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Abstract

Disruption of ribosomal DNA (rDNA) has been linked to a variety of diseases in humans, including carcinogenesis. To 
evaluate the associations between rDNA copy number (CN) and risk of lung cancer, we measured 5.8S and 18S rDNA CN in 
the peripheral blood of 229 incident lung cancer cases and 1:1 matched controls from a nested case–control study within a 
prospective cohort of male smokers. There was a dose–response relationship between quartiles of both 18S and 5.8S rDNA 
CN and risk of lung cancer (odds ratio [OR], 95% confidence interval [CI]: 18S: 1.0 [ref]; 1.2 [0.6–2.1]; 1.8 [1.0–3.4]; 2.3 [1.3–4.1; 
Ptrend = 0.0002; 5.8S: 1.0 [ref]; 1.6 [0.8–2.9]; 2.2 [1.1–4.2]; 2.6 [1.3–5.1]; Ptrend = 0.0001). The associations between rDNA CN and 
lung cancer risk were similar when excluding cases diagnosed within 5 years of follow-up, and when stratifying by heavy 
(>20 cigarettes per day) and light smokers (≤20 cigarettes per day).

We are the first to report that rDNA CN may be associated with future risk of lung cancer. To further elucidate the 
relationship between rDNA and lung cancer, replication studies are needed in additional populations, particularly those 
that include non-smokers.

Introduction
Ribosomal DNA (rDNA) genes encode ribosomal RNA (rRNA), 
whose main function is protein production within ribosomes. 
In ribosomes, four types of rRNAs complex with proteins to 
form large subunits (5S, 5.8S and 28S rRNA) and small subunits 
(18S) between which mRNA sits during translation (1). The 
rRNAs are transcribed from two multicopy DNA arrays, 5S and 
45S (1,2). The rDNAs are encoded in tandem repeats and vary 
substantially in copy number (CN) within and between species 
(3,4). Modulation of rRNAs during the cell cycle is necessary for 
cell growth and proliferation (5). CN variations in rDNA are 4–6 
orders of magnitude greater than those of single nucleotides, 
and CN variations of rDNA arrays have been shown to be 

potentially influenced by environmental exposures, such as 
bisphenol A (4).

The biological effects of rDNA CN are not well understood 
(6,7). However, Gibbons et  al. (7) have demonstrated that 
rDNA CN is associated with expression of genes that regulate 
ribosome assembly and rRNA processing, maturation and 
expression, important processes that serve to maintain genome 
stability to prevent carcinogenesis (8). Furthermore, it has been 
demonstrated that increased transcriptionally active rDNA CN 
is related to improved cell survival in response to oxidative 
stress, and several diseases have been associated with low and 
high rDNA CN including Alzheimer’s disease (6) and potentially 
cancer development (9).
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Against this background, we hypothesized that circulating 
rDNA CN in peripheral blood may be associated with increased 
risk of lung cancer, particularly in a population of smokers who 
are exposed to a large amount of oxidative stress.

Methods
The Alpha-Tocopherol, Beta-Carotene Cancer Prevention (ATBC) Study 
(10), as well as this lung cancer nested case–control study (11), has been 
described previously. Briefly, 29 133 male smokers, aged 50–69  years, 
were recruited from 1985 to 1988 from southwest Finland. Subjects were 
randomized to receive α-tocopherol and/or β-carotene supplements. All 
participants provided written informed consent. The Finnish Cancer 
Registry and the Register of Causes of Death, which provides nearly 100% 
of cancer case ascertainment in Finland, was used to identify incident lung 
cancers (n = 229) through 30 April 2002 (12). Fewer than 50% of cases had 
clear classification as squamous cell carcinoma (n = 74) or adenocarcinoma 
(n = 34). Controls were selected from the ATBC Study members who were 
alive, free of cancer at the time of the case diagnosis and were individually 
matched to cases on date of birth (±5 years). The study was approved by 
institutional review boards at the United States’ National Cancer Institute 
and the National Public Health Institute of Finland.

DNA was extracted from the whole blood using the phenol–chloroform 
method (13), and the monochrome multiplex quantitative polymerase 
chain reaction (MMqPCR) (14) with SYBR Green I as the detecting dye, was 
used to measure the rDNA CN to single copy gene CN ratio, relative to that 
in a reference DNA sample. The 18S rDNA to β-globin gene relative ratios 
were measured in one set of reactions, and the 5.8S rDNA to albumin gene 
relative ratios were measured in another set of reactions. The MMqPCR 
methods, including primer sequences and thermal cycling profiles, are 
described in detail in another manuscript (in review) and are available on 
the BioRxiv pre-print server at Cold Spring Harbor Laboratory at https://
doi.org/10.1101/361840. All qPCR reactions were performed on a Bio-Rad 

CFX384 Real-Time PCR Detection System. Relative quantification was 
analyzed by the standard curve method using Bio-Rad’s accompanying 
software. Cases and their matched controls were blindly assayed 
consecutively within each batch. rDNA assays were run in triplicate. 
Triplicate samples were interspersed in each batch to evaluate assay 
reproducibility. The coefficients of variation for the 18S and 5.8S assay 
were 5.1% and 9.3%, respectively. The intraclass correlation coefficients 
for the 18S and 5.8S assay were 87.9% and 81.9%, respectively.

The correlation between age at randomization and 18S rDNA and 
5.8S rDNA CN was determined by the Spearman correlation coefficient 
among all subjects and stratified by case status. Each rDNA marker was 
respectively categorized into quartiles based on the distribution among 
controls. Odds ratios (ORs) and 95% confidence intervals (95% CIs) were 
estimated using conditional logistic regression models, adjusting for age 
at randomization, number of cigarettes smoked per day and number 
of years smoking. A  test for trend was calculated using each rDNA CN 
as a continuous variable. Further adjustment by other factors, such as 
body mass index, physical activity and caloric intake, did not change 
the β-coefficient for rDNA CN ≥ 15%. The 18S rDNA and 5.8S rDNA CN 
and smoking multiplicative interactions were tested by including the 
interaction term of the dichotomous variables (based on the median 
among controls) in the model. The additive interactions were also tested 
by including a four-level categorical variable (i.e. − −, + −, − +, + +) in the 
model (15). All statistical analyses were performed using SAS (Cary, NC).

Results
Cases and controls were similar with respect to age, alcohol 
and calorie consumption (Table 1). As expected, cases smoked 
more cigarettes per day and smoked for a longer period than 
controls. The mean CNs of both 5.8S and 18S rDNA CN were 
higher higher among cases than among controls (Table 1), a 
pattern that remained when stratifying by supplementation 
group. Among cases and controls, neither 18S nor 5.8S rDNA CN 
was associated with age (cases: 18S rDNA: ρ < 0.01, P = 0.99; 5.8S: 
ρ = −0.03, P = 0.68; controls: 18S rDNA: ρ = −0.07, P = 0.28; 5.8S: 
ρ = −0.02, P = 0.82).

Men in the highest quartile of 18S and 5.8S rDNA experienced 
significantly increased odds of lung cancer (18S: OR = 2.3, 95% 
CI = 1.3–4.1; 5.8S rDNA: OR=2.6, 95% CI = 1.3–5.1), compared to 

Table 1.  Characteristics in lung cancer cases and individually matched controls

Demographics Cases (n = 229), mean (SD) Controls (n = 229), mean (SD) P-valuea

Age at randomization, years 58.69 (5.00) 58.44 (4.79) 0.57
Number cigarettes per day 20.6 (7.90) 18.7 (8.40) 0.012
Years of smoking 38.53 (7.1) 35.82 (9.21) 0.0005
Pack-years 39.54 (16.31) 34.07 (18.51) 0.0009
Body mass index, kg/m2 25.61 (3.49) 26.34 (3.89) 0.036
Alcohol consumptionb, g/day 16.99 (18.43) 18.51 (13.07) 0.41
Caloric consumptionb, kcal/day 2705 (737) 2639 (672) 0.33

rDNA copy number by supplementation group N Mean (SD) N Mean (SD) P-valuea

18S 229 1.01 (0.22) 229 0.94 (0.14) 0.0001
  Placebo 53 1.03 (0.22) 64 0.92 (0.15) 0.0031
  Alpha-tocopherol (AT) 55 0.97 (0.19) 53 0.94 (0.12) 0.33
  Beta-carotene (BC) 58 1.05 (0.28) 54 0.95 (0.14) 0.015
  AT and BC 60 0.98 (0.15) 53 0.96 (0.14) 0.43
5.8S 229 0.97 (0.28) 229 0.89 (0.16) 0.0002
  Placebo 48 1.00 (0.23) 59 0.88 (0.19) 0.0036
  AT 52 0.91 (0.21) 51 0.88 (0.14) 0.32
  BC 55 1.04 (0.43) 49 0.91 (0.14) 0.037
  AT and BC 56 0.94 (0.15) 50 0.90 (0.15) 0.16

at-test.
bAlcohol and caloric consumption data available in only 209 controls and 222 cases.

Abbreviations	

CI	 confidence interval
CN	 copy number
OR	 odds ratio
rDNA	 ribosomal DNA
rRNA	 ribosomal RNA
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those in the lowest quartile (Table 2). For both of the rDNAs, 
there was evidence that lung cancer risk increased in a dose-
dependent relationship with CN (18S rDNA: Ptrend = 0.0002, 5.8S: 
Ptrend < 0.0001). To evaluate if undiagnosed lung cancer cases at 
the time of blood sample collection may have influenced our 
findings, cases diagnosed within the 2 and 5 years of follow-up 
after blood sample collection were excluded from analyses 
(Table  2). The adjusted association between highest quartiles 
of 18S and 5.8S rDNA CN and lung cancer were still present 
and similar when excluding cases diagnosed within 5 years of 
follow-up (18S: OR  =  2.4, 95% CI  =  1.0–5.5; 5.8S: OR  =  4.0, 95% 
CI = 1.4–11.2). Significant correlation was evident between 18S 
and 5.8S rDNA (ρ = 0.81, P < 0.0001), and when both rDNA types 
were included as covariates in the model, or as the 18S/5.8S 
ratio, the odds of lung cancer were no longer associated in 
men with the highest quartile of either rDNA type compared 
to those in the lowest quartile (18S: OR = 1.83, 95% CI = 0.8–4.4; 
5.8S: OR  =  1.45, 95% CI  =  0.5–3.9; 18S/5.8S ratio: OR  =  1.0, 95% 
CI = 0.5–1.9).

A stratified analysis by smoking intensity was conducted. The 
association between rDNA CN and lung cancer risk was evident 
among both heavy smokers (>20 cigarettes per day) and light 
smokers (≤20 cigarettes per day) (Table 3). The multiplicative 
interaction between rDNA CN and smoking was significant 
for 5.8S rDNA CN (P = 0.01), but not for 18S (P = 0.06) (additive 
interaction: 5.8S, P = 0.0025; 18S, P = 0.0024). Exploratory analyses 
stratifying the ORs by histology and individual supplementation 

groups tended to also show increased risk of lung cancer in the 
high quartiles of 18S and 5.8S rDNA CN; however, these results 
were non-significant and based on limited sample size (data not 
shown).

Discussion
We observed an increased risk of developing lung cancer was 
associated with higher CNs of 18S and 5.8S rDNA. This is the 
first study, to our knowledge, to evaluate the risk of lung cancer 
in relation to 18S and 5.8S rDNA CN in a prospective cohort. 
The major strength of our study is that the biological samples 
were collected prospectively, before lung cancer diagnosis and 
that rDNA CN remained significantly associated with lung 
cancer risk after excluding subjects that were diagnosed within 
5 years of blood collection. Further, our laboratory methods had 
low coefficients of variation and high intraclass correlation 
coefficients for the 18S and 5.8S assays.

Some caveats must be acknowledged when interpreting 
our results. First, the 18S rDNA and 5.8S rDNA CNs were highly 
correlated in our study population. This is consistent with prior 
studies that have observed rDNA CN to be highly correlated 
among the subtypes (4). However, this multicollinearity does not 
allow for the assessment of the independent, direct associations 
between each unique rDNA and lung cancer risk. Second, we 
had limited sample size to evaluate our exploratory analyses 
by histology and treatment arm. Third, our study population 

Table 2.  Odds ratio and 95% confidence interval for 18S rDNA and 5.8S rDNA copy number and lung cancer risk

Case Control Excluding cases diagnosed

Quartile number n (%) n (%) OR 95% CIa P-trendb Within 2 years Within 5 years

18S rDNAc 0.0002
  1 42 (18.6) 56 (25.0) 1.0 (ref)   1.0 (ref) 1.0 (ref)
  2 43 (19.0) 56 (25.0) 1.2 0.6–2.1  0.9 (0.5–1.8) 0.9 (0.4–2.2)
  3 52 (23.0) 50 (22.3) 1.8 1.0–3.4  1.8 (0.9–3.6) 1.3 (0.6–3.1)
  4 89 (39.4) 62 (27.7) 2.3 1.3–4.1  2.5 (1.3–4.9) 2.4 (1.0–5.5)
5.8S rDNAd     9.7E-05   
  1 33 (15.6) 52 (24.9) 1.0 (ref)   1.0 (ref) 1.0 (ref)
  2 49 (23.2) 52 (24.9) 1.6 0.8–2.9  1.4 (0.7–3.0) 1.5 (0.6–3.6)
  3 59 (28.0) 52 (24.9) 2.2 1.1–4.2  2.5 (1.2–5.2) 2.1 (0.8–5.2)
  4 70 (33.2) 53 (25.4) 2.6 1.3–5.1  3.3 (1.4–7.4) 4.0 (1.4–11.2)

aORs and 95% CIs determined by conditional logistic regression, adjusted for age at randomization, number of years smoking and number of cigarettes per day.
bTrend determined by treating log transformed rDNA as a continuous variable, adjusted for age at randomization, number of years smoking and total number of 

cigarettes.
cQuartiles for 18S rDNA: quartile 1 (<0.845), quartile 2 (≥0.845–0.921), quartile 3 (≥0.921–1.030), quartile 4 (≥1.030).
dQuartiles for 5.8S rDNA: quartile 1 (<0.790), quartile 2 (≥0.790–0.879), quartile 3 (≥0.879–0.996), quartile 4 (≥0.996).

Table 3.  rDNA copy number and risk of lung cancer stratified by smoking level

rDNA copy number

Light smokersa Heavy smokersa  

Cases/controls OR (95% CI)b Cases/controls OR (95% CI)b P-interaction

18S rDNA
  Low (<0.921) 16/47 1.0 (ref) 69/65 2.9 (1.4–6.1) 0.062
  High (≥0.921) 55/50 3.5 (1.6–7.6) 86/62 4.2 (2.0–8.8)  
5.8S rDNA
  Low (<0.879) 17/45 1.0 (ref) 65/59 3.6 (1.6–7.9) 0.0079
  High (≥0.879) 48/43 4.6 (1.9–10.8) 81/62 4.0 (1.8–8.9)  

aBased on median distribution of number of cigarettes smoked per day in controls (<20 cigarettes per day versus ≥20 cigarettes per day).
bOR and 95% CI determined by conditional logistic regression, adjusted for age at randomization and number of years smoking.
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consisted of smoking males, which limits the generalizability 
of our findings. Interestingly, our results were similar when 
comparing the effects among light smokers and among heavy 
smokers, suggesting our findings may be independent of 
smoking dose. On the basis of these findings, rDNA CN may 
be a biomarker of the smoking–lung cancer relationship, or 
potentially even an intermediate-end point marker of lung 
carcinogenesis independent of smoking exposures. Another 
potential hypothesis is that rDNA CN may be a marker for 
cellular aging (16,17) associated with smoking, the carcinogenic 
progress or both. However, this is unlikely to explain the 
majority of the variance we observed in rDNA CN given that 
rDNA CN was not associated with age in our study, and the age 
range of the subjects was limited (50–69 years). Firm conclusions 
regarding the mechanistic relationship between rDNA CN 
and lung cancer risk will remain unknown until studies are 
specifically conducted in non-smoking lung cancer cases and 
non-smoking controls. Such a study would be of high scientific 
value as lung cancer in non-smokers account for ~25% of lung 
cancer cases, and is a major public health concern in Asia (18), 
as well as potentially in the USA (19,20).

In conclusion, our results provide the first evidence that rDNA 
CN may be associated with future development of lung cancer 
among smokers. Additional research is necessary to explore 
the generalizability of our findings in additional populations, 
particularly in women, minorities and non-smokers.
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