122 Research on the health effects of TCE exposure has
intensified since the publication of a scientific article in 1999122 linking heavy cumulative
TCE exposure to somatic mutations in the von Hippel Lindau (VHL) gene of exposed renal
cell cancer patients, but not in tumors of unexposed patients. Most of the recent case-
control121:124 and cohort studies involving TCE-exposed workers25-127 have reported
results suggestive of an association with renal cell carcinoma, although the findings did not
reach statistical significance in some studies.12” In contrast, no association was reported in a
small cohort study of TCE-exposed workers in Denmark!28 and another retrospective cohort
mortality study of workers exposed to chlorinated organic solvents in Taiwan.129

One of the most challenging methodologic issues for epidemiologic studies of TCE and
cancer risk is the assessment of historic exposure to TCE. A recent case-control study
conducted in the Arve valley of France, an area with high TCE exposure from local
industries and the availability of atmospheric TCE measurements and patient monitoring
data, applied substantial efforts in exposure assessment using a semi-quantitative approach.
130 The assessment was blinded to the case-control status. This study reported a 64%
increase in risk with ever exposure to TCE, with the risk more than doubled and reaching
statistical significance for individuals exposed to high cumulative dose of TCE.12! The risk
increased further when both cumulative and peak exposures were considered, suggesting
additional effects with high intensity exposure. Positive results from this and other recent
epidemiologic studies, along with experimental studies providing plausible biological
mechanisms and modes of action (reviewed in119:122,131) ‘a4d to the evidence for a possible
role of TCE in renal cell cancer development. However, given the methodologic challenges
and the lack of association in some studies, further investigations with improved
methodology are warranted before causal conclusions can be drawn.

An increased risk of renal cell carcinoma has also been linked to other industrial exposures,
including chromium compounds, cadmium, lead, copper sulfate, solvents, benzene, vinyl
chloride, asbestos, pesticides, and herbicides.1327136 Employment in certain occupations
also has been associated with renal cell cancer risk, such as printers, aircraft mechanics,
farmers, railroad workers, metal workers, mechanics and repairers, workers employed in
vitamins A and E synthesis, and service station employees.132:136-138 However, none of
these occupations or exposures has been conclusively related to risk in epidemiologic
studies.

Exposure to low levels of arsenic in drinking water has not been associated with renal cell
cancer risk.139-141 Nitrate in public water supplies also has been investigated recently, but
no association with renal cell cancer risk was found.142 Radons in drinking water from
drilled wells, with uranium-238 being the major naturally occurring radionuclides
contributing to the radiation dose, were not associated kidney cancer risk in another study.
143 Following the Chernobyl accident in Ukraine in 1986, renal cell cancer patients were
found to have increased proliferative histopathological changes in kidney tissues adjacent to
their cancer when compared to a series of unexposed but otherwise comparable renal cell
cancer patients in Spain.144:145 These changes, including proliferating cell nuclear antigen,
K-ras expression, proliferative atypical nephropathy, tubular epithelial nuclear atypia and
carcinoma in situ, increased with duration of radiation exposure and with increased level of
chronic persistent exposure to low-dose ionizing radiation among residents of the
cesium-137 contaminated areas.
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GENETIC SUSCEPTIBILITY AND ENVIRONMENT

Inherited renal cell carcinoma has been identified in a number of familial cancer syndromes.
A number of inherited high penetrant mutations have been discovered, including the VHL
gene in patients with clear cell tumors,146 the MET proto-oncogene in patients with papillary
tumors,147 the fumarate hydratease (FH) gene in patients with papillary tumors and
accompanying leiomyomatosis and uterine fibroids,148 and a gene associated with the Birt-
Hogg-Dube (BHD) syndrome.149 Furthermore, the importance of polymorphic genetic
variants and epigenetic changes in the development of sporadic renal cell cancer is
increasingly recognized. The discovery of these low-penetrant genetic variants and their
interactions with environmental exposures is the subject of intense current epidemiologic
research.

Host susceptibility

Patients diagnosed with a sporadic renal cell carcinoma were more likely to report having a
family history of kidney cancer in first-degree relatives than the control population in case-
control studies.150=152 An analysis based on record-linkage in Sweden showed that kidney
cancer risk increased 50% with an affected parent and to over fourfold if a sibling was
affected with kidney cancer.1®3 In an Icelandic study based on linked genealogic data and
nationwide cancer registry data, patients diagnosed with sporadic renal cell cancer over a
45-year period were found to be more related to each other than were members of a
randomly selected control group with similar distributions in age, sex, and number of
ancestors.14 The excess risk of renal cell cancer was observed not only in first-degree
relatives, but also in second- and third-degree relatives, suggesting a possible role of
inherited low-penetrant genetic variants that may increase the susceptibility to sporadic renal
cell cancer.

Investigations of single nucleotide polymorphisms (SNPs) in relation to cancer risk have
flourished in recent years. Renal cell cancer studies published to date have been based on the
pathway approach, identifying genes involved in biological pathways that are relevant for
renal cell cancer, such as genes involved in the metabolism of tobacco smoke and other
xenobiotics, DNA repair, cell cycle control and apoptosis, angiogenesis, oxidative stress,
immune function, obesity and hormone metabolism, and hypertension and renal function.
These studies tend to be relatively small in size, and generally did not attempt
comprehensive selection of the genes in a specific pathway nor complete coverage of the
selected genes. Larger studies with a more comprehensive approach, such as genome-wide
association studies, are underway. SNPs that have been examined in relation to the risk of
renal cell cancer and its predisposing conditions are summarized in many databases
available on the internet, such as the HUGE Navigator (http://www.hugenavigator.net).15°

Polymorphism in genes encoding the glutathione S-transferase (GST) superfamily of
inducible enzymes is probably the most studied genetic variants in relation to renal cell
cancer risk to date.156-163 GST enzymes catalyze conjugation of electrophilic substrates
with glutathione, usually resulting in detoxification of reactive intermediates.154 Within this
family of genes, GSTM1 and GSTT1 are most frequently studied in relation to renal cell
cancer, and are active in the detoxification of polycyclic aromatic hydrocarbons in tobacco
smoke and halogenated solvents. Studies of the main effects of GSTM1 and GSTT1 have not
produced consistent association with renal cell cancer,157~162 although the largest study
with 925 cases and 1247 control subjects found no association.16% When examined with
environmental exposures, several studies reported differences in risk in subgroups defined
by genotype status. However, inconsistent findings were reported for association with
smoking18:160 and TCE exposure!6:161 when stratified by GSTM1 or GSTT1 genotype.
With regard to pesticide exposure, two studies have shown greater magnitude of elevated
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risk among individuals carrying the active GSTM1 or GSTT1 genotype.159:163 Gjven the
small numbers of exposed individuals and the lack of information on specific pesticides in
these studies, further investigations are needed to clarify these associations.

Polymorphisms in genes encoding other Phase | (activation) and Phase Il (detoxification)
metabolic enzymes and their interaction with environmental exposures on renal cell cancer
risk have also been examined, including GSTP1, NAT2, CYP1Al, CYP1B1, CYP2E1,
CYP2D6, and NQOQ1.157:158,160-162,165-167 Of the few studies that have examined GSTP1,
no main effect of the gene was observed, but some suggested interactions with other genes
to influence cancer risk.157:158,160,161 Elevated risk of renal cell carcinoma was reported
among individuals with the slow acetylator genotypes of the N-acetyltransferase 2 (NAT2)
gene, 166 but this was not confirmed in other studies.137:161 Differential effect by NAT2
acetylation status was reported for cigarette smoking,168 but not for TCE exposure.161
Associations with other metabolic genes have been reported, but have not been replicated,
and are therefore not discussed in this review.

The role of vitamin D receptor (VDR) gene polymorphism has been examined in relation to
renal cell cancer risk.168=170 The kidney is a major vitamin D regulating organ and vitamin
D receptor levels were found to be lower in renal cell cancer tissue than autologous normal
kidney tissue.1” Vitamin D has been shown to suppress renal cancer cell growth and
angiogenesis in experimental studies.1’2 An elevated risk of renal cell carcinoma has been
associated with VDR variants, including the TT genotype of the Tagl polymorphism168 and
the AA genotype of the Apal polymorphism,169 but a recent large study reported no
association with the Taql, Bsml, or Fokl.170 This study, however, suggested that the
association with VDR variants may differ by age and a family history of cancer.170 Given
the suggestive findings and the plausibility of biological mechanism, a comprehensive
examination of the VDR gene in relation to renal cell cancer risk is warranted.

Polymorphisms in genes encoding the DNA repair enzymes have also been examined in
relation to renal cell cancer risk, including the xeroderma pigmentosum complementation
groups C (XPC), D (XPD) and G (XPG), X-ray repair cross-complementing groups 1
(XRCC1) and 3 (XRCC3), and mismatch repair genes (h(MLH1 and hMSH2).173-175 A
significant excess risk was associated with the AA genotype of the XRCC1 Arg399GIn
polymorphism.173 An association with polymorphisms in the hMLH1 and hMSH2 genes
were also suggested.1”> No association was reported for the other DNA repair gene variants.

Genes involved in the folate (one-carbon) metabolism pathway have been studied in relation
to risk of a number of cancers and recently have been linked to risk of renal cell carcinoma.
176,177 Fyrther, interaction with vegetable intake appeared to enhance the associations of the
gene variants with renal cell cancer.1”” Polymorphism in genes involved in cell cycle
control, including the checkpoint kinase 2 (CHEK2) and cyclin D1 (CCND1) genes, has also
been associated with kidney cancer risk.178:179 Genes involved in the immune function
pathways, including IL-6, IL-10, TNF-a, IFN-y, TGF-8, and CTLA-4, have been evaluated in
a few small studies with suggestive results.180-183 Other studies have examined
polymorphism in genes involved in steroid hormone metabolism,184 the hypoxia inducible
factor-1a gene (HIF1A),185 and the matrix metalloproteinase (MMP) genes encoding a
family of extracellular matrix-degrading enzymes.186:187 The findings from these studies are
tantalizing and can serve to guide the next phase of research design for a more thorough
evaluation of renal cell cancer risk. However, given the mixed results, the lack of replication
data, and the limitations of most studies to date, no firm conclusion can be drawn with
regard to the role of genetic polymorphism in renal cell cancer risk. Furthermore, few
studies have attempted to evaluate interaction of these genes with relevant environmental
exposure in relation to renal cell cancer risk.
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Renal cell cancer patients were found to have significantly shorter telomere length in DNA
from peripheral blood lymphocytes than control subjects.188 An interaction between
cigarette smoking and telomere length was also suggested, with the highest risk among
smokers with short telomere length compared to non-smokers with long telomere length.
Further research showed that the elevated renal cell cancer risk with telomere shortening
was seen in both CD4* T cells and CD8* T cells, as well as the overall peripheral blood
lymhocytes. A significant inverse trend of increasing risk with decreasing telomere length
was also observed.18 These findings suggest that germline chromosomal instability as a
result of telomere dysfunction is related to renal cell cancer risk. Confirmation of these
findings is needed, preferably in cohort studies with prediagnostic and pretreatment
peripheral blood DNA.

Tumor markers

Somatic mutations in sporadic renal cell cancers have been well documented, most notably
VHL alterations in clear cell tumors and MET mutations in a small proportion of papillary
tumors.# It has been shown recently that the VHL gene is altered in as high as 91% of clear
cell cancers through mutation or promoter hypermethylation.1%0 A specific somatic mutation
pattern with a hot spot at codon 81 was previously observed in renal cell cancer patients who
experienced high cumulative occupational exposure to TCE, but not in unexposed patients.
123 This finding was not confirmed in a recent series of patients with high TCE exposure in
France.191 Somatic VHL mutation has also been evaluated in conjunction with other
environmental and lifestyle exposures in renal cell cancer risk in the Netherlands Cohort
Study.51:101,192 The association with cigarette smoking and intake of carotenoids and
vitamins were comparable for renal cell cancer patients with and without somatic VHL
mutations.101:192 However, a history of hypertension was associated with renal cell cancer
risk only among those with VHL mutated tumors, whereas an association with diuretic use
was observed only among patients without somatic VHL mutation.?! In an exploratory study
of a small series of renal cell cancer patients in Sweden, somatic VHL mutations were
inversely associated with consumption of vegetables and citrus fruits while exposure to
welding fumes increased the risk of multiple VHL mutations.193 Despite the limited
epidemiologic data, laboratory studies have linked tobacco carcinogens to VHL mutations in
renal tumors of Wistar rats!®* and deletions in chromosome 3p in peripheral blood
lymphocytes of renal cell cancer patients,19° suggesting the possibility of a targeted pathway
through VHL and perhaps other genes on chromosome 3p for tobacco-related renal cell
cancer development.

Evaluation of somatic VHL mutations in epidemiologic studies is complicated by technical
difficulties, including variations in the quality of DNA from archived tissue blocks. Most
previous studies have reported VHL mutations in about 55% to 70% of renal cell cancers,
196-198 \well below the 91% with VHL alterations (82% with mutation and 8% with promoter
hypermethylation) reported in a recent series of clear cell renal cancers with DNA from
fresh frozen tissues.2®0 These observations suggest that misclassification of somatic VHL
mutations could be substantial in some studies, rendering the results difficult to interpret.

Numerous other genetic and epigenetic alternations in renal cell cancer have been reported,
but few have been evaluated in light of specific environmental and lifestyle risk factors for
renal cell cancer. Promoter hypermethylation of the tumor suppressor genes on chromosome
9p21 (INK4A and ARF) was observed in some renal cell cancers among patients residing in
radiation-contaminated areas following the Chernobyl accident.1%° In another small series of
renal cell cancer patients, somatic mutations in the p53 tumor suppressor gene and the Ras
oncogene were not related to gasoline exposure, a postulated renal cancer risk factor, but the
majority of the mutations were seen in smokers.200 Increased age and adiposity, risk factors
for renal cell cancer, were shown to enhance promoter hypermethylation of the RASSF1A
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tumor suppressor gene in normal kidney tissue.291 Molecular changes in renal tissues other
than VHL mutation have also been studied in relation to TCE and its metabolite in
experimental 202:203 pyt data in human populations are still limited.

Recently, high throughput methods for genome-wide screening of DNA copy number
alterations and loss of heterozygosity have been developed and tested in small series of renal
cell cancers.204=206 |f proven reliable and feasible, these powerful methods hold promise for
novel discoveries in large scale investigations of gene-environment and gene-gene
interactions.

CONCLUSIONS

Renal cell cancer incidence has continued to rise among all race/ethnic groups in the United
States through 2005, and the increases were mostly due to localized disease and tumors of
small size. Improved screening and incidental diagnosis may have contributed to these
increases, but it has been estimated that most of the preclinical small tumors would become
clinically evident eventually. The rising prevalences of obesity and hypertension likely have
contributed to the upward cancer trends. Results from recent cohort studies, however,
suggested that the obesity- and hypertension-related renal cell cancer risk may be tempered
by effective hypertension control and reduced weight fluctuations. There is also increasing
epidemiologic evidence that physical activity and moderate alcohol intake may reduce risk.
Several recent investigations have confirmed an association between renal cell cancer risk
and occupational exposure to TCE, although the link between high cumulative TCE
exposure and somatic VHL mutation remains inconclusive. Epidemiologic investigations
have increasingly incorporated analysis of germline and somatic mutations and assessed
their interactions with environmental exposures in cancer risk. Polymorphisms in genes
involved in a variety of pathways, including genes encoding metabolic enzymes, vitamin D
receptor, DNA repair, and immune function, have been examined in relation to renal cell
cancer risk, but the results have been mixed. Telomere shortening in peripheral blood DNA
also has been linked to elevated risk in a dose-response manner, but it is unclear whether this
association is modified by any environmental exposures. Somatic mutations of VHL and
other genes have been observed in subtypes of renal cell cancer, but their link to
environmental exposures has yet to be clarified. The recent rapid advancement in high-
throughput laboratory technology, such as the genome-wide scanning, will allow for more
thorough evaluation of molecular changes. In conjunction with detailed environmental
exposure data in large epidemiologic studies, these technological innovations hold promise
for novel discoveries in the etiology and prognosis of renal cell cancer.
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Figure 1.

Age-specific incidence rates of microscopically-confirmed renal cell carcinoma by racial/
ethnic group and sex, SEER-12 1992-2005.
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Figure 2.
Trends in age-adjusted (2000 US standard) microscopically-confirmed renal cell carcinoma

incidence rates by sex among whites and blacks in SEER-9 during 1977-81 to 2002-05 and
among Asian/Pacific Islanders and Hispanics in SEER-12 during 1992-96 to 2002—-05.
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Figure 3.

Trends in age-adjusted (2000 US standard) microscopically-confirmed renal cell carcinoma
incidence rates by age group among whites and blacks in SEER-9 during 1977-81 to 2002—
05 and among Asian/Pacific Islanders and Hispanics in SEER-12 during 1992-96 to 2002—
05.
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Figure 4.

Trends in age-adjusted (2000 US standard) microscopically-confirmed renal cell carcinoma
incidence rates by stage of disease among whites and blacks in SEER-9 during 1977-81 to
2002-05 and among Asian/Pacific Islanders and Hispanics in SEER-12 during 1992-96 to
2002-05.
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Trends in age-adjusted (2000 US standard) microscopically-confirmed renal cell carcinoma
incidence rates by size of tumor among whites and blacks in SEER-9 during 1977-81 to
2002-05 and among Asian/Pacific Islanders and Hispanics in SEER-12 during 1992-96 to

2002-05.
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Age-adjusted (2000 US standard) incidence rates of microscopically-confirmed renal cell carcinoma per
100,000 person-years by race/ethnicity and gender, SEER-12, 2002—-2005.

Male | Female
African Americans 17.0 7.5
Whites 143 7.2
Asian/Pacific Islanders 7.8 3.7
Hispanics 13.8 7.3
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