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Abstract 

Maternal smoking affects neonatal blood cell methylation signatures, but little is 

known about its effect on corresponding organ-specific DNA methylation profiles. 

In our previous experiment, differences in Igf1 DNA methylation profiles were 

found in comparisons of neonatal mouse lung and liver from air and prenatal smoke 

exposure (PSE). We hypothesized that organ-specific methylation is driven by 

changes in distinct cell types. Hence, Igf1 methylation patterns were here assessed 

across multiple tissues by using laser capture micro-dissection to collect epithelium 

of neonatal bronchus, trachea and esophagus. This was followed by comparisons to 

whole lung and liver. In support of our hypothesis, both organ- and cell type-specific 

Igf1 methylation profiles are described. Moreover, these profiles converge to each 

other the closer the analyzed CpG-sites are located to the transcription start site of 

Igf1. Additionally, strong correlations between hepatic Igf1 CpG-1254 methylation, 

gene expression and the offspring’s body weight are reported. 

 

Key words: DNA methylation; epigenetics; prenatal; pyrosequencing; laser micro-

dissection; mouse 

Running title: Organ- and cell type-specific Igf1 methylation 

Abbreviations: GAPDH, Glyceraldehyde 3-Phosphate Dehydrogenase; LCM, Laser 

Capture Micro-dissection; IGF1, Insulin-like growth factor1; PSE, Prenatal Smoke 

Exposure 
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Introduction 

Prenatal exposure to cigarette smoke or to specific smoke components affects normal 

lung development1. DNA methylation is an important epigenetic adjustment playing 

a critical role in development. So far, organ-specific DNA methylation patterns were 

found in different cell types such as cord blood mononuclear cells, buccal epithelium 

and placental tissue from newborns2, or by comparing methylation in placenta, fetal 

liver and fetal kidney3. However, these analyses are thus far the only to also report 

gene- and tissue-specific methylation alterations in response to prenatal smoke2 or 

bisphenol A exposure3.  

We previously assessed promoter methylation patterns and gene expression of 

insulin-like growth factor 1 (Igf1) in lung and liver from prenatally smoke exposed 

(PSE) offspring at three days after birth (Manuscript submitted). The context for 

these investigations includes observations that Igf1-depleted mice show a failure in 

lung development along with diminished growth4. Furthermore, decreased IGF1 cord 

plasma levels were found in infants from mothers who smoked during pregnancy 

which was associated with reduced birthweight5. In our previous study we described 

a hypermethylated Igf1 promoter profile in the liver, which was strongly and 

inversely correlated with its gene expression. In contrast, the lung appeared to be 

unaffected. By comparing Igf1 methylation profiles of lung and liver in control 

animals, we found them to be significantly distinct. Moreover, organ-specific 

methylation profiles were altered by prenatal smoke exposure. Igf1 gene expression 

was also found to be organ-specific and reduced by PSE.  

Following these observations, we hypothesized that Igf1 promoter methylation 

profiles may not only be organ-specific, but rather may be dependent on their 

cellular composition. Therefore, we here aimed to assessed Igf1 methylation patterns 

across multiple tissues and cell types. We collected epithelium of bronchus, trachea 

and esophagus and compared their Igf1 methylation profiles to each other and to 

those previously obtained from whole lung and liver. Additionally, we hypothesized 

that the previously found link between the hepatic Igf1 methylation profile and its 

gene expression can be associated to the offspring’s body weight. This could indicate 

a physiological consequence for PSE-induced aberrant DNA methylation. 
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Results 

DNA methylation profile of Igf1 is organ-and cell-type specific. 

Figure 1 and Table 1 present a detailed comparison of all analyzed CpG-sites of the 

Igf1 promoter in the different organs. Altogether, we describe organ- and cell-type 

specific methylation states for the eight analyzed CpG-sites in in the laser capture 

micro-dissected (LCM) epithelium versus whole lung and liver. 

First, we assessed Igf1 methylation levels in air exposed neonates (further referred to 

as baseline methylation). No differences in methylation levels were found in the 

bronchial, tracheal and esophageal epithelium based on the neonate’s sex or smoke 

exposure (not shown). The analyses were therefore continued with male and female 

offspring combined. 

When comparing LCM-collected epithelium, baseline methylation levels from 

bronchus and trachea were similar for the majority of analyzed CpG-sites. This was 

contrasted by methylation in esophagus, as it was significantly distinct at three CpG-

sites from both, bronchus and trachea. Baseline methylation in esophagus was 

different at two additional CpG-sites when compared to tracheal epithelium only. 

Second, we compared methylation levels in the epithelia from prenatally smoke 

exposed offspring. 

The methylation levels from bronchus and trachea were significantly distinct at four 

CpG-sites. Those from esophagus differed from bronchus and trachea at the 

remaining four CpG-sites. Additionally, PSE induced methylation differences 

between bronchial and esophageal epithelium at two CpG-sites, and enhanced the 

detected baseline differences between trachea and esophagus. 

Having established differences between the LCM-collected epithelia, we next asked 

how these methylation profiles differ from that in whole lung. 

We found that baseline methylation of all three epithelia was significantly lower than 

in whole lung at three CpG-sites. Moreover, baseline methylation of bronchus and 

trachea were significantly different at two CpG-sites, while esophageal methylation 

was similar to those obtained for whole lung. These observations were also made in 

PSE-offspring. The only exception was one CpG-site where esophageal methylation 

was significantly lower from that in whole lung. The methylation states for tracheal 

or bronchial epithelium did not differ. 
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Figure 9. Comparison of neonatal Igf1 promoter methylation in whole lung, epithelium 

of bronchus, trachea, esophagus, and liver. 
CpG-site specific, and exposure-dependent comparison of methylation levels across different organs and 
cell types obtained from three-day-old mouse offspring. Data information: CpG-site annotations are 

relative to the ATG start codon. Data are presented per organ and group but irrespective of the neonatal 

sex as individual data points with median as horizontal line. If not stated otherwise, the comparison of 
displayed groups was not significant. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p < 0.0001 (One-way 

ANOVA with Bonferroni corrected). Open symbol(s) = control group, closed symbol(s) = PSE group.  
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Table 1. Organ-specific comparison of Igf1 promoter methylation. 
For a comparison of CpG-site methylation levels within the different organs of control or PSE neonates (irrespective 
of neonatal sex), one-way ANOVA was applied and data were corrected for multiple testing in post hoc analyses 

(Bonferroni). 

CpG-1509 control 
epithel of     

 CpG-1509 PSE 
epithel of     

bronchus trachea esophagus lung liver 

 

bronchus trachea esophagus lung liver 

epithel of  

bronchus //   

 

    

 
epithel of  

bronchus //   

 

    

trachea ns //       

 

trachea ns //       

esophagus <0.0001 <0.0001 //     

 

esophagus <0.0001 <0.0001 //     

  lung <0.0001 <0.0001 ns //   

 

  lung <0.0001 <0.0001 ns //   

  liver <0.0001 <0.0001 0.0001 0.002 // 

 

  liver <0.0001 <0.0001 0.05 0.0002 // 

   

  

 

  

         

CpG-1465 control 
epithel of     

 CpG-1465 PSE 
epithel of     

bronchus trachea esophagus lung liver 

 

bronchus trachea esophagus lung liver 

epithel of  

bronchus //   

 

    

 
epithel of  

bronchus //   

 

    

trachea ns //       

 

trachea <0.0001 //       

esophagus ns ns //     

 

esophagus 0.0001 ns //     

  lung <0.0001 <0.0001 <0.0001 //   

 

  lung <0.0001 <0.0001 <0.0001 //   

  liver <0.0001 <0.0001 <0.0001 ns // 

 

  liver <0.0001 <0.0001 <0.0001 ns // 

               

CpG-1430 control 
epithel of     

 CpG-1430 PSE 
epithel of     

bronchus trachea esophagus lung liver 

 

bronchus trachea esophagus lung liver 

epithel of  

bronchus //   

 

    

 
epithel of  

bronchus //   

 

    

trachea ns //       

 

trachea 0.03 //       

esophagus ns ns //     

 

esophagus <0.0001 ns //     

  lung <0.0001 <0.0001 <0.0001 //   

 

  lung <0.0001 <0.0001 <0.0001 //   

  liver <0.0001 <0.0001 <0.0001 <0.0001 // 

 

  liver <0.0001 <0.0001 <0.0001 <0.0001 // 

               

CpG-1357 control 
epithel of     

 CpG-1357 PSE 
epithel of     

bronchus trachea esophagus lung liver 
 

bronchus trachea esophagus lung liver 

epithel of  

bronchus //   

 

    

 
epithel of  

bronchus //   

 

    

trachea ns //       

 

trachea ns //       

esophagus ns ns //     

 

esophagus 0.02 0.002 //     

  lung 0.0005 <0.0001 0.001 //   

 

  lung <0.0001 0.0002 <0.0001 //   

  liver <0.0001 <0.0001 <0.0001 ns // 
 

  liver <0.0001 <0.0001 <0.0001 ns // 

               

CpG-1341 control 
epithel of     

 CpG-1341 PSE 
epithel of     

bronchus trachea esophagus lung liver 

 

bronchus trachea esophagus lung liver 

epithel of  

bronchus //         

 
epithel of  

bronchus //   

 

    

trachea ns //       

 

trachea 0.02 //       

esophagus ns 0.05 //     
 

esophagus ns <0.0001 //     

  lung 0.01 ns <0.0001 //   

 

  lung <0.0001 ns <0.0001 //   

  liver ns ns ns ns // 

 

  liver 0.0005 ns <0.0001 ns // 

               

CpG-1254 control 
epithel of     

 CpG-1254 PSE 
epithel of     

bronchus trachea esophagus lung liver 

 

bronchus trachea esophagus lung liver 

epithel of  

bronchus //   
 

    
 

epithel of  

bronchus //   
 

    

trachea ns //       

 

trachea ns //       

esophagus 0.009 0.0002 //     

 

esophagus <0.0001 <0.0001 //     

  lung ns ns 0.01 //   

 

  lung ns 0.04 0.0002 //   

  liver ns 0.01 ns ns // 

 

  liver ns 0.0005 0.01 ns // 
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Table 1. continued. 

CpG-1212 control 
epithel of     

 CpG-1212 PSE 
epithel of     

bronchus trachea esophagus lung liver 

 

bronchus trachea esophagus lung liver 

epithel of  

bronchus //   

 

    

 
epithel of  

bronchus //   

 

    

trachea ns //       

 

trachea ns //       

esophagus <0.0001 <0.0001 //     

 

esophagus <0.0001 <0.0001 //     

  lung 0.02 0.0005 ns //   

 

  lung ns ns 0.0005 //   

  liver 0.004 0.0001 ns ns // 

 

  liver ns 0.03 0.002 ns // 

               

CpG-1180 control 
epithel of     

 CpG-1180 PSE 
epithel of     

bronchus trachea esophagus lung liver 

 

bronchus trachea esophagus lung liver 

epithel of  

bronchus //   

 

    

 
epithel of  

bronchus //   

 

    

trachea 0.009 //       

 

trachea <0.0001 //       

esophagus ns 0.03 //     

 

esophagus ns 0.004 //     

  lung ns 0.02 ns //   

 

  lung ns ns ns //   

  liver 0.05 ns ns ns // 

 

  liver <0.0001 ns <0.0001 0.0005 // 

 

Following the comparison to whole lung, we investigated if the methylation in 

LCM-collected epithelia would be similarly distinct from methylation states in the 

liver. Indeed, baseline methylation of the epithelia were significantly lower than 

those in liver. This was found for the four CpG-sites farthest away from the 

transcription start site, with the exception of higher methylation at one CpG-site in 

esophageal epithelium. These differences were also found for PSE-offspring. 

After finding similar results when relating the Igf1 methylation in epithelia to whole 

lung and liver, we lastly asked if methylation states in both organs is different. A 

comparison of baseline methylation in whole lung and liver revealed significant 

differences at two CpG-sites, that were also found after PSE. This observation was 

accompanied by an PSE-induced significant difference at the CpG-site closest to the 

transcription start site. 

Altogether, organ- and epithelial cell-type specific methylation differences were 

most pronounced at the four CpG-sites farthest away from the Igf1 transcription start 

site.  

The baseline methylation of this area reached approximately 20% in bronchial and 

tracheal epithelium, while that of whole lung and liver ranged at ~50%. The 

methylation states in esophageal epithelium may be considered as an exception, 

because methylation states ranged at ~30%. For the remaining CpG-sites, baseline 

methylation states converged to 30%, whereas those in esophagus dropped to ~15%. 

Prenatal smoke exposure modified these methylation states by 1-6 % in the analyzed 

organs and cell types. 
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PSE-induced reduction of body weight in neonates correlates with 

both hepatic Igf1 mRNA levels and Igf1 promoter methylation. 

For our second hypothesis that hepatic Igf1 promoter methylation, its gene 

expression and the offspring’s body weight can be linked, we analyzed both body 

weight and Igf1 mRNA levels. Our most prominent findings are presented in Figure 

2. Table 2 provides r- and p-values of all correlations between Igf1 promoter 

methylation, Igf1 mRNA levels and the neonatal body weight. 

Overall, reduced body weight was found in prenatally smoke exposed neonates 

(p=0.007; Figure 2), a finding that was driven by changes in male offspring (median 

control: 1.38 g vs. median PSE: 1.16 g; p=0.007, not shown). In contrast, female 

PSE mice did not show significant differences in body weight when compared to 

their controls (median control: 1.24 g vs. median PSE: 1.14 g; p=ns, not 

shown).

 
Figure 2. Neonatal body weight and correlations of body weight, hepatic Igf1 mRNA 

levels and Igf CpG-1254 methylation status. 
Comparison of neonatal (three days after birth) body weight according to their exposure type, but 

irrespective of the neonatal sex. Body weight was significantly (p=0.007, Mann-Whitney U-test) reduced 

after PSE. Data are presented per exposure group as individual data points with median as horizontal line. 
Correlation analyses (linear regression) of body weight and hepatic Igf1 mRNA levels, body weight and 

hepatic methylation status of Igf1 CpG-1254, and hepatic Igf1 mRNA and CpG-1254. Data information: 

CpG-site annotations are relative to the ATG start codon. Data are presented as individual data points. 
Open symbol(s) = control group, closed symbol(s) = PSE group.  
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Hepatic Igf1 mRNA levels were also reduced by PSE (p=0.01, not shown) but 

similar for male and female offspring (p=ns for all sub-groups; not shown). 

When linking neonatal body weight with hepatic Igf1 mRNA levels, a strong 

positive correlation of body weight and Igf1 mRNA levels was found for all 

analyzed neonates, regardless of their sex or exposure (all all, r= 0.80, p<0.0001, 

Figure 2 and Table 2). In addition, neonatal body weight was associated with Igf1 

promoter methylation. 

Within the entire group of pups, the correlation of neonatal body weight and CpG-

site specific Igf1 promoter methylation levels was strongest for Igf1 CpG-1254 (all 

all, r= -0.60, p<0.0001, Figure 2 and Table 2). This was also seen when 

distinguishing between the offspring's sex or their exposure, and was most 

pronounced for male offspring (all male: r= -0.60, p=0.004, Table 2). 

Finally, we tested if Igf1 gene expression in the liver also links to the previously 

obtained promoter methylation. Here, the hepatic Igf1 mRNA levels correlated 

strongest with the methylation levels again at Igf1 CpG-1254 (all all, r= -0.73, 

p<0.0001, Figure 2 and Table 2). This was also found when separating male and 

female, or control and PSE-offspring. 

Table 2. Correlation of hepatic Igf1 mRNA, promoter methylation and neonatal body 

weight. 

correlation of body weight  
all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 
with Igf1 mRNA in liver 

  

 

r 0.80 0.75 0.83 0.82 0.51 0.87 0.45 0.85 0.74 

  
 

p-value 

< 

0.0001 

 

0.0002 

< 

0.0001 

< 

0.0001 

 

0.02 

 

0.002 

 

ns 

 

0.008 

 

0.01 

correlation of body weight  
all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 
with liver Igf1 % methylation 

  

CG-1509 

r -0.25 -0.15 -0.25 0.11 -0.20 0.56 -0.23 -0.22 -0.18 

  p-value ns ns ns ns ns 0.07 ns ns ns 

  

CG-1465 

r -0.30 -0.44 -0.12 0.21 -0.50 -0.21 -0.49 0.72 -0.49 

  p-value 0.06 0.04 ns ns 0.02 ns ns 0.04 ns 

  

CG-1430 

r -0.42 -0.50 -0.31 -0.37 -0.29 -0.58 -0.35 -0.24 -0.23 

  p-value 0.01 0.02 ns ns ns 0.06 ns ns ns 

  

CG-1357 

r -0.44 -0.47 -0.36 -0.22 -0.45 -0.27 -0.47 -0.09 -0.46 

  p-value 0.004 0.03 ns ns 0.03 ns ns ns ns 

  

CG-1341 

r -0.04 -0.05 0.05 0.00 -0.01 0.16 0.01 0.08 -0.01 

  p-value ns ns ns ns ns ns ns ns ns 



Chapter 6 

104 

Table 2. continued. 

correlation of body weight  
all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 
with liver Igf1 % methylation 

  

CG-1254 

r -0.60 -0.60 -0.60 -0.51 -0.53 0.56 -0.40 -0.46 -0.65 

  p-value 
< 

0.0001 
0.004 0.01 0.02 0.01 0.07 ns ns 0.02 

  

CG-1212 

r -0.20 -0.10 -0.27 -0.15 0.01 0.06 0.38 -0.20 -0.22 

  p-value ns ns ns ns ns ns ns ns ns 

  

CG-1180 

r -0.33 -0.15 -0.40 -0.35 -0.15 0.18 0.21 -0.39 -0.33 

  p-value 0.03 ns 0.08 ns ns ns ns ns ns 

correlation of Igf1 mRNA in 

liver all 

all 

all 

male 

all 

female 

all 

control 

all 

PSE 

male 

control 

male 

PSE 

female 

control 

female 

PSE 
with liver Igf1 % methylation 

  

CG-1509 

r -0.22 0.00 -0.32 0.15 -0.22 0.63 -0.13 -0.31 -0.30 

  p-value ns ns ns ns ns 0.07 ns ns ns 

  

CG-1465 

r -0.07 -0.09 -0.03 0.23 -0.10 0.00 0.11 0.37 -0.38 

  p-value ns ns ns ns ns ns ns ns ns 

  

CG-1430 

r -0.57 -0.51 -0.61 -0.61 -0.37 -0.52 -0.40 -0.66 -0.11 

  p-value 0.0002 0.03 0.008 0.009 ns ns ns 0.07 ns 

  

CG-1357 

r -0.28 -0.13 -0.42 -0.17 -0.16 -0.08 0.01 -0.25 -0.36 

  p-value 0.090 ns 0.09 ns ns ns ns ns ns 

  

CG-1341 

r -0.05 0.09 -0.11 -0.01 -0.17 0.34 -0.08 -0.20 -0.26 

  p-value ns ns ns ns ns ns ns ns ns 

  

CG-1254 

r -0.73 -0.71 -0.76 -0.71 -0.63 -0.69 -0.61 -0.78 -0.70 

  p-value 
< 

0.0001 
0.0007 0.0002 0.001 0.003 0.04 0.06 0.02 0.02 

  

CG-1212 

r -0.52 -0.47 -0.56 -0.49 -0.29 -0.42 -0.30 -0.57 -0.28 

  p-value 0.001 0.04 0.02 0.05 ns ns ns ns ns 

  

CG-1180 

r -0.54 -0.54 -0.54 -0.54 -0.41 -0.50 -0.48 -0.60 -0.19 

  p-value 0.0006 0.02 0.02 0.02 0.07 ns ns ns ns 

 



Organ- and cell type-specific Igf1 methylation 

 

105 

Discussion 

Smoking during pregnancy may affect the fetus as well as the future child by 

inducing prenatal programming that, in turn, can contribute to the increased risk of 

disease development later in life6-9. 

In our previous study, organ-specific methylation patterns of Igf1 were shown to be 

disturbed by prenatal smoke exposure, with variations based on the CpG-site and the 

offspring's sex (Manuscript submitted). In this study, we hypothesized that these 

organ-specific methylation profiles are based on specific changes in distinct cell 

types. Hence, Igf1 methylation patterns were evaluated in bronchial, tracheal, and 

esophageal epithelium isolated by laser micro- dissection, followed by a comparison 

to our previously obtained organ-specific methylation profiles. Additionally, we 

asked if Igf1 methylation patterns are affected by prenatal smoke exposure. Finally, 

hepatic Igf1 gene expression and DNA methylation were linked with body weight. 

In this study we showed Igf1 methylation differences across different epithelial cell 

types and organs, which were affected by prenatal smoke exposure. Differences in 

methylation were most pronounced at the four CpG-sites farthest away from the Igf1 

transcription start site. Of interest is that the organ-specific methylation profiles of 

both organs and epithelial cell types converge to each other the closer the analyzed 

CpG-sites are located to the transcription start site of Igf1. This effect was seen when 

comparing the methylation in epithelium of bronchus and trachea to that in whole 

lung and liver. The physical occurrence of DNA methylation in the context of gene 

sequence may play a role in its regulation. The observed convergence may imply 

either a possible functional role of that particular gene sequence, or that the analyzed 

area may be in close proximity to a regulatory region10. It further implies that the 

specific regulation of expression may not exclusively be limited to the transcription 

start site. However, proving a direct link requires a different experimental setting. 

This study demonstrates again that PSE disturbs the physiologically established 

methylation profiles which can be seen for instance at three out of eight analyzed 

CpG-sites when comparing epithelium of bronchus and trachea.  

A considerable amount of studies exists that addresses a variety of smoke-induced 

epigenetic consequences for the adult respiratory system in vitro and in vivo11-21. 

Nevertheless, little information is available on the effect of prenatal smoke exposure 

on the young/early-aged airway epithelium. So far, organ-specific DNA methylation 

patterns in newborns were only described for aryl-hydrocarbon receptor repressor, 

comparing cord blood mononuclear cells, buccal epithelium and placental tissue2. 

Although choosing a selected target-gene approach, this study is the only to apply a 

precise dissection technique to provide information on a cell type-specific smoke-

induced prenatal programming consequence in mice at three days after birth. 
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With respect to IGF1, maternal smoking during pregnancy was shown to reduce 

IGF1 cord plasma levels in human neonates5,22. Despite the few studies that were 

done in plasma, evidence for the effect of prenatal smoke exposure on IGF1 at early 

developmental stages is still very limited. In mice, intranasal application of cigarette 

smoke solution resulted in reduced amounts of Igf1 mRNA and protein in the 

olfactory epithelium, impairing olfactory regeneration23. Moreover, Igf1 depleted 

mice were found with 40% reduced body weight when compared to wild type4. 

Some discordance between our findings and others using micro-dissected epithelium 

merit discussion even though DNA methylation was not assessed. In a study on 

prenatal smoke exposure in mice, lung epithelium and mesenchyme were analyzed, 

that were, similar to our approach, collected by laser capture micro-dissection. While 

deregulated gene expression was found in mesenchyme, the dissected epithelium 

appeared to be less or not affected24. Earlier, a tissue-specific effect of nicotine on rat 

lung was described, but the effect could also not be detected in LCM-dissected 

airway epithelium25. These differences may reflect variation in protocols, animal 

model, or data for sites other than Igf1. The described observations leave us to 

speculate that the distinct methylation differences between whole lung and epithelia 

of bronchus as well as trachea are driven by the other cell types that can be found in 

the lung. In this context, cell types such as smooth muscle, fibroblasts, endothelium, 

or alveolar epithelium could be plausible candidates. 

Baseline methylation levels between the epithelium of bronchus and trachea were 

distinct only at one CpG-site, but increased to three after PSE. This finding contrasts 

with the previously described lack of PSE-induced methylation differences in whole 

lung. One explanation is that important cell-specific changes can be masked by the 

many other cell types in the lung without this methylation change. Indeed, a one-

time exposure of mice to cigarette smoke that was followed by comparison of 

primary fibroblasts from large airways (trachea), medium size airways (major 

bronchi) and parenchyma revealed, that the strongest effect was detected in 

parenchymal fibroblasts26. Additional information on how PSE affects the 

pulmonary methylome may be obtained by studying a larger set of separate cell 

types of different localization, or distinguishing (at a minimum) between 

parenchyma, connective tissue and blood vessels.  

Next, we hypothesized that neonatal body weight can be associated to a previously 

found link between the hepatic Igf1 methylation profile and its gene expression. An 

association of these two parameters to the body weight could indicate a 

physiological consequence for PSE-induced aberrant DNA methylation. Following 

our second hypothesis, linear regression models were used to describe associations 

between PSE-reduced neonatal body weight, hepatic Igf1 gene expression and the 
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methylation status at Igf1 CpG-1254. We speculate that the methylation status of 

Igf1 (especially CpG-1254) has a regulatory role on gene expression which in turn 

may affect the offspring’s body weight. 

Conclusion 

In concordance with our previous findings, the observations within this report 

suggest organ- and cell type-dependent PSE-induced prenatal programming of the 

Igf1 promoter. The majority of differences was found when comparing bronchial and 

tracheal epithelium to that of esophagus. We speculate that the limited difference 

between both epithelia could be explained by their common derivation with a 

similar/related composition of ciliated and mucin-producing cells. This is opposed 

by the squamous epithelium seen in the esophagus. However, the distinct differences 

when comparing to whole lung and to liver warrant a more detailed and cell type-

specific analysis. This may be particularly relevant for an analysis in the liver 

because of its role in IGF1 synthesis.  

Our findings emphasize organ- and cell type-specific basal methylation signatures. 

These are of importance in future investigations that target prenatal programming 

consequences by life style factors such as maternal smoking. 

Material and Methods 

Animals & smoke exposure 

C57BL/6J mice were obtained from Harlan (Horst, The Netherlands) at 6 weeks of 

age, housed under standard conditions with food and water provided ad libitum and 

at a 12 hour light/dark cycle. The experiments were approved by the local committee 

on animal experimentation (DEC6589 B & C; University of Groningen, Groningen, 

The Netherlands) and under strict governmental and international guidelines on 

animal experimentation. 

Mainstream cigarette smoke was generated by using the Teague10 apparatus 

(Tobacco and Health Research Institute of the University of Kentucky, Lexington, 

KY, USA). Over a period of 7 days, randomly selected primiparous female mice 

were adjusted to cigarette smoke by stepwise increasing the number of smoked 

cigarettes (3R4 cigarettes; 2.45 mg nicotine/cigarette) from 2 to 5 per smoking 

session. Primiparous mice were used to ensure that all mice received the same smoke 

exposure. “Reusing” of a mouse in this experiment would have resulted in a longer 

smoke exposure of the dam. This bears potential for maternal adaptations that may 

have an effect on the embryo/fetus. At adjustment day 5 after the end of the second 

smoking session, all female mice were injected with PMSG (1.25 i.u.) to stimulate 

ovulation and at day 7 with hCG (1.25 i.u.) to induce ovulation and housed on a 1:1 
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mating ratio with males overnight. Mating was confirmed by the presence of vaginal 

plug at the following morning. 

Female mice were exposed to two air or whole body smoking sessions per day, 7 

days per week throughout gestation and housed in groups. After delivery, dams and 

their offspring were no longer exposed to cigarette smoke and housed individually. 

A total of 42 pups randomly selected from 9 smoke exposed (11 male, 8 female) and 

10 control (11 male, 12 female) dams were euthanized at postnatal day 3 for 

collection of lung and liver. The material was immediately frozen in liquid nitrogen 

and stored at -80°C until further use. 

Determination the genetic sex of mice 

DNA from the tail of the pups was obtained by SDS denaturation, high salt 

extraction and precipitation. The amplification reaction was adopted from Lambert et 

al.27 and performed using two primer sets which are specific for the genes Sry 

(forward: 5'-TGGTCCCGTGGTGAGAGGC-'3, reverse: 5'-TATGTGATGGCAT 

GTGGGTTCC-'3) and IL3 (forward: 5'-GGGACTCCAAGTTCAATCA-'3, reverse: 

5'-TGGAGGAGGAAGAAAAGCAA-'3). 

Laser Capture Micro-dissection 

Frozen lung sections were prepared at 8mm thickness and quickly counterstained  

with hematoxylin and eosin immediately before specimen collection via laser 

capture micro-dissection (LCM). Cell type enrichment was done using Laser 

Microdissection System LMD6500 (Leica Microsystems, Amsterdam, The 

Netherlands) by manual identification of airway epithelial cell lining, and when 

present, trachea and esophagus were also collected. Once identified, areas were 

selected at 20x magnification and captured into adhesive caps (Carl Zeiss GmbH, 

Jena, Germany). Tissue dissects were immediately stored at -80°C until further use. 

DNA was isolated using the AllPrep DNA/RNA Mini Kit (Qiagen, Venlo, The 

Netherlands), according to the manufacturer's protocol.  

mRNA expression analysis 

Quantitative PCR for mRNA levels was performed using TaqMan® Fast Advanced 

Master Mix (Thermo Fisher Scientific, Cat No. 4444964) with commercially 

available primers for target gene Igf1 (Applied Biosystems, Mm00439560_m1). 

Detection of amplification reactions were performed using Step One Plus RealTime 

PCR System (Applied Biosystems, Foster City, CA, USA) with cycling conditions 

as follows: 95 °C for 20 s, 40 cycles of 95 °C for 1 s, 60 °C for 20 s. Reactions were 

performed in triplicate and normalized to housekeeping gene Gapdh (Applied 

Biosystems, Mm99999915_g1). We excluded 5 out of 42 data points for Igf1 due to 

large differences between target and housekeeping gene. 
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Bisulfite sequencing analysis 

For the assessment of promoter methylation levels of Igf1, bisulfite sequencing 

primers were designed using PyroMark assay design software (version 2.0, Qiagen). 

Selection of CpG-sites was based on manual identification of CpG dinucleotides, 

using ENSEMBL genome web browser (Ensembl 83: Dec 2015) and transcript 

location for the identification of gene promoter regions. The mouse Igf1 

(ENSMUSG00000020053) has eight transcripts. In this study, we focused on 

transcript Igf-005 (ENSMUST00000122386, as previously discussed28. 

Extracted genomic DNA from whole lung, liver and epithelium of bronchus, trachea 

and esophagus were converted with sodium bisulfite (EZ DNA Methylation-

Direct™, Zymo Research, Irvine, CA) following the manufacturer’s instructions. In 

short, the bisulfite conversion was carried out in the dark at 98°C for 10 minutes and 

64°C for 3.5 hours followed by desulphonation of the converted DNA. Gene 

amplification was done using HotStarTaq® MasterMix Kit (Qiagen, Venlo, The 

Netherlands). Further specification on amplification conditions and primer sequences 

are listed in Table 3. Amplification conditions: 95°C for 15 min, 94°C for 30 s, 

59°C for 30 s, 72°C for 30 s, 40 cycles in a reaction volume of 25 μL. To assess 

DNA methylation levels of Igf1 promoter methylation, bisulfite sequencing was 

performed on the PyroMarkQ24 (Qiagen) instrument. Relative levels of methylation 

at each CpG-site were analyzed with PyroMark Q24 2.0.6 software. 

Table 3. Bisulfite amplification (F/R) and sequencing (S) primers 
 

Gene 

Targeted 

CpG-site position 

 

Sequences 5’ – 3’ 

Igf1 -1509 to -1430 

 

Amplicon 

length [bp] 

209 

F: AGAGGGTTGGAAAGAGTTTAAG 

R: AAACCAAACTTACCTCAATCTCTTAC 

S1: AGGTTTTTATTTATGGGG 

S2: GTATTTTTAAATTTTTTTGAGA 

 

Sequence to analyze: 

S1: 

TAGYGTAAAGAGGTAGTGTAGAGTTTTTAATTGGTTTTTGTTTTTATYGATGTGTT

AGTATTTTTAAATTTTTTTGAGA 

S2: 

GTTYGAGAGAGTAAGAGATTGAGGTAAGT 

 -1357 to -1254 

 

Amplicon 

length [bp] 

212 

F: AGAGTAAGAGATTGAGGTAAGTT 

R: TTACCACAAAAAATAAAATTCTAATCTTC 

S1: GGGAAAGTATATTTGGAG 

S2: TTATTGAGAAATAGGTATAAAT 

 

Sequence to analyze: 

S1: 

AGATATTYGTGGAAAGTATGTAGYGTTTAATTTGGGTTTTTGTAATTTTTTTTTATA

ATTTATTTTTTTATTTATTGTTTTTGAAAGATTATTGAGAAATAGGTATAAAT 

S2:  

YGTATTAATAGAAGATTAGAATTTTA 

 -1212 to -1180 

 

Amplicon 

length [bp] 

250 

F: TTGGAGAGATATTAGTGGAAAGTATGTAG 

R: AATTATAATATCATTCAAATCCCTCAACT 

S: AGAATTTTATTTTTTGTGGTAAAG 

 

Sequence to analyze: 

GYGAGTTTATATATTATAAATAGTAGAAGTAGTYGGTTTGAATTATGTTGTTAGTT

ATT 
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Calculations and statistical methods 

Relative gene expression (2-ΔCt method) was calculated in Microsoft® Office 

Excel. DNA methylation data and mRNA levels were tested for normal 

distribution of residuals (IBM® SPSS® version 22 release 22.0.0.1). As not 

all of the obtained data was normally distributed and data transformation did 

not improve, we decided to evaluate all analyzed parameters per subgroups 

via two-tailed Mann-Whitney U-test. P-values ≤ 0.05 were considered 

significant. The organ comparison of Igf1 promoter methylation levels was 

done by one-way ANOVA and data were corrected for multiple testing 

(Bonferroni, IBM® SPSS® version 22 release 22.0.0.1) An association of 

body weight, percent methylation, and Igf1 mRNA levels in neonatal liver 

was assessed using linear regression.  
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