University of Iowa

Iowa Research Online
Theses and Dissertations

2012

Telomerase and telomere dysregulation in
Polychlorinated Biphenyl (PCB) exposed human
skin keratinocytes
Senthilkumar Perumal Kuppusamy
University of Iowa

Copyright 2012 Senthilkumar Perumal Kuppusamy
This dissertation is available at Iowa Research Online: http://ir.uiowa.edu/etd/2957
Recommended Citation
Perumal Kuppusamy, Senthilkumar. "Telomerase and telomere dysregulation in Polychlorinated Biphenyl (PCB) exposed human skin
keratinocytes." dissertation, University of Iowa, 2012.
http://ir.uiowa.edu/etd/2957.

Follow this and additional works at: http://ir.uiowa.edu/etd
Part of the Toxicology Commons

TELOMERASE AND TELOMERE DYSREGULATION IN POLYCHLORINATED
BIPHENYL (PCB) EXPOSED HUMAN SKIN KERATINOCYTES

by
Senthilkumar Perumal Kuppusamy

An Abstract
Of a thesis submitted in partial fulfillment
of the requirements for the Doctor of
Philosophy degree in Human Toxicology
in the Graduate College of
The University of Iowa
May 2012
Thesis Supervisor: Associate Professor Gabriele Ludewig

1

ABSTRACT
Polychlorniated Biphenyls (PCBs), a group of 209 individual congeners, are
ubiquitous environmental pollutants and classified as probable human carcinogens.
Hallmarks of aging and carcinogenesis are changes in telomerase activity and telomere
length. I hypothesize that PCBs modulate telomerase activity and telomeres via
interference in gene regulation and generation of reactive oxygen species (ROS) resulting
in the dysregulation of cell growth. To explore this possibility, I exposed human skin
keratinocytes (HaCaT) to a synthetic airborne PCB mixture (CAM) and individual
congeners, i.e. PCB28, PCB52, PCB126 and PCB153. To mimic the chronic human
exposure to PCBs and the slow process of carcinogenesis, a long term exposure period of
48 days and beyond was employed. All PCB congeners and CAM reduced telomerase
activity, telomere length and cell growth. Among all PCBs, PCB126 had the most
pronounced effect with reduction in telomerase activity, telomere length, hTERT and
hTR gene expression and cell growth, while increasing TRF1 & TRF2 gene expression.
PCB126 elicited an increase in CYP1A1 mRNA, CYP1A1 activity, DHE and DCFH
oxidation levels from days 6 to 48, suggesting that increased ROS might be a causative
factor for the reduction in telomerase activity and telomere length. However, transduction
with hTERT and hTR subunits partly rescued telomerase activity, while treatment with
PEG-catalase did not rescue telomerase activity suggesting that telomerase subunits play
an important role on PCB126 induced effects on telomerase activity and telomere length.
Since cells with shortened telomeres may escape crisis through telomerase reactivation,
PCB126 treatment was continued until day 90. A change in growth behavior was
observed from day 54 to 90, with cells recovering the proliferation rate, and increasing cMyc, hTERT, and hTR gene expression level, re-activating telomerase activity and reelongating telomere length. TRF1 & 2 gene expression started to decrease after day 66.
From day 78, no increase in CYP1A1mRNA and its activity as well as CYP1B1,
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ALDH3A1, UGT1A1 and AhRRmRNA was observed suggesting that the AhR response
pathway may have been altered. This study shows for the first time that PCBs initially
reduce telomerase activity, telomere length, and cell growth, and can later lead to
telomerase re-activation, telomere lengthening and increased cell growth with modulation
of the AhR receptor pathway. This observation has broad implications for chronic PCB
exposure scenarios.
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ABSTRACT

Polychlorniated Biphenyls (PCBs), a group of 209 individual congeners, are
ubiquitous environmental pollutants and classified as probable human carcinogens.
Hallmarks of aging and carcinogenesis are changes in telomerase activity and telomere
length. I hypothesize that PCBs modulate telomerase activity and telomeres via
interference in gene regulation and generation of reactive oxygen species (ROS) resulting
in the dysregulation of cell growth. To explore this possibility, I exposed human skin
keratinocytes (HaCaT) to a synthetic airborne PCB mixture (CAM) and individual
congeners, i.e. PCB28, PCB52, PCB126 and PCB153. To mimic the chronic human
exposure to PCBs and the slow process of carcinogenesis, a long term exposure period of
48 days and beyond was employed. All PCB congeners and CAM reduced telomerase
activity, telomere length and cell growth. Among all PCBs, PCB126 had the most
pronounced effect with reduction in telomerase activity, telomere length, hTERT and
hTR gene expression and cell growth, while increasing TRF1 & TRF2 gene expression.
PCB126 elicited an increase in CYP1A1 mRNA, CYP1A1 activity, DHE and DCFH
oxidation levels from days 6 to 48, suggesting that increased ROS might be a causative
factor for the reduction in telomerase activity and telomere length. However, transduction
with hTERT and hTR subunits partly rescued telomerase activity, while treatment with
PEG-catalase did not rescue telomerase activity suggesting that telomerase subunits play
an important role on PCB126 induced effects on telomerase activity and telomere length.
Since cells with shortened telomeres may escape crisis through telomerase reactivation,
PCB126 treatment was continued until day 90. A change in growth behavior was
observed from day 54 to 90, with cells recovering the proliferation rate, and increasing cMyc, hTERT, and hTR gene expression level, re-activating telomerase activity and reelongating telomere length. TRF1 & 2 gene expression started to decrease after day 66.
From day 78, no increase in CYP1A1mRNA and its activity as well as CYP1B1,
v

ALDH3A1, UGT1A1 and AhRRmRNA was observed suggesting that the AhR response
pathway may have been altered. This study shows for the first time that PCBs initially
reduce telomerase activity, telomere length, and cell growth, and can later lead to
telomerase re-activation, telomere lengthening and increased cell growth with modulation
of the AhR receptor pathway. This observation has broad implications for chronic PCB
exposure scenarios.
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CHAPTER 1 INTRODUCTION
Polychlorinted Biphenyls (PCBs)
Background
Polychlorinated Biphenyls (PCBs) are a class of 209 individual congeners with 1
to 10 chlorine atoms attached to the biphenyl ring and general formula C12H10-xClx (where
x may take values from 1-10, (WHO, 1993). PCB congeners are colorless or are white
crystals with high solubility in most organic solvents and lipids. PCBs do not exist
naturally, but are synthesized for their thermal stability. PCBs were produced as multiple
congener mixtures and sold under different brand names in different countries including
USA (Monsanto, Aroclor), Germany (Bayer, Clophens), France (Prodelec, Phenoclors),
Poland (Zabkowice Slaskie, Chlorofen), Spain (Cross, Fenoclors) etc. Aroclors are
followed by a four digit number, the first two digits being 12, representing 12 carbons of
biphenyl and the last two digits representing the percentage of chlorine by weight in the
mixture. PCBs were produced worldwide from 1929 to the early 1980s and during that
period, an estimated 2 million tons of commercial PCB mixtures were produced, of which
about 0.2 million tons remain in mobile environmental reservoirs. PCBs were used as
coolants and insulating fluids for transformers and capacitors, plasticizers in paints,
cements, synthetic resins, and rubbers, and in heat transfer systems, inks, carbonless copy
papers, waxes, sealants (for caulking in schools and commercial building) and for many
other purposes. Some quantities are still in use (electrical transformers) and they are
released either intentionally or by accidental leakage into the air, water, soils, plants and
animals. In the environment, PCBs can be degraded by photolysis and biodegradation
(Bedard, 2001). Human controlled disposal and degradation usually requires very high
temperatures (Erickson, 2001). PCBs accumulate in the food chain with higher
chlorinated congeners predominant at the top of food chain. Lower chlorinated congeners
are biotransformed and producing metabolites in higher organisms, and eliminated in the
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urine or feces. Among PCBs, the likelihood of metabolism decreases with increased
chlorination of the biphenyl ring.
Individual PCB congeners
The toxicity of individual PCB congeners varies with their structure (Davis and
Safe, 1990). Two major groups of PCBs can be distinguished, namely dioxin-like and
non-dioxin-like PCBs. Dioxin-like congeners have few chlorines (1 or none) at the
ortho-positions; therefore, they can adopt a more coplanar structure and bind to the aryl
hydrocarbon receptor (AhR) (Bandiera et al., 1982). Non dioxin-like PCBs have at least
two chlorine substitutions at the ortho-positions and are less coplanar due to steric
hindrance. They exert their toxic effects via mechanisms independent of AhR binding
(Sandor Sipka, 2008). Individual PCBs have different physical/chemical characteristics
which influence their accumulation, uptake and metabolism in the environment and in
organisms, giving rise to marked differences in PCB congener composition between the
commercial PCB mixtures (Aroclor) and biological extracts. There are no differences
between the organ distribution of coplanar and non-coplanar PCBs (Bachour G, 1998). In
the indoor air of schools, the lower chlorinated PCBs 28 (2,4,4′-trichlorobiphenyl) and
PCB 52 (2,2’,5,5’-tetrachlorobiphenyl) contribute to almost 90% of the sum of six
indicator congeners (Gabrio et al., 2000). Workers who remove PCB-containing caulking
from buildings were found to be exposed to high concentrations of PCB 28 and 52 . A
moderate increase in the concentrations of PCB 28 in the blood of teachers in
contaminated schools was observed. (Gabrio et al., 2000). Recently it was reported that
PCB28 and52 are present at high levels in Chicago air (Zhao et al., 2010). PCB28 and
PCB52 are non-dioxin like (NDL) PCB congeners, since their ortho chlorine(s)
contribute to a less planar biphenyl structure.
Of the various congeners, PCB153 (2,2′,4,4′,5,5-hexachlorobiphenyl) appears to
be a predominant PCB congener present in human and fish tissues (Chao et al., 2004;
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Hayward et al., 2007). PCB153 is persistent in the environment and its half-life may
exceed 100 years in marine sediments (Jönsson et al., 2002). PCB153 is a di-orthosubstituted PCB congener that does not activate the AhR and exhibits no dioxin-like
activity and therefore is not assigned a Toxic Equivalence Factor (TEF) value. Its mode
of action has not been fully elucidated, but based on its structural similarity to
phenobarbital and limited effect on gene expression, it may be mediated via the
constitutive androstane receptor (CAR)/ pregnane X receptor (PXR) (Craft et al., 2002;
Honkakoski et al., 2003; Tabb et al., 2004).
PCB126 (3,3′,4,4′,5-pentachlorobiphenyl) is the most potent PCB congener and
accounts for 40–60% of the total toxic potency of all dioxin-like PCBs . The toxic
responses are mediated through the activation of the aryl hydrocarbon receptor (AhR), a
basic-helix–loop–helix-PAS (bHLH–PAS) protein (Stephen, 2001). Dioxin and related
compounds bind to the cytoplasmic AhR, which then translocates to the nucleus to form a
heterodimer with the AhR nuclear translocator (ARNT), another member of the bHLH–
PAS family (Hankinson, 1995). The activated AhR/ARNT complex interacts with dioxin
response elements (DREs) located in the regulatory region of target genes, leading to
changes in gene expression (Nebert et al., 2000). The toxic equivalency factor
(TEF)/toxic equivalents (TEQ) approach is used to assess the potential risks associated
with exposure to mixtures of polychlorinated dibenzo-p-dioxins (PCDDs),
polychlorinated dibenzofurans (PCDFs), and PCBs. PCB 126 has the highest TEF value
of 0.1 relative to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) among all PCB congeners.
Contemporary toxicological studies of PCBs often focus on the biological effects
of a single PCB congener. While this approach yields specific data on the discrete
biological actions of a congener, a more accurate model of human exposures is achieved
with experiments that include the use of mixtures, such as the Chicago Air Mixture
(CAM). CAM mixture was prepared by mixing 65% Aroclor 1242 and 35% Aroclor
1254 and this mixture resembles the average PCB profile recorded from 1996 to 2002 at
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a satellite station of the Integrated Atmospheric Deposition Network located at the
Illinois Institute of Technology (IIT) in Chicago, Illinois (Zhao et al., 2010). Thus, now
not only individual congeners but also an environmentally-relevant mixture of PCBs,
similar to the PCBs present in the air and to which people are exposed in normal daily
life, is available for experimental studies.
Exposure and health effects of PCBs
PCBs production was banned in the USA in late 1970s because of their toxicity to
humans and animals by way of bioaccumulation and biomagnification. In spite of the
ban, PCBs remain widely distributed in the environment and continue to pose various
health hazards to all living creatures, especially to those higher in the food chain
including humans. Humans are exposed to PCBs through food (especially seafood),
airborne particles and skin penetration (Erickson, 2001). Exposure occurs by accidental,
occupational and general public exposure. An exposure incident dates back to 1968
where a mass food poisoning occurred in Japan (Yusho) because of contamination of rice
oil with polychlorinated derivatives of biphenyls, dibenzofurans, and some other related
compounds. Ingestion of this contaminated oil caused acute toxicity with cloracne, dark
pigmentation of the eyelids, irritation of the conjunctiva, fever, headache, jaundice,
numbness of the limbs, as well as liver dysfunction (Kikuchi, 1984). Around 1,800
people were affected and an increased incidence of hepatocellular carcinoma has been
linked to this incident. Ten years later in 1979, a similar outbreak occurred by ingestion
of PCB contaminated rice oil in Taiwan (Yucheng) and around 2000 people were
affected (Ikeda, 1996). Major environmental contamination sites include Aniston, AL;
Hudson River, NY; Great Lakes in North America. The increased level of PCBs has been
found in human serum, blood, liver, muscle, kidney, adipose tissue. A general conclusion
is that PCBs are ubiquitous, with average levels in adipose around ppm levels (Safe,
1994) and in blood around ppb levels (Hansen, 2000). PCBs have been shown
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experimentally to cause various health effects including immunologic, hepatotoxic,
neurobehavioural changes and increased risk of cancer (Danis et al., 2006) (Silberhorn et
al., 1990; Yoshizawa et al., 2009). There is abundant evidence that DL and NDL PCB
congeners cause toxicity in effects on various organ systems (Hansen, 1998).
Telomeres, Telomerase and Cancer

Normal human cells are unable to continue to divide infinitely and reach mortality
after a definite point of time. When researchers were looking for answers, Leonard
Hayflick (Hayflick, 1979), proposed a mechanism ‘Hayflick Limit’, which postulates that
cells have only finite replicative capacity after which they reach a non-proliferative state
termed senescence. This cellular senescence may serve as an important cellular
mechanism of tumor suppression. Lack of senescence in cells allows cells to grow
exponentially and infinitely. One of the hallmarks of cancer cells is their ability to divide
indefinitely, termed immortalization. After almost a decade Alexy Olovnikov, young
Russian Scientist, proposed that there is a specialized structure at the end of chromosome
called telomeres that must consist of repeat nucleotide sequences. He also postulated that
the length of the repeat sequence at the telomere would determine the number of cell
divisions. At the same time, James Watson described a mechanism called ‘The End
Replication Problem’, in which he described that synthesis of the lagging strand would be
incomplete because DNA polymerase would be unable to replicate the 5’ ends on new
strands of DNA. Hermann Muller and Barbara McClintock showed that the ends of
chromosomes were capped with a telomere structure that prevents end-to-end
chromosomal fusions, degradation, and recombination (McClintock, 1941). Then a series
of experiments conducted on the immortal unicellular organism Tetrahymena
thermophila demonstrates that telomeres are composed of hexameric repeats of
nucleotides and a telomere terminal transferase capable of maintaining them (Greider and
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Blackburn, 1987; Blackburn, 1991) (Figure 1). Telomeres have been suggested to play a
role in the architecture of the nucleus (Agard and Sedat, 1983). It has been found (Cooke,
1986) that the telomere length is not the same in all human tissues. Then studies were
aimed at measuring both shortening and elongation of telomeres (Moyzis et al., 1988).
Telomeres are regulated by groups of telomeric proteins, called shelterins, and telomerase
enzyme (Blackburn, 1991). The shelterin protein complex, composed of TRF1, TRF2,
POT1, TPP1, TIN2, RAP1, protects telomeres, facilitates replication and controls access
of telomerase. Without the protective activity of shelterin, telomeres are no longer hidden
from the DNA damage surveillance and chromosome ends are inappropriately processed
by DNA repair pathways (de Lange, 2005). Telomeres normally shorten with each cell
division which eventually results in aging and cell death (Allsopp et al., 1995) (Vaziri et
al., 1994). Shortening of telomeres is primarily due to end replication problem (Levy et
al., 1992) and damage due to chemicals and toxicants (Lansdorp, 2005). Conversely in
cancer cells, the telomere length is thought to be stabilized either by telomerase activation
(Cong et al., 2002) or by alternative lengthening of the telomeres (Cesare and Reddel,
2010).
In 1994 Kim et al, (Kim, 1994) found that immortal and cancer cells possessed
telomere terminal transferase activity. Telomerase, an enzyme complex, carries its own
reverse transcriptase component (In human it is called, hTERT) and RNA component (In
human it is called, hTR); (Figure 2). Telomerase adds TTAGGG repeat to the telomeric
ends to compensate the progressive loss of telomeric sequences during normal DNA
replication (Greider and Blackburn, 1987; Feng, 1995; Counter, 1998). Other subunits of
the telomerase complex are TEP1 (telomerase-associated protein 1), hsp90 (heat shock
protein 90), p23, and dyskerin (Chang et al., 2002). Telomerase activity is regulated by
transcription, mRNA splicing, maturation and modifications of hTR and hTERT,
transport and subcellular localization of each component, assembly of active telomerase
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ribonucleoprotein, and accessibility and function of the telomerase ribonucleoprotein on
telomeres.
Telomerase is active in human germline cells and most cancers (Kim, 1994;
Wright et al., 1996) whereas in normal human somatic cells, it is either undetectable or
present at low levels. The increased telomerase activity found in cancers prevents
telomere shortening, and allows cancer cells to escape the normal limits of cellular
proliferation (Colgin and Reddel, 1999). Several studies showed that among many factors
of telomerase regulation, hTERT and hTR play an important role. Over expression of
both hTERT and hTR substantially increased telomerase activity compared to over
expression of either hTR or hTERT alone (Cristofari and Lingner, 2006). Increased
hTERT copy number and hTR copy number has been found in many cancers including
leukemia (Nowak, 2006) and melanoma (Pirker, 2003). When exogenous hTERT is
expressed in normal cells, telomere shortening is prevented, and immortalization may
occur (Bodnar et al., 1998; Vaziri and Benchimol, 1998). The correlation between
telomerase activation during cellular immortalization and activation in tumors led to the
view that telomerase is required for tumor growth in vivo (Bednarek et al., 1995;
Broccoli et al., 1996). However, tumor formation was also observed in cells that lack
telomerase activity (Blasco et al., 1997; Perona et al., 2009). Lack of telomerase activity
leads to the shortening of telomeres and shortened telomeres produce a very high
likelihood of ploidy changes, which may be associated with the development of cancer
(Artandi, 2003; Lange et al., 2010). Telomere shortening also promotes metastatic
potential along with genome instability of lung cancer (Perera et al., 2008). It has been
recently established that telomeres tend to be remarkably short, even at early stages, in
several types of human tumors (van Heek et al., 2002; Joshua, 2007). To summarize,
either telomere length stabilization/telomere shortening and/ or telomerase
activation/telomerase deficiency could lead to disease progression, including cancer, in
multiple ways.
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PCBs effect on telomeres and telomerase
Polychlorinated Biphenyls (PCBs), ubiquitous environmental pollutants, are
classified as probable human carcinogen by EPA, NTP and IARC. Telomeres and
telomerase play an important role in the development of cancer and aging and are
considered as “two edged sword”. Though they play a pivotal role in cancer, to our
knowledge only one research study has been carried out on the effect of PCBs on
telomere complex resulting in one research article. This study, which was performed in
our laboratory (Jacobus et al., 2008b), has shown for the first time that a PCB-3 pbenzoquinone (a metabolite of PCB-3 congener), shortens telomeres, but the mechanism,
the consequences, or whether other congeners have a similar activity are completely
unknown. No work has been published on the effects of PCBs on telomerase enzyme.
Reactive oxygen species, antioxidants and oxidative stress

Oxygen, while indisputably essential for life, can also participate in the
destruction of tissue and/or impair their ability to function normally (Kehrer, 1993).
Through redox reactions, oxygen free radical species are produced from oxygen atoms
during electron transfer in living systems. Oxygen-derived free radicals, called reactive
oxygen species (ROS), include superoxide anion (O2¯·), hydroxyl radical (·OH), and
lipid peroxides, while reactive nitrogen species (RNS) include nitric oxide (NO·) and
peroxynitrite (ONOO-) (Halliwell, 1992). ROS can be important mediators of damage to
cell structures, including cell membranes, proteins and nucleic acids (Poli, 2004) and
radical-related damage of DNA and proteins have been proposed to play a key role in the
development of diseases such as cancer, arteriosclerosis, arthritis, and others (Halliwell,
1992). Some oxidative DNA lesions are promutagenic and may cause the first step of
carcinogenesis (Bartsch, 1996).
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Under normal physiological conditions, cells are capable of counterbalancing the
production of reactive oxygen species using antioxidants. Endogenous cellular
antioxidant defenses are mainly enzymatic and include superoxide dismutase, glutathione
peroxidase, and catalase. Superoxide dismutases, located in the cytosol, mitochondria,
and extracellular space, function to reduce superoxide anion to hydrogen peroxide and
water. Glutathione peroxidases, localized in the cytosol and mitochondria and catalase,
located in the cytosol and peroxisomes, helps in removing hydrogen peroxide (Abuja and
Albertini, 2001). Nonenzymatic antioxidants such as vitamin E, vitamin C, and coenzyme
Q function to quench reactive oxygen species (Clarkson and Thompson, 2000). The
imbalance between ROS and antioxidants leads to oxidative stress which results in
damage to cellular structures ending up in many diseases.
PCBs induced oxidative stress
The 209 congeners of PCBs possess a wide spectrum of toxic effects. The number
and location of chlorine atoms introduced into the biphenyl molecule determine the
potency and nature of toxicity of each PCB (Robertson, 2001). One of the main
mechanisms by which PCBs may exert their promoting activity in carcinogenesis is by
increasing oxidative stress (Tharappel et al., 2002). Individual PCB congeners are shown
to increase oxidative stress (Venkatesha et al., 2008; Chaudhuri et al., 2010). In general,
lower chlorinated biphenyls undergo metabolic conversion whereas higher chlorinated
biphenyls act through receptors. PCBs that are substituted in both para and at least two
meta positions, but not in any of the ortho positions, may form a coplanar configuration
similar to 2,3,7,8- tetrachlorodibenzo-p-dioxin (TCDD) and bind strongly to the Ah
receptor (Robertson, 2001). The AhR functions as a sensor of extracellular signals and
environmental stresses affecting growth and development (Gonzalez and FernandezSalguero, 1998; Gu et al., 2000). Upon ligand binding, AhR sheds the chaperon proteins
and translocates to the nucleus, where it forms a heterodimer with the AHR nuclear
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translocator (ARNT). The DNA-bound AhR/ARNT dimer recruits cofactors, and the
complex modulates expression of target genes. It has been suggested that the molecular
responses associated with exposure to coplanar PCBs are due to the interaction of these
compounds with AhR and subsequent induction of the cytochrome P450 1A1 subfamily
(Endo et al., 2003). Induction of CYP1A1 can lead to oxidative stress via the generation
of reactive oxygen species (ROS) including superoxide anions (Sidney J, 1990;
Ramadass et al., 2003) by uncoupling of the catalytic cycle of cytochrome P450.
Alternatively, PCBs may be enzymatically oxidized to monohydroxyl, dihydroxyl,
semiquinones or quinones, which can undergo redox cycling and resulting in the
generation of ROS (McLean et al., 2000; Srinivasan et al., 2002).
PCBs also modulate the antioxidant status inside the cell (Zhu et al., 2009; Lai et
al., 2010). The resulting oxidative stress caused by PCBs can produce oxidative DNA
damage, in the form of 8-hydroxydeoxyguanosine (Oakley et al., 1996). PCB126
(3,3',4,4',5-pentachlorobiphenyl) is a coplanar congener of PCB and so behaves similar to
TCDD. PCB126 has been shown to affect transcription via the AhR (Hassoun et al.,
2001; Fukuzawa et al., 2003) and induces ROS in echinoderm cells and in mammalian
hepatic and brain tissues (Coteur et al., 2001; Hassoun et al., 2002).
Oxidative stress regulates telomerase activity and telomere
damage
Telomeres, a triple-G-containing structure, are highly sensitive to damage by
oxidative stress (Henle et al., 1999; Oikawa and Kawanishi, 1999). Oxidations of these
telomeric repeats make the telomeric ends more susceptible to breaks and enhance the
rate of telomere attrition (Thomas, 2002). Oxidative stress produce a majority of single
stranded breaks in the telomeres (von Zglinicki et al., 2000; Honda et al., 2001) and these
single-stranded breaks stay as such because of the slow DNA repair in telomeres
compared with control DNA sequences (Petersen et al., 1998). A continuous correlation
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between oxidative stress and telomere shortening independent of the age, type of tissue
and species was observed (Richter and Zglinicki, 2007). Not only does oxidative stress
affect telomere length but also the telomerase activity by translocating hTERT, a catalytic
subunit of telomerase, into mitochondria (Haendeler et al., 2003). ROS triggers the
nuclear export of hTERT and in the cytosol, hTERT interacts with mitochondrial import
proteins such as Tom20 that facilitate its import into the mitochondria (Indran et al.,
2010). Mitochondrial hTERT has also been shown to play a role in improving
mitochondrial function (Ahmed et al., 2008). So overall, oxidative stress leads to the
reduction in telomerase activity and shortening of telomeres. Over expression of
antioxidants could rescue the cells from oxidative stress and thereby the telomerase
activity and telomere length. There are several papers showing that the over expression of
antioxidants such as MnSOD and Catalase reduced the level of ROS (Venkatesha et al.,
2008; Zhu et al., 2009). But whether the over expression of antioxidants have any role on
the level of telomerase activity and telomere length is not known.
Cell cycle and cancer

Cell cycle is an ordered series of events that takes place in the cell leading to
replication and segregation of genetic material followed by the division of the cell. This
results in cell proliferation and growth. Normal somatic cells stop proliferating after a
definite period of time whereas cancer cells undergo unlimited and uncontrolled
proliferation. So cell cycle plays an important part in the progression of cancer. Cell cycle
consists of four distinct phases: G0, G1, S, G2 and M phase. G1, also called GAP1 phase,
helps in the cell growth and synthesis of enzymes required for chromosome replication in
S-phase. DNA synthesis and chromosomal replication occur in the S-phase. This is
followed by G2, also called GAP2 phase, where synthesis of proteins mainly
microtubules occur. Finally mitosis, called M phase, where division of the nucleus
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(karyokinesis) and division of cytoplasm (cytokinesis) resulting in two daughter cells
takes place. Cell cycle is tightly regulated by many players and among them, cyclins and
cyclin dependant kinases (CDKs) play an important role. CDKs are constitutively
expressed in cells whereas cyclins are synthesized at specific stages of the cell cycle, in
response to various molecular signals.
PCBs effect on cell cycle
Several PCBs have been shown to affect cell cycle and thereby cell growth.
(Chaudhuri et al., 2010) showed that 4-Cl-BQ-induced increase in the percentage of Sphase cells and total decrease in cell number in prostate epithelial cells. PCB 77, PCB
153 and 4-Cl-BQ-reduced cell growth in human breast and human prostate epithelial cells
(Zhu et al., 2009). PCB 153 and not PCB101, PCB118 and PCB138 have been shown to
increase the proliferation of cells from 48 hours to 6 days of exposure in breast cancer
cells (Radice et al., 2008). PCB 126 reduced breast cancer cell proliferation (Oenga et al.,
2004) but didn’t change the cell proliferation of germ cells with only a slight reduction in
sertoli cells (Fukuzawa et al., 2003). PCB 126 acts supposedly through AhR and AhR has
different functions in cell proliferation. In the absence of an exogenous ligand, AhR
promotes the progression of the cells through the cycle (Elizondo et al., 2000; Tohkin et
al., 2000). In contrast, TCDD, a prototypical AhR ligand, inhibits cell proliferation
(Gierthy and Crane, 1984; Bauman, 1995; Hushka, 1995). Also AhR has been shown to
play a role in signal transduction pathways (Puga et al., 2002) as TCDD has been shown
to up regulate EGFR, Ras and AP-1 which helps in cell proliferation and tumor
promotion (Schwarz et al., 2000). The consequences of the PCBs interactions on cell
proliferation, however, are presently not well understood.
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Regulation of telomerase activity, telomere length and
reactive oxygen species on cell growth

Telomerase activity has a strong correlation with cell proliferation. Nearly 85% of
the breast carcinomas examined have a positive correlation between increased telomerase
activity and cell proliferation with the over expression of cyclin D and/or cyclin E and
normal pRB level. Telomerase inhibition caused ATM-dependent G2/M cell cycle arrest
in an astrocytoma cell line (Wong et al., 2009). Telomeres also play a role in the
regulation of cell cycle. Damaged telomeres have been shown to induce cell cycle arrest
(Sandell and Zakian, 1993; Saretzki, 1999; Saretzki and Von Zglinicki, 2002). Also,
intracellular redox reactions play a critical role in the regulation of several physiological
processes including cell proliferation (Burdo and Rice-Evans, 1989; Shibanuma M,
1998). It was demonstrated that (Chaudhuri et al., 2010) ROS increases the doubling time
of cells with increase in the percentage of cells in S phase. So telomerase, telomere and
redox reactions have been shown to play a role in the cell growth. The reduction in cell
growth has been shown to be rescued by reconstituting the telomerase activity and
treating the cells with antioxidants (Delhommeau F, 2002; Venkatesha et al., 2008). Over
expression of TERT and TR have been shown to increase the cell proliferation, life span,
telomerase activity and telomere length in Dyskeratosis Congenita fibroblasts (Westin et
al., 2007). Dyskeratosis Congenita is a rare congenital disorder caused by the mutations
in TERT, TERC, DKC1 or TINF2. Expression of TERT causes both Dyskeratosis
Congenita (DC) keratinocytes and normal keratinocytes to undergo continous
proliferation by increasing the telomerase activity (Gourronc et al., 2010). Administration
of an antioxidant enzymes, PEG-SOD and PEG-Catalase, in PCB treated cells prevented
the reduction in proliferation of MCF-10A human mammary epithelial cells (Chaudhuri
et al., 2010). So the relationship between telomerase, telomere, reactive oxygen species
and cell growth plays an important role in this study.
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Telomere dysfunction and telomerase re-activation

Because of no telomerase in normal human cells, telomere end in human cells is
inevitably incomplete, leading to telomere shortening at each round of cell division.
When telomeres reach a critical length, a damage response is triggered followed by
growth arrest which leads to senescence or apoptosis. Other sources of telomere damage
(exogenous, such as UVirradiation, or endogenous, such as reactive oxygen species) may
cause sudden telomere shortening and uncapping leading to cell growth arrest or cells
continue to divide if the cell cycle check point is lost (Gilson and Londoño-Vallejo, 2007;
Arturo J, 2008). In case of continuous cell proliferation, further telomere shortening
occurs and causes deprotection and uncapping of chromosome ends. Telomere loss or
dysfunction results in complex types of genomic abnormalities, including loss of
heterozygosity, gene amplifications, deletions, and aneuploidy (Lo AW, 2002; Murnane
and Sabatier, 2004; Sabatier et al., 2005). These genomic abnormalities may allow cells
to accumulate mutations that may contribute to tumor potential (Bapat and Charames,
2003).
To escape cell death during continuous cell proliferation, cells activate a telomere
maintenance mechanism and often it is by re-activation of telomerase (Bodnar et al.,
1998). Amplification of the hTERT locus has been linked to the reactivation of
telomerase both in vitro and in vivo (Takuma et al., 2004). In addition, the promoter of
the hTERT gene is a target for numerous oncogenes like c-Myc which may be, in the
course of the telomere-driven instability, affected in their integrity or level of expression.
c-Myc has been shown to up regulate hTERT (Wang et al., 1998; Kyo et al., 2000). This
reactivation of telomerase leads to lengthening and stabilization of telomere length
(Wright et al., 1996) which is found in the advanced stages of cancer. Telomere length is
stable in cells with long-lived replicative life spans, such as germ line and embryonic
cells, and in immortalized and tumor cells. In addition, acquisition of telomerase activity
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may be associated with escape from senescence (Bodnar et al., 1998; Counter, 1998) and
increases cell proliferation by up regulating growth controlling genes (Smith et al., 2003).
Hypothesis

Polychlorinated biphenyls (PCBs), environmental pollutants, were in widespread
industrial use for five decades until late 1970’s. Several individual PCB congeners and
commercial PCB mixtures have been experimentally shown to produce cancer although
their mechanism of carcinogenicity is not well known. Telomerase and telomeres play an
important role in the development of cancer and to our knowledge only one research
study has been carried out so far on the effect of PCBs on telomere complex. Although
the study showed that a PCB-3 metabolite shortened telomeres, the underlying
mechanism, the consequences, or whether the individual PCB congener itself has a
similar activity were completely unknown. PCBs induce oxidative stress but not as a
modulator of telomerase and telomere. Based on its oxidative potential, it is reasonable to
expect that oxidative stress produced by PCBs could have an effect on cell growth via
modulation of telomerase and telomere. This studies described in this dissertation are
designed to address the hypothesis that effect of PCB congeners and mixtures (found in
atmospheric air) cause biological effects on cell growth by altering telomerase activity,
telomere length and oxidative stress in immortalized human skin keratinocytes. The facts
that skin is the point of entry for many environmental toxins and skin is reflective of
halogenated hydrocarbon exposure (chloracne) are all the rationales behind proposing the
use of the aforementioned cell line.
Specific Aim 1: Investigations of the effects of PCBs on
telomerase activity and telomere length
The effect of long term exposure of various PCB congeners and CAM on
telomerase activity and telomere length was studied. These studies and the results
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presented in Chapter 2 demonstrate that PCB126 has the most pronounced effect of
inhibiting telomerase activity and telomere length of all the PCBs tested. These effects
appeared to be caused by inhibiting the the gene expression of telomerase subunits
(hTERT and hTR) and increasing the gene expression of telomere proteins (TRF1 and
TRF2). These studies revealed the consequences of chronic PCB126 exposure on
telomerase activity and telomere length in human skin cells.
Specific Aim 2: Exploration of the regulation of telomerase
activity and telomere length by oxidative stress and in
PCB126 treated cells
Oxidative stress has been shown to affect both telomerase activity and telomere
length. This aim was designed to assess whether oxidative stress produced by PCBs
would affect telomere length and telomerase activity. Levels of oxidative stress markers
such as O2·− and /or H2O2 after PCB126 exposure were studied. CYP1A1 activity was
measured to study the mechanism of PCB126 induced oxidative stress. Furthermore,
levels of O2·−, H2O2, and telomerase activity were measured in PCB treated cells in the
presence and absence of PEGylated antioxidant enzymes and compared with the levels in
cells without antioxidant enzyme manipulation. Immortalized human skin keratinocytes
were also genetically modified with telomerase subunits (hTERT and hTR) and treated
with PCB126 to determine if telomerase over expression altered the biological effects of
PCB126. Cell growth along with cell cycle distribution were measured and compared
with the untreated control. These studies, described in detail in Chapter 3, show the role
that telomerase activity and/or oxidative stress play in the biological effects of PCB126.
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Specific Aim 3: Determination of whether continuous
exposure to PCB126 leads to modulation of telomerase
activity and/or AhR response pathways that result in
alterations of cell growth
Cells with shortened telomeres undergo either apoptosis or cellular crisis with
genomic instability resulting in telomerase reactivation and telomere lengthening. This
telomerase reactivation results in increased cell growth and is thought to contribute to
carcinogenesis. In addition, an extended exposure of cells to chemicals, environmental
pollutants including PCBs, may also lead to the development of resistance in cells
through adaptive mechanisms including mutations in genes governing survival. When
PCB126 exposure was extended to 90 days, an apparent adaptive response occurred
abrogating some of the previous effects seen on telomere shortening. Changes in cell
growth, telomerase activity, telomere length, hTR and hTERT gene expression or
genomic changes that resulted in modulation of AhR receptor complex pathway
eventually leading to development of resistance in the cells were also documented and
are described in detail in Chapter 4.
Successful completion of these aims has provided insights into the interrelationships and involvement of telomerase, telomere and oxidative stress on cell growth
in the human cells exposed to PCBs (Chapter 5) and may provide many new avenues for
future studies aimed at mitigating the deleteriouos biological effects of PCB exposure.
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CHAPTER 2 INVESTIGATIONS OF THE EFFECTS OF PCBS ON
TELOMERASE ACTIVITY AND TELOMERE LENGTH
Abstract

Polychlorinated biphenyls (PCBs), ubiquitous environmental pollutants, are
characterized by long term-persistence in the environment, bioaccumulation, and
biomagnification in the food chain. Exposure to PCBs may cause various diseases,
affecting many cellular processes. Deregulation of the telomerase and the telomere
complex leads to several biological disorders. We investigated the hypothesis that
Chicago Airborne Mixture (CAM) of PCBs, or the prominent airborne PCB congeners,
PCB28, PCB52, PCB126 and PCB153 modulates telomerase activity, telomeres, cell
proliferation, and cell cycle distribution. Exponentially growing immortal human skin
keratinocytes (HaCaT) were incubated with PCBs (5µM) for 48 days, and telomerase
activity, telomere length, mRNA levels of telomere proteins (TRF1 and TRF2),
telomerase subunits (TERT and TR), cell growth, and cell cycle distribution were
determined. PCBs 28, 52 and CAM significantly reduced telomerase activity from days
18 to 48. Telomere length was shortened by PCB52 from day 18 and PCB28 and CAM
from day 30. All PCBs decreased cell proliferation from day 18. PCB126 and PCB153
significantly reduced telomerase activity, telomere length and cell growth from day 6 to
day 48. Exposure to PCB126 results in the up-regulation of TRF1 and TRF2 genes from
day 6 through day 48. Whereas down regulation of hTERT and hTR was observed from
day 6 to day 48 in PCB126 treated cells. This significant inhibition of telomerase activity
and reduction of telomere length by PCB congeners suggest a potential mechanism by
which these compounds could lead to accelerated aging and cancer.
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Introduction

Polychlorinated Biphenyls (PCBs) are a 209 individual group of chemicals used
as coolants in transformers and capacitors, as plasticizers and byproducts in paints, and
for many other purposes. PCBs are toxic to the immune, reproductive, nervous, and
endocrine systems and are classified as probable human carcinogens (ATSDR, 2000).
PCB28 (2,4,4′-trichlorobiphenyl) and PCB52 (2,2’,5,5’-tetrachlorobiphenyl) contribute to
almost 90% of the sum of six indicator congeners in the indoor air of schools (Gabrio et
al., 2000). Recently it was reported that PCB 28 and 52 are present at high levels in
Chicago air (Zhao et al., 2010). PCB 28 has been shown to suppress apoptosis in rat
hepatocytes, which is likely to promote liver carcinogenesis (Bohnenberger et al., 2001).
PCB 52 was shown to induce DNA damage in cultured human lymphocytes (Sandal et
al., 2008), to induce and promote tumors in rat liver (Preston et al., 1985; Espandiari et
al., 2003), and to synergistically enhance the genotoxic and cancer initiating activity of
other PCB congeners (Sargent et al., 1989; Sargent et al., 1991; Meisner et al., 1992).
PCB153 (2,2′,4,4′,5,5-hexachlorobiphenyl) appears to be a predominant PCB
congener present in human and fish tissues (Chao et al., 2004); It is persistent in the
environment and its half-life may exceed 100 years in marine sediments (Jönsson et al.,
2002). It has been shown to increase oxidative stress and DNA damage in human breast
epithelial cells (Venkatesha et al., 2008). PCB126 (3′, 4, 4′, 5-pentachlorobiphenyl) is the
most potent PCB congener (NTP Technical Report, 2006b). The toxic responses leads to
changes in gene expression (Denison and Heath-Pagliuso, 1998; Nebert et al., 2000) and
cause hepatoxicity (Lai et al., 2011), cardiotoxicity (Clark et al., 2010), neurotoxicity
(Vitalone et al., 2010), cancer formation (NTP, 2006) and testicular spermiation failure
(Wakui et al., 2010). Most toxicological studies of PCBs often focus on the biological
effects of a single PCB congener. Though this approach yields specific toxicity data on a
individual congener, a more accurate model of human exposures is achieved with
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experiments that include the use of mixtures, such as the Chicago Air Mixture (CAM).
The CAM was prepared by mixing 65% Aroclor 1242 and 35% Aroclor 1254 and
resembles the average PCB air profile recorded from 1996 to 2002 in Chicago, Illinois
(Zhao et al., 2010).
Though PCBs are proven rodent and probable human carcinogens, their
mechanisms of carcinogenicity are not completely known. Recent results have shown a
strong involvement of telomeres and telomerase in the carcinogenic process (Wu et al.,
2003). Telomeres, the structures at the end of chromosomes with 5-10 kb repetitive
TTAGGG nucleotide sequence, protect chromosomal ends from its damage. Telomerase
is an enzyme that adds TTAGGG to the chromosomal ends to compensate for the
progressive loss of telomeric sequences during normal DNA replication (Cerni, 2000).
Though telomeres and telomerase play a pivotal role in cancer, to our knowledge, only
one study has been published on the effect of PCBs on the telomere complex. This study
showed that PCB3-p-benzoquinone, a metabolite of PCB3 (4-monochlorobiphenyl),
shortens telomeres (Jacobus et al., 2008a), but the mechanism, the consequences, whether
individual PCB congeners and mixtures have a similar activity and whether PCBs effect
the telomerase enzyme are yet unknown.
We report here that ubiquitous PCB congeners, PCB28, PCB52, PCB126,
PCB153 as well as a synthetic PCB mixture resembling our PCB exposure in Inner City
air reduce telomerase activity and telomere length in human keratinocytes in culture.
Materials and Methods
Materials
All cell culture media and components, i.e. Dulbecco's Modified Eagle Medium
(DMEM), Fetal Bovine Serum (FBS), penicillin-streptomycin, 0.25% trypsin with
EDTA, and Phosphate Buffered Saline (PBS) were obtained from Invitrogen (Carlsbad,
CA, USA). Dimethyl sulfoxide (DMSO), resazurin and propidium iodide were purchased
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from Sigma (St. Louis, MO, USA). Colcemide was bought from Alexis Biochemicals
(San Diego, CA, USA). PCR reagents and kits were obtained from Qiagen (Valencia,
CA, USA). The PCB Chicago Air Mixture (CAM) was prepared as described . PCB 28
(2,4,4’-trichlorobiphenyl) was synthesized by Suzuki coupling of 4-chlorobenzene
boronic acid with 2,4-dichloro-bromobenzene (Lehmler and Robertson, 2001). PCB 52
was prepared from 2,2’,5,5’-tetrachlorobenzidine as described previously (Mönig et al.,
1986). PCB153 (2,2’,4,4’,5,5’-hexachlorobiphenyl) was synthesized and characterized as
described previously (Schramm et al., 1985). PCB 126 was synthesized and purified
using a modified Suzuki-coupling method of 3,4,5-trichlorobromobenzene with 3,4dichlorophenyl boronic acid utilizing a palladium-catalyzed cross coupling reaction as
previously reported (Luthe et al., 2009). The purity of PCB congeners was greater than
99%, as assayed by gas-chromatography.
Cell culture and PCB exposure regiment
The human keratinocyte (HaCat) cell line was obtained from Dr. C. Svenson,
University of Iowa and maintained in DMEM with 10% FBS and 1% penicillinstreptomycin in a humidified incubator at 37oC with 5% CO2. This cell line was chosen
for our studies, since skin is an important exposure route for airborne environmental
toxins like PCBs and HaCaT are a good model for carcinogenesis studies. Like the basal
cells in the epidermis, which are the target cells for skin carcinogenesis, they are positive
for telomerase activity (Harle-Bachor and Boukamp, 1996). HaCaT is a spontaneously
immortalized cell line derived from keratinocytes of histologically normal adult male
skin (Boukamp et al., 1988); but this cell line is double mutant for p53 (Lehman et al.,
1993). HaCaT cells are non-tumorigenic and work well for telomere length studies
(Jacobus et al., 2008a).
To find a non-toxic dose of PCBs in HaCaT cells, 30,000 cells in 24-well tissue
culture plates were incubated with PCBs at concentrations of 2-20µM for six days with a
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change of medium with fresh compounds on the third day. Control cultures received
solvent (DMSO, 0.05% final concentration) alone. After six days, media were removed
and cells were incubated with resazurin (5µM, dissolved in fresh medium) for two hours
and the fluorescence intensity of each well was measured using a microplate reader
(TECAN, Switzerland). The fluorescence intensity correlates with the number of living
cells in the well, since living cells metabolize non-fluorescent resazurin to the fluorescing
resorufin. Data points were measured in triplicate and each experiment was performed
twice. Data are given as percent of untreated control.
For all other experiments, 100,000 HaCaT cells were seeded in 10 cm diameter
Petri dishes and exposed to PCB 28, 52, 126, 153 and CAM at a concentration of 5 µM
continuously, with regular passaging, for 48 days. Solvent controls received DMSO
(0.05% final concentration) only. Media with test compounds or solvent were changed
every three days. Cells were trypsinized, counted, and re-seeded at low density every
sixth day. The remaining cells on days 6, 18, 30, 42 and 48 were used to determine
telomerase activity, telomere length, and cell growth. Cell viability and cell cycle
distribution were measured on days 6, 30 and 48. Cell morphology was monitored
throughout the exposure period.
Measurement of telomerase activity
Telomerase activity was measured following the protocol of Wege and coworkers
(Wege et al., 2003). Briefly, after trypsinization and centrifugation, cell pellets were
resuspended in cell lysis buffer at 1000 cells/µl density and incubated on ice for 30
minutes. Aliquots of cell lysate were centrifuged at 16,000g for 20 minutes at 4° C and
3/4th of the supernatant was aliquoted into new micro centrifuge tubes and used for
qPCR. The SYBR Green based qPCR reaction was performed with 100ng (0.2µl) of
Telomerase Primer (TS) and 50ng (0.1µl) of Anchored Return Primer (ACX) (Kim and
Wu, 1997), 2.5µl cell lysate supernatant, 11.25µl Eppendorf MasterMix SYBR ROX
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(Fisher Scientific, PA, USA) and 10.95µl of DNase- and RNase-free water in each well
of a microplate. Samples were incubated for 20 min at room temperature and PCR was
achieved by incubating the sample at 95°C for 10 min followed by 35 cycles of 95° C for
30 sec and 60°C for 90 sec using an Eppendorf RealPlex Thermal Cycler (Eppendorf,
Hamburg, Germany). SYBR green fluorescence was determined using an excitation of
~470nm by dedicated light emitting diodes in each well, and emission was measurements
at 520nm. The Ct (threshold cycle value) was determined from the semi-log amplification
plots (log increase in fluorescence versus cycle number) and compared with the standard
curves generated from serial dilutions of cell extracts. Each sample was analyzed in
duplicate. Telomerase activity was expressed as the percentage relative to the control
sample.
Analysis of telomere length
DNA from trypsinized cells was isolated using the DNA blood mini kit from
Qiagen (Valencia, CA, USA) following manufacturer’s protocol. DNA concentrations
were determined with a spectrophotometer and PCR reactions were performed
following the method of Cawthon (Cawthon, 2002). Briefly, 12ng of DNA from each
sample were added to telomere primer 1 (Tel1, 270nM) and telomere primer 2 (Tel2,
900nM) for telomeres (T) PCR or 36B4u (300nM) and 36B4d (500nM) for single copy
gene (S) PCR, in 4.25µl of telomere buffer in separate multiwell plates. Plates were
sealed with plate sealer (Eppendorf, Hamburg, Germany) and incubated at 95°C for 10
min followed by 18 cycles of 95°C for 15 sec and 54°C for 90 sec for telomere plates or
35 cycles of 95°C for 15 sec and 58°C for 1 min for single gene plates using an
Eppendorf RealPlex thermal cycler. The T/S ratio was calculated for each corresponding
well pair. The T/S ratio of the experimental sample to the T/S ratio of the control
corresponds to the relative change in telomere length of the experimental sample. Each
sample was analyzed in duplicate.
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Determination of cell growth and cell viability
To determine the cell growth, trypsinized cells were collected and counted using a
Neubauer hemocytometer. The total number of cells in the PCB-treated groups was
plotted against the control group to compare the cell growth between groups.
All collected cells i.e., medium-derived and after typsinization, were washed with
PBS, incubated with propidium iodide (PI, 1µg/ml), and PI-fluorescence of cells was
measured using a Becton Dickinson FACS Calibur flow cytometer with Argon Ion Laser
at 488nm excitation and 585nm band pass filter. Data from 10,000 cells per sample were
used to determine the percentages of PI-positive (non-viable) and PI-negative (viable)
cells using the WinMDI software.
Measurement of cell cycle distribution
Trypsinized cells were washed with PBS and approximately 1x10 6 cells were
fixed with 70% ethanol overnight. Ethanol-fixed cells were washed once with PBS, and
treated with RNAse (100µg/ml) for thirty minutes and PI (50µg/ml) for one hour. Cell
cycle analysis was performed using a Becton Dickinson FACS Calibur flow cytometer
with Argon Ion Laser, 488nm excitation and 585nm band pass filter. Data were collected
from 10,000 cells in list mode and the percentage of cells in each phase of the cell cycle
was analyzed using MODFIT software. In these studies control cultures treated with
colcemide (0.2µg/ml for 7 hrs) were used as positive control.
Measuring hTERT, hTR, TRF1 and TRF2 mRNA level
RNA was isolated from the trypsinized cells using RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). Then cDNA was constructed from 1.8µg of isolated RNA using
High-Capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA,
USA). cDNA was amplified in triplicates with hTERT, hTR, TRF1, TRF2 and GAPDH
primers using Power SYBR Green PCR master mix (Applied Biosystems, Foster City,
CA, USA). GAPDH mRNA was used as an internal reference. Expression of target
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mRNA was calculated based on the standard curves generated by serial dilutions of the
standard cDNA and normalized according to GAPDH expression. Primers were designed
using Primer3 Input (version 0.4.0) software.
Statistical Analysis
All data are expressed as the mean ± standard deviations of triplicates. The data
analysis was performed in SAS software, Version 9.2 of the SAS System for Windows.
Responses at different treatments were compared with the reference control. Since these
comparisons involve a common control, Dunnett's test was used to adjust for their effect
on hypothesis testing. Significance level of 0.05, 0.01 and 0.001 were used for the
Dunnett's test.
Results
PCBs exposure produced cytotoxicity at high concentration
To find out the non-toxic dose of PCBs in HaCaT cells, 30,000 cells in 24-well
tissue culture plate were incubated with all the above mentioned PCBs and DMSO
(solvent control, 0.05%) at the concentration of 2-10µM for PCB126, PCB153 and 220µM for PCB28, PCB52 and CAM for six days with the fresh media and compounds
change on third day. After six days, media was removed and cells were incubated with
resazurin (5µM, dissolved in fresh media) for two hours and fluorescence intensity of
each well in the plate was measured using plate reader (TECAN, Seestrasse,
Switzerland). No cytotoxicity was observed at 2 and 5μM concentration. But at high
concentration of 10 and 20μM, the number of cells was decreased and significant
cytotoxicity (P<0.05) was observed when compared to DMSO control (Figure 3).
PCBs decreased telomerase activity
Telomerase activity was measured by following method of Wege et al, (2003).
PCB153 and even more so PCB126 significantly reduced telomerase activity from the
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day 6 on, reaching an almost 50% reduction of activity compared to DMSO control by
day 48. An around 20% reduced telomerase activity was observed on day 6 and 18, and
this reduction increased from day 30 to day 48 to 30% in PCB153 treated cells. PCB28,
PCB52 and CAM significantly reduced telomerase activity from 18th day (Figure 4). In
these groups, around 35% of telomerase activity was lost in 18th day and the reduction
remained the same till day 48.
PCB exposure shortened telomere length
To determine if the reduction in telomerase activity has an effect on telomere
length, telomere length in cells was measured (Cawthon, 2002) on exposure to PCB
under the similar experimental condition. In PCB126 treated cells, telomere length was
shortened by 50% on day 30 and almost stayed the same till day 48. In PCB153 treated
cells, a 20% reduction in mean telomere length was measured which increased to 40%
reduction on day 30 and 42 with a slight decrease to about 32% reduction on day 48 of
PCB153-treament. A 20% reduction in mean telomere length on day 18 and 30 and a
40% reduction on day 42 and 48 were observed in PCB 52-treated cells (Figure 5).
Approximately 10% decrease in mean telomere length was detectable from days 30 to 48
in PCB 28-treated cells. CAM did not reduce the telomere length to a large extent, other
than a slight, but significant reduction on day 30 and an about 5% loss of length on days
42 and 48. This suggests that shortening of telomere length might be due to the reduction
of telomerase activity.
PCB126 increased hTERT, hTR gene expression while
reduced TRF1 and TRF2 gene expression
To determine if the reduction in telomerase activity and shortening of telomere
length is because of change in the gene expression of telomerase subunits and telomere
proteins, hTERT, hTR, TRF1 and TRF2 gene expression was measured. Exposure to
PCB126 results in the up-regulation of TRF1 and TRF2 genes from day 6 through day 48
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(Figure 7). Whereas down regulation of hTERT and hTR was observed from day 6 to day
48 in PCB126 treated cells (Figure 6). No change was observed in DMSO treated cells.
Cell growth was altered in PCB-exposed HaCaT cells
To see whether the reduction in telomerase activity and telomere length affected
cell growth, cell proliferation was analyzed by determining the cell number in every
sample during each sub culturing. With HaCaT, cell numbers per plate were decreased in
PCB-treatment groups at all-time points. The total number of cells was about 10.2 x 106
per dish in the untreated and solvent treated controls throughout the experiment. The cell
number was reduced in the PCB 52 group to about 9.0 x106 (days 18 & 30) and 8.7 x106
(days 42 & 48). PCB 28 and CAM reduced the cell count to about 9.5 x106 on day 18
and 9.1 x106 on day 48. In PCB153-treated cultures, 8.4 x 106 per dish on day 6, going
down to about 8.0 x 106 per dish on day 48 was observed. The cell number was reduced
to 6.5 x106 from day 6 to day 48 in PCB126 treated cells (Figure 8). No significant
increase in the percent of dead cells, determined by PI-staining, was observed in PCB153
exposed groups. The morphology of cells was continuously monitored and no changes
were observed throughout the course of experiment in any of the treatment groups.
PCB increase cells in S and G2-M phase in HaCaT cells
To analyze whether the reduction in cell number was due to cell cycle inhibition,
the distribution of cells in the different cell cycle phases was determined by flow
cytometry on selected days during the experiment. In HaCaT cells the normal cell cycle
distribution is about 60% - 32% - 8% in G0+G1 - S - G2+M, respectively (Table 1).
DMSO alone did not cause any changes in the cell cycle profile compared to notreatment group. In PCB126 group, a significant reduction of cells in G0/G1 cells (40%)
followed by an increase in the number of cells in S and G2/M phase cells. In the PCB153
group the percentage of G1 cells was decreased to approximately 90% coinciding with a
significant increase (approximately 10%) in the percentage of S, and G2/M cells on the
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6th day of exposure, indicating that PCB153 perturbed progression through the cell cycle.
This change in distribution was similar on day 30 and day 48.
Flow cytometry analysis of cells on days 6, 30, and 48 showed a slight and
consistent, but not statistically significant elevation in the percent of cells in S phase with
the consequent decrease in G1 phase with PCB 52-treatment. Only a very small G0/G1
change, which was, however, seen at all 3 time points, was observed in the PCB 28 and
CAM groups.
Discussion

The issue of carcinogenicity of PCB congeners is of importance since humans are
exposed to low, but chronic levels of PCBs from food and indoor and outdoor air. PCB
contamination of the environment still occurs by several ways, for example from the
accidental leakage of PCB containing electrical equipment like capacitors and
transformers (WHO, 2003) and the outgassing of PCBs from the caulking in buildings
(ATSDR, 2000). PCBs were shown to be carcinogens in rodents and probable
carcinogens in humans (Mayes et al., 1998; Ward et al., 2009). Telomeres and telomerase
have been shown to be strongly involved in the carcinogenic process. Telomere
shortening may result in genetic instability with corresponding predisposition for cancer
and the cellular crisis caused by telomeric dysfunction may end in telomerase reactivation, a hallmark of most cancer cells (Delhommeau et al., 2002; Wu et al., 2003;
Meeker et al., 2004). Though telomeres/telomerase play a pivotal role in cancer, only one
small study with a metabolite of one of the 209 PCB congeners has attempted to address
the effect of PCBs on telomere length (Jacobus et al., 2008a). Considering our ubiquitous
exposure to PCBs through food and inhalation, this represents a broad gap in our
knowledge.
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We examined the effects of PCB28, PCB52, PCB126 and PCB153,
polychlorinated biphenyls that are found in our air, and CAM, a synthetic PCB mixture,
which resembles the average PCB profile found in Chicago air on telomeres and
telomerase activity. To mimic the chronic exposure to PCBs, exposure periods of up to
48 days were used. This approach is also consistent with the fact that the steps leading to
the development of cancer require a certain amount of time (Hanahan and Weinberg,
2000). The concentration of PCBs used in this study (5μM) was selected based on the
finding that the levels of PCBs in the blood of individuals living in Anniston, Alabama,
vary widely, from 0.003 to 6.5μM (Hansen et al., 2003). An initial cytotoxicity study
confirmed that this concentration is not cytotoxic, which could have produced nonspecific confounding effects on the endpoints studied.
Both PCB congeners and the CAM significantly reduced telomerase activity in
human HaCaT keratinocytes in vitro from day 18 to day 48. To our knowledge this is the
first report of such an effect of PCBs on telomerase. The significance of this finding is
not understood: telomerase is activated in most cancer cells, thus a reduction in activity
looks like an anti-carcinogenic effect. However, it has been shown that the lack of
telomerase activity leads to the shortening of telomeres and shortened telomeres produce
a very high likelihood of telomere fusions and genomic instability, which is associated
with the development of cancer. Moreover, telomerase is also active in normal stem cells
and in various other proliferating and regenerating cell types (Harle-Bachor and
Boukamp, 1996; Flores and Blasco, 2010; Shay and Wright, 2010). A reduction in these
cell types could result in premature failure of the function, maintenance and/or
regeneration of tissues, even to cancer, if the lower telomerase activity results in a
cellular crisis and chromosome instability.
Lack of telomerase activity has been found to be responsible for shortening of
telomeres . We therefore analyzed if telomere length was also affected as a consequence
of the reduction in telomerase activity. PCB52 significantly shortened the mean telomere
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length starting from day 18 till day 48. PCB 28 and CAM also shortened the mean
telomere length, by about 10 and 5%, respectively. This is by far less than the effect with
PCB52, which resulted in an almost 40% reduction of telomere length compared to
controls. A shortening of telomere length was observed in HaCaT cells from day 18 of
PCB153 exposure. PCB153 produced a more than 40% reduction in telomere length at
the 30 and 42-day exposure time points. In PCB126 treated cells, telomere length was
shortened by 50% on day 30 and almost stayed the same till day 48. This effect was by
far stronger than the telomere reduction seen with CAM or individual PCB congeners.
There are several mechanisms that could attribute to the shortening of telomeres, in
addition to the reduction in telomerase activity. One of the main factors that were
identified is oxidative stress. Telomeres, a triple-G-containing structure, are highly
sensitive to damage by oxidative stress . Oxidations of these telomeric repeats make the
telomeric ends more susceptible to breaks and enhance the rate of telomere attrition .
PCBs have been shown to cause DNA damage by oxidative stress (Srinivasan et al.,
2001). PCB 126 and PCB153 have been shown to produce a strong oxidative stress in the
human cells (Coteur et al., 2001; Venkatesha et al., 2008). PCB 52 has been shown to be
a stronger producer of oxidative stress than PCB28 (Twaroski et al., 2001; Lee et al.,
2004; Lin et al., 2009). This might therefore be one of the reasons for the more
pronounced shortening of mean telomere length in PCB52- compared to PCB28- and
CAM-treated cells. This shortening of telomere length could lead to chromosomal
abnormalities, ploidy changes, and thereby amplification and or/deletion of oncogene and
tumor suppressor genes resulting in tumorigenesis (O'Hagan et al., 2002; Desmaze et al.,
2003).
A regulated cell cycle plays an important role in the maintenance of cellular
integrity, while its deregulation may lead to several disorders, including cancer (Sherr,
1996; Collins et al., 1997). One possible mechanism by which PCBs could cause a
reduction in telomerase activity is by interfering with cell cycle progression. Telomerase
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is repressed in cells that exit the cell cycle, like differentiated tissue cells (Holt et al.,
1996). In dividing, immortal cells, like the HaCaT cell line, telomerase is highly
expressed and active throughout all phases of the cell cycle, but was reported to be at a
maximum level in the S-Phase of the cell cycle, lower in G1 and G2/S, and still present to
some extent when the cells are withdrawn from the cell cycle (Zhu et al., 1996). Thus an
increase of cells in G2/M or G1/G0 phase with a concomitant decrease in cells in S-phase
could theoretically result in a reduction of telomerase activity of the culture. Indeed, a
small but significant reduction in the number of cells at each sub culturing was observed
in all PCB-treatment groups. Since no increase in cell death was visible, this pointed
towards an increase in population doubling time due to a slower progression and/or
accumulation of cells in one or more cell cycle phases. Cell cycle analysis at three
different time points (days 6, 30, 48) showed a very small increase in the G0/G1 cell
population of PCB28 (~1.8%) and the mixture CAM (~1.3%) compared to media/solvent
controls. Although this arrest or slower passage of some cells in G0/G1 is likely to be
partially responsible for the decrease in cell number at subculturing time points, it is
unlikely that this small shift in cell cycle distribution could have caused the roughly 30%
(PCB28) and 25% (CAM) reduction in telomerase activity. PCB52 produced a small
increase in the number of cells in S phase with a decrease in the number of cells in G0/G1
phase. PCB126 and PCB153 produced a significant increase in S phase and G2/M phase
cells with a concomitant decrease in G0/G1 indicating a slower passage through S-phase,
since the total cell number in these cultures was reduced. An increase in S-phase would
be expected to result in an increase in telomerase activity, definitely not a decrease.
Therefore other mechanisms must have caused the reduction in telomerase activity in
PCB treated cultures.
Gene regulation of telomerase subunits and telomere proteins was measured to
elucidate the mechanism of reduction of telomerase activity and shortening of telomeres.
PCB126 was chosen for this study as PCB126 caused a significant reduction in
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telomerase activity and telomere length among other PCBs. Exposure to PCB126 results
in the down regulation of hTERT and hTR and whereas up-regulation of TRF1 and TRF2
genes from day 6 to day 48. This decrease in hTERT and hTR transcripts reduce the
telomerase activity and the increase in TRF1 and TRF2 transcripts restricts an access of
the available telomerase enzymes to telomere ends. The small observed change in
telomerase subunits and telomere proteins gene regulation may not be responsible for the
very significant reduction in telomerase activity and telomere length.
It is also not certain whether the same proposed mechanism works with other
PCB congers as well. PCB52 and PCB153 are CAR-agonist, PCB28 is an ER agonist;
PCB126 is an AhR agonist. Both non-dioxin-like and dioxin like congeners produce a
different magnitude of effects on telomerase activity, telomere length and cell growth.
PCB28 and PCB52 make up only 3.43% and 4.56% by weight of the CAM. Thus by far
the largest portion of the effects on telomeres and telomerase activity seen with CAM has
to be derived from other PCB congeners in this mixture. Obviously the mechanism(s)
leading to the observed changes in telomere length could be very complex. These
findings point out that more studies with more studies are needed to elucidate the
complete mechanism(s) of action and structure-activity relationships for these semivolatile PCB congeners.
We have shown here for the first time that the continuous exposure to an
environmentally-relevant mixture of PCBs decreases telomerase activity and shortens
telomere length in human cells in vitro. Considering the multitude of untested
contaminants in our air and our food, we have to question whether the daily exposure to
these mixtures, including the PCBs, could lead to premature senescence and genomic
instability in the cells of our bodies.
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Table 1 Effect of PCBs on cell cycle distribution in HaCaT cells.

% of cells n

Day 6
Media

DMSO

Col

PCB 126

PCB153

PCB28

PCB52

CAM

G0/G1

60.5±1.2

59.5±2.1

3.2±0.
1

36±1.8
***

53.6±2.9
***

62±2.8

58±2.3

61±1.1

S

31.3±1.7

32.1±1.6

60.5±3
.1

45.8±2.0
***

35.9±1.7
***

30.1±2.1

32.2±1.9

30.2±1.
9

G2/M

8.2±0.9

8.3±0.7

36.3±1
.2

18.2±0.9
***

10.5±0.9
**

7.9±0.9

8.8±0.8

7.8±0.4

Day 30
Media

DMSO

Col

PCB 126

PCB153

PCB28

PCB52

CAM

G0/G1

60.3±2.1

60.1±2.0

3.4±0.
1

35.8±2.1
***

54.1±1.2
***

62.0±2.1

57.9±2.0
*

61.9±1.
2

S

31.2±1.6

30.9±1.8

59.5±3
.1

47.8±2.2
***

35.2±1.0
***

30.0±1.2

33.1±1.2
*

30.1±1.
2

G2/M

8.5±0.8

9±0.5

37.1±2
.2

16.4±1.1
***

10.7±1.1
**

8.0±0.9

9.0±0.2

8.0±0.4

Day 48
Media

DMSO

Col

PCB 126

PCB153

PCB28

PCB52

CAM

G0/G1

60.2±2.1

60.3±1.2

35±1.1

54.3±2.2
***

53.2±2.1
***

62.0±3.0

56.6±2.2
.**

61.6±1.
1

S

30.9±1.2

30.7±1.3

46.2±1
.0

35.1±1.5
***

36.5±1.8
***

30.1±1.8

34.1±1.2
**

30.1±1.
1

G2/M

8.9±0.4

9.0±0.2

18.8±0
.8

10.6±0.6
**

10.3±0.9
**

7.9±0.9

9.3±0.9

8.3±0.9

Note: PCB52 and PCB126 produced an increase in S-phase with concomitant decrease in
G0/G1 phase Col:Colcemide. * P < 0.05, ** P < 0.01, *** P < 0.001.

Table 2 Doubling time of control cells and PCB-treated HaCaT cells.
Days

Control

DMSO

PCB126

PCB153

PCB28

PCB52

CAM

6

21.5

21.5

24.5***

23.2**

22.5

22.5

22.5

30

21.4

21.4

24.4***

23.4**

22.9

22.8

22.9

48

21.4

21.3

24.4***

23.4**

23.0*

23.1*

23.0*
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Note: All PCBs caused an increase in doubling time. * P < 0.05, ** P < 0.01,
*** P < 0.001.

Table 3 Primer pairs used in qTR-PCR experiments
Gene

Sequence (5’-3’)

Reference

TS

Forward: AATCCGTCGAGCAGAGTT

ACX

Reverse: GCGCGGCTTACCCTTACCCTTACCCTAACC

(Wege et al.,
2002)

Tel1

Forward:
GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT

Tel2

Reverse:
TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTA

36B4u

Forward: CAGCAAGTGGGAAGGTGTAATCC

36B4d

Reverse: CCCATTCTATCATCAACGGGTACAA

hTERT

Forward: TGTACTTTGTCAAGGTGGATGTGA
Reverse: GCTGGAGGTCTGTCAAGGTAGAG

hTR

Forward: TCTAACCCTAACTGAGAAGGGCGTAG
Reverse: GTTTGCTCTAGAATGAACGGTGGAAG

GAPDH

Forward: AAGGTCATCCATGACAACTTTG
Reverse: GTAGAGGCAGGGATGATGTTCT

Gene

Sequence (5’-3’)

TRF1F

Forward:
GGCAGCGGCAAAAGTAGT
Reverse:
GTCTTGTTGCTGGGTTCCAT

TRF2F

Forward:
GTACCCAAAGGCAAGTGGAA
Reverse:
TGACCCACTCGCTTTCTTCT

Reference

Designed
using Primer
3

(Cawthon,
2002)

(Gourronc et
al., 2010)

Starting
nucleotide
position in
coding
sequence

Amplicon
size (bp)

F: 774
R: 942

169

F: 1216
R: 1375

160
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Figure 1 Chromosome, telomere and telomerase.
(http://stemcells.nih.gov/info/scireport/appendixC.asp)

Figure 2 Telomerase complex
(http://www.sciencemag.org/cgi/content/full/286/5448/2284/F1)
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Figure 3 Effect of PCBs on Cell Viability (Resazurin assay; 1 week exposure).
Note: All PCB congeners were significantly toxic above 5.0 µM after one week
of exposure. Error bars denote SD, * P < 0.05, ** P < 0.01, *** P < 0.001.
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Figure 4 Telomerase activity in control and PCBs treated HaCaT cells.
Note: PCB126 and PCB153 significantly reduced telomerase activity from days
6 to 48. PCB28, PCB52 and CAM reduced telomerase activity from day 18 to
day 48. The solvent alone had no effect. Error bars denote SD, * P < 0.05, **
P < 0.01, *** P < 0.001.
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Figure 5 Telomere length in control and PCBs treated HaCaT cells.
Note: PCB126 produced a significant shortening of telomere length from days
30 to 48. PCB153, PCB28, PCB52 and CAM produced a significant shortening
of telomere length from days 18 to 48. No effect was seen in solvent-treated
cultures. Error bars denote SD, * P < 0.05, ** P < 0.01, *** P < 0.001.
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Figure 6 Gene expression of telomerase subunits in PCB126 treated HaCaT
Note: PCB126 caused hTERT and hTR down regulation compared to control
cells from days 6 to 48. No effect was seen in solvent-treated cultures. Error
bars denote SD.
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Fold chnage in mRNA level
compared to DMSO control
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Figure 7 Gene expression of telomere proteins in control and PCB126 treated HaCaT
cells.
Note: PCB126 caused TRF1 and TRF2 up regulation compared to control cells
from days 6 to 48. No effect was seen in solvent-treated cultures. Error bars
denote SD.
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Figure 8 Cell growth of control cells and PCB-treated HaCaT cells.
Note: All PCBs caused a significant reduction in cell growth from day 18 to 48
(bars), but no change in cell viability was observed in either of the groups
throughout the experiment. Error bars denote SD.
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CHAPTER 3 EXPLORATION OF THE REGULATION OF
TELOMERASE ACTIVITY, TELOMERE LENGTH AND CELL
GROWTH BY OXIDATIVE STRESS AND TELOMERASE SUBUNITS
IN PCB126 TREATED CELLS
Abstract

Polychlorinated biphenyls (PCBs) are accumulated in our body through the food
chain and cause a variety of adverse health effects including cancer. Telomeres and
telomerase levels may be regulated by oxidative stress, transcription, translation, etc. We
investigated the regulation of telomerase activity and telomere length by oxidative stress
and telomerase subunits in PCB126 treated HaCaT cells. Exponentially growing
immortal human skin keratinocytes (HaCaT) were incubated with PCB126 (5µM) for 48
days and DHE oxidation (superoxide), DFCH oxidation (hydrogen peroxide), CYP1A1
mRNA and its activity, AhR and ARNT mRNA levels, cell growth, and cell cycle
distribution were determined. PCB126 increased superoxide and hydrogen peroxide
level, CYP1A1 mRNA and its activity indicating an increased oxidative stress. It
decreased cell growth. Addition of PEG-catalase reversed the oxidative stress but not the
telomerase activity and cell growth. hTERT and hTR transduced HaCaT cells also had
reduced telomerase activity on treatment with PCB126. TCDD (2,3,7,8Tetrachlorodibenzo-p-dioxin), most potent AhR agonist, decreased telomerase activity
indicating that compounds similar to PCB126 that are toxic through the same mechanism
can reduce telomerase activity. In Normal Foreskin Keratinocytes (NFK) cells which
have only very little telomerase activity a significant increase in intracellular DHE and
DCFH oxidation but no telomere shortening was observed. These results suggest that the
shortening of telomeres may not be due to a direct action of ROS on telomeres, but an
effect on telomerase which then results in loss of telomere length.
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Introduction

Oxidative stress produce oxidative DNA damage in the form of 8hydroxydeoxyguanosine (Oakley et al., 1996). It is assumed that one of the main
mechanisms by which PCBs are thought to promote tumor is by increasing oxidative
stress (Tharappel et al., 2002). Coplanar PCBs like PCB77, 126, 169 act through the Aryl
Hydrocarbon (AhR) receptor. Upon binding with AhR receptor in the cytoplasm, the
complex translocates to the nucleus, where it forms a heterodimer with the AHR nuclear
translocator (ARNT). The AhR/ARNT dimer recruits cofactors, binds to the DNA and
modulates the expression of target genes including an activation of the cytochrome
P4501A1 subfamily (Endo et al., 2003). Induction of CYP1A1 can lead to oxidative
stress by generating reactive oxygen species (ROS), including superoxide anions via
uncoupling of the catalytic cycle of cytochrome P-450 (Stohs, 1990; Fadhel et al., 2002;
Ramadass et al., 2003). PCBs also modulate the antioxidant status by reducing the level
of superoxide dismutase and catalase inside the cell (Zhu et al., 2009; Lai et al., 2010),
which further enhances oxidative stress caused by PCBs.
Telomeres, the specialized structures of tandem array of G-rich repeats situated at
the end of chromosomes, are highly sensitive to damage by oxidative stress (Henle et al.,
1999; Oikawa and Kawanishi, 1999). A continuous correlation between oxidative stress
and telomere shortening independent of the age, type of tissue and species was observed
(Richter and Zglinicki, 2007). Oxidative stress also affect the telomerase activity by
translocating hTERT, a catalytic subunit of telomerase, into mitochondria (Haendeler et
al., 2003). Telomerase activity and/or oxidative stress have been shown to drive cell
growth. Nearly 85% of the breast carcinomas examined have a positive correlation
between increased telomerase activity and cell proliferation. Telomerase inhibition
caused ATM-dependent G2/M cell cycle arrest in an astrocytoma cell line (Wong et al.,
2009). Damaged telomeres also have been shown to induce cell cycle arrest (Sandell and
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Zakian, 1993; Saretzki, 1999; Saretzki and Von Zglinicki, 2002) Also, intracellular redox
reactions play a critical role in cell proliferation (Burdo and Rice-Evans, 1989;
Shibanuma M, 1998). In HaCaT cells, the presence of a physiological amount of AhR
protein and functional enzyme activity of cytochrome P450, especially that of CYP1A1
are essential for normal cell cycle progression (Kalmes et al., 2011) while knocking
down AhR results in decreased cell proliferation. However, the regulation of cell
proliferation is complex. The CYP1A1 inducer PCB126 reduced breast cancer cell
proliferation (Oenga et al., 2004) but didn’t change the cell proliferation of germ cells
with only a slight reduction in sertoli cells (Fukuzawa et al., 2003). Thus for each
individual cell type and compound a careful analysis of many parameters is needed to
elucidate the mechanisms of cell proliferation interference.
Addition of antioxidants could rescue the cells from oxidative stress and thereby
the telomerase activity and telomere length. There are several papers have reported that
the addition of antioxidants such as PEG-catalase reduced the level of ROS and increased
the proliferation of the cells (Venkatesha et al., 2008; Zhu et al., 2009). On the other
hand, over expression of TERT and TR have been shown to increase the telomerase
activity, telomere length, cell proliferation and life span in Dyskeratosis Congenita
fibroblasts (Westin et al., 2007). But whether the addition of antioxidants and or/over
expression of telomerase subunits modulate and protect the telomerase activity, telomere
length and cell growth in PCBs treated cells is unknown. Therefore the regulation of
telomerase activity, telomere length and cell growth by oxidative stress and telomerase
subunits was investigated in this study.
In addition to HaCaT cell line, the effect of PCB126 in Normal Human Foreskin
Keratinocytes (NFK) was also studied. NFK cells have little telomerase activity
compared to HaCaT cells. If telomerase is the sensitive target than the effect of PCB126
on these two cell types should be very different.
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Materials and Methods
Cell culture and PCB exposure regimen
HaCaT cells were exposed to PCB126 at a concentration of 5µM continuously for
48 days. For this, 100,000 cells were seeded in 10cm tissue culture dish and after 24
hours, PCB126 and solvents were added to the cells. Solvent controls received DMSO
(0.05% final concentration) only. Medium and compounds were changed on third day
and cells were trypsinized (0.25% trypsin with EDTA) every sixth day, counted, and used
for the estimation of DHE oxidation (suggest a steady state level of superoxide), DCFH
oxidation (suggest a steady state level of hydrogen peroxide), CYP1A1 mRNA and
CYP1A1 activity, AhR mRN and ARNT mRNA. To strengthen the hypothesis that
PCB126 acts through the AhR pathway to reduce telomerase activity, 2,3,7,8Tetrachlorodibenzo-p-dioxin (TCDD), the most potent AhR agonist, was used to treat
HaCaT cells at 0.25 and 1.0µM concentrations and telomerase activity and cell growth
was measured after six days.
To confirm that ROS regulate telomerase activity, 100,000 HaCaT cells plated in
10cm tissue culture dishes were exposed to PCB126 at a concentration of 5µM
continuously for 6 days. Solvent controls received DMSO (0.05% final concentration)
only. Cells were treated with polyethylene glycol conjugated catalase (PEG-Catalase, 100
units/ml) to suppress hydrogen peroxide that is generated inside the cell. Medium and
compounds were changed every third day and cells were trypsinized (0.25% trypsin with
EDTA) on 6th day and the level of superoxide, hydrogen peroxide, superoxide dismutase
activity, telomerase activity, cell growth and cell cycle distribution were measured for all
groups and compared with the group that only receive PEG as control. Since previous
studies showed shortening of telomere length only after 30 days, telomere length was not
measured in this experiment.
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Furthermore, in a separate set of experiments, control HaCaT cells and HaCaT
cells that were over expressing hTERT and hTR were exposed to PCB126 at a
concentration of 5µM continuously for six days. For this, 100,000 cells were seeded in 10
cm tissue culture dish and after 24 hours, PCB126 was added to the cells. Solvent
controls received DMSO (0.05% final concentration) only. Medium and compounds were
changed every third day and on day 6 cells were trypsinized (0.25% trypsin with EDTA),
counted, and used for the estimation of cell growth, cell cycle distribution, hTERT and
hTR gene expression level and telomerase activity and compared with the control HaCaT
cell group.
To study whether telomerase activity and/or oxidative stress regulate the cell
growth in PCB126 treated cells. Normal human foreskin keratinocytes (NFK) cells were
exposed to PCB126 for 24 days at a concentration of 1.5µM. Medium and compounds
were changed every 3 days and cells were trypsinized, counted, and re-seeded at low
density every sixth day. The remaining cells were used to measure cell growth, cell cycle
distribution, superoxide level, telomerase activity, telomere length on day 6, 18, and 24
and compared with the untreated control. These normal primary cells reach senescence
very fast so that the PCB exposure study could only be conducted for 24 days at which
time the NFK cells started to go into senescence. NFK were slightly more sensitive to
PCB126 so that the exposure concentration had to be reduced to 1.5μM of PCB126
instead of 5μM with HaCaT cells in order to avoid confounding effects due to toxicity.
Measuring steady state level of superoxide using
dihydroethidium (DHE) oxidation
After trypsinization, cells were washed with 5mM pyruvate containing PBS once
and then labeled with 10μM DHE (Molecular Probes, Eugene, OR, USA) in 0.1% DMSO
for 40 min at 37°C. After being labeled, the cells were kept on ice and analyzed using a
FACScan flow cytometer (Becton–Dickinson, Mountain View, CA, USA) (excitation
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488nm, emission 585nm bandpass filter). The mean fluorescence intensity (MFI) of
10,000 cells was analyzed in each sample and corrected for auto fluorescence from
unlabeled cells. The MFI data were normalized to control levels (Zhu et al., 2009). The
identity of superoxide as being responsible for any increases in MFI was confirmed by
suppressing the signal using 2 hr pretreatment with 100 units/ml PEG-CuZnSOD (SigmaAldrich., St.Louis, MO, USA).
Measuring steady state levels of hydrogen peroxide using
dichlorodihydrofluorescein diacetate (DCFH) oxidation
After trypzinization, cells were washed with PBS once and then labeled with
oxidation-sensitive [5-(and 6)-carboxy-2′,7′-dichlorodihydrofluorescein diacetate
(CDCFH2)] and oxidation-insensitive [5-(and 6)-carboxy-2′,7′-dichlorofluorescein
diacetate (CDCF)] fluorescent dyes purchased from Molecular Probes (10μg/ml, in 0.1%
DMSO, 15 min) at 37°C. After being labeled, the cells were kept on ice and samples
were analyzed using a FACScan flow cytometer (excitation 488nm, emission 530nm
bandpass filter). The MFI of 10,000 cells was analyzed in each sample and corrected for
auto fluorescence from unlabeled cells. The MFI data were normalized to control levels
(Zhu et al., 2009). The identity of superoxide as being responsible for any increases in
MFI was confirmed by suppressing the signal using 2 hr pretreatment with 100 units/ml
PEG-Catalase (Sigma-Aldrich., St.Louis, MO, USA).
Measuring AhR, ARNT and CYP1A1 mRNA level
RNA was isolated from the trypsinized cells using RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). Then cDNA was constructed from 1.8μg of isolated RNA using
High-Capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA,
USA). Specific cDNA was amplified in triplicates with CYP1A1, AhR, ARNT and
GAPDH primers (primers designed using Prime 3 database) using Power SYBR Green
PCR master mix (Applied Biosystems, Foster City, CA, USA). GAPDH mRNA was used
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as an internal reference. Expression of target mRNA was calculated based on the standard
curves generated by serial dilutions of the standard cDNA and normalized according to
GAPDH expression.
Measuring CYP1A1 activity
Cytochrome P-450 1A1 activity was estimated by measuring the ethoxyresorufin
deethylase (EROD) activity (Luthe et al, 2008). Briefly, using ethoxyresorufin as
substrates, the monooxygenase reaction by CYP1A results in the formation of the
fluorescent resorufin, which was detected spectrofluorometrically. At the end of six days,
media were removed, cells were washed with PBS and incubated with the assay buffer
containing 5µM alkoxyresorufin and 25µM dicoumarol at 37 °C. At time 0 and 10 min,
the fluorescence of the resorufin product was measured in the supernatant with an
excitation wavelength of 530nm and an emission wavelength of 590nm. Then the cells
were lysed using lysis buffer and the amount of protein in each dish was determined
using a Lowry assay (Lowry et al, 1951). The fluorescence in each well was then
adjusted to the respective amounts of protein, and the amount of resorufin formed in the
reaction was calculated using the standard curve. All the above mentioned chemicals
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Treatment of cells with antioxidant enzymes
PEG-Catalase dissolved in DMSO (0.05%) was added at a concentration of
100units/ml of media to the HaCaT cells one hour after addition of PCBs. PEG only,
PEG-Catalase only, PEG-Catalase along with PCB126 were added to the separate dishes
of HaCaT cells. Medium and compounds were changed on the third day and DHE
oxidation, DCFH oxidation, telomerase activity and cell growth were measured on the 6th
day for all groups and compared with the PEG only treated group (Chaudhuri et al.,
2010).
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Measuring superoxide dismutase (SOD) activity
After trypsinization, cells were washed three times with cold phosphate-buffered
saline (PBS). SOD activity of whole cell homogenates prepared on ice in 50 mM
potassium phosphate buffer (pH = 7.8), with 1.34 mM diethylenetriaminepentaacetic acid
(DETAPAC) was determined using an indirect competitive inhibition assay. Superoxide
was generated from xanthine by xanthine oxidase and detected by recording the rate of
reduction of nitroblue tetrazolium (NBT) at 560 nm. SOD scavenges superoxide and
competitively inhibits the reduction of NBT. One unit of SOD activity is defined as the
amount of protein required to inhibit 50% of the maximal inhibition. The assay mixture
also contained catalase to remove H2O2 and DETAPAC to chelate metal ions capable of
redox cycling and interfering with the assay system. All data were expressed in units of
SOD activity per milligram of protein. Protein content was measured by the method of
Bradford (Bradford, 1976). Incubation for at least 45 min with 5 mM sodium cyanide was
used to inhibit CuZnSOD activity to measure MnSOD activity. CuZnSOD activity was
determined by subtracting MnSOD activity from total SOD activity.
Transduction of HaCaT cells with hTERT and hTR
catalytic subunits
Transduction of the HaCaT cells was carried out following the protocol of
(Westin et al., 2007; Gourronc et al., 2010). HaCaT cells were transduced with retoviral
vectors (in the presence of polybrene, 8μg/ml), which was acquired as kind donation from
Dr. Al Klingelhutz (University of Iowa). These vectors expressed either the RNA
component of telomerase, hTR, or the catalytic component, hTERT. Each of these
vectors carried a selectable marker enabling the generation of 100% pure populations of
infected cells (hTR: neomycin; hTERT: hygromycin). Each of these genes was driven by
a promoter optimized for its expression in human cells: TR was expressed by way of a
snRNA U3 promoter (U3-hTR) while hTERT was expressed using pBABE-hygro-TERT.
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The TERT expression is driven by an SV40 promoter. After 24hours of transduction,
neomycin (G418) and hygromycin were added to hTR dish and hTERT dish at 0.5mg and
0.3mg/ml respectively. After two weeks, cells that had been successfully transduced with
hTR based on neomycin resistance and cells that had been successfully transduced with
hTERT based on hygromycin resistance were used for the exposure to PCBs.
Measurement of telomerase activity
(Refer to Chapter 2; page 22)
Analysis of telomere length
(Refer to Chapter 2; page 23)
Determination of cell growth and cell cell cycle distribution
(Refer to Chapter 2; page 24)
Results
PCB126 increased DHE and DCFH oxidation
As reactive oxygen species were thought to regulate telomerase activity and
telomere length, DHE oxidation that indicates the steady state level of superoxide (Zhu et
al., 2009) and DCFH oxidation that indicates the steady state level of hydrogen peroxide
was measured after exposure to PCB126 under similar experimental conditions. A
significant elevation in DHE oxidation (Figure 9) and DCFH oxidation (Figure 10) from
day 6 to day 48 was observed, and this indicates that PCB126 increases ROS.
CYP 1A1 mRNA and activity was increased on PCB126
exposure
Induction of CYP1A1 can lead to the generation of reactive oxygen species
(ROS) species notably superoxide anions. To examine whether CYP1A-induction is a
possible pathway involved in the production of superoxide and hydrogen peroxide by
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PCB126 exposure of HaCaT cells, CYP1A1 gene expression and its activity was
measured. A significant increase in CYP1A1 gene expression (Figure 11) and CYP1A1
activity (Figure 12) was observed on all experimental days.
PCB126 acts through aryl hydrocarbon receptor complex
PCB126 bind to the AhR receptor in the cytoplasm and translocates to the
nucleus, where it forms a heterodimer with the AHR nuclear translocator (ARNT). The
AhR/ARNT dimer binds to the CYP1A1 promoter region and causes subsequent
activation of the cytochrome P4501A1 subfamily of genes. PCB126 did not cause any
change in the AhR and ARNT gene expression levels (data not shown). To further
support the hypothesis that PCB126 acts through AhR receptor in reducing telomerase
activity, HaCaT cells were treated with TCDD (a prototypical AhR ligand) and
telomerase activity, cell growth and cell cycle distribution was measured. A significant
reduction in telomerase activity (Figure 13) and cell growth (Figure 14) along with
alteration in cell cycle distribution (Table 3) was observed in TCDD treated cells
suggesting that the AhR may play a role in the regulation of telomerase activity in
HaCaT cells.
PEG-Catalase reduced DCFH oxidation in PCB 126 treated
cells, but did not restore telomerase activity
To determine if oxidative stress is involved in the reduction of telomerase
activityby PCB126, HaCaT cells were administered with PEG-catalase one hour after
addition of PCBs to the cells. This PEG-catalase treatment reduced DCFH fluorescence
intensity on day 6 suggesting that catalase could partially lower the steady state levels of
hydrogen peroxide in PCB126 treated cells (Figure 15).
As PEG-catalase activity partially reduced the DCFH fluorescence intensity,
telomerase activity was measured on day 6 after co-exposure to determine if the PEGcatalase activity can prevent the reduction in telomerase activity in PCB126 treated cells.
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The level of telomerase activity in the PEG-catalase plus PCB126 co-treated group
remained the same in the PCB126 only treated group indicating that catalase is unable to
prevent the reduction of telomerase activity in PCB126 treated cells (Figure 16).
Cell growth was not rescued by addition of PEG-Catalase
in PCB 126 treated cells
Oxidative stress regulates cells growth. To determine if PEG-Catalase activity
regulates proliferation in cells, cell growth along with cell cycle distribution was
measured on day 6 exposure. PCB126 reduced cell growth along with changes in cell
cycle distribution after six days of treatment. PEG-Catalase co-administration along with
PCB126 was unable to prevent the reduction of cell growth (Figure 17) or changes in cell
cycle distribution (Table 4)
hTERT or hTR mRNA overexpression resulted in an
increase in telomerase activity in HaCaT cells
After hTERT and hTR viral vector wasadded, cells were positively selected based
on hygromycin and neomycin resistance. hTR and hTERT gene expression was
significantly increased in these cells, indicating successful transduction. In addition,
telomerase activity was increased in both, hTR and hTERT tranduced cells (Figure 18).
Transfection of cells with hTERT and hTR completely or
partially, respectively, rescued PCB126-treated cells from
mRNA reduction, and partially from reduction in
telomerase activity
When compared to vector only cells, hTERT transduced cells did not show a
reduction in hTERT mRNA whereas hTR transduced cells exhibited a partial reduction in
hTR mRNA in PCB126 treated cells (Figure 21). I then determined if hTERT and hTR
transduction can prevent telomerase reduction in PCB126 treated cells. Indeed,
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telomerase activity was partially rescued in both hTERT and hTR transduced cells when
compared to vector only HaCaT cells (Figure 22)
The reduction in cell growth by PCB126 was not reversed
in hTERT or hTR transduced cells
Telomerase activity regulates cell growth. Therefore cell growth was measured in
hTERT and hTR transduced cells along with vector only cells. The reduction in cell
growth (Figure 23) and cell cycle distribution (Table 5) by treatment with PCB126 was
not dimished in either hTERT or hTR transfected cells compared to vector only cells
Telomerase activity is constitutively too low in NFK to
examine PCB126 induced effects
Compared to HaCaT the basal level of telomerase activity was extremely low in
untreated control NFK cells. By increasing the cell number 10-times a little telomerase
activity could be measured in both control and PCB126-treated NFK cells, however, it
was too low to discern any significant difference between the two groups (data not
shown). Therefore no further attempts were made to measure telomerase activity in these
primary keratinocytes.
PCB126 does not shorten telomere length in NFK cells
In NFK cells no significant difference in telomere length was observed between
treatment and control groups on any of the days analyzed. In these cells telomere length
shortened in all treatment groups from days 6 to 24, indicating that the cells constantly
lost telomeric DNA (data not shown). Due to cell senescence experiments had to be
terminated after day 24.
PCB126 increased DHE and DCFH oxidation in NFK cells
As reactive oxygen species is thought to regulate telomerase activity and telomere
length, DHE oxidation and DCFH oxidation was measured after exposure to PCB126
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under similar experimental conditions. A significant elevation in DHE oxidation (Figure
24) and DCFH oxidation (Figure 25) from day 6 to day 24 was observed.
PCB126 decreased cell growth in NFK cells
In NFK cells the cell numbers at the times of subculturing were decreased in all
PCB-treatment groups from day 6 until day 24. The total number of cells was about
2.0 × 106 per dish in the control groups. In the PCB126-treated group the cell number per
plate decreased with length of exposure, from 1.6 × 106 on day 6, to 1.4 × 106 on day 18
and 1.3 × 106 on day 24. No significant increase in the percent of dead cells, determined
by Propidium Iodide-staining, was observed in PCB126 cultures (Figure 26). No
treatment-related changes in the morphology of cells were seen throughout the course of
the experiment.
PCB126 shifted cell cycle distribution in NFK cells
To analyze whether the reduction in cell number was due to cell cycle inhibition,
the distribution of cells in the different cell cycle phases was determined by flow
cytometry on selected days during the experiment. NFK cells have a normal cell cycle
distribution of about 75%–17.5%–7.5% in G0/1–S–G2/M, respectively. The cell cycle
distribution in DMSO-treated cultures was similar to the untreated controls. In PCB126exposed cells a significant decrease in G0/1 by ~ 8% along with a significant increase in
and S-phase and G2/M phase was observed from day 6 to the end of the experiment on
day 24 (Table 6).
Discussion

One of the most studied groups of PCBs are the more coplanar PCBs like
PCB126, which bind to the aryl hydrocarbon receptor (AhR) and cause the induction of
cytochrome P-450 (CYP) enzymes thereby inducing oxidative stress. Telomeres are
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specialized structures that cap and protect the ends of the chromosomes and their attrition
can occur because of oxidative stress (Henle et al., 1999; Oikawa and Kawanishi, 1999).
The telomerase enzyme plays a crucial role in telomere length maintenance. Oxidative
stress also involved in the direct suppression of telomerase activity (Santos et al., 2006;
Indran et al., 2010) and lack of the telomerase protein has been shown to induce a
progressive shortening in the telomeric ends. Results from these reports leads to the
hypothesis that coplanar PCBs like PCB126 could produce a reduction in telomerase
activity and cause telomere attrition by inducing oxidative stress in cultured cells.
Our results show an increase in steady state levels of of DHE and DCFH
oxidation at all time points upon treatment with PCB126. This is in line with the
mechanistic observations (Venkatesha et al., 2008; Lai et al., 2011) that PCBs cause
increases in steady-state levels of superoxide and hydrogen peroxide thereby producing
oxidative stress. To find out the mechanistic pathway involved in an increase of oxidative
stress, CYP1A1 mRNA level and its activity were measured. An increase in CYP1A1
mRNA level, its activity along with an increase in DHE and DCFH oxidation observed
suggests that PCB126 could produce oxidative stress through CYP1A1 in this model.
TCDD, a highly potent co-planar AhR agonist with a toxicity equivalency factor 10 fold
higher than PCB126 (Bandiera et al., 1982), also reduced telomerase activity in HaCaT
cell, an additional support for the hypothesis that co-planar compounds like PCB126 acts
through AhR when causing reduction in telomerase activity. In addition, TCDD also
reduced the cell growth and cell cycle distribution similar to PCB126.
An antioxidant enzyme (PEG-Catalase) was used to reduce oxidative stress. PEGcatalase blunted the PCB126 induced DCFH oxidation, similar to the result observed in
mammary epithelial cells (Venkatesha et al., 2008). A key observation is that the same
treatment did not significantly affect the telomerase activity and cell growth. In other
words, though PEG-catalase partially prevents an increase in DCFH oxidation, it was not
able to prevent the reduction in telomerase activity and cell growth in PCB126 treated
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cells. As shortening of telomere length was not observed till day 30 in chapter 1, telomere
length was not measured in this method. The mechanism of how PCB126 effects
telomerase may not be related to oxidative stress but definitive evidence for this
speculation is not currently available. Therefore, a careful dose–response study with
different cell types and various radical scavengers and enzyme modulation with siRNA or
other techniques is needed before making a definitive statement about the ROS regulation
of telomerase activity in PCBs treated cells.
To determine if the mechanism of telomerase reduction is via reduction in hTERT
and hTR gene expression, HaCaT cells were transduced with hTERT and hTR subunits
and then exposed to PCB126. Overexpression of TERT and TR have been shown to
increase the cell proliferation and telomerase activity in Dyskeratosis Congenita
fibroblasts and in normal cells (Westin et al., 2007). Expression of TERT causes both
Dyskeratosis Congenita (DC) keratinocytes and normal keratinocytes to undergo
continous proliferation by increasing the telomerase activity (Gourronc et al., 2010). In
this study, telomerase activity and cell growth could only be partially rescued by hTERT
and hTR transduction in PCB126 treated cells. This is intriguing: there might be some
other mechanism of telomerase reduction in PCB126 treated cells in addition to its action
through hTERT and hTR gene expression.
To further support that reduction in telomerase activity is involved in the
shortening of telomere length and oxidative stress may not be a contributing factor for the
reduction in telomerase activity, and telomere length, NFK cells were used. Our NFK
cells also expressed telomerase activity but only at a very low level, so low, in fact, that
we were not able to identify significant differences between treated and untreated groups.
Furthermore, telomere length shortened during the time of the experiment, indicating that
telomerase activity was too low to maintain telomere length. No additional shortening
was observed in PCB126 exposed cells until day 24, when the experiment had to be
terminated due to senescence. We also measured intracellular DHE and DCFH oxidation
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in NFK cells. Interestingly, a significant increase in intracellular DHE and DCFH
oxidation was found on all exposure days and unlike the persistent levels of DHE
oxidation seen in HaCaT, the increased oxidations of the dyes in NFK cells increased
with exposure time. The increase in oxidative stress may be related to progress of these
cells towards senescence, which may further reduce the de-novo syntheses of proteins,
including anti-oxidant protein enzymes, which were shown to be down-regulated by
PCB153 (Zhu et al., 2009; Chaudhuri et al., 2010). More importantly, this shows that
increased oxidative stress doesn't necessarily need to decrease telomere length, further
supporting our hypothesis that the telomerase activity is the major target of PCB126. In
addition to increasing the DHE and DCFH oxidation in NFK cells, PCB126 also reduced
cell proliferation (~ 20%), with a decrease in G0–G1 phase cells along with an increase in
S and G2-M phase cells. Since no effect on telomere length was seen and a role of
telomerase activity is unlikely, although it cannot be excluded, we assume that the
increase in intracellular oxidative stress produced this effect on cell growth, as has
previously been shown with PCB153-treated MCF10A and RWPE-1 cells (Chaudhuri et
al., 2010).
In summary, our results show that telomerase activity is involved in the
shortening of telomere length and oxidative stress may not be the major contributing
factor for the reduction in telomerase activity, and telomere length. Reduction in cell
growth is not due to the reduction in telomerase activity and shortening of telomere
length. Finally, it is not known whether other cell types that have telomerase activity, like
hematopoetic stem cells or germ cells, have a similar susceptibility to telomerase and
telomere damage by PCB126.
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Table 4 TCDDs effect on cell cycle distribution in HaCaT cells.
% of cells in

DMSO

TCDD(0.25)

G0/G1

74.88±2.1 60.06±1.8*** 60.54±1.5***

S

21.44±1.0 35.66±1.2*** 36.12±1.1***

G2/M

3.68±0.2

4.28±0.4

TCDD(1.0)

5.34±*0.5

Note : At both concentrations of TCDD (0.25µM and 1.0µM), cell cycle distribution was
significantly altered on day 6 compared to untreated control. * P < 0.05, *** P < 0.001.

Table 5 Doubling time of control cells and TCDD-treated HaCaT cells.
Days

DMSO

TCDD
(0.25)

TCDD
(1.0)

6

22.0

22.5

23.5*

Note: TCDD caused an increase in doubling time on day 6 compared to control cells. * P
< 0.05.

Table 6 Effect of PEG-Catalase on cell cycle distribution in PCB126 treated HaCaT cells.

Control

DMSO

PCB126

PEGCatalase

G0/G1 70.59±1.2 69.61±1.9 58.31±2.1*** 60.32±2.2***
S

23.3±0.8

23.92±1.1 32.4±1.9***

30.56±1.8***

G2/M

6.11±0.5

6.47±0.2

9.12±0.5**

9.29±0.9**

Note: PEG-Catalse was unable to reverse the cell cycle distribution changes produced by
PCB126 on day 6. ** P < 0.01, *** P < 0.001.
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Table 7 Doubling time of control cells, PCB126 and PEG+Catalase treated HaCaT cells.
Days

DMSO

PCB126

PCB126 +
Catalase

6

22.0

24.2**

24.0**

Note: PEG+Catalase couldnot rescue the the doubling time compared in PCB126 treated
HaCaT cells on day 6. ** P < 0.01, *** P < 0.001.

Table 8 Effect of PCB126 on cell cycle distribution in hTERT and hTR transduced
HaCaT cells.

Control

Control
+
PCB126

hTERT

hTERT
+
PCB126

hTR

hTR
+
PCB126

G0/G1 53.6±0.9 43.1±1.1*** 54.2±1.4 43.8±1.7*** 53.3±2.1 42.1±1.4***
S
G2/M

36.7±1.1 46.8±1.4***

36±1.2

46±1.1***

9.7±0.8

9.8±0.9

10.2±0.7

10.1±0.6

36.2±0.9 45.5±1.2***
10.5±0.2

12.4±0.9

Note: PCB126 produced a significant change in cell cycle distribution in both
untransduced and hTERT and hTR transduced cells. *** P < 0.001.

Table 9 Doubling time of PCB126 treated hTERT and hTR transduced HaCaT cells.
Days

Control

PCB126

hTERT

6

21.5

23.4*

21.4

hTERT +
PCB126
23.1*

hTR
22.0

hTR +
PCB126
23.0

Note: Both hTERT and hTR transduction could not rescue the doubling time in PCB126
treated HaCaT cells. * P < 0.05.

57
Table 10 Effect of PCB126 on cell cycle distribution in NFK cells.

Control

DMSO

PCB126

G0/G1 75.09±2.1 75.05±1.0 59.12±2.1***
S

17.65±1.1 16.95±1.4 23.15±1.3***

G2/M

7.25±0.4

8.00±0.5

17.73±1.1***

Note: PCB126 produced a significant change in cell cycle distribution with increase in S
and G2/M phase and decrease in G0/G1 phase cells. *** P < 0.001.

Table 11 Effect of PCB126 on doubling time in NFK cells.
Days

Control

DMSO

PCB126

6

34.5

34.5

36.0

18

35.1

35.1

36.0

24

35.2

35.1

36.2

Note: PCB126 increased the doubling time compared to DMSO treated NFK cells.

Table 12 Primer pairs used in qRT-PCR experiments
Gene

Sequence (5’-3’)

AhR

Forward:
CTTCCAAGCGGCATAGAGAC

Reference

Starting
nucleotide
position in
coding
sequence

Amplicon
size (bp)

F: 104

198

R: 301

Reverse: AGTTATCCTGGCCTCCGTTT
ARNT

Forward: AACCTCACTTCGTGGTGGTC
Reverse: CAATGTTGTGTCGGGAGATG

CYP1A1

F: 854
Designed
using Primer 3

210

R: 1063

Forward: CTTGGACCTCTTTGGAGCTG

F: 933

Reverse:
CGAAGGAAGAGTGTCGGAAG

R: 1144

212
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Figure 9 Intracellular levels of superoxide, determined by DHE oxidation in control and
PCB126 treated HaCaT cells.
Note: PCB126 significantly increase intracellular No effect was seen in solventtreated cultures. Error bars denote SD, ***P < 0.05.
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Figure 10 Intracellular levels of hydrogen peroxide levels, determined by DCFH
oxidation in control and PCB126 treated HaCaT cells.
Note: PCB126 significantly increase intracellular No effect was seen in
solvent-treated cultures. Error bars denote SD, ***P < 0.05.
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compared to DMSO control
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Figure 11 CYP1A1 mRNA in control and PCB126 treated HaCaT cells.
Note: PCB126 significantly increase CYP1A1 mRNA in HaCaT cells. No
effect was seen in solvent-treated cultures. Error bars denote SD.
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Figure 12 CYP1A1 activity in control and PCB126 treated HaCaT cells.
Note: PCB126 significantly CYP1A1 activity in HaCaT cells. No effect was
seen in solvent-treated cultures. Error bars denote SD. ***P < 0.05.
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Figure 13 TCDDs effect on telomerase activity in HaCaT cells.
Note: At both concentrations of TCDD (0.25 µM and 1.0 µM), telomerase
activity was significantly reduced compared to untreated control. Error bars
denote SD. ***P < 0.05.
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Figure 14 TCDDs effect on cell growth in HaCaT cells.
Note: At both concentrations of TCDD (0.25 µM and 1.0 µM), cell growth was
significantly reduced compared to untreated control. Error bars denote SD.
*P < 0.001, ***P < 0.05.
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Figure 15 PEG-Catalase (100 units/ml) decreased DCFH oxidation in PCB126 treated
HaCaT cells.
Note: Error bars denote SD, ***P < 0.05.
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Figure 16 PEG-Catalase (100 units/ml) couldnot prevent the reduction of telomerase
activity by PCB126 in HaCaT cells.
Note: Error bars denote SD, ***P < 0.05.
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Figure 17 Cell growth of control cells and PCB126 and PCB126 along with PEGCatalase treated HaCaT cells.
Note: PEG-Catalase couldnot prevent the reduction of cell growth by PCB126
in HaCaT cells. Error bars denote SD, ***P < 0.05.
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Figure 18 Transduction of HaCaT cells by hTERT and hTR viral vectors.
Note: Both hTERT and hTR vector transduction produced a significant
increase telomerase activity. Error bars denote SD, ***P < 0.05.
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Figure 19 hTR vector transduction produced a significant increase in hTR gene
expression in HaCaT cells.
Note: Error bars denote SD, ***P < 0.05.
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Figure 20 hTERT vector transduction produced a significant increase in hTERT gene
expression in HaCaT cells.
Note: Error bars denote SD, ***P < 0.05.
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Figure 21 hTERT mRNA fully rescued and hTR mRNA partly rescued from PCB126induced repression in HaCaT cells transfected with these sequences.
Note: Error bars denote SD, ***P < 0.05.
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Figure 22 PCB126 produce a significant reduction in telomerase activity in both hTERT
and hTR transduced HaCaT cells along with untransduced HaCaT cells.
Note: Error bars denote SD, ***P < 0.05.
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Figure 23 PCB126 produce a significant reduction in cell growth in both hTERT and hTR
transduced HaCaT cells along with untransduced HaCaT cells.
Note: Error bars denote SD, ***P < 0.05.

1.6

*

Normalized MFI

1.4

*

*

1.2
1
0.8
0.6
0.4
0.2
0
Control
Day 6

PCB126
Day 18

Day 24

Figure 24 PCB126 significantly increase intracellular DHE oxidation in NFK cells.
Note: No effect was seen in solvent-treated cultures. Error bars denote SD,
*P < 0.001, **P < 0.01, ***P < 0.05.
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Figure 25 PCB126 significantly increase intracellular DCFH oxidation in NFK cells.
Note: No effect was seen in solvent-treated cultures. Error bars denote SD,
*P < 0.001, **P < 0.01.
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Figure 26 PCB126 treatment groups significantly reduced cell growth from day 6 until
day 24 compared to untreated NFK controls.
Note: No related changes in vialbility of the cells observed between different
groups. Error bars denote SD, ***P < 0.05.
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CHAPTER 4 DETERMINATION OF WHETHER CONTINUOUS
EXPOSURE TO PCB126 LEADS TO MODULATION OF
TELOMERASE AND AHR RESPONSE PATHWAYS THAT RESULT
IN CELL GROWTH ALTERATIONS
Abstract

Telomeres, the ends of linear chromosomes, are required to preserve genome
integrity, chromosome stability, nuclear architecture and chromosome pairing during
meiosis. Telomere loss can be dramatically mutagenic and continuous loss of telomeres
may generate chromosomal instability. We have previously shown that exposure of
HaCaT cells to PCB126, an AhR agonist, caused telomere shortening, but would this
progress in reach crisis? Also, continuous exposure to a compound may desensitize
important cellular pathway thereby reducing the toxic effect. To examine these
possibilities in this study, telomere shortenend HaCaT cells were continuously treated
with PCB126 (5µM) till day 90 and telomerase activity, telomere length, mRNA levels of
telomere proteins (TRF1 and TRF2), telomerase subunits (TERT and TR), C-Myc,
CYP1A1, CYP1B1, ALDH3B1, NQO1, AHRR and cell growth were determined.
Continuous treatment with PCB126 until day 90 resulted in an increase in cell growth,
mRNA levels of C-Myc, hTERT and hTR, telomerase activity, and telomere length from
day 54. From day 66, a decrease in TRF1 and TRF2 mRNA levels was observed; Trf
proteins restrict access of the telomerase enzyme to telomeres. The increase in cMYC,
hTERT, and hTR along with decrease in TRF1 and TRF2 transcripts after critical
telomere shortening may be an indication of genomic instability. mRNA levels of
CYP1A1, CYP1B1, ALDH3B1, NQO1, AhRR were elevated by PCB126-exposure till
day 72 but from day 78 no such increase was observed even though PCB126 treatment
was continued. This points towards a desensitization of the AhR pathway as possible
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mechanism. In summary, this study shows that prolonged PCB126 exposure lead to
telomerase re-activation, telomere lengthening and increased cell growth with down
regulation of the AhR signaling pathway in HaCaT in vitro. More studies are needed to
elucidate the mechanism and interaction of these effects and their importance for in vivo
exposures to PCB126 and AhR agonsists in general.
Introduction

Chemically induced stresses like smoking has repeatedly been shown to enhance
telomere attrition (Morlá et al., 2006). Telomere length in peripheral blood leukocytes of
professionals exposed to PAHs (Pavanello et al., 2010) or to traffic pollution (Hoxha et
al., 2009) was shortened. Chemically induced chromosomal aberrations also lead to
telomere loss (Senthilkumar et al., 2011). Cells with shortened telomeres undergo either
apoptosis or cellular crisis with genomic instability resulting in telomerase reactivation
and telomere lengthening. The loss of telomeric repeat sequences can result in
chromosome fusion and lead to chromosome instability (John P, 2012) and DNA
amplification by breakage/fusion/bridge cycles (Lo AW, 2002). Previous studies with
PCB congeners showed that PCB28 and PCB52 (Senthilkumar et al., 2011) , PCB153
(Senthilkumar et al., 2012) and PCB-3 metabolites (Jacobus et al., 2008b) shortened
telomeres at 48 days of exposure in HaCaT cells. Among all PCBs, PCB 126 had the
strongest effect on reduction in telomerase activity and shortening of telomere
(unpublished).
Telomere shortening is also associated with telomerase reactivation and
telomerase reactivation has been found in early stages of laryngeal carcinogenesis (Mo et
al., 2008). This telomerase reactivation results in increased cell growth and extend the
life span of cells (Bodnar et al., 1998). c-Myc, an oncogene, is a transcription factor that
interacts with the hTERT promoter region and up regulates its activity (Shay and Wright,
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1996; Ghosh et al., 2007). PCBs have been shown modulate c-Myc expression, for
example in chronic PCB153 induced human liver cells (Ghosh et al., 2007). Alernatively,
telomerase activation may be a respsonse to genomic insult as was hypothesized for
arsenic (As) (Mo et al., 2008). Chronic arsenic (As) exposure via drinking water was
associated with an increased hTERT expression in blood of Mongolian residents (in vivo)
and human skin keratinocytes (in vitro). This increased hTERT expression was shown to
be biphasic since low concentrations (≤ 1 μM) increased telomerase activity and cell
proliferation whereas at higher concentrations (> 1 to 40 μM) decreased telomerase
activity and cell apoptosis were observed in human epidermal keratinocytes and leukemia
cells in vitro (Zhang et al., 2003).
In addition and specific for PCB126 and other compounds, an extended exposure
of cells may modulate the AhR response pathway, which in tern may have an effect on
telomerase regulation. Possible mechanism are desensitization or mutation followed by
selection. It has been showed two decades earlier (Wirgin et al., 1992) that tomcod in the
Hudson river lost induction of CYP1A1 compared to elevated expression of CYP1A1 in
PCB 77-treated Miramichi tomcod (MR), or they had lower induction of CYP1A1 by
PCB77/126 than fish from neighboring rivers (Yuan Z, 2006). Levels of PCBs and
polychlorinated dibenzo-p-dioxins/furans (PCDD/Fs), including the most toxic congener,
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)], in tomcod livers from the Hudson River
are the highest known in nature (Fernandez et al., 2004). This lead to the speculation that
Atlantic tomcod Microgadus tomcod, an abundant, bottom-dwelling, and resident finfish
of the Hudson River, became resistant to PCBs because of continuous long term
exposure. In addition, Fundulus heteroclitus, a marine fish in New Bedford Harbor
(NBH) exhibits heritable resistance to the toxic effects of planar halogenated aromatic
hydrocarbons (PHAHs), including TCDD and PCBs. All these events point toward
mutations as the mechanistic basis of resistance in this vertebrate population followed by
evolutionary change due to selective pressure at a single locus, possibly the AhR. In
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addition to induction of drug-metabolizing enzymes, the liganded AhR complex activates
gene expression of the AhR repressor (AhRR), which inhibits AhR function by
competing with AhR for dimerizing with Arnt and binding to the XRE sequence (Mimura
et al., 1999). Thus the AhRR could also play a role in adaptive changes.
Considering the multitude of effects and interactions, the consequences of long
term exposure to persistent compounds like PCBs seems of interest, particularly whether
continued degradation of telomere length would occur and result in cell death or genomic
changes with telomerase reactivation and/or modulation of the AhR response pathway
leading to desensitization of AhR mediated cellular changes and thereby loss of oxidative
stress, selective pressure, and the phlethora of gene regulation changes.
Materials and Methods
Cell culture and PCB exposure regimen
HaCaT cells that have been exposed to PCB126 at a concentration of 5µM for 48
days (Aim 1) were continuously exposed to PCB126 at 5µM till 90 days in this phase of
study. For this, 100,000 cells (48 days PCB126 treated) were seeded in 10cm tissue
culture dish and after 24 hours, PCB126 and solvents were added to the cells. Solvent
controls received DMSO (0.05% final concentration) only. Medium and compounds were
changed every third day and cells were trypsinized (0.25% trypsin with EDTA) every
sixth day, counted, and used for continuous exposure and for the estimation of telomerase
activity, telomere length, hTERT, hTR, cMyc, TRF1, TRF2, AhR, ARNT, CYP1A1,
CYP1B1, ALDH3B1, NQO1, AhRR and GAPDH mRNA levels, cell growth and cell
cycle distribution on day 54, 66, 78, 84 and 90. AhR coding sequence was analysed on
day 0, 48, 66, 78 and 90. Gene expression was compared between control and PCB126
treated group.
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Measurement of telomerase activity
(See Chapter 2, page: 22)
Analysis of telomere length
(See Chapter 2, page: 23)
Measuring hTERT, hTR, TRF1, TRF2, AhR, ARNT,
CYP1A1, and GAPDH gene expression
(See Chapter 2, page: 24; Chapter 3, page: 44)
Measuring C-Myc, CYP1B1, ALDH3B1, NQO1, AhRR
and GAPDH gene expression
RNA was isolated from the trypsinized cells using RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). Then cDNA was constructed from 1.8ug of isolated RNA using the
High-Capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA,
USA). cDNA was amplified in triplicates with C-Myc, CYP1B1, ALDH3B1, NQO1,
AhRR and GAPDH primers using Power SYBR Green PCR master mix (Applied
Biosystems, Foster City, CA, USA). GAPDH mRNA was used as an internal reference.
Expression of target mRNA was calculated based on the standard curves generated by
serial dilutions of the standard cDNA and normalized according to GAPDH expression.
Measuring CYP1A1 activity
(Chapter 3, page:45)
Determination of cell growth and cell cell cycle distribution
(Chapter 2, page:24)
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Results
PCB126 caused telomerase reactivation from day 54
through day 90
The cells were continually treated with PCB126 through day 90 to observe the
consequence of telomere shortening. From day 54 on, an astounding finding that
telomerase activity started to increase, reaching 80% related to DMSO controls was seen
(Figure 27). Telomerase activity continued to rise with the level reaching 95% of
telomerase activity compared to DMSO controls on day 66 and 78. Further, on day 90 the
telomerase reached more than the level of DMSO controls (105 %). Thus telomerase
activity consistently increased from its reduced level on day 48 until surpassing the
control level on day 90.
Telomere length started to increase from day 54 through
day 90
To check if the telomerase reactivation leads to increase in telomere length, DNA
from the control and PCB126 treated cells was isolated and telomere length was
measured on day 54, 66, 78 and day 90. In parallel with telomerase reactivation, telomere
length also started to increase on day 54 with the level reaching 65%, up from 47% on
day 48. This trend continued and telomere length increased to 82%, 80% and 85% on
days 66, 78 and 90 (Figure 28). This suggests that increased telomerase activity leads to
an increase in telomere length.
Gene expression of hTERT, hTR and C-Myc increased
while TRF1, TRF2 decreased after day 54
To determine if an increase in telomerase activity was regulated by telomerase
subunits and telomere proteins, gene expression of hTERT, hTR, TRF1 and TRF2 was
measured. As C-Myc directly interacts with hTERT promoter and PCBshave been shown
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to regulate C-Myc, C-Myc gene expression was also measured. An increase in c-Myc,
hTRERT and hTR gene expression (Figure 29) along with reduction in TRF1 and TRF2
gene expression (Figure 30) was observed from 66 to day 90. A decrease in TRF1 and
TRF2 transcripts allows for an increased access of telomerase enzymes to telomere ends;
increased cMYC leads to an enhanced hTERT gene expression and thereby the increased
telomerase activity.
PCB126-mediated increase in CYP1A1 mRNA and its
activity and other AhR regulated genes is lost from day 78
to day 90
CYP1A1 and its activity were measured to determine if PCB126 is acting through
AhR and cause an increase in CYP1A1. On day 66 CYP1A1 mRNA levels were still at
the same level as day 48 and 54 but from day 78, CYP1A1 mRNA and its activity (Figure
31 & 32) has decreased to the level of control. To determine only CYP1A1 or other AhR
downstream pathway genes were also affected, mRNA levels of CYP1B1, ALDH3B1
and NQO1 were also measured (Figure 33). All these three genes showed a similar
change as CYP1A1 i.e., mRNA levels were increased till day 66 but fell back to the level
of control from day 78. This indicates that AhR complex pathway is altered in 90 days
PCB126 treated cells that lead to a change in downstream signaling pathways. However,
no changes in AhR and ARNT mRNA levels were observed from day 0 to day 90 (data
not shown).
PCB126-induced overexpression of AhRR mRNA is lost
from day 78 to day 90
The ligand bound AhR complex activates gene expression of AhR repressor
(AhRR), which then inhibits AhR function by competing with AhR for dimerizing with
Arnt and binding to the XRE sequence. AhRR mRNA was analyzed to observe if the
AhR pathway changes affected its expression. In PCb126 cultures the AhRR mRNA
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level was increased to 2.5 to 3.0 fold till day 66 and thereafter the gene expression levels
fell back to control levels (Figure 34).
Cell growth and cell cycle distribution normalize in
PCB126 exposed cells after day 54
A change in growth behavior was observed from days 54 to 90 with cells
recovering the proliferation rate similar to control cells (Figure 35). At day 90, the cell
numbers 6 days after reseeding were the same in PCB126 treated and untreated cultures.
Cell cycle distribution showed more cells in S and G2-M phase, indicating a delay in S
and G2-M phase transition in PCB126 treated group compared to untreated control group
till day 48. But from day 54, a shift in cell cycle distribution was observed with cells in S
and G2-M phase similar to untreated control cells at day 90 (Table 8). This indicates that
along with the changes in telomerase, cell growth also changed.
Discussion

Lack of telomerase activity leads to the shortening of telomeres (Lee et al., 1998;
Hills and Lansdorp, 2009). It has already been reported that PCBs cause reduction in
telomerase activity and shortening of telomeres (Senthilkumar et al., 2011; Senthilkumar
et al., 2012). Cells with shortened telomeres undergo replicative senescence or cellular
crisis with genomic instability resulting in telomerase reactivation and telomere
lengthening. On the other hand, it has been reported that fish in Hudson River developed
resistance to PCBs after exposure to high level for extended periods of time (Wirgin et
al., 2011). Therefore this study was carried out to determine if continued exposure to
PCBs especially PCB126 leads to replicative senescence or genomic instability or
aquired insensitivity to the chemical.
HaCaT cells were continually treated with PCB126 through day 90. From day 54
on, the telomerase activity started to increase reaching more than the level in DMSO
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treated group (105 %) on day 90. This indicates that telomerase activity was re-activated
after significant reduction in telomerase activity during the first 48 days of exposure. To
escape cell death during continuous cell proliferation, cells activate telomere maintenance
mechanisms and often this is by re-activation of telomerase activity (Bodnar et al., 1998).
Cells with critically shortened telomeres have a very high likelihood of telomere fusions
and this genomic instability results in telomerase re-activation, telomere lengthening, as
well as amplification and or/deletion of oncogene and tumor suppressor genes
(Delhommeau F, 2002). Telomere dysfunction promoted very high ploidy changes with
non-reciprocal translocations and epithelial cancers in mice (Artandi et al., 2000).
Amplification of the hTERT locus has been linked to the reactivation of telomerase both
in vitro and in vivo (Takuma et al., 2004; Zhu et al., 2006). Whether this is the
mechanisms of telomerase reactivation in the PCB126-exposed HaCaT cells and whether
it plays a role in PCB126 carcinogenesis remains to be determined.
Reactivation of telomerase activity leads to lengthening and stabilization of the
telomeres (Shay and Wright, 1996) and is often observed in the advanced stages of
cancer. In agreement with this, telomere length in HaCaT cells stoped shortening after
day 48 and started to lengthen from day 54, reaching 85% compared to untreated control
on day 90. It can be assumed that the reactivation of telomerase activity may be
responsible for this effect.
To elucidate the mechanism of telomerase reactivation the expression of hTERT
and hTR was determined. From day 54 onwards both, hTERT and hTR expression, was
increased in the PCB126 treated group compared to untreated controls. The promoter of
the hTERT gene is a target for numerous oncogenes like c-myc, and c-myc has been
shown to up regulate hTERT expression (Wang et al., 1998; Kyo et al., 2000). Not
surprisingly, c-myc mRNA levels were also upregulated from day 54 through day 90. cMyc amplification and increasd transcription of hTERT, and hTR followed by
reactivation of telomerase, lengthening and stabilization of telomere length after critical

77

telomere shortening and chromosomal instability are typical features of carcinogenesis
(Pirker, 2003; Bodvarsdóttir et al., 2007), further strengthening the hypothesis that this
may also be the mechanisms of PCB126 carcinogenesis.
Besides the fact that telomerase is transcriptionally activated by the N-terminal
transcriptional activation domain of C-Myc (Greenberg, 1999; Ghosh et al., 2007), this
oncogene has also been shown to be involved in non-transcriptional control of DNA
replication (Dominguez-Sola et al., 2007; Cole and Cowling, 2008). C-Myc has been
shown to interact with TRF1 thereby regulating telomere length directly. Overepression
of the TRF1 binding C-terminal domain of c-myc leads to telomere elongation in vivo
(Kim and Chen, 2007). This suggests that the up regulation of c-myc in our study might
have caused both, telomerase reactivation and telomere length elongation.
Telomere length is controlled by homeostasis mechanisms that involve telomerase
and the negative regulators of telomere length including TRF1 & TRF2 proteins
(Smogorzewska et al., 2000; Jan, 2003). Our study shows that both, TRF1 and TRF2
expression, is up regulated till day 54 but it is down regulated from day 66 to day 90.
This should ease the access of telomerase to telomere ends and cause or facilitate an
elongation in telomere length after day 66.
Oxidative stress has been shown to be involved in the regulation of hTERT, TRF1
and TRF2. Reactive oxygen species including hydrogen peroxide trigger nuclear export
of hTERT into mitochondria and make it unavailable for telomerase enzyme complex
formation in the nucleus (Haendeler et al., 2003; Indran et al., 2010). At the same time,
hTERT has been shown to alleviate cellular ROS levels by way of potentiating the
cellular antioxidant defense systems, and in doing so endowing cancer cells with the
ability to evade death stimuli (Indran et al., 2011). Arsenic trioxide induced reactive
oxygen species caused up-regulation of telomeric repeat binding factor TRF1 and TRF2
mRNA and protein levels, and induced G2/M phase arrest and cell apoptosis (Zhang et
al., 2005). Our results showed an increase in reactive oxygen species till day 66 but a
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reduction from day 78 to day 90. This could suggest a possible correlation between
reactive oxygen species in hTERT, TRF1 and TRF2 regulation.
To find the reason for the reduction in reactive oxygen species after day 66, we
measured CYP1A1 mRNA expression along with its activity. No PCB126 mediated up
regulation of CYP1A1 mRNA or its activity was observed from day 78 to day 90. To this
end, this is the first time that PCB126 caused an initial increase in CYP1A1 activity but
on continued exposure no continuous up regulation of CYP1A. To determine if only the
CYP1A1 is not up regulated on continued exposure or other AhR downstream genes as
well, we measured CYP1B1 (phase I gene), ALDH3B1 and NQO1 (phase II genes)
mRNA from day 0 to day 90. All these three genes showed similar changes as CYP1A1
i.e., mRNA levels were increased till day 66 but no more up regulation was seen from
day 78. It indicates that the AhR complex pathway is altered in 90 days PCB126 treated
cells which lead to a change in response in the downstream signaling pathways.
We further measured the gene expression profile of AhR and ARNT mRNA
levels in the same periods of time. No change in the mRNA expression of AhR and
ARNT were observed from day 0 to day 90. The ligand bound AhR complex also could
activate gene expression of a AhR repressor (AhRR), which inhibits AhR function by
competing with AhR for dimerizing with Arnt and binding to the XRE sequence (Mimura
et al., 1999). AhRR activation was observed until day 66 but no activation was found on
day 78 and 90. This shows that the AhR pathway is modulated on day 78 leading to a
lack of PCB126-mediated induction of AhRR, CYP1A1, CYP1B1, ALDH3B1, NQO1
and other downstream signals. Activation of the aryl hydrocarbon receptor (AhR) by
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a potent agonist of AhR, has been shown to
induce a marked reduction in steady state AhR (Pollenz, 1996; Ma and Baldwin, 2000;
Richard S, 2002). So far, we found that c-myc may be the factor leading to activation of
hTERT, telomerase activity and telomere length from day 54 in PCB126 treated cells.
From day 78 a modulation in AhR response pathway has developed, possibly as a
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consequence of suspected genomic instability that happens after critical telomere
shortening on day 54 or the cells might have undergone an evolutionary change, i.e. a
selection for cells with dysfunctional AhR pathway, on chronic PCB126 exposure, as
earlier literature suggested, possibly by developing a mutation.
Acquisition of telomerase activity is associated with cells escaping from
senescence and increased cell proliferation by up regulating growth controlling genes
(Smith et al., 2003). So it was a logical extension to look into the cell cycle profile in our
study. PCB126 reduced cell growth until day 48 (35% reduction in cell growth compared
to control by day 48). Delay in cell cycle progression with accumulation of cells in S and
G2-M phase cells was noticed in PCB126 treated cells from day 6 to 48 (Table 1). But a
change in growth behavior was observed from days 54 to 90 with cells recovering from
the S and G2-M phase delay (Table 1) resulting in increased cell proliferation.
Rapidly growing evidence has linked environmental pollutants with epigenetic
variations, including changes in DNA methylation, histone modifications and microRNA.
Environmental exposures such as cigarette smoke, alcohol, and dioxin changed the
pattern of DNA methylation in a ways that are highly personal and change over time.
(Bollati, 2010; Hou et al., 2011). To this end, exploring the influence of the epigenetic
landscape in the chronically administered PCB126 group would provide insights into the
inter-relationship of telomerase reactivation and the modulation of AhR pathway to
PCB126 exposure in the cells.
In summary, this study shows for the first time that PCBs initially reduce
telomerase activity, telomere length, and cell growth, with possible mechanistic
connections to increased CYP1A1 and oxidative stress and can later lead to telomerase
re-activation, telomere lengthening, increased cell growth and modulation of the AhR
response pathway. This study adds a new pathway of toxicity of PCBs which will help
the scientific community to better understand the mechanisms of carcinogenesis and to
establish appropriate safety evaluation studies and risk assessment not only for this class
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of compounds but possibly also for many other structurally and mechanistically related
contaminants.
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Table 13 A shift in cell cycle distribution with cells in S and G2-M phase similar to
untreated control cells at day 90.
Day 54

% of cells n

Day 66

Media

DMSO

PCB 126

Media

DMSO

PCB 126

G0/G1

59.2±1.8

58.3±1.
2

51.7±2.0
**

69.5±1.2

68.2±1.
5

53±2.1***

S

31.9±1.1

32.2±1.
0

37.5±1.3
**

23±0.9

23.9±1.
4

35.8±1.1
***

G2/M

8.9±0.8

9.5±0.9

10.8±0.8*

7.4±0.2

7.9±0.4

11.2±0.9**

Day 78

Day 90

Media

DMSO

PCB 126

Media

DMSO

PCB 126

G0/G1

72.5±0.6

71.5±2.
8

65±2.1
***

72.9±0.6

73.4±1.
1

72.2±0.8

S

21.2±1.2

22±1.0

27.4±0.9
***

20.8±0.5

20.4±1.
1

21.9±0.4

G2/M

6.3±0.5

6.5±0.7

7.6±0.2*

6.3±0.9

6.2±0.7

5.9±0.3

Note: * P < 0.05, ** P < 0.01, *** P < 0.001.

Table 14 Effect of PCB126 on doubling time from day 54 to day 90 in HaCaT cells.
Days

Control

DMSO

PCB126

54

21.4

21.6

22.0

78

21.6

21.4

21.4

90

21.4

21.6

21.2

Note: No change in doubling time was observed between control and PCb126 treatment from day
54 to day 90 in HaCaT cells.
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Table 15 Primer pairs used in qRT-PCR experiments.
Gene

Sequence (5’-3’)

cMyc

Forward:
TTCGGGTAGTGGAAAACCAG
Reverse:
CAGCAGCTCGAATTTCTTCC
Forward:
TGTCCTGGCCTTCCTTTATG
Reverse:
TCATCACTCTGCTGGTCAGG
Forward:
GCAGACCTGCACAAGAATGA
Reverse:
GCTCCGAGTGGATGTAGAGC
Forward:
TAAGTGGCTACCCCAAAACG
Reverse:
TCCAGCTCCCTTAGTCTCCA
Forward:
GTCAGTTACCTCCGGGTGAA
Reverse:
TGGAAGCCCAGATAGTCCAC

CYP1B1

ALDH3A1

UGT1A1

AhRR1

Reference

Designed
using Primer
3

Starting
nucleotide
position in
coding
sequence

Amplicon
size (bp)

F: 11
R: 213

203

F: 1140
R: 1384

245

F: 148
R: 310

163

F: 1056
R: 1230

175

F: 223
R: 449

227

% of Telomerase acitivity compared
to control

83
120
100
80
60
40
20
0
Day 6 Day 18 Day 30 Day 42 Day 48 Day 54 Day 66 Day 78 Day 90
Control

DMSO

PCB126

% of Telomere signal compared to
control

Figure 27 PCB126 increase telomerase activity from day 54 to day 90 after decrease till
day 48 in HaCaT cells.
Note: Error bars denote SD.
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Control
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PCB126

Figure 28 PCB126 increase telomere length from day 54 to day 90 after decrease till day
48 in HaCaT cells.
Note: Error bars denote SD.

Fold change in mRNA level compared
to DMSO control
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1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
Day 6 Day 18 Day 30 Day 42 Day 48 Day 54 Day 66 Day 78 Day 90
DMSO

PCB126-hTERT

PCB126-hTR

PCB126-cMyc

Figure 29 Increase in cMyc, hTERT, hTR gene expression in PCB126 treated cells from
day 54 to day 90 in HaCaT cells.
Note: Error bars denote SD.

Fold change in mRNA levels
compared to DMSO control
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1
0.8
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0.4
0.2
0
Day 6 Day 18 Day 30 Day 42 Day 48 Day 54 Day 66 Day 78 Day 90
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PCB126-TRF1

PCB126-TRF2

Figure 30 Decrease in TRF1 and TRF2 gene expression in PCB126 treated HaCaT cells
from day 66 to day 90.
Note: Error bars denote SD.
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Figure 31 No increase in CYP1A1 mRNA levels from day 78 to day 90 in PCB126
treated HaCaT cells.
Note: Error bars denote SD.
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Figure 32 No increase in CYP1A1 activity from day 78 to day 90 in PCB126 treated
HaCaT cells.
Note: Error bars denote SD, ***P < 0.05.
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Figure 33 Decrease in CYP1B1, ALDH3A1 and UGT1A1 gene expression in PCB126
treated HaCaT cells from day 78 to day 90.
Note: Error bars denote SD.

Fold change in mRNA expression
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Figure 34 Decrease in AhRR gene expression in PCB126 treated HaCaT cells from day
78 to day 90.
Note: Error bars denote SD.
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Figure 35 Increase in cell growth from day 54 after a decrease till day 48 in PCB126
treated HaCaT cells.
Note: Error bars denote SD.
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CHAPTER 5 SUMMARY AND FUTURE PERSPECTIVES
Several individual PCB congeners and commercial PCB mixtures have been
experimentally shown to produce cancer although their mechanism of carcinogenicity is
not well known. In our study all PCB congeners (PCB28, PCB52, PCB126 and PCB153)
and the CAM significantly reduced telomerase activity in human HaCaT keratinocytes
from day 18 to day 48. Lack of telomerase activity leads to the shortening of telomeres.
All PCBs and CAM significantly shortened the mean telomere length starting from day
30 till day 48. All PCBs produced an increase in the number of cells in S phase with a
decrease in the number of cells in G0/G1 phase indicating a slower passage through Sphase, since the total cell number in these cultures was reduced. An increase in S-phase
would be expected to result in an increase in telomerase activity, definitely not a
decrease. Therefore other mechanisms must have caused the reduction in telomerase
activity in PCB treated cultures. Among all PCBs, PCB126 was by far the most potent in
reducing telomerase activity and telomere length, so PCB126 was chosen for further
studies. Some down regulation of hTERT and hTR and up-regulation of TRF1 and TRF2
genes from day 6 to day 48 were observed. This decrease in hTERT and hTR transcripts
was associated with reduction in telomerase activity and an increase in TRF1 and TRF2
transcripts restricts could be expected to restrict access of the available telomerase
enzymes to telomere ends. The small observed change in gene expression of telomerase
subunits and telomere proteins gene regulation may not be responsible for the very
significant reduction in telomerase activity and telomere length.
There were several mechanisms that could attribute to the reduction in telomerase
activity and shortening of telomeres, in addition to the reduction in their gene expression.
One of the main factors that were identified is oxidative stress. PCB126 produced an
increased level of intracellular DHE (suggestive of superoxide level) and DCFH
oxidation (suggestive of hydrogen peroxide level) thereby producing an oxidative stress.
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An observed increase in CYP1A1 mRNA level along with its activity suggests that
PCB126 produce ROS through CYP1A1 in this model. TCDD (a highly potent AhR
agonist with a toxicity equivalency factor 10 fold higher than PCB126) also reduced
telomerase activity, cell growth and cell cycle distribution as similar to PCB126
confirming that PCB126 acts through AhR and cause reduction in telomerase activity.
Catalase, an antioxidant enzyme, blunted the PCB126 induced DCFH oxidation but the
same treatment did not significantly affect the telomerase activity and cell growth. In
other words, though PEG-catalase partially prevents an increase in ROS, it was not able
to prevent the reduction in telomerase activity and cell growth in PCB126 treated cells.
To further support that telomerase activity and not ROS is involved in the shortening of
telomere length, NFK cells were used. A significant increase in intracellular DHE and
DCFH oxidation was found on all exposure days but no additional telomere shortening
was observed suggesting that the shortening of telomeres may not be due to a direct
action of PCB126 or a downstream intermediate like ROS on telomeres, but an effect on
telomerase which then results in loss of telomere length. Both hTERT and hTR
transduction was partially able to rescue telomerase activity and cell growth in PCB126
treated cells.
The cells were continually treated with PCB126 through day 90 to determine
whether continuous exposure to PCBs leads to modulation in telomerase and AhR
response pathway that result in the alteration of cell growth. Telomerase activity was reactivated on day 54. This reactivation of telomerase leads to lengthening and stabilization
of telomere length. It was followed by an observation of an increased c-Myc, hTERT,
hTR transcripts and cell growth with decreased TRF1 and TRF2 transcripts suggesting
telomere

based

crisis

provokes

chromosomal

instability,

including

regional

amplifications and deletions. An increased reactive oxygen species until day 66 was
followed by a reduction on days 78 and 90 was observed. This could suggest the possible
correlation between reactive oxygen species in hTERT, TRF1 and TRF2. No up
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regulation of CYP1A1 mRNA or its activity was observed from day 78 to day 90. Other
AhR downstream genes (CYP1B1 ALDH3B1 and NQO1) were also not up regulated
from day 78 to day 90. It suggests that AhR complex pathway is altered from day 78 in
PCB126 treated cells that lead to a change in the response of downstream signaling
pathways.
It would be of great use in the future to carry out the following studies using short
term and long term PCB126 treated cells. (1) Rapidly growing evidence has linked
environmental pollutants with epigenetic variations, including changes in DNA
methylation, histone modifications and microRNA. Environmental exposures such as
cigarette smoke, alcohol, and dioxin changed the pattern of DNA methylation in a ways
that are highly personal and change over time, so epigenetic regulation of epigenetics
AhR pathway proteins should be studied. (2) Determination of miRNA regulation of AhR
help

to predict the regulation at transcript level. (3) Analyzing the whole genome

expression would help in identifying the genomic pathway changes over the period of
time. (4) Identifying chromosomal changes over a period of time helps to measure any
chromosomal abnormality arise because of critical telomere shortening. (5) As PCB126
treated cells changed over a period of time, evaluating the malignant changes of the long
term PCB126 treated HaCaT cells using soft agar colony formation and by injecting the
cells in nude mice and observing for a tumor growth would be helpful. (6) Carrying out
the similar exposure model in human stem cells to more closely predict the chronic
exposure toxicity in risk in humans.
To this end, the above studies would provide insights on the inter-relationship of
telomerase reactivation and the development of resistance to long term PCB126 exposure
in the human cells which will further help in the risk assessment of PCB126 in humans.
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