
Linschooten, Joost O, Van Schooten,
Frederik J, Baumgartner, Adi ORCID: https://orcid.org/0000-0001-
7042-0308, Cemeli, Eduardo, Van Delft, Joost, Anderson, Diana 
and Godschalk, Roger WL (2009) Use of spermatozoal mRNA 
profiles to study gene-environment interactions in human germ 
cells. Mutation Research/Fundamental and Molecular Mechanisms 
of Mutagenesis, 667 (1-2). pp. 70-76.  

Downloaded from: http://ray.yorksj.ac.uk/id/eprint/6053/

The version presented here may differ from the published version or version of record. If 

you intend to cite from the work you are advised to consult the publisher's version:

Research at York St John (RaY) is an institutional repository. It supports the principles of 

open access by making the research outputs of the University available in digital form. 

Copyright of the items stored in RaY reside with the authors and/or other copyright 

owners. Users may access full text items free of charge, and may download a copy for 

private study or non-commercial research. For further reuse terms, see licence terms 

governing individual outputs. Institutional Repository Policy Statement

RaY
Research at the University of York St John 

For more information please contact RaY at ray@yorksj.ac.uk

https://www.yorksj.ac.uk/ils/repository-policies/
mailto:ray@yorksj.ac.uk


 1 

Use of spermatozoal mRNA profiles to study gene-environment interactions in human 

germ cells 

 

Joost O. Linschooten1, Frederik J. Van Schooten1, Adolf Baumgartner2, Eduardo Cemeli2, Joost 

van Delft1, Diana Anderson2 and Roger W.L. Godschalk1* 

 

1Department of Health Risk Analysis and Toxicology, Maastricht University, PO Box 616, 6200 

MD Maastricht, the Netherlands and 2Division of Biomedical Sciences, University of Bradford, 

Bradford, BD7 1DP, UK 

 

Keywords: paternal exposure, spermatozoal mRNA, gene expression 

 

 

 

 

 

 

 

*To whom correspondence should be addressed: 

Roger W.L. Godschalk 

Department of Health Risk Analysis and Toxicology 

Maastricht University 

PO Box 616 

6200 MD Maastricht 

The Netherlands 

Tel: +31 43 3881104 

Fax: +31 43 3884146 

Email: R.Godschalk@grat.unimaas.nl 



 2 

Abstract 

Paternal exposure to genotoxic compounds is thought to contribute to diseases in their offspring. 

Therefore, it is of importance to develop biomarkers of male germ cell exposure to genotoxins. 

Unfortunately, the testis cannot be reached for routine biomonitoring, but mRNA-profiles in 

spermatozoa may reflect the processes that have occurred in the testis after exposures to 

genotoxins, since spermatozoa are largely transcriptionally inactive. Therefore, mRNA profiles 

from sperm in ejaculates of cigarette smokers (N=4) were compared with unexposed controls 

(N=4). Smoking behaviour was verified by assessing cotinine levels in seminal plasma. High 

expression of the germ cell specific gene protamine 2 (PRM2) was observed in spermatozoal 

mRNA isolates by Q-PCR, which was absent in reference mRNA isolates obtained from a pool 

of other organs. Gene-expression analysis was subsequently performed using microarray 

technology and a total of 781 genes were found to be differentially expressed in spermatozoa of 

smokers compared to non-smokers (fold change >40%; p<0.05). To further limit the number of 

false positive results, genes were additionally selected on basis of their correlation with cotinine 

levels in seminal plasma (r>0.80 as arbitrary cut-off value, p<0.05), and a total of 197 transcripts 

remained, of which the germ cell specific transcription factor SALF was the highest up-regulated 

gene (5.4-fold) and the zinc finger encoding gene TRIM26 most down regulated (7.4 fold). 

Although no altered pathways could be identified for the differentially expressed genes, an 

enrichment was observed for NF-κB regulated genes (43% vs. 26%, P=0.003) playing a central 

role in stress response. Indeed, subsequent analysis of transcription factor networks suggests 

that apoptosis was inhibited in smokers. These data show the feasibility of using gene-

expression profiles in mature sperm to elucidate gene-environment interactions in male testis.  
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Introduction 

Childhood cancer incidences have increased over the last few decades [1], suggesting a prominent role of 

environmental exposures to the parents in disease aetiology. We all are exposed to a variety of 

environmental genotoxins, such as constituents of cigarette smoke, exhaust fumes, and food 

contaminants. Most research has focussed on the effects of such exposures on somatic cells [2], but far 

less research has been performed on the effect of exposures to genotoxins in relation to parental germline 

mutations and possible health effects in the next generation. Genotoxic effects in the germline have been 

described for ionising radiation [3], and there is growing evidence that environmental / dietary exposures 

to chemicals can also be involved in the induction of heritable mutations [4].  

Epidemiological studies have shown that exposure to tobacco smoke and environmental tobacco smoke 

during pregnancy increases the risk of severe health impairments in the newborn children [5, 6]. However, 

few studies have investigated the effect of cigarette smoking of the father [7] before conception. These 

studies have found no overall effect of paternal smoking, though some report a positive association 

between paternal smoking and the development of childhood cancer. Although the effect of parental 

exposures to chemical carcinogens seems to be small in general [8], it may still be particularly relevant for 

a susceptible subgroup of individuals [9]. 

Most germline mutations seem to arise after paternal exposure and indeed, several environmental and 

food contaminants are known to reach the testis in significant concentrations, such as polycyclic aromatic 

hydrocarbons (PAH) and the food-derived carcinogen acrylamide [10,11]. Further studies of the 

relationship between exposure to environmental genotoxins and the formation of germ line mutations 

require a reliable assessment of the exposure in the testis and subsequent biological effects in the testis. 

Assessment of external exposures is probably insufficient, because many individual factors may affect the 

dose that actually reaches the male germ cells. Exposure to genotoxic agents may cause differences in 

gene expression in several tissues as compared to unexposed subjects. For example, expression of the 

cytochrome P450 proteins (CYP’s) 1A1 and 1B1 is higher in subjects exposed to PAH [12]. The fact that 

exposure to genotoxins can affect the tissue-specific regulation of gene expression [13] suggests a 

possible use of gene expression profiles as biomarkers of exposure of that particular organ / tissue. Since 

many internal organs cannot be reached in a non-invasive manner, these studies rely on surrogate 
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tissues, such as peripheral blood. In theory, the testis can also only be reached in an invasive manner. 

However, since the discovery of mRNA in mature spermatozoa, there is a growing interest in results 

obtained from these cells [14]. Ostermeier et al. described the absence of ribosomal subunits in the RNA 

obtained from spermatozoa, which suggests that spermatozoa are largely transcriptionally inactive and 

mRNA isolated from these cells will thus reflect processes that have taken place earlier in the testis [15]. 

Some genes are specifically transcribed in this tissue during spermatogenesis, for example genes 

involved in histone replacement, like protamine 1, 2 and 3, during spermatogenesis [16]. Together with a 

different expression of several sperm specific proteins, it was also reported that some cell specific 

transcription factors are expressed during spermatogenesis [17]. 

mRNA profiles in mature spermatozoa may thus reflect the testicular response to exposures to 

genotoxins, representing an interesting potential retrospective biomarker of exposure as spermiogenesis 

and sperm maturation in the epididymis lasts for approximately 45-50 days in men. The aim of this study 

is therefore to test whether gene expression profiles in spermatozoa can be considered as new 

biomarkers for exposure of the testis to genotoxic compounds.  
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Material and methods 

Study population 

Four healthy smoking and 4 healthy non-smoking subjects gave their informed consent to provide an 

ejaculate by masturbation. Smoking behaviour was assessed by a questionnaire and by cotinine levels in 

seminal plasma (see below). Each semen sample was processed within 2 hours and analyzed for volume, 

number of spermatozoa per ml, motility, pH and morphology according to WHO criteria (1999). Semen 

samples were snap-frozen in liquid nitrogen and subsequently stored in aliquots at -80°C until analysis. 

 

Cotinine assessment 

Sperm samples were thawed at room temperature and centrifuged at 10,000 rpm for 5 min. Supernatants 

were transferred to clean tubes, and cell pellets were used for RNA isolation. Seminal plasma was stored 

at -20°C until cotinine levels were assessed by a radio-immuno assay according to the method described 

by van Vunakis et al. [18]. Cotinine levels in the seminal plasma were expressed in ng/ml.  

 

RNA isolation from spermatozoa and cDNA synthesis 

Before RNA isolation from spermatozoa, somatic cells in the ejaculate were lysed using SDS and Triton-

X, as described in Goodrich et al. [19] with minor modifications. After first lysis of the somatic cells, a small 

amount of the cell suspension was transferred onto a slide and stained with Giemsa to check whether 

lysis of somatic cells was successful. Lysis was followed with a washing step in lysis buffer, and the cell 

pellets were subsequently resuspended in Trizol solution (Invitrogen, UK). RNA was isolated from these 

solutions using a RNeasy Minelute kit (Qiagen Westburg bv., Leusden, the Netherlands), according to the 

producers’ manuals. mRNA quantity was measured spectrophotometrically using a Nanodrop 

spectrophotometer (Nanodrop technologies, Wilmington, USA) and stored at -80°C until use for 

microarray and real time polymerase chain reaction (RT-PCR). The quality of the RNA was checked using 

an Agilent BioAnalyzer (Agilent Technologies, Breda, The Netherlands). In contrast to RNA from other cell 

types, the RNA isolated from sperm cells is fragmented and does not contain the 18S and 28S ribosomal 

subunits. Nonetheless, this RNA could be used for cDNA synthesis and microarray analysis. From each 
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sample, 500ng of RNA was used for cDNA synthesis in combination with the iScript cDNA Synthesis Kit 

(Bio-Rad Laboratories, Hercules, CA) 

 

Microarray 

The arrays were hybridised using two groups, smokers and non-smokers. All samples were compared to 

a common reference sample obtained from one extra non-smoking donor. The subjects were matched for 

age, caffeine intake and alcohol use. Arrays were performed using Agilent human 4x44K arrays (Agilent 

technologies), according to the manufacturers’ instructions. The microarray slides were scanned on a 

GenePix 4000B (Molecular Devices, Sunnyvale, CA). Processing of array data was done as described by 

Staal et al. [20]. The images were processed with ImaGene 8.0.1 software (Biodiscovery, Los Angeles, 

CA) to quantify spot signals. Flagged spots, consisting of poor quality spots and negative and positive 

control spots, were excluded. Data from ImaGene were transported to GeneSight software version 4.1.6 

(Biodiscovery) for transformations and normalisations. For each spot, median local background intensity 

was subtracted from the median spot intensity and spots from low expression genes (with a net intensity 

of <10 in both channels), were excluded from further analysis. The corrected median intensities were log 

base 2 transformed and normalised using the LOWESS algorithm. The gene expression ratios were 

imported into Excel (Microsoft Corporation, Redmond, WA) for further analysis, where genes with 

availability of 100% of the values per gene were used.  

 

Real time PCR 

To validate a selection of genes from the microarray experiments, quantitative real time polymerase chain 

reaction (RT-PCR) was performed. For cDNA synthesis, 200ng of each sample was used in combination 

with the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA). RT-PCR reactions were carried 

out using iQ SYBR Green Supermix, which contains iTaq DNA Polymerase, deoxynucleoside 

triphosphates, MgCl2 and SYBR Green I (Bio-Rad laboratories). The cDNA was 10 times diluted before 

analysis and an amount of 5µl sample was added to each reaction well, and all samples were measured 

in duplicate. Samples were analysed on a MyiQ Single-Colour Real-Time PCR detection System (Bio-Rad 

laboratories), using the following parameters: 3min at 95°C, 40 cycles at 95°C for 15s and at 60°C for 45s. 
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Expression of only a few genes could be verified, due to the limited amount of mRNA available from the 

spermatozoa. Several toxicologically relevant genes (including CYP1A1 and CYP1B1) were selected for 

validation by Q-PCR as potential biomarkers of exposure. To normalize the amount of mRNA’s, the 

housekeeping gene β-actin was used, and each sample was tested in duplicate. Protamine 2, a sperm 

specific protein, was selected as potential additional housekeeping gene. This protein is involved in 

replacement of histones during spermatogenesis, and there is no current evidence that expression of this 

gene is altered after exposure to environmental factors. The normalized values from β-actin and PRM2 

were used to define differences in gene expression levels in smokers and non-smokers.  

 

Statistical analysis 

Differences in gene expression were calculated and assessed as significant when the fold change is 

higher than 40% (i.e., 0.5 on a log base 2 transformed scale) and p<0.05, using Student’s t-Test. 

Thereafter, data of the highest up- or down-regulated genes were Pearson-correlated with the log-

transformed cotinine levels in the seminal plasma, to limit the number of false-positive results. Fatigo+ 

was used for analysis of transcription factors, with search criteria of 1 kb upstream from the gene. T-

Profiler changes were scored using t-test’s, in the average activity of predefined groups of genes, as 

described in Boorsma et al. [21]. MetaCore from GeneGo Inc. (http://www.genego.com) was used to study 

transcription factor networks with the available expression data. Each network analysis is based on one 

specific transcription factor that has target genes in the list of differentially regulated genes, together with 

genes from that same list that directly influence activation or inhibition of this particular transcription factor. 

The generated networks centred on one transcription factor, are subsequently interpreted in terms of GO-

processes. 
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Results 

Characteristics of study population 

Non-smoking (N=4) and smoking (N=4) subjects were matched for age, ethnicity and the weekly usage of 

alcohol or caffeine containing beverages. Matching for alcohol and caffeine consumption was necessary, 

since both caffeine and alcohol can affect sperm quality [22-26]. The characteristics of the subjects are 

presented in Table 1. According to WHO-criteria, the sperm count of smokers was lower than that of non-

smokers, but this difference did not reach statistical significance. There were no significant differences in 

sperm motility and morphology. Smoking was assessed by questionnaire, but no detailed information was 

available on the amount of cigarettes smoked per day. Nonetheless, the cotinine levels in the seminal 

plasma showed a clear difference in exposure to nicotine, since these levels were over 30 times higher in 

the smoking subjects than in non-smoking volunteers.  

 

RNA quantity and quality control 

The amount of mRNA isolated from the semen samples was low, which was expected since these cells 

contain less mRNA compared to somatic cells (approximately 2000 times lower) [27]. For this reason it is 

of great importance that somatic cells were removed before the spermatozoa were lysed to release the 

mRNA, since this could negatively influence gene expression data. To check whether lysis of these cells 

was successful, a small amount of each sample was microscopically checked. It appeared that hardly any 

somatic cells were still present and therefore it is expected that the contribution of somatic cell RNA is << 

1% to the total amount of RNA isolated. The BioAnalyzer data showed that the spermatozoal mRNA is 

highly fragmented and the 18S and 28S ribosomal subunits are absent, which is typical for this cell type 

(as illustrated in Figure 1). 

 

Microarray analysis 

Of the 44,000 genes on the slides, 13,994 were detected on all 8 arrays. These data showed that a total 

of 781 genes were differentially expressed in smokers compared to non-smokers (fold change >40%; 

p<0.05). This list of genes was correlated to the log-transformed cotinine values in seminal plasma, which 

resulted in a large variation in correlation coefficients, ranging from 0.48 up to 0.99. Of the 781 
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differentially regulated genes, 197 showed a significant correlation of r>0.80 with the cotinine levels and 

only 21 showed a correlation coefficient higher than r>0.90 (these 21 genes are presented in Table 2). 

SALF, a germ cell specific transcription factor, showed the highest fold change, in combination with the 

highest correlation with log-transformed cotinine levels in the seminal plasma. The most strongly down 

regulated gene was found to be the tripartite motif-containing gene TRIM26, which encodes three zinc-

binding domains. 

 

Analysis of pathways and transcription factors 

The list of 13,994 genes without missing values on all 8 arrays was uploaded into T-Profiler, a pathway 

analysis tool that focuses on shifts in total gene expression profiles, not only in that of differentially 

expressed genes [21]. The analysis showed that modulated genes are typical of testis/germ cell related 

processes, which provides evidence for the specificity of the spermatozoal RNA. Unfortunately, no 

differentially regulated pathways were detected by this tool. Accordingly, no exposure-related pathways 

were identified by several other ‘pathway finding’ programmes that focus only on the differentially 

regulated genes, like Fatigo+ [28] and Metacore (http://www.genego.com).  

However, the analysis of hypothetical transcription factor binding sites up to 1kb upstream of the group of 

differentially regulated genes showed that a higher percentage of these genes were regulated by NF-κB 

as compared to the remaining genes on the array (43.1% vs. 26.3%, p=0.003). A similar effect was found 

for forkhead transcription factors like FOX (15.7% vs. 6.5%, p=0.006) and transcription factor YY1 (5.8% 

vs. 0.4%, p=0.008). These transcription factors remained significantly enriched after the cut-off value for 

the correlation with cotinine was increased from r>0.80 to r>0.90 (see Figure 2).  

Since some specific transcription factors seemed differentially regulated, a transcription factor network 

analysis was performed (using MetaCore). Anti-apoptosis proved to be the main significant process in the 

gene list, which was confirmed by the down regulation of genes involved in the induction of proliferation 

and apoptosis in smokers, e.g. cyclin D1 (fold change -2.24; p=0.042), cyclin D3 (fold change -3.06; 

p=0.008) and FasL (fold change -2.99; p=0.024), whereas anti-apoptotic genes were up regulated, e.g. 

Annexin A5 (fold change 1.73; p=0.043) and NAP1 (fold change 2.12; p=0.002).  

Real time PCR 
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High expression of the sperm specific gene protamine 2 (PRM2) was observed in spermatozoal mRNA by 

Q-PCR, which was absent in reference mRNA obtained from a pool of mRNA from 10 different human cell 

lines (Stratagene, La Jolla, CA, cat.nr. 750500), which can be regarded as further evidence that the RNA 

was isolated from spermatozoa without a major contribution of somatic cells. Since SALF was highly 

differentially regulated, according to microarray data, this gene was also selected to be validated on Q-

PCR. The expression of this germ cell specific transcription factor indeed shows the same direction of 

regulation on both microarray and real time PCR (see Table 3).  

The cytochrome P450 enzymes 1A1 and 1B1 known to be up regulated by exposure to aryl hydrocarbon 

(Ah) receptor agonists like PAH (PAH are constituents of cigarette smoke) and were therefore included in 

the validation by real time PCR. From the microarray data, it could be expected that these genes were not 

significantly up or down regulated. Indeed, using real time PCR, these genes show only a marginal 

increase in gene expression. 
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Discussion 

Unfortunately, internal organs such as the testis cannot be reached for biomonitoring studies, and 

researchers have to rely on surrogate tissues. Recent insights into the presence of mRNA in mature 

spermatozoa obtained from an ejaculate [14] open new possibilities for the assessment of gene 

expression profiles that can be relevant for germ cell exposure and subsequent health effects in the 

offspring. In the present work, we showed that it is possible to isolate mRNA from spermatozoa which 

represents germ cell and testis related processes. Gene-environment interactions largely depend on the 

activation of specific transcription factors that mediate stress responses after exposure to toxic and 

genotoxic compounds (e.g. [29]). Thus, studying the activation of transcription factors in certain organs 

may reflect the actual exposure of that particular organ to genotoxic compounds. Therefore, gene 

expression profiles seem to represent better biomarkers than the mere assessment of exogenous levels 

of exposure (for instance, number of cigarettes per day). Accordingly, we showed that several 

transcription factors can indeed be identified as regulators in the stress response after exposure to 

cigarette smoke and the toxins therein.  

In our study, cigarette smokers were used as a model of exposure to environmental genotoxins, since 

cigarette smoke is the source of a variety of toxic and genotoxic compounds [30]. Although the direct 

effects of this type of exposure on sperm quality have been intensively studied [26, 31], the evidence is 

still not very strong for transgenerational effects. There is some evidence for a higher risk of childhood 

leukaemia after paternal smoking in the preconceptional period [32], but these data are not consistent in 

the scientific literature [33]. Boffetta et al. [8] performed a meta-analysis in which epidemiological studies 

were reviewed of paternal smoking and the possible development of specific types of childhood cancer; a 

positive correlation was performed between paternal smoking in the preconceptional period and elevated 

risks of several childhood cancers [7]. In vitro studies do indeed indicate that cigarette smoke condensate 

can induce mutations that are typically analysed in sperm (tandem repeats) [34]. Moreover, it has been 

shown that cigarette smoke derived compounds can reach the testis and semen, and are able to bind to 

DNA in these cells [22]. As it is illustrated in Figure 3, spermatids and mature spermatozoa in the testis 

are thought to be exposed to exogenous genotoxins in three different ways during spermatogenesis [35]. 

First, the exogenous substances can pass the blood-testis barrier, which is a physical barrier between the 
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blood vessels and the seminiferous tubules in the testis formed by tight junctions between the Sertoli cells. 

Secondly, after transport via the Sertoli cells, contaminants may be able to induce damage in spermatids 

and maturate spermatogonia. Finally, genotoxic compounds could reach the lumen via the Sertoli cells 

and reach the mature spermatozoa, but in this case it is not yet known to what level these agents are able 

to induce damage to the DNA, because it is tightly packed in the sperm nucleus. For instance, Gallagher 

et al. [36] isolated DNA from sperm cells of smoking and non-smoking subjects, but were not able to 

detect smoking-related DNA adducts. As the sperm still have to pass through the epididymis after being 

released into the testicular lumen of the seminiferous tubules, genotoxins could have an effect on the 

sperm during the epididymal maturation. However, as mature sperm is transcriptionally silenced, this route 

of exposure is expected to have no effect on mRNA profiles. 

During spermiogenesis, protamines replace histones in order to pack the DNA more compactly [16], 

making the male genome small enough to fit into the spermatid nucleus (the nucleus of a mature 

spermatozoon is 6 times smaller than that of somatic cells) [37]. This high level of ‘packaging’ of DNA in 

spermatozoa also affects the transcription in developing germ cells. Spermatozoa are assumed to be 

transcriptionally silenced for a large part of the genome during maturation, with some exceptions (such as 

transcription in mitochondria and transcription in parts of the genome that have not been packaged by 

protamines but by histones). It was therefore postulated that the RNA present in the ejaculated 

spermatozoa is most likely residual and non-functional [38], and may be a reflection of gene expression 

during earlier stages of spermatogenesis [39]. Another observation supporting this idea is the absence of 

the ribosomal subunits 18S and 28S in the spermatozoal RNA (also in this study, see Figure 1) [19]. Thus, 

mRNA profiles in sperm provide a retrospective view into processes that have taken place during earlier 

stages of spermatogenesis, and could also reflect the processes that occur after exposure to toxins and 

genotoxins in the testis. Moreover, there is also evidence that spermatogenesis-related gene expression 

profiles can also be used in clinical assessments of sperm quality [40]. 

Several genes were differentially expressed in smokers’ spermatozoa than in non-smokers, including 

SALF, a germ cell specific transcription factor, which also showed the highest correlation with cotinine 

levels in seminal plasma (which are considered to be good indicators of exposure to cigarette smoke). 

SALF is especially expressed in pachytene spermatocytes and haploid spermatids [41]. Pathway analysis 
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of all the genes that were differentially regulated in smokers as compared to non-smokers did not reveal 

any enriched pathway. Part of this inability to detect altered pathways may be related to the degradation of 

mRNA in spermatozoa (see Figure 1), and as a result signals of genes with relatively low levels of 

expression may be lost, making pathway analysis incomplete. However, the remaining detectable genes 

can still provide information regarding the pathways that were activated / inhibited by analyzing the 

transcription factors that have recognition sequences in the upstream sequences of genes (up to 1kb). 

The transcription factors that were identified to play a role in the transcription of differentially regulated 

genes by exposure to cigarette smoke were NF-κB, forkhead transcription factors (FOX) and YY1. These 

transcription factors are known regulators in stress responses. For instance, NF-κB is known to be a key 

regulator in the inflammatory response, but has also been linked to the control of apoptosis, cell cycle, 

differentiation and cell migration [29]. NF-κB can be activated by various stressors, including bacteria, 

viruses, oxidative stress and certain chemicals. Forkhead proteins are a family of transcription factors with 

more than 100 members of functionally diverse transcription factors that have commonly been associated 

with the regulation of foetal development. FOX genes were found to be involved in the regulation of NF-κB 

activity [42] (via transcription of its inhibitor IKK) and also DNA damage inducible genes (e.g. GADD45). 

Finally, YY1 has fundamental roles in differentiation, replication, and cellular proliferation [43]. Oei and Shi 

[44] noted a physical interaction between YY1 and poly(ADP-ribose) polymerase (PARP is a nuclear 

enzyme involved in DNA repair and transcription). Moreover, YY1 seems to be a cofactor for MDM2 in the 

regulation of p53 homeostasis. The transcription factor network analysis showed that apoptosis appeared 

to be the most significantly influenced process (downregulation in smokers), which means that damaged 

cells in smoking subjects may not be stopped during the cell cycle. This would predict that ejaculates of 

smokers would contain more spermatozoa with damaged DNA. Indeed, sperm of smokers showed more 

genetic abnormalities, like aneuploidy [25]. These findings suggest that cigarette smoke components 

actually reach the testis and the developing germ cells. However, it is not yet clear to what extent 

environmental genotoxins can reach the testis to induce damage in spermatozoa.  

mRNA in spermatozoa is delivered to the oocyte together with the DNA during fertilisation [45], and some 

studies show that this RNA may have a significant impact on the developing foetus [46]. The role of this 

mRNA is still not clear, but it has been suggested that it plays an important role during early 
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embryogenesis [47]. Nonetheless, it is not yet possible to determine the effect on the health of newborns 

up to adult ages.    

 

Two well-known genes that are up-regulated after exposure to Ah-receptor agonists, like polycyclic 

aromatic hydrocarbons and dioxins, are CYP1A1 and CYP1B1, and therefore the expression of these 

genes can be used as biomarker for exposure to these compounds [48]. PAH are important genotoxins in 

cigarette smoke, but we did not observe altered expression of CYP1A1 or 1B1 in spermatozoal mRNA. It 

is of course possible that parts of the compounds that reach the testis are metabolised by the Sertoli cells 

and that the germ cells do not have to metabolise the compounds themselves. Nonetheless, the mRNA of 

both genes was detectable in all subjects by microarray analysis as well as Q-PCR, indicating that germ 

cells may have the ability to produce these cytochrome P450’s to subsequently metabolise environmental 

genotoxins. The spermatozoal specific enzyme protamine 2 (PRM2) was included as reference gene in 

these Q-PCR experiments on spermatozoal mRNA, since it was not differentially regulated after exposure 

to cigarette smoke in the microarray results. As it is known that PRM2 expression can be abnormal in 

infertile men [16], PRM2 should be used as reference gene with care. Still, our data (microarray and real 

time quantitative PCR) show that there is no differential gene expression of all three protamines (PRM1, 

PRM2 and PRM3) as a result of smoking.  

The main goal of this study was to examine the feasibility of using gene expression profiles in mRNA from 

spermatozoa as biomarkers of exposure. The germ cell specific transcription factor SALF appeared to be 

such a biomarker in subjects exposed to cigarette smoke, where the exposure resulted in different gene-

expression profiles. It might be possible that this shift in gene expression can result in decreased sperm 

quality. Further studies are needed to further validate this biomarker, also for other important 

environmental and dietary contaminants. It remains to be elucidated whether these changes in 

spermatozoal mRNA can induce or reflect (negative) health effects in the next generation.  
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Table 1: Characteristics of study population 

 Smokers Non-smokers 

n 4 4 

Age (yrs) 38.8 ± 4.9* 35.8 ± 3.9* 

Cotinine in seminal plasma (ng/ml) 276.8 ± 107.2* 8.3 ± 0.5** 

Sperm concentration (×106 cells/ml) 19.4 ± 1.3* 42.6 ± 14.9* 

pH 8 8 

Motility# 40/32/5/23 59/13/6/22 

Morphology (% normal) 72.5 ± 7.5 81.3 ± 2.4 

Alcohol intake (consumptions) 1 – 10 drinks per week 1 – 10 drinks per week 

Caffeine intake (consumptions) 1 – 5 cups per day 1 – 5 cups per day 

 

*Average values ± SE of the mean are shown.  

**Difference in cotinine levels in seminal plasma proved to be significant (p<0.05) using 

Student’s t-Test. 

#Motility Format: 3/2/1/0 in average percentages, with 3 = fast-progressive; 2 = slow-progressive; 

1 = non-progressive, but tail movement; 0 = immobile, no tail movement. 
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Table 2: Overview of significantly regulated genes that also showed a high correlation (R>0.90) with log-
transformed cotinine levels in seminal plasma of smokers and non-smokers. 

Gene name UniGeneID Proposed biological function Fold change R with cotinine 

SALF Hs.44385 Germ line specific transcription factor 5.474 0.986* 

UBE4B Hs.386404 Ubiquitination factor E4B -1.993 -0.976 

TRIM26 Hs.485041 Zinc finger protein -7.356 -0.950 

FADS2 Hs.502745 Fatty acid desaturase -1.959 -0.944 

ARMC1 Hs.269542 
Signal transduction, development, cell adhesion 

and mobility, tumor initiation and metastasis  
2.118 0.941 

ACTL6A Hs.435326 Actin-like 6A 3.209 0.940 

NBPF15 Hs.512037 Neuroblastoma breakpoint family 1.848 0.937 

 Hs.143408 Unknown 2.220 0.935 

NBPF14 Hs.515947 Neuroblastoma breakpoint family 1.771 0.934 

SMYD4 Hs.514602 SET and MYND domain; Transcriptional regulation  -4.265 -0.929 

LRRC51 Hs.317243 Leucine rich repeat containing 51 -2.101 -0.925 

FLJ40852 Hs.17589 Hypothetical protein 1.734 0.915 

C3orf48 Hs.585048 Chromosome 3 open reading frame 48 1.853 -0.915 

SH2D5 Hs.166270 Intracellular signaling -2.468 -0.908 

 Hs.530461 Unknown -4.581 0.908 

LOC644246 Hs.463231 Hypothetical protein 1.923 -0.906 

SRPK1 Hs.443861 Phosphorylation of SR proteins 1.737 0.906 

RNF125 Hs.458449 Negative regulator of IFN production -4.898 -0.905 

 Hs.125434 Unknown 1.881 0.900 

GALK2 Hs.122006 Galactokinase -2.423 -0.900 

 

* Remains statistically significant when fold changes are correlated with cotinine levels in 

smokers only (p<0.05; R>0.90) 
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Table 3: Real time PCR validation data; fold change as compared to non-
smokers (NS as reference =1) 

Gene name Fold change Q-PCR Fold change array 

PRM-2 1.01 ± 0.37 0.88 

Cyp1A1 1.26 ± 0.31 1.08 

Cyp1B1 1.77 ± 1.04 1.39 

SALF 2.29 ± 2.61 5.48 

 

Values are corrected using the geometrical average of β-actin and protamine 2 as reference 

genes. 
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Figure 1: BioAnalyzer results showing the presence (lane 1) and absence (lane 2) of 18S and 

28S ribosomal subunits (A), and the chromatograms of a sperm sample (B) with fragmented 

mRNA and a lung RNA sample containing the 18S and 28S ribosomal subunits (C)  
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Figure 2: A significantly higher percentage of genes is regulated by NF-κB, FOX or YY1 in the 

set of differentially regulated genes by cigarette smoking as compared to the remaining genes 

on the array. The percentage of genes, potentially regulated by one of these transcription factors 

increases when the correlation cut-off value with the cotinine levels is set stricter.  
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Figure 3: Three different routes of exposure of germ cells to exogenous substances that could 

ultimately influence mRNA profiles in sperm. Arrows indicate the exposure route to exogenous 

compounds, 1: directly from the blood into the basal compartment, 2: via the Sertoli cell into the 

adluminal compartment, or 3: through the Sertoli cell directly into the lumen of the seminiferous 

tubule. 

 

 

 

 

 


