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Abstract

Background
Cancer is a leading cause of death and burden of disease
(1). Lifestyle factors, such as smoking, poor diet, and
physical inactivity account for a significant proportion of
cases, but sex hormones are thought to have a role in the
aetiology of some cancers.
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Background: The relationship between testosterone and cancer is relatively unexplored. We sought to
examine whether testosterone and related hormones are associated with incident prostate, lung, and colorectal
cancer.
Methods: This was a population-based cohort study. Demographic and clinical predictors of cancer, and
testosterone, sex hormone-binding globulin (SHBG), and luteinizing hormone (LH) were measured between
2001 and 2004 in 3,635 community-dwelling men aged 70 to 88 years (mean 77 years). Cancer notifications were
obtained via electronic record linkage until December 31, 2010.
Results: During a mean follow-up period of 6.7  1.8 years, there were 297, 104, and 82 cases of prostate,
colorectal, and lung cancer. In adjusted competing risks proportional hazards models, each one SD increase in
free testosterone was associated with a 9% increase in prostate cancer risk (95% confidence interval [CI], 1.00–
1.18), but other hormones were not significantly associated. No significant associations were observed between
hormonal parameters and colorectal cancer. Higher total testosterone was associated with lung cancer.
Compared with the mean of 15 nmol/L, men with levels of 20 nmol/L were 1.38 times more likely to be
cases (95% CI, 1.21–1.57), whereas those with levels of 30 nmol/L were 3.62 times more likely to be cases (95%
CI, 2.53–5.18). Higher free testosterone was also associated with lung cancer, though SHBG and LH were not.
Associations were maintained after exclusion of current smokers.
Conclusions: Higher free testosterone was associated with incident prostate cancer. Higher testosterone
levels may also be associated with lung cancer.
Impact: Further studies should investigate whether these risks apply to men receiving testosterone therapy.
Cancer Epidemiol Biomarkers Prev; 21(8); 1319–29. 2012 AACR.

The prostate is an androgen-dependent organ; adequate levels of testosterone and its potent 5a-reductase
(5AR) derived metabolite, dihydrotestosterone (DHT),
are required for normal development, growth, and function (2). Development is inhibited in 46, XY individuals
with androgen insensitivity syndromes or 5AR deficiency, whereas androgen deprivation therapy leads to atrophy of the prostate and other male reproductive tissues (3,
4). Males who undergo orchidectomy in adolescence or
early adulthood rarely develop prostate cancer, whereas
testosterone therapy can hasten progression of the disease (2). Conversely, androgen deprivation therapy is an
effective palliative treatment and remains the gold standard (5).
However, the relationship between endogenous testosterone and incident prostate cancer remains controversial.
Some prospective studies have reported that higher testosterone levels are associated with increased risk (6, 7),
although the majority have not found a statistically significant association (8, 9). However, many of the latter
studies are underpowered and have failed to consider the
problem of competing risks. The question of whether
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Materials and Methods
Study population
Participants were drawn from the population-based
Health in Men Study, which is described in detail elsewhere (16). Participants were resident in Perth, Western
Australia, and were mostly Caucasian. Subjects were
randomly selected from the electoral roll (enrolment to
vote being compulsory in Australia). In wave 1 (W1)
between 1996 and 1999, 12,203 men aged 65 years and
older participated. During 2001 to 2004 (wave 2, W2),
4,249 participated and provided early morning blood
samples. Questionnaires assessing a variety of risk factors
and demographic items were completed at both time
points. The Human Research Ethics Committee of the
University of Western Australia provided ethical approval for the study, and all men gave written informed
consent to participate.
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Laboratory methods
Blood samples were collected at W2 between 0800 and
1030 hours. Biochemical assays were carried out at Royal
Perth and Fremantle hospitals, as previously reported
(17). Serum total testosterone, sex hormone-binding globulin (SHBG), and luteinizing hormone (LH) were determined by chemiluminescent immunoassays on an Immulite 2000 analyzer (Diagnostic Products Corp. Biomediq).
Between-day imprecision for total testosterone was 11.2%
at 7.2 nmol/L and 8.9% at 18 nmol/L; for SHBG it was
6.7% at 5.2 nmol/L and 6.2% at 81 nmol/L; and for LH it
was 6.4% at 2.3 IU/L and 5.8% at 19 IU/L. Working ranges
for these assays are 0.7 to 55 nmol/L for testosterone, 2 to
180 nmol/L for SHBG, and 0.1 to 200 IU/L for LH,
whereas normal male ranges are 8 to 35 nmol/L for
testosterone, 10 to 70 nmol/L for SHBG, and 1 to 8 IU/L
for LH. Free testosterone, the fraction not bound to SHBG
or albumin, was estimated with Vermeulen’s method (18).
The total testosterone assay accounts for the majority of
variance (>80%) in the free testosterone estimate; detailed
analyses of its predictive accuracy have been published
elsewhere (19, 20). Serum glucose, high- and low-density
lipoprotein, total cholesterol, and triglycerides were
assayed using a Roche Hitachi 917 analyzer (Roche Diagnostic GmbH).
Other measurements
Height (in centimeters), weight (in kilograms), waist
and hip circumference (in centimeters), and blood pressure were measured at W1 and W2. Questionnaire data
(W1 and W2) and biochemistry (W2) were used to flag
dyslipidaemia and diabetes. Questionnaire and clinical
data (W1 and W2) were used to identify hypertension.
Men were asked about tobacco use at both time points and
alcohol use at W1.
Cancer diagnoses
We obtained previous and incident cancer diagnoses
via the Western Australian Data Linkage System
(WADLS). WADLS provides electronic linkage to the
state’s population health collections and includes records
from the mortality, hospital, and cancer registries (21). The
latter was established in 1981. Notification of cancer and
other neoplasms is mandatory in Western Australia,
including all in situ neoplasms, all malignant neoplasms
of the skin (other than primary squamous or basal cell
carcinomas), and all neoplasms of the central nervous
system, whether malignant or benign (22). Cancer diagnoses are coded with the International Classification of
Diseases for Oncology (ICDO-3) system. For our analyses,
we considered topography codes C18, C19, C20, and C21
to indicate colorectal cancer; C33 and C34 to indicate lung
cancer; and C61.9 to indicate prostate cancer. Incident
cases comprised only primary invasive malignancies
detected before December 31, 2010. We ignored metastatic
sites, neoplasms in which primary or metastatic status
was uncertain, and neoplasms of unknown behavior. In
situ carcinomas were not included.

Cancer Epidemiology, Biomarkers & Prevention

Downloaded from http://aacrjournals.org/cebp/article-pdf/21/8/1319/2275315/1319.pdf by guest on 09 December 2022

testosterone levels are related to prostate cancer risk
is important, due to growing interest in testosterone
therapy, and the relatively high prevalence of the disease. Latent disease is found in 70% of men aged over
80 years, and it has been suggested that all men with
testosterone above castrate levels would develop at least
low-grade prostate cancer if they lived long enough (10).
The risk/benefit ratio of therapy is therefore yet to be
established.
Studies of hormone replacement therapy in women
suggest both deleterious and beneficial effects. The
Women’s Health Initiative trials reported an increase
in lung cancer mortality and invasive breast cancer in
women receiving conjugated equine estrogens (CEE)
and medroxyprogesterone acetate, although colorectal
cancer incidence was reduced (11, 12). However, the
relevance of these findings to men, if any, is unknown.
We also recently reported an association between
endogenous testosterone levels and lung cancer mortality in this cohort, although we lacked sufficient cases
to conduct multivariate analyses after exclusion of smokers (13). Testosterone stimulates proliferation of smallcell lung cancer cell lines (14), but smoking can also
increase testosterone (15). Whether this association
would be maintained in analyses of incident lung
cancer, rather than mortality alone (providing sufficient cases to allow exclusion of current smokers), is
unclear.
We therefore conducted a competing risks analysis to
explore associations between endogenous sex hormones
and incident cancer in a cohort of men aged 70 to 88 years
at baseline. We limited our endpoints to prostate, lung,
and colorectal cancer, as these are the most common
cancers in men (excluding skin), which might also be
plausibly influenced by sex hormones. We hypothesized
that men with high testosterone would be more likely to be
diagnosed with prostate cancer, but that testosterone
levels would be unrelated to diagnosis of lung or colorectal cancer.

Testosterone and Cancer
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sided, and P values less than 0.05 were considered
significant.

Results
Mean follow-up duration was 6.7  1.8 years (range
0.1–9.2 years), comprising 24,398, 23,625, and 24,256
person-years, for the prostate, colorectal, and lung cancer analyses. During this time, 297 men were diagnosed
with prostate cancer, 104 with colorectal cancer, and 82
with lung cancer. There were 886 competing risk events
(death from any cause) in men included in prostate
cancer analyses, 867 in colorectal cancer analyses, and
870 in lung cancer models. Total testosterone was significantly correlated with SHBG (r ¼ 0.61; P < 0.001), but
not LH (r ¼ 0.01; P ¼ 0.441). There was a significant
weak negative correlation between free testosterone
and LH (r ¼ 0.11; P < 0.001). Detailed descriptive
statistics of the hormonal data are published elsewhere
(17).
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Statistical analysis
We used Stata 11.2 to analyze the data (StataCorp, 2011).
Of 4,249 men providing sera, testosterone and LH were
successfully assayed in 4,165 and SHBG in 4,162. From
these, we excluded orchidectomized men, those with
prostate cancer, and those receiving antiandrogens, 5AR
inhibitors, GnRH analogs, or testosterone therapy, leaving
3,636 men (including 3 without SHBG). One man subsequently withdrew consent, leaving 3,635 participants for
analysis. No men reported taking aromatase inhibitors.
We explored each cancer of interest separately. To minimize the possibility of reverse causality, we excluded
men who had previously been diagnosed with the outcome of interest. We excluded 23 men with a previous
diagnosis of lung cancer from the incident lung cancer
analysis, and 115 men with previous colorectal cancer
from the colorectal cancer models. To assess associations
between baseline factors (such as smoking or testosterone
level) and each cancer of interest, we used the Mann–
Whitney U test and Pearson c2 test for continuous and
categorical data, respectively. We used Spearman rankorder correlation to investigate associations between individual hormonal parameters. To explore associations
between hormonal parameters and time to diagnosis of
cancer, we used competing risks models, as described by
Fine and Gray (23). We chose the competing risks
approach because alternatives such as the Cox model
have an important limitation: they assume the outcome
of interest will eventually occur. That is, individuals who
die before developing cancer are treated as if they were
right censored and could later be diagnosed, which is
impossible. To explore whether associations between
hormonal parameters and cancer were curvilinear, we
initially entered hormones into the models as restricted
cubic splines. Associations with colorectal and lung cancer appeared curvilinear and were modeled with this
approach. We report sub-hazard ratios (sub-HR) at specific points along the spline that may be of interest to the
reader; they do not represent division of the data at the
quintiles, but rather show how the hazard function
changes across the data. In contrast, associations with
prostate cancer were linear, or near linear and were
subsequently modeled as Z-scores. We modeled the relationship between testosterone and prostate cancer as a
linear effect because measures such as the Bayesian information criterion indicated this to be the most parsimonious model. Sub-HRs reflect the effect of a 1 SD increase in
hormone level in those models. Adjustments were made
for age, waist to hip ratio (WHR), smoking status (never/
ex-/current smoker), smoking exposure (greatest amount
of tobacco smoked for as long as 1 year, and years of
smoking), diabetes, and previous diagnosis of cancer
(other than the cancer of interest) before blood sampling.
We also examined the effect of adjusting for body mass
index rather than WHR; this did not alter the results.
Additional models in which hormonal parameters were
analyzed as categorical variables split at the quintiles are
presented as Supplementary Material. All tests were two-

Baseline characteristics of men by cancer diagnosis
Men diagnosed with prostate cancer during follow-up
had significantly higher baseline free testosterone than
those who were not (Table 1). Prostate cancer cases were
also less likely to have diabetes. No significant differences
were observed in other hormones. With regard to colorectal cancer, sex hormones did not differ significantly,
though higher LH levels in cases approached significance.
Men diagnosed with lung cancer had significantly higher
total testosterone at baseline, although higher free testosterone and LH levels approached significance. Men with
lung cancer were more likely to be current or previous
smokers, had smoked for longer, and were heavier
smokers.
Associations between hormone levels and incident
cancer
Relationships between total and free testosterone levels,
and prostate cancer were approximately linear, with
higher levels associated with increased risk (Fig. 1). There
was no clear association between testosterone and colorectal cancer. Higher total and free testosterone was
strongly associated with lung cancer.
Prostate cancer
In univariate competing risks models, each 1 SD
increase in free testosterone was associated with a 10%
increase in the risk of prostate cancer (Table 2). After
adjustment for age, WHR, smoking status and exposure,
diabetes, alcohol use, and previous diagnosis of cancer
(other than prostate), free testosterone continued to be
associated with incident prostate cancer (sub-HR, 1.09;
95% confidence interval [CI], 1.00–1.18). Total testosterone, SHBG, and LH were not significantly associated with
prostate cancer in either univariate or multivariate models. A significant protective association was observed for
diabetes in the free testosterone model (sub-HR, 0.68; 95%
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Table 1. Baseline (2001–2004) demographic, biochemical, and clinical characteristics of the entire sample,
and of men with, and without incident prostate, colorectal, and lung cancer
Prostate cancer

Colorectal cancer

Lung cancer

Entire sample

Variable

Hypertension
Dyslipidaemia
Diabetes mellitus
Smoking status
Never smoked
Exsmoker
Current smoker
Alcohol consumption
(drinks/week)
Nondrinker
<15 drinks
15–28 drinks
29 drinks

No
(n ¼ 3,338)

Yes
(n ¼ 297)

No
(n ¼ 3,416)

Yes
(n ¼ 104)

No
(n ¼ 3,529)

Yes
(n ¼ 82)

Mean  SD

Mean  SD Mean  SD P value Mean  SD Mean  SD P value Mean  SD Mean  SD P value

77.0  3.6
0.97  0.1
15.4  5.6

77.0  3.6
0.97  0.1
15.4  5.6

76.7  3.6
0.97  0.1
15.8  5.3

0.148
0.182
0.103

76.9  3.6
0.97  0.1
15.5  5.6

78.7  3.8
0.97  0.1
15.1  4.7

<0.001
0.903
0.688

76.9  3.6
0.97  0.1
15.4  5.5

77.9  3.0
0.97  0.1
17.7  8.5

0.001
0.694
0.026

278  96

277  96

290  96

0.043

278  97

268  69

0.344

278  94

314  165

0.089

0.567
0.054
0.207
0.982

42.4 
5.8 
32.5 
176 

42.4
5.8
33.0
178






16.7
5.3
16.0
143

42.5 
5.8 
33.1 
177 

16.9 41.6  14.9 0.690
5.3
5.2  4.5 0.178
16.0 31.5  16.1 0.136
143 186  152 0.770

n (%)
2,777 (76.4)
2,746 (75.5)
573 (15.8)

n (%)
2,563 (76.8)
2,520 (75.5)
540 (16.2)

n
214
226
33

1,215 (33.4)
2,220 (61.1)
200 (5.5)

1,104 (33.1)
2,049 (61.4)
185 (5.5)

111 (37.4)
171 (57.6)
15 (5.0)

(%)
(72.1)
(76.1)
(11.1)

0.066
0.818
0.022
0.320

42.5 
5.8 
33.2 
178 

16.9 42.8  15.7
5.1
6.5  6.0
15.9 30.6  15.2
144 172  130

n (%)
2,593 (75.9)
2,579 (75.5)
538 (15.8)

n
85
74
22

1,160 (34.0)
2,062 (60.3)
194 (5.7)

26 (25.0)
76 (73.1)
2 (1.9)

(%)
(81.7)
(71.2)
(21.2)

0.697
509
2,488
482
156

(14.0)
(68.4)
(13.3)
(4.3)

472 (14.1)
2,286 (68.5)
437 (13.1)
143 (4.3)

37
202
45
13

(12.5)
(68.0)
(15.1)
(4.4)

478 (14.0)
2,338 (68.5)
452 (13.2)
148 (4.3)

17
70
13
4

(16.3)
(67.3)
(12.5)
(3.9)

16.7 44.8  17.6 0.345
5.2
6.5  7.4
0.091
15.9 43.4  15.2 <0.001
141 208  140 0.004

n (%)
0.170 2,693 (76.3)
0.311 2,675 (75.8)
0.138
555 (15.7)
0.022
1,212 (34.4)
2,136 (60.5)
181 (5.1)
0.916
499 (14.1)
2,419 (68.6)
462 (13.1)
149 (4.2)

n (%)
67 (81.7)
56 (68.3)
14 (17.1)

0.255
0.117
0.741
<0.001

2 (2.5)
63 (76.8)
17 (20.7)
0.222
7
55
16
4

(8.5)
(67.1)
(19.5)
(4.9)

NOTE: All parameters measured at W2 (2001–2004), except alcohol use, which was measured at W1 (1996–1999). Years smoked and
greatest tobacco use shown for current and exsmokers only. P values are for Mann–Whitney U test or Pearson c2 test, as appropriate.

CI, 0.47–0.98), and all other multivariate models (data not
shown). An association was also apparent for free testosterone when modeled as a categorical variable, but this
did not reach statistical significance (Supplementary
Table S1). Cancer grade was unavailable for 88.9% of
cases.
To assess the possibility of reverse causality, and also the
effect of possible undiagnosed cases in the sample (which
would bias estimates toward the null), we excluded cases
diagnosed within 2 years of blood sampling (n ¼ 98). Free
testosterone continued to be significantly associated with
incident prostate cancer, whereas an association between
higher LH and lower prostate cancer risk approached
significance in multivariate analyses (Table 3).
Colorectal cancer
In both univariate and multivariate models, total and
free testosterone, SHBG, and LH were not significantly
associated with colorectal cancer, though CIs were large
owing to the small number of cases (Table 4). Results were
similar when hormones were modeled as categorical
variables (Supplementary Table S2).
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Lung cancer
Higher total and free testosterone was associated with
lung cancer in both univariate and adjusted models (Table
5). Results were similar when hormones were modeled as
categorical variables (Supplementary Table S3). In multivariate models, men with total testosterone levels of 20
nmol/L and 30 nmol/L, were 1.38 times and 3.62 times
more likely to be diagnosed than men with the mean of 15
nmol/L. Men with a free testosterone level of 400 pmol/L
were 1.41 times more likely to be diagnosed than those
with a level of 280 pmol/L. However, men with lung
cancer were more likely to smoke, which can increase
testosterone levels (15).
Among cases, current smokers had significantly higher
mean total testosterone than exsmokers (23.7 vs. 16.1
nmol/L; P ¼ 0.005). Levels were also higher than those
of never smokers (14.4 nmol/L), though there were insufficient numbers to test this statistically. Similarly, in the
entire cohort, total testosterone was higher in current
smokers than exsmokers (17.0 vs. 15.0 nmol/L; P <
0.001), and never smokers (15.9 nmol/L; P ¼ 0.007).
However, current smokers who were lung cancer cases

Cancer Epidemiology, Biomarkers & Prevention
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Age (y)
WHR
Total testosterone
(nmol/L)
Free testosterone
(pmol/L)
SHBG (nmol/L)
LH (IU/L)
Years smoked (y)
Greatest tobacco
use (cigarettes/week)

(n ¼ 3,635)

Testosterone and Cancer

(n ¼ 17) had higher total testosterone (23.7 vs. 16.3 nmol/
L; P ¼ 0.002) than current smokers in the rest of the cohort
(n ¼ 181). Current smokers who were lung cancer cases
had smoked for longer than the rest of the cohort (60.6 vs.
56.8 years; P ¼ 0.024), but a difference in quantity of
tobacco smoked (current smokers among lung cancer
cases had smoked more) was not significant (196.6 vs.
175.0 cigarettes/week; P ¼ 0.392).
Testosterone did not differ significantly (16.1 vs. 15.0
nmol/L; P ¼ 0.281) between exsmokers in the lung cancer
cases (n ¼ 63) and exsmokers in the rest of the cohort (n ¼
2,136). Of cases who were exsmokers, smoking cessation
occurred 21.3  14.2 years (range 1–58 years) before
baseline. The average time to diagnosis for all cases was
3.9  2.1 years (range 0.4–8.0 years) after baseline.
To address the possibility of residual confounding, we
repeated our analyses after excluding current smokers (n
¼ 198). After applying exclusion criteria, total and free
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Figure 1. Univariate competing
risks proportional hazards models
exploring associations between total
and free testosterone levels, and
incident cancer of the prostate (A),
colon and rectum (B), and lung (C).
Sex hormones entered into the
models as restricted cubic splines.
Reference values for sub-HRs are 15
nmol/L for total testosterone, and
280 pmol/L for free testosterone.
Dashed lines denote 95% CIs.

testosterone continued to be associated with lung cancer
in both univariate and multivariate analyses (Table 6).
These associations were maintained after additional
exclusion of cases diagnosed within 2 years of blood
sampling (Supplementary Table S4).

Discussion
In this study of older men, higher baseline free testosterone levels were associated with incident prostate cancer, whereas higher total and free testosterone levels were
associated with incident lung cancer. Testosterone was
not significantly associated with colorectal cancer.
Our findings are consistent with those of Gann et al. (7).
Their prospective, nested case–control analysis comprised 222 prostate cancer cases and 390 controls with a
mean age of 62 years. In a multivariate model, adjusted for
age, smoking status, estradiol, dihydrotestosterone,
androstanediol glucuronide, and SHBG, men with total

Cancer Epidemiol Biomarkers Prev; 21(8) August 2012
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Table 2. Competing risks proportional hazards models exploring associations between hormone levels
and incident prostate cancer
Univariate

Multivariate

Variable

Sub-HR

95% CI

P value

Sub-HR

95% CI

P value

Total testosterone
Free testosterone
SHBG
LH

1.07
1.10
0.98
0.89

0.97–1.18
1.01–1.19
0.87–1.09
0.75–1.05

0.151
0.023
0.658
0.169

1.05
1.09
0.94
0.90

0.94–1.17
1.00–1.18
0.83–1.06
0.76–1.06

0.407
0.047
0.277
0.190

NOTE: Sub-HRs indicate the effect of 1 SD increase in hormone level. Multivariate models adjusted for age, WHR, smoking status
(never/ex-/current smoker), smoking exposure (maximum quantity of tobacco smoked and years of smoking), diabetes, alcohol use,
and previous diagnosis of cancer (other than prostate) before blood sampling. P values are for Wald test.

(8). A weak, nonsignificant association was observed for
free testosterone levels above the highest quintile (relative
risk [RR], 1.11; 95% CI, 0.96–1.27), whereas similar weak,
nonsignificant associations were observed for DHEA-S
and androstanediol glucuronide. However, a significant
inverse association was observed for higher levels of
SHBG (RR, 0.86; 95% CI, 0.75–0.98). The majority of testosterone is bound to either SHBG or albumin; less than
2% circulates unbound or "free." This free portion is
hypothesized to be most biologically active (26). Thus,
higher levels of SHBG are likely associated with reduced
availability of testosterone in target tissues. Although
associations were weak, the pooled analysis is suggestive
of a role for testosterone in prostate cancer.
Despite inconclusive studies, a role for endogenous
testosterone in the development of prostate cancer
remains plausible (the "androgen hypothesis"). Androgens are necessary for the normal growth and function of
the prostate (2), whereas prolonged testosterone administration induces malignancy in rodents (27, 28). Conversely, androgen deprivation therapy rapidly halts
tumor progression (5). However, the androgen hypothesis
is challenged by some puzzling observations. Prostate
cancer incidence rises precisely as androgen levels fall,
whereas Morgentaler et al. found an unusually large

Table 3. Competing risks proportional hazards models exploring associations between hormone levels
and incident prostate cancer after exclusion of cases diagnosed within 2 years of blood sampling
Univariate

Multivariate

Variable

Sub-HR

95% CI

P value

Sub-HR

95% CI

P value

Total testosterone
Free testosterone
SHBG
LH

1.11
1.14
0.97
0.81

0.99–1.24
1.05–1.24
0.85–1.10
0.69–0.96

0.055
0.003
0.630
0.016

1.10
1.13
0.97
0.86

0.97–1.25
1.03–1.24
0.84–1.11
0.73–1.01

0.140
0.013
0.615
0.063

NOTE: Sub-HRs indicate the effect of 1 SD increase in hormone level. Multivariate models adjusted for age, WHR, smoking status
(never/ex-/current smoker), smoking exposure (maximum quantity of tobacco smoked and years of smoking), diabetes, alcohol use,
and previous diagnosis of cancer (other than prostate) before blood sampling. P values are for Wald test.
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testosterone above the highest quartile were 2.6 times
more likely to be cases than those below the lowest
quartile. Similar results were observed in a prospective
study of 794 middle-aged men comprising 114 cases.
Higher free, but not total testosterone was significantly
associated with increased risk (6). Additionally, population differences in testosterone level have recently been
associated with population disparities in prostate cancer
incidence (24).
However, conflicting results were observed in case–
cohort analyses of the Melbourne Collaborative Cohort
Study, which involved 17,049 men aged 27 to 75 years,
comprising 524 cases and a subcohort of 1,859 (25). Total
testosterone, estradiol, SHBG, and adrenal androgens
were not associated with overall prostate cancer incidence, but the risk of aggressive disease was approximately halved with a doubling of testosterone or androstenedione level. Higher DHEA sulfate (DHEA-S) was
also associated with reduced risk of aggressive cancer.
Despite widespread perception of a relationship
between testosterone and prostate cancer risk, the majority of epidemiological studies are inconclusive. A recent
pooled analysis of 18 prospective studies comprising
3,886 cases and 6,438 controls found no association
between total testosterone and incident prostate cancer

Testosterone and Cancer

Table 4. Competing risks proportional hazards models exploring associations between hormone levels
and incident colorectal cancer
Univariate
Variable

95% CI

0.72
0.88
1
0.88
0.43

0.32–1.66
0.64–1.21

0.57
0.86
1
0.96
0.57

0.24–1.32
0.64–1.17

1.11
0.99
1
1.06
1.04

0.51–2.39
0.79–1.23

0.61
0.73
1
1.14
1.13

0.32–1.17
0.48–1.10

P value

Sub-HR

95% CI

0.66
0.85
1
0.90
0.44

0.29–1.51
0.61–1.17

0.44
0.78
1
0.97
0.59

0.18–1.05
0.58–1.07

1.19
1.03
1
1.02
0.98

0.55–2.60
0.82–1.31

0.69
0.79
1
1.09
1.07

0.36–1.33
0.53–1.20

0.428

0.64–1.22
0.15–1.24

0.437

0.65–1.26
0.14–1.36

0.107

0.90–1.02
0.32–1.00

0.078

0.91–1.03
0.33–1.05

0.892

0.77–1.46
0.68–1.60

0.841

0.73–1.43
0.62–1.56

0.258

0.95–1.37
0.79–1.64

P value
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Total testosterone (nmol/L)
5
10
15
20
30
Free testosterone (pmol/L)
100
200
280
300
400
SHBG (nmol/L)
20
30
40
50
60
LH (IU/L)
0.5
2
5
10
15

Sub-HR

Multivariate

0.513

0.90–1.30
0.74–1.53

NOTE: Sex hormones entered into the models as restricted cubic splines. Multivariate models adjusted for age, WHR, smoking status
(never/ex-/current smoker), smoking exposure (maximum quantity of tobacco smoked and years of smoking), diabetes, alcohol use,
and previous diagnosis of cancer (other than colorectal) before blood sampling. P values are for Wald test.

prevalence of prostate cancer in a sample of hypogonadal
men (29). Others have reported high rates of androgen
deficiency in newly diagnosed, untreated men with prostate cancer (30). However, gonadotropins were also low in
the latter study, suggesting tumor-mediated disruption of
the hypothalamic-pituitary-gonadal axis. Gonadotropins
and testosterone have been shown to rise following radical prostatectomy, supporting this hypothesis (31). Additionally, elevated clearance of testosterone has been
observed in men with prostate cancer (32), further suggesting reverse causality. The long latency of the disease
also suggests the likelihood of undiagnosed cases in
previous studies, producing inconclusive or spurious
associations.
Nevertheless, the rising incidence in older age when
testosterone levels are lowest is more difficult to explain.
Given testosterone’s regulatory role in prostatic cell differentiation, some have argued that adequate testosterone
is necessary to prevent the pathological changes that occur
in the initial stages of the disease (33, 34). The Prostate
Cancer Prevention Trial initially appeared to lend support
to this concept. Although overall prostate cancer inci-

www.aacrjournals.org

dence was reduced in men randomized to the 5AR inhibitor finasteride, the treatment group was more likely to be
diagnosed with aggressive disease (35). However, subsequent analyses suggest this finding is an artefact (36, 37).
Prostate cancer typically progresses slowly, and it is more
likely that the long latency of the disease accounts for its
clinical emergence in later life. Although 85% of diagnoses
are made in those aged more than 65 years (38), autopsy
studies have found latent disease as early as the fourth
decade of life (39).
A role for testosterone in other cancers in men is less
certain, and surprisingly unexplored. The EPIC-Norfolk
study found an association between low testosterone and
mortality from any cancer, but this was not maintained in
full multivariate models (40). The authors did not explore
cause-specific cancer mortality. In our study, we also
explored the association between testosterone and colorectal cancer but did not find a statistically significant
association. However, a protective effect is biologically
plausible; the antiandrogen cyproterone acetate enhances
carcinogenesis in a rat model, whereas testosterone
has suppressive effects (41). Human colorectal cancer
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Table 5. Competing risks proportional hazards models exploring associations between hormone levels
and incident lung cancer
Univariate
Variable

95% CI

1.55
1.17
1
1.29
3.02

0.68–3.53
0.81–1.69

1.20
1.04
1
1.03
1.31

0.51–2.80
0.75–1.43

1.03
1.00
1
1.05
1.14

0.60–1.78
0.79–1.28

0.66
0.77
1
1.14
1.17

0.26–1.70
0.42–1.39

P value

Sub-HR

95% CI

1.24
1.05
1
1.38
3.62

0.54–2.85
0.72–1.53

0.95
0.94
1
1.04
1.41

0.40–2.25
0.68–1.31

1.02
1.00
1
1.05
1.13

0.57–1.83
0.77–1.29

0.78
0.86
1
1.04
1.01

0.31–2.01
0.48–1.55

<0.001

1.14–1.45
2.03–4.49

<0.001

1.21–1.57
2.53–5.18

<0.001

0.99–1.06
1.15–1.49

<0.001

1.00–1.09
1.23–1.63

0.310

0.94–1.18
0.94–1.38

0.416

0.93–1.19
0.92–1.40

0.525

0.90–1.44
0.75–1.83

P value

0.879

0.83–1.31
0.65–1.57

NOTE: Sex hormones entered into the models as restricted cubic splines. Multivariate models adjusted for age, WHR, smoking status
(never/ex-/current smoker), smoking exposure (maximum quantity of tobacco smoked and years of smoking), diabetes, alcohol use,
and previous diagnosis of cancer (other than lung) before blood sampling. P values are for Wald test.

suppressor genes show evidence of regulation by testosterone (42), whereas treatment with CEE and medroxyprogesterone acetate, which has androgenic properties,
reduced colorectal cancer incidence in women (11). Other,
sufficiently powered, long-running observational studies
are required to investigate this possibility.
A relationship between testosterone and lung cancer is
also plausible. Sex differences exist in normal lung development, probably mediated by sex hormones (43, 44). The
androgen receptor (AR) is present in normal and malignant lung tissue, and testosterone alters expression of
genes regulating metabolism and apoptosis in malignant
cells (45). Small-cell lung cancer cell lines are stimulated
by testosterone, an effect blocked by AR antagonists (14).
However, smoking can increase testosterone (15), suggesting the possibility of confounding. Nevertheless, the
association between testosterone and lung cancer was
maintained after excluding current smokers, and exsmokers retained in analyses ceased smoking an average of 21
years before baseline. Reverse causality cannot be dismissed, as cultured lung cancer cells have been shown to
secrete hormones, including estradiol and LH (46). Alter-
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natively, cancer-related antibodies may interfere with
immunoassay measurement of testosterone (47). These
seem the most plausible explanations. However, the possibility that testosterone might stimulate growth of lung
cancer is troubling and requires further investigation.
Several limitations must be acknowledged in this observational study. We followed participants via record linkage, rather than recalling them for testing, such as digital
rectal examination, prostate-specific antigen (PSA), or
biopsy. Lung and colorectal cancers are unlikely to remain
undiagnosed, and record linkage is probably adequate for
detection. However, given the long latency of prostate
cancer, false negatives in our data are highly likely,
although the effect of this would be to introduce bias in
favor of the null hypothesis. We could not explore whether associations differed by cancer grade, as this information was absent for the majority of cases, and we did not
ask about family history of cancer. We were also unable to
explore the effects of increased PSA testing, which may
result in increased registration of low-grade cancers that
would have otherwise gone undetected. PSA testing is
subsidized by the Australian public health system and
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0.5
2
5
10
15

Sub-HR
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Table 6. Competing risks proportional hazards models exploring associations between testosterone levels
and incident lung cancer in men who have never smoked or are exsmokers
Univariate
Variable

Sub-HR

95% CI

P value

Sub-HR

95% CI

<0.016
1.80
1.27
1
1.15
2.10

0.74–4.37
0.86–1.88

1.36
1.10
1
1.30
2.96

0.99–1.33
1.24–3.53

0.55–3.39
0.74–1.65
1.07–1.57
1.52, 5.76

0.001
1.66
1.18
1
1.01
1.22

0.70–3.91
0.85–1.63
0.97–1.05
1.06–1.40

P value
0.006

0.002
1.27
1.06
1
1.03
1.33

0.53–3.07
0.76–1.48
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Total testosterone (nmol/L)
5
10
15
20
30
Free testosterone (pmol/L)
100
200
280
300
400

Multivariate

0.98–1.07
1.10–1.60

NOTE: Sex hormones entered into the models as restricted cubic splines. Multivariate models adjusted for age, WHR, smoking status
(never/exsmoker), smoking exposure (maximum quantity of tobacco smoked and years of smoking), diabetes, alcohol use, and
previous diagnosis of cancer (other than lung) before blood sampling. P values are for Wald test.

may be used more frequently than in other regions; one
study reported that 43% of Western Australian men aged
40 to 80 years were tested (48). Additionally, age at
baseline did not differ between men with and without
prostate cancer in our study, suggesting PSA testing may
be common. However, evidence suggests urological practice is conservative in Western Australia and that prostate
cancer may be underdiagnosed. In a recent study of 5,145
men undergoing an initial biopsy for the disease between
1998 and 2004, (approximately 85% of all biopsies), highgrade cancer (Gleason sum 7) was detected in 69% of
cases (49). Thus, the threshold for biopsy seems to be high,
and the spectrum of disease in our sample may be shifted
upward relative to studies from other regions with a high
prevalence of PSA testing. Limitations also include the
single blood sample, lack of other hormone data, such as
DHT, and estimation of free testosterone. However, a
single measurement of testosterone is considered adequate
in the context of large sample sizes (50), and we lacked the
resources to directly measure free testosterone and assay
other hormones. Strengths of our study include the large,
population-based sample, adjustment for competing risks,
focus on a narrow age range, and near-complete capture of
endpoints via electronic record linkage (at least with
regard to lung and colorectal cancer). In particular, our
large sample size may explain why we found statistically
significant associations between free testosterone and prostate cancer, when other studies have not.
In summary, our results suggest that higher free testosterone is associated with incident prostate cancer. The
association between free testosterone and prostate cancer
was weak, and did not remain statistically significant
when free testosterone was modeled as a categorical
variable. An association remained apparent, however,

www.aacrjournals.org

and it should be remembered that loss of information
and statistical power are among the problems that occur
when continuous exposures are categorized (51, 52). Testosterone may also be associated with lung cancer, though
this most likely reflects reverse causality or confounding,
and requires validation in other studies. Endocrine Society guidelines for testosterone prescribing recommend
against treating men with prostate cancer, and suggest
ongoing monitoring of prostate health as appropriate for
the patient (53). Our findings support this paradigm.
Given continued uncertainty over the risks of testosterone
therapy, there is a need for long-term trials to establish the
risk/benefit ratio of treatment. To date, the majority of
trials have been too small to adequately explore the risk of
cancer. Consideration should be given to increasing the
power of future trials to enable the detection of any
carcinogenic signal.
Disclosure of Potential Conﬂicts of Interest
The authors have no conflicts of interest to declare.

Authors' Contributions
Conception and design: Z. Hyde, L. Flicker, G.J. Hankey, B.B. Yeap
Development of methodology: Z. Hyde, L. Flicker, G.J. Hankey
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): L. Flicker, O.P. Almeida, S.A.P. Chubb, B.B. Yeap
Analysis and interpretation of data (e.g., statistical analysis, biostatistics, computational analysis): Z. Hyde, L. Flicker, K.A. McCaul, B.B. Yeap
Writing, review, and/or revision of the manuscript: Z. Hyde, L. Flicker,
K.A. McCaul, O.P. Almeida, G.J. Hankey, S.A.P. Chubb, B.B. Yeap
Administrative, technical, or material support (i.e., reporting or organizing data, constructing databases): S.A.P. Chubb
Study supervision: L. Flicker, K.A. McCaul, O.P. Almeida, G.J. Hankey,
B.B. Yeap

Acknowledgments
The authors thank Tricia Knox and the staff of the Departments of
Biochemistry, PathWest, Royal Perth and Fremantle hospitals, Western

Cancer Epidemiol Biomarkers Prev; 21(8) August 2012

1327

Hyde et al.

Australia, for their assistance in performing the hormone assays, and Peter
Feddema from DPC-Biomediq, Australia, for his assistance with sourcing
hormone assay kits and reagents. We thank the staff and management of
Shenton Park Hospital for providing space in which to conduct follow-up
clinics. We especially thank all the men who participated in the Western
Australian Abdominal Aortic Aneurysm Program and the Health in Men
Study, and the research assistants who helped with data collection.

Australia (grant number DS 080608). Z. Hyde is supported by a NHMRC
Biomedical Postgraduate Scholarship. Hormone assays were funded by a
Clinical Investigator Award to B.B. Yeap from the Sylvia and Charles
Viertel Charitable Foundation, New South Wales, Australia.
The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Grant Support
This work was supported by funding from the National Health and
Medical Research Council (NHMRC) of Australia (grant numbers: 279408,
379600, 403963, 513823 and 634492), and from the MBF Foundation of

Received February 3, 2012; revised June 13, 2012; accepted June 14, 2012;
published OnlineFirst July 24, 2012.

References
1.

3.
4.
5.
6.

7.

8.

9.
10.

11.

12.

13.

14.

15.

16.

17.

18.

1328

Cancer Epidemiol Biomarkers Prev; 21(8) August 2012

19. Sartorius G, Ly LP, Sikaris K, McLachlan R, Handelsman DJ. Predictive
accuracy and sources of variability in calculated free testosterone
estimates. Ann Clin Biochem 2009;46:137–43.
20. Hackbarth JS, Hoyne JB, Grebe SK, Singh RJ. Accuracy of calculated
free testosterone differs between equations and depends on gender
and SHBG concentration. Steroids 2011;76:48–55.
21. Holman CD, Bass AJ, Rouse IL, Hobbs MS. Population-based linkage
of health records in Western Australia: development of a health services
research linked database. Aust N Z J Public Health 1999;23:453–9.
22. Threlfall TJ, Thompson JR. Cancer incidence and mortality in Western
Australia, 2008. Perth: Department of Health, Western Australia; 2010.
23. Fine JP, Gray RJ. A proportional hazards model for the subdistribution
of a competing risk. J Am Stat Assoc 1999;94:496–509.
24. Calistro Alvarado L. Population differences in the testosterone levels of
young men are associated with prostate cancer disparities in older
men. Am J Hum Biol 2010;22:449–55.
25. Severi G, Morris HA, MacInnis RJ, English DR, Tilley W, Hopper JL,
et al. Circulating steroid hormones and the risk of prostate cancer.
Cancer Epidemiol Biomarkers Prev 2006;15:86–91.
26. Khosla S. Editorial: sex hormone binding globulin: inhibitor or facilitator
(or both) of sex steroid action? J Clin Endocrinol Metab 2006;91:4764–6.
27. Noble RL. The development of prostatic adenocarcinoma in Nb rats
following prolonged sex hormone administration. Cancer Res
1977;37:1929–33.
28. Shirai T, Sano M, Imaida K, Takahashi S, Mori T, Ito N. Duration
dependent induction of invasive prostatic carcinomas with pharmacological dose of testosterone propionate in rats pretreated with 3,20 dimethyl-4-aminobiphenyl and development of androgen-independent carcinomas after castration. Cancer Lett 1994;83:111–6.
29. Morgentaler A, Bruning CO 3rd, DeWolf WC. Occult prostate cancer in
men with low serum testosterone levels. JAMA 1996;276:1904–6.
€ller J, Kramer G, Haitel
30. Schatzl G, Madersbacher S, Thurridl T, Waldmu
A, et al. High-grade prostate cancer is associated with low serum
testosterone levels. Prostate 2001;47:52–8.
31. Miller LR, Partin AW, Chan DW, Bruzek DJ, Dobs AS, Epstein JI, et al.
Inﬂuence of radical prostatectomy on serum hormone levels. J Urol
1998;160:449–53.
32. Meikle AW, Smith JA, Stringham JD. Production, clearance, and
metabolism of testosterone in men with prostatic cancer. Prostate
1987;10:25–31.
33. Prehn RT. On the prevention and therapy of prostate cancer by
androgen administration. Cancer Res 1999;59:4161–4.
34. Algarte-Genin M, Cussenot O, Costa P. Prevention of prostate cancer
by androgens: experimental paradox or clinical reality. Eur Urol
2004;46:285–94; discussion 94–5.
35. Thompson IM, Goodman PJ, Tangen CM, Lucia MS, Miller GJ, Ford
LG, et al. The inﬂuence of ﬁnasteride on the development of prostate
cancer. N Engl J Med 2003;349:215–24.
36. Cohen YC, Liu KS, Heyden NL, Carides AD, Anderson KM, Daifotis AG,
et al. Detection bias due to the effect of ﬁnasteride on prostate volume:
a modeling approach for analysis of the Prostate Cancer Prevention
Trial. J Natl Cancer Inst 2007;99:1366–74.
37. Lucia MS, Epstein JI, Goodman PJ, Darke AK, Reuter VE, Civantos F.
Finasteride and high-grade prostate cancer in the Prostate Cancer
Prevention Trial. J Natl Cancer Inst 2007;99:1375–83.

Cancer Epidemiology, Biomarkers & Prevention

Downloaded from http://aacrjournals.org/cebp/article-pdf/21/8/1319/2275315/1319.pdf by guest on 09 December 2022

2.

Australian Institute of Health and Welfare, Australasian Association of
Cancer Registries. Cancer in Australia: in brief 2010. Canberra: AIHW;
2010.
Morales A. Androgen replacement therapy and prostate safety. Eur
Urol 2002;41:113–20.
Shabsigh R. The effects of testosterone on the cavernous tissue and
erectile function. World J Urol 1997;15:21–6.
Cunningham GR, Toma SM. Clinical review: why is androgen replacement in males controversial? J Clin Endocrinol Metab 2011;96:38–52.
Shariﬁ N, Gulley JL, Dahut WL. An update on androgen deprivation
therapy for prostate cancer. Endocr Relat Cancer 2010;17:R305–15.
Parsons JK, Carter HB, Platz EA, Wright EJ, Landis P, Metter EJ. Serum
testosterone and the risk of prostate cancer: potential implications for
testosterone therapy. Cancer Epidemiol Biomarkers Prev 2005;14:
2257–60.
Gann PH, Hennekens CH, Ma J, Longcope C, Stampfer MJ. Prospective study of sex hormone levels and risk of prostate cancer. J Natl
Cancer Inst 1996;88:1118–26.
Roddam AW, Allen NE, Appleby P, Key TJ. Endogenous sex hormones
and prostate cancer: a collaborative analysis of 18 prospective studies. J Natl Cancer Inst 2008;100:170–83.
Shaneyfelt T, Husein R, Bubley G, Mantzoros CS. Hormonal predictors
of prostate cancer: a meta-analysis. J Clin Oncol 2000;18:847–53.
Gould DC, Kirby RS. Testosterone replacement therapy for late onset
hypogonadism: what is the risk of inducing prostate cancer? Prostate
Cancer Prostatic Dis 2006;9:14–8.
Rossouw JE, Anderson GL, Prentice RL, LaCroix AZ, Kooperberg C,
Stefanick ML, et al. Risks and beneﬁts of estrogen plus progestin in
healthy postmenopausal women: principal results from the Women's
Health Initiative randomized controlled trial. JAMA 2002;288:321–33.
Chlebowski RT, Schwartz AG, Wakelee H, Anderson GL, Stefanick ML,
Manson JE, et al. Oestrogen plus progestin and lung cancer in
postmenopausal women (Women's Health Initiative trial): a post-hoc
analysis of a randomised controlled trial. Lancet 2009;374:1243–51.
Hyde Z, Norman PE, Flicker L, Hankey GJ, Almeida OP, McCaul KA,
et al. Low free testosterone predicts mortality from cardiovascular
disease, but not other causes. The Health in Men Study. J Clin
Endocrinol Metab 2012;97:179–89.
Maasberg M, Rotsch M, Jaques G, Enderle-Schmidt U, Weehle R,
Havemann K. Androgen receptors, androgen-dependent proliferation,
and 5 alpha-reductase activity of small-cell lung cancer cell lines. Int J
Cancer 1989;43:685–91.
English KM, Pugh PJ, Parry H, Scutt NE, Channer KS, Jones TH. Effect
of cigarette smoking on levels of bioavailable testosterone in healthy
men. Clin Sci (Lond) 2001;100:661–5.
Norman PE, Flicker L, Almeida OP, Hankey GJ, Hyde Z, Jamrozik K.
Cohort proﬁle: the Health in Men Study (HIMS). Int J Epidemiol
2009;38:48–52.
Yeap BB, Almeida OP, Hyde Z, Norman PE, Chubb SAP, Jamrozik K,
et al. In men older than 70 years, total testosterone remains stable while
free testosterone declines with age. The Health in Men Study. Eur J
Endocrinol 2007;156:585–94.
Vermeulen A, Verdonck L, Kaufman JM. A critical evaluation of simple
methods for the estimation of free testosterone in serum. J Clin
Endocrinol Metab 1999;84:3666–72.

Testosterone and Cancer

www.aacrjournals.org

46. Sorenson GD, Pettengill OS, Brinck-Johnsen T, Cate CC, Maurer LH.
Hormone production by cultures of small-cell carcinoma of the lung.
Cancer 1981;47:1289–96.
47. Ramaeker D, Brannian J, Egland K, McCaul K, Hansen K. When is
elevated testosterone not testosterone? When it is an immunoassay
interfering antibody. Fertil Steril 2008;90:886–8.
48. Slevin TJ, Donnelly N, Clarkson JP, English DR, Ward JE. Prostate
cancer testing: behaviour, motivation and attitudes among Western
Australian men. Med J Aust 1999;171:185–8.
49. O'Brien BA, Brown AL, Shannon T, Cohen RJ. Prostate biopsy in
Western Australia 1998–2004. Prostate Cancer Prostatic Dis 2010;13:
263–9.
50. Vermeulen A, Verdonck G. Representativeness of a single point plasma testosterone level for the long term hormonal milieu in men. J Clin
Endocrinol Metab 1992;74:939–42.
51. Vickers AJ. Against quantiles: categorization of continuous variables in
epidemiologic research, and its discontents. BMC Med Res Methodol
2012;12:21.
52. Greenland S. Avoiding power loss associated with categorization and
ordinal scores in dose-response and trend analysis. Epidemiology
1995;6:450–4.
53. Bhasin S, Cunningham GR, Hayes FJ, Matsumoto AM, Snyder PJ,
Swerdloff RS, et al. Testosterone therapy in men with androgen
deﬁciency syndromes: an Endocrine Society clinical practice guideline. J Clin Endocrinol Metab 2010;95:2536–59.

Cancer Epidemiol Biomarkers Prev; 21(8) August 2012

Downloaded from http://aacrjournals.org/cebp/article-pdf/21/8/1319/2275315/1319.pdf by guest on 09 December 2022

38. Gronberg H. Prostate cancer epidemiology. Lancet 2003;361:859–64.
39. Sakr WA, Grignon DJ, Crissman JD, Heilbrun LK, Cassin BJ, Pontes JJ,
et al. High grade prostatic intraepithelial neoplasia (HGPIN) and prostatic adenocarcinoma between the ages of 20–69: an autopsy study of
249 cases. In Vivo 1994;8:439–43.
40. Khaw KT, Dowsett M, Folkerd E, Bingham S, Wareham N, Luben R,
et al. Endogenous testosterone and mortality due to all causes,
cardiovascular disease, and cancer in men: European Prospective
Investigation Into Cancer in Norfolk (EPIC-Norfolk) Prospective Population Study. Circulation 2007;116:2694–701.
41. Izbicki JR, Hamilton SR, Wambach G, Harnisch E, Wilker DK, Dornschneider G, et al. Effects of androgen manipulations on chemically
induced colonic tumours and on macroscopically normal colonic
mucosa in male Sprague-Dawley rats. Br J Cancer 1990;61:235–40.
42. Guan RJ, Ford HL, Fu Y, Li Y, Shaw LM, Pardee AB. Drg-1 as a
differentiation-related, putative metastatic suppressor gene in human
colon cancer. Cancer Res 2000;60:749–55.
43. Nielsen HC. Testosterone regulation of sex differences in fetal lung
development. Proc Soc Exp Biol Med 1992;199:446–52.
44. Patrone C, Cassel TN, Pettersson K, Piao YS, Cheng G, Ciana P, et al.
Regulation of postnatal lung development and homeostasis by estrogen receptor beta. Mol Cell Biol 2003;23:8542–52.
45. Mikkonen L, Pihlajamaa P, Sahu B, Zhang FP, Janne OA. Androgen
receptor and androgen-dependent gene expression in lung. Mol Cell
Endocrinol 2010;317:14–24.

1329

