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Abstract

Polychlorinated dibenzo-p-dioxins (PCDDs) and related halogenated aromatic hydrocarbons (e.g., PCDFs), often called “dioxins”, 
are ubiquitously present environmental contaminants. Some of them, notably 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), are 
among the most toxic synthetic compounds known. The biological effects of dioxins are mediated via the aryl hydrocarbon recep-
tor (AhR). Mutations in the AhR transactivation domain are linked to sensitivity to the acute lethality of TCDD. We present here 
a study of AhR gene polymorphism in normal and cancer human tissues affecting pre-mRNA splicing in the AhR gene-coding 
transactivation domain region (exon 10, intron 10, exon 11 region), previously shown to be associated with AhR dysfunction. 
We tested 126 pairs of normal and cancer tissue samples from liver, lung, stomach, kidney, mucous, breast, and pancreas of 
49 males and 77 females (45-70 years of age). We used in vitro splicing assay, RT-PCR and sequencing methods. Our results 
showed that in an in vitro system it is possible to reconstitute cellular pre-mRNA splicing events. Tested cancer tissues did not 
contain mutations in the AhR transactivation domain region when the DNA sequences were compared with those from normal 
tissues. There were also no differences in AhR mRNA splice variants between normal and malignant breast tissues and no 
polymorphisms in the studied regions or cDNA.
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One of the characteristics of eukaryotic genes that 
distinguish them from their prokaryotic counterparts is the 
production of large pre-mRNA that contains intervening 
non-coding sequences (introns). Intervening sequences in 
eukaryotic genes are removed from nuclear pre-mRNA in a 
well-defined pathway termed splicing. Pre-mRNA splicing 
proceeds in the nucleus and occurs co-transcriptionally. 
The coding sequences (exons) are joined to generate 
the mature mRNA that is exported to the cytoplasm and 
translated into protein. The efficiency of pre-mRNA splic-
ing is critically dependent upon the accuracy of cleavage 
and rejoining. The vast majority of human genes contain 
introns, and most pre-mRNAs undergo splicing. Alterations 
in pre-mRNA splicing cause changes in protein function, 
cellular sensitivity to some agents and, in some cases, cell 
death (1-3). It is not surprising that disruption of normal 
splicing patterns can cause or modify human disease (1,4). 
Mutations within splice sites represent about 15% of known 
point mutations causing human genetic diseases (5). For 
example, mutations disrupting the normal PKHD1 gene 

splicing cause autosomal recessive polycystic disease (6). 
For many genes in mammals, changes in alternative splic-
ing patterns are associated with tumor development and 
metastasis (2,5). For instance, it was recently shown that 
switching between splice isoforms of CD44 is associated 
with epithelial-to-mesenchymal transition and progression 
of breast cancer (7). Also a splice-variant of osteopontin, 
osteopontin-c, is specifically expressed in ovarian cancer 
cells and is involved in the progression of ovarian cancer 
(8). Therefore, alternatively spliced transcripts may be 
extremely useful as markers of certain types of cancer, 
since difference in usage of alternatively spliced transcript 
variants between normal and tumor tissue might be more 
pronounced than alterations in the general levels of gene 
expression (2).

Polychlorinated dibenzo-p-dioxins (PCDDs) and 
polychlorinated dibenzofuranes (PCDFs) are ubiquitously 
present environmental contaminants with well-established 
potent toxicity. In the cell, dioxins induce transcription of a 
battery of target genes encoding xenobiotic metabolizing 
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enzymes, such as the glutathione S-transferase Ya subunit, 
and transcriptionally regulate the expression of growth 
modulatory genes for interleukin-1β and plasminogen 
activator inhibitor-2 (9).

In animals, the toxic effects of dioxins lead to thymic 
wasting and immune suppression, causing epithelial disor-
ders and tumor promotion (10). In humans, a wide variety of 
health effects and cancer development (11,12) have been 
linked to exposure to dioxins.

The biological effects of dioxins are mediated by a 
ligand-dependent aryl hydrocarbon (or dioxin) receptor 
(AhR) belonging to the basic helix-loop-helix (bHLH) - PAS 
[Per, aryl hydrocarbon receptor nuclear translocator (ARNT), 
Sim] family of transcription factors. Upon ligand binding, 
series of events lead to the translocation of AhR into the 
nucleus, where it dimerizes with another bHLH/PAS protein, 
the ARNT (13). The AhR-ARNT-dioxin complex then binds 
to DNA at one or several specific sites designated as dioxin 
response elements acting as transcriptional enhancers 
and induces transcription of CYP1A1 and probably other 
genes (9,14).

The AhR plays a critical role in response to xenobiotic 
compounds. In laboratory animals, genetic variants in AhR 
mRNA lead to substantial differences in sensitivity to the 
biochemical and toxic effects of dioxins. A striking difference 
in susceptibility to acute lethality between two rat strains, 
Long-Evans (L-E) and Han/Wistar (H/W), has been dem-
onstrated. Differences between L-E rats and H/W rats in 
sensitivity to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 
are correlated with differential AhR mRNA processing at 
the exon 10 region due to an invariant GT nucleotide at 
the beginning of intron 10 (15). In humans, a wide variety 
of health effects have been linked to exposure to dioxins, 
including mood alterations, reduced cognitive performance, 
diabetes, dental defects, endometriosis, decreased testos-
terone, and cancer (16-18).

In the present study, we have determined if some human 
cancers have mutations in the AhR gene, which might affect 
its pre-mRNA processing in the region that is implicated in 
transactivation of AhR-target genes. We also determined 
whether the mRNA splicing pattern of AhR mRNA is affected 
in breast tumor tissue.

Material and Methods

Material
All salts, glycerol, polyvinyl alcohol, phenol, agarose, 

and ATP were purchased from Roth (Germany), and phos-
phocreatine, polyvinyl alcohol, PMSF, acrylamide, and 
bisacrylamide were from Sigma (Sigma-Aldrich Chemie 
GmbH, Germany). All restriction endonucleases, DNA 
ligase, proteinase K, T7 RNA polymerase, Taq DNA poly-
merase, and pBluescript II KS(+) plasmid DNA were from 
Fermentas (Lithuania), TRIzol reagent was from Invitrogen 
(USA), RT-PCR kit was from ABgene (UK), and [32P]-CTP 

was from Hartman Analytic (Germany). All DNA primers 
were purchased from Metabion (Germany), and ethanol 
was from Vilniaus degtine (Lithuania).

Escherichia coli strains
The strains used were E. coli DH5α [F-, (φ80dlacZΔM15), 

recA1, endA1, gyrA96, thi-1, hsdR17(rk- mk+), supE44, 
relA1, deoR, Δ(lacZYA-argF)U169] (Fermentas). 

Cloning
DNA constructs were assembled from the AhR gene 

spanning exon 10-intron 10 and intron 10-exon 11 from 
L-E (wild type) and H/W (mutant) Rattus norvegicus rat 
strains (NCBI Accession Nos. AF082124, AF082125, and 
AF082126) by PCR using appropriate primer pairs: P1-P2 
- constructs 5’ fragment [P1: 5’-d(AAGGAGAGCTCCATG
GTCAGTCCTCAGGCG)-3’; P2: 5’-d(TTCCTAAGCT TCTG 
CCTAAAAGGATTCTGAC)-3’] and P3-P4 - constructs 3’ 
fragment [P3: 5’-d(AAGGAAAGCTTGATATCGAATTCCTG
CAGCC)-3’; P4: 5’-d(TTCCTCTCGA GTCTGAAGGTGGCC 
AATGC)-3’]. PCR fragments [wild-type (AhR-10w.t.) and 
mutant (AhR-10mut.)] through SacI/HindIII and HindIII/XhoI 
restriction endonuclease sites, respectively, were cloned 
into pBluescript II KS (+) plasmid DNA.

T7 transcription and pre-mRNA splicing in vitro
Labeled pre-mRNAs from the plasmids were generated 

in an in vitro transcription reaction using T7 RNA polymerase 
and [32P]-CTP and the transcription reaction products were 
purified (19). Nuclear extracts from HeLa cells and in vitro 
splicing reactions were performed as described previously 
(19,20). Splicing reactions (25 µL) contained: ≈10 fmol in 
vitro transcribed, capped and [32P]-labeled pre-mRNA, 
20% nuclear extract, 2.6% (w/v) polyvinyl alcohol, 2.8 mM 
MgCl2, 2 mM ATP, 20 mM phosphocreatine, and buffer D 
(20%, w/v) glycerol, 20 mM HEPES, pH 7.9, 100 mM KCl, 
0.2 mM EDTA, 0.5 mM DTT, 0.3 mM PMSF). Reactions were 
incubated for 0.5 to 2 h at 30°C followed by proteinase K 
digestion (40 µg) for 30 min at 37°C, extracted with phenol-
chloroform and ethanol precipitated. Pre-mRNA splicing 
reaction products were separated on 8% denaturating 
polyacrylamide gels.

Preparation of DNA from mammalian 
tissues

DNA from human normal and cancer tissues was pre-
pared according to a published protocol (21). PCR was 
performed using primers P5 (5’-d(CACGTGGGTCAGAT
GCAGTACAATCC)-3’) and P6 (5’-d(GGTTTCAGAGGC
ATTGTAAGAAAGCAC)-3’) or P7 (5’-d(CAAGACAGAGC
ATTTTCTTTTGGTAACTTG)-3’) and P8 (5’-d(GATGATG
AAGTGGCTGAAGATGTGTGG)-3’). Reaction products 
were sequenced by di-deoxy sequencing methods using 
a manual cycle reader DNA sequencing kit (Fermentas, 
Lithuania) or at an institutional sequencing center. The 
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sequences were compared using the web-based Basic 
Local Alignment Search Tool (BLAST) software bl2seq 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi), and any type of 
polymorphism was screened.

Isolation of total RNA from tissues
Total RNA from human normal and cancer tissues 

was isolated using TRIzol reagent. RT-PCR assays 
contained 1 µg RNA and 10 pmol each of primers: P9 
(5’-d(CAGCGCCAACATCACCTAC)-3’) and P10 (5’-d(GA
AGCACCTCTCCATTAAAGG)-3’) or P11 (5’-d(CCTTTAAT
GGAGAGGTGCTTC)-3’) and P12 (5’-d(CGTAAATGCTC
TGTTCCTTCC)-3’). RT-PCR was performed according to 
the ABgene protocol. Products were sequenced. 

Results

Due to mutations in primary gene sequence, pre-mRNA 
splicing patterns can serve as markers of the altered cel-
lular state associated with disease even when they are 
not in the primary pathway of the disease mechanism and 
have the potential to provide diagnostic and prognostic 
information.

Before screening for mutations in the AhR gene 
transactivation domain (intron 10 region) or AhR mRNA 
in human cancers, we examined whether it is possible, 
using an in vitro splicing system, to reproduce the splicing 
shift in the AhR intron 10 region, which occurs in rat cells. 
As the model pre-mRNAs in splicing assays, we used rat 
AhR constructs from the L-E rat strain, which contains the 
wild-type AhR receptor gene, or the mutant H/W rat strain, 
containing mutation in the AhR gene (Figure 1). AhR-10w.t. 
and AhR-10mut. pre-mRNAs were generated in an in vitro 
transcription reactions and used in an in vitro splicing 
reaction in HeLa nuclear extracts. The time course of the 
splicing reactions showed that the AhR-10w.t. construct, as 
expected, yielded a product of 205 nucleotides (nt; Figure 
2, lanes 6-10). The AhR-10mut. construct, where the G 
nucleotide at the 5’ splice site is mutated to A, yielded a 
234-nt product (Figure 2, lanes 1-5). The 234-nt band was 
cut out from the gel and eluted and subjected to reverse 
transcription combined with PCR (RT-PCR). The primary 
DNA structure of the fragment obtained was determined by 
sequencing. The sequencing results revealed that in pre-

mRNA, containing the mutated 5’ splice site, the aberrant 
splice site located 29 nt upstream of a normal splice site 
was utilized. The result obtained demonstrates that cellular 
events can be reconstituted in this in vitro system.

The human AhR gene encompasses 47,146 nt and 
is located on chromosome 7. There are 12 exons, which 
encode an AhR mRNA (5483 nt). At present, most stud-
ies on AhR gene polymorphism are conducted on exonic 
sequence polymorphism (22). The exon 10 region of the 
Ahr gene encodes one of the major protein regions that is 
implicated in the transactivation of target genes (11,22). 
As the mutations in the AhR transactivation domain (NCBI 
accession No. NM_001621) determine a clear difference in 
susceptibility to the acute lethality of TCDD (15), it is pos-
sible to expect that aberrant processing of AhR mRNA in 
intron 10 regions might lead to changes in the efficiency of 
removal of non-coding sequences, to abnormal AhR protein 
function and to cancer development in humans.

In the next step of our study, we searched for any pos-
sible mutations that might influence AhR pre-mRNA pro-
cessing in the intron 10 regions, or intron removal efficiency 
by comparing sequences of DNA isolated from normal and 
cancer human tissues provided by the Lithuanian Cancer 
Center. The normal and cancer tissues tested were (126 
sample pairs): liver = 15, lung = 26, stomach = 15, kidney 
= 15, mucous = 15, breast = 25, and pancreas = 15. After 
isolation of DNA from these tissues, PCR was performed 
using specifically designed primers (see Figure 3), and 
the PCR products were sequenced. Sequence analysis of 
the PCR product fragments obtained from DNA isolated 
from normal and cancer tissues of different individuals 
revealed no differences in primary structure of the AhR 
gene transactivation domain (intron 10) region. These 
data indicate that there were no changes in primary DNA 
sequence that might affect AhR pre-mRNA processing in 
the cancer types studied.

Pre-mRNA splicing variants have been implicated in 
the progression and spreading of several human tumors 
(23). Altered splicing patterns can also serve as markers 
of the altered cellular state associated with disease or, 
e.g., a toxic environment. Therefore, detection of altered 
splicing patterns has the potential to provide diagnostic and 
prognostic information.

Since dioxins are lipid-soluble compounds, they might 

Figure 1. Rat AhR (intron 10 region) pre-mRNA constructs constructed for pre-mRNA splicing reactions in vitro. The 
arrow indicates the location of the point mutation detected in the H/W rat strain. AhR = aryl hydrocarbon receptor; bp = 
branch point nucleotide. Intron and exon sizes in nucleotides (nt) of constructs are indicated.
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accumulate and be most toxic in tissues that are rich 
in fat. To test the possibility that dioxins might alter the 
splicing pattern, we chose to analyze polymorphism of 
AhR mRNA in the breast tissues, which are rich in fat. To 
this end, total RNA from normal breast tissue and breast 
cancer tissue was isolated using primers specific for AhR 
mRNA (Figure 4), converted to cDNA by RT-PCR and se-
quenced. Comparison of sequences revealed no changes 
in nucleotide sequence of AhR cDNA from normal breast 
tissue and breast cancer tissue. These results suggest 
that the primary structure of the human AhR protein is 
highly conserved.

Discussion

In addition to its roles in sensing toxicity and as a me-
diator of the induction of drug-metabolizing enzymes, AhR 
is also involved in carcinogenesis. Shimizu et al. (12) have 
demonstrated that AhR-deficient mice treated with benzo[a]
pyrene, a widely distributed environmental carcinogen, do 
not develop subcutaneous tumors at the site of injection, 
while all AhR-positive mice bearing +/+ and +/- genotypes 
do. Their finding indicates that AhR plays an important role 
in cancer development in animal models. Recently, it has 
been shown that polymorphisms in exonic sequence of the 

Figure 2. Time course of the in vitro splicing reaction of the wild-type AhR-10 (lanes 6-10) and the mutant AhR-10 
(lanes 1-5) constructs in HeLa cell nuclear extracts. Lanes 1 and 6 = incubation time in HeLa cell nuclear extract 
0 h; lanes 2 and 7 = 0.5 h; lanes 3 and 8 = 1 h; lanes 4 and 9 = 1.5 h; lanes 5 and 10 = 2 h. Lane 11 = RNA size 
marker. Ahr = aryl hydrocarbon receptor.
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AhR receptor are associated significantly with risk of non-
Hodgkin lymphoma and that these polymorphisms signifi-
cantly increase the risk of lung cancer in humans (24,25).

In the present study, we have searched for polymor-
phisms in the sequence of the processing region of the 
AhR gene (exon 10-intron 10-exon 11) in various types 
of human cancers. Our sequence analyses did not reveal 
differences in this region, including the sequence of intron 

10, which might affect intron 10 region splicing or the ef-
ficiency in intron removal in cancers. Our results indicate 
that the primary structure of the human AhR protein is highly 
conserved in the cancer types studied. The high degree of 
conservation in the primary structure of the AhR in humans 
suggests that this protein has critical life functions (15). 
Many of the genes affected by exposure to AhR ligands in 
animal models or in cell culture are involved in critical events 

Figure 3. AhR gene intron 10 region sequences spanned by designed primer pairs P5-P6 and P7-P8. A, Primer 
pair P5-P6 spanning a 494-bp fragment (3’ end of exon 10-5’ end of intron 10). B, Primer pair P7-P8 spanning a 
644-bp fragment (3’ end of intron 10-5’ end of exon 11). Exonic sequences are indicated in upper case and intronic 
sequences in lower case letters. Primer sequences are shown in bold. Ahr = aryl hydrocarbon receptor.

Figure 4. Primer pairs (P9-P10 and P11-P12) designed for AhR cDNA polymorphism studies. The spanned fragment size 
(nucleotides, nt) is indicated. Ahr = aryl hydrocarbon receptor.
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such as cell proliferation, cell signaling and apoptosis. The 
list of genes whose expression is altered by AhR ligands is 
continually expanding (22).

As we examined only a limited set of different cancer types 
(phenotypes), we cannot completely exclude the possibility 
that, at the genomic level, there might be changes in the AhR 
gene intron 10 region of other cancer types. Therefore, it seems 
that the appearance of the studied cancers was not due to the 
genetic alterations within the intron 10 region. It is likely that 
the role of the dioxin receptor in cancer formation in humans 
is indirect, and therefore it remains to be determined which 
cellular pathways are affected by exposure to dioxins.
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