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DNA adducts derived from carcinogenic polycyclic aromatic
hydrocarbons like benzo[a]pyrene (B[a]P) and benzo[c]phenan-
threne (B[c]Ph) impede replication and transcription, resulting
in aberrant cell division and gene expression. Global nucleotide
excision repair (NER) and transcription-coupled DNA repair
(TCR) are among the DNA repair pathways that evolved to
maintain genome integrity by removing DNA damage. The
interplay between global NER and TCR in repairing the polycy-
clic aromatic hydrocarbon-derived DNA adducts (�)-trans-an-
ti-B[a]P-N6-dA, which is subject to NER and blocks transcrip-
tion in vitro, and (�)-trans-anti-B[c]Ph-N6-dA, which is a poor
substrate for NER but also blocks transcription in vitro, was
tested. The results show that both adducts inhibit transcription
in human cells that lack both NER and TCR. The (�)-trans-anti-
B[a]P-N6-dA lesion exhibited no detectable effect on transcrip-
tion in cells proficient in NER but lacking TCR, indicating that
NER can remove the lesion in the absence of TCR, which is con-
sistent with in vitro data. In primary human cells lacking NER,
(�)-trans-anti-B[a]P-N6-dA exhibited a deleterious effect on
transcription that was less severe than in cells lacking both path-
ways, suggesting that TCR can repair the adduct but not as effec-
tively as global NER. In contrast, (�)-trans-anti-B[c]Ph-N6-dA
dramatically reduces transcript production in cells proficient in
global NER but lacking TCR, indicating that TCR is necessary
for the removal of this adduct, which is consistent with in vitro
data showing that it is a poor substrate for NER. Hence, both
global NER and TCR enhance the recovery of gene expression
following DNA damage, and TCR plays an important role in
removing DNA damage that is refractory to NER.

Chemicals and radiation can damage DNA, resulting in
structural alterations to the nitrogenous bases, deletions of

genetic material, and breaks in chromosomes (1– 4). The
resulting damage often disrupts fundamental cellular pro-
cesses, including replication and transcription. During replica-
tion, DNA damage interferes with DNA synthesis, introduces
genetic errors, and increases genomic instability, events often
associated with cancer (5, 6). During transcription, damaged
DNA can disrupt RNA synthesis, resulting in truncated tran-
scripts, or introduce errors into the products during elongation
(7).

Although the effects of DNA damage on replication have
been well characterized, less is known about its influence on
gene expression in cells. There is considerable biochemical evi-
dence that DNA damage profoundly affects the progression of
RNA polymerases during RNA synthesis (8). A DNA lesion sit-
uated on the transcribed strand often stalls or strongly impedes
RNA polymerase translocation, resulting in altered transcripts
that can be truncated, contain deletions or insertions, or harbor
misincorporated bases (9 –11). In fact, alterations to mRNA
generated during transcription, an event referred to as tran-
scriptional mutagenesis, can result in changes to protein func-
tion following translation (12). For example, O6-methylgua-
nine, a DNA lesion formed by methylating agents, partially
blocks transcription elongation of human RNA polymerase and
frequently directs insertion of a uridine nucleotide rather than a
cytidine nucleotide into RNA (13, 14).

To minimize the adverse consequences of DNA damage,
genome maintenance pathways have evolved in cells (15–17).
Among them is nucleotide excision repair (NER)3 that has two
branches, global NER and transcription-coupled DNA repair
(TCR), each of which is germane to the work reported here.

Global NER is executed via a complex set of coordinated
events. The pathway requires over 30 proteins, including the
XPA through XPG proteins, that are defective in patients with
the disease xeroderma pigmentosum (XP). The first step in
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recognition that is accomplished in part by a protein complex in
human cells called XPC/hR23B. The heterodimer binds to
chemically modified bases in DNA that interrupt base pairing
and distort the double helix, thus allowing global NER to
remove a wide array of lesions from DNA (18, 19). Following
damage recognition, the additional NER proteins orchestrate
the removal of the damaged base as part of a DNA oligomer that
is typically 30 –35 bases in length in eukaryotes, generating a
single-stranded gap in the original vicinity of the damage (17,
20). Subsequent synthesis and ligation of nascent DNA fill the
gap and complete the repair process (18, 21).

TCR removes DNA damage from the transcription units of
actively expressed genes; hence, this pathway, unlike global
NER, operates on very specific regions of the genome (22, 23).
TCR requires many of the NER XP proteins, with the exception
of XPC. In addition, TCR needs active CSA and CSB proteins
that are defective in patients with Cockayne syndrome (CS)
(24). During TCR, an elongating RNA polymerase detects DNA
damage, presumably by stalling at lesions within the transcrip-
tion unit, obviating the need for XPC/hR23B. The stalled tran-
scription complex, along with CSA, CSB, XPA, and other pro-
teins, stimulates removal of the DNA adduct and repair of the
gene’s transcription unit (9, 25, 26).

The existence of multiple ways to detect DNA damage may
well play an important role in removing DNA adducts that are
identified efficiently by one pathway and poorly by another.
Consider, for example, DNA adducts formed following expo-
sure to polycyclic aromatic hydrocarbons (PAHs) (27). PAHs
arise as ubiquitous byproducts of incomplete combustion and
include benzo[a]pyrene (B[a]P) and benzo[c]phenanthrene
(B[c]Ph), both of which are known procarcinogens in humans
(28 –30). Certain cells, particularly hepatocytes, metabolize the
procarcinogenic PAHs to diol epoxide intermediates, which in
turn react with DNA, primarily at purines, producing stereoi-
someric trans and cis adducts. Among the adducts produced by
B[a]P-diol epoxide and B[c]Ph-diol epoxide are (�)-trans-anti-
B[a]P-N6-dA (B[a]P-N6-dA) and (�)-trans-anti-B[c]Ph-
N6-dA (B[c]Ph-N6-dA) (Fig. 1A) (31). Structural studies show
that these two adducts exhibit distinct conformational states
(31–33). The B[a]P-N6-dA adduct disrupts base pairing, result-
ing in the induction of major distortions within the DNA helix;
the B[c]Ph-N6-dA adduct does not disrupt base pairing, but it
does induce local unwinding and stretching of the double helix
to accommodate the adduct. Indeed, biochemical assays show
that B[a]P-N6-dA adducts are subject to removal by global
NER, whereas B[c]Ph-N6-dA adducts are resistant to global
NER (34). These striking differences have been analyzed at the
molecular level, but it is unknown whether or not they manifest
themselves at the cellular level.

An obvious implication of the existence of TCR is that DNA
adducts that are typically refractory to global NER but pose
blocks to transcription could be subject to TCR. The work
reported here examined the effects of B[a]P-N6-dA and B[c]Ph-
N6-dA adducts on transcription in primary human fibroblasts
that are either DNA repair-proficient or lack global NER, TCR,
or both. Either B[a]P-N6-dA or B[c]Ph-N6-dA was positioned
on the transcribed strand of a reporter gene that encodes red
fluorescent protein (RFP), specifically within the 5�-UTR of the

gene’s transcription unit. Human fibroblasts were transfected
with the site-specifically modified DNA or an unmodified con-
trol. The quantity of RFP mRNA and the production of func-
tional RFP were monitored over time. The results obtained
for the site-specifically modified DNA were then compared
with those of the corresponding, unmodified control DNA.

The data indicate that DNA adducts that pose strong blocks
to transcription interfere with gene expression in cells. Further-
more, a cell’s inability to remove the damage results in very
slow, relatively poor recovery of transcription with an associ-
ated limited production of functional protein. Both global NER
and TCR enhance the recovery of gene expression compro-
mised by a DNA adduct on the transcribed strand, with TCR
playing a particularly important role in recovery from a lesion
that is refractory to recognition and removal by global NER.

Experimental Procedures

Chemicals, Reagents, and Cell Culture Materials—Chemicals
and other reagents were obtained from Thermo Fisher Scien-
tific and Sigma-Aldrich. Radioactive isotopes were acquired
from PerkinElmer Life Sciences (Waltham, MA). The IDT
20/100 ladder, PCR primers, and fluorescent hydrolysis probes
were obtained from Integrated DNA Technologies (Coralville,
IA), and oligomers for transcription template preparation, plas-
mid modification, and vector synthesis were from Sigma-Al-
drich. The 50-bp DNA ladder and enzymes other than those
indicated below were obtained from New England Biolabs (Ips-
wich, MA).

In Vitro Transcription—Templates suitable for in vitro tran-
scription were prepared as described (35). In brief, plasmid
pCI-neo-G-less-T7, which contains the CMV immediate early
promoter/enhancer element that supports human RNA poly-
merase II (hRNAPII) transcription and lacks eukaryotic origins
of replication, was cut with restriction enzyme BbsI (New Eng-
land Biolabs). The restriction site was annealed to a set of olig-
omers: an 11-mer, a 96-mer, and a 90-mer containing a 5�-bio-
tin tag (Table 1). The 11-mer 5�-CTCGTACGCTC-3� was
either unmodified at the sole adenine or modified with a site-
specific B[a]P-N6-dA inserted in place of adenine, and each was
used to assemble a control or damaged template, respectively
(Fig. 1B). T4 DNA ligase (Bayou Biolabs, Metairie, LA) was
added along with 1 mM ATP, and the mixture was incubated for
16 h at 16 °C. The product was precipitated using Streptavidin
MagneSphere� paramagnetic particles (Promega Corp., Madi-
son, WI) that bound to the biotin tag. The product bound to the
paramagnetic particles was digested with BglII (New England
Biolabs) to remove all elements of pCI-neo-G-less-T7 not nec-
essary for in vitro transcription. The template was then
removed from the paramagnetic particles by digestion with

TABLE 1
Primers for in vitro template construction
The position of the B�a�P-N6-dA adduct in the 11-mer is indicated with an under-
lined “A” in boldface type.

Oligomer Sequence

96-mer 5�-TTGCGAGCGTACGAGGTGCTGTACTCAGGTGTGGAATCAACCCACAGC
TGACAGGGCAGGTCTTGGCCAGTTGGGATATCCAAAACATCTTGTTGA-3�

90-mer 5�-Biotin-TTTTTTTTTTCAACAAGATGTTTTGGATATCCCAACTGGCCA
AGACCTGCCCTGTCAGCTGTGGGTTGATTCCACACCTGAGTACAGCAC-3�

11-mer 5�-CTCGTACGCTC-3�
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EcoRV (New England Biolabs), and the resulting DNA was
purified using 1% agarose gel electrophoresis in 89 mM Tris, 89
mM borate, 2 mM Na2EDTA (pH 8.3 at 25 °C) followed by
extraction from the gel using the QIAQuick gel extraction kit
(Qiagen, Valencia, CA). Finally, the templates were tested for
the absence of nicks and the presence of the B[a]P-N6-dA lesion
(35).

In vitro transcription reactions were performed using the
HeLaScribe� nuclear extract in vitro transcription system (Pro-
mega) as the source of hRNAPII and other essential transcrip-
tion factors (35, 36). In brief, reactions were carried out in a
25-�l volume with 50 fmol of template in transcription buffer
(20 mM HEPES (pH 7.9), 100 mM KCl, 0.2 mM EDTA, 0.5 mM

DTT, 20% glycerol), 400 �M ATP, 400 �M GTP, 400 �M UTP, 16
�M [�-32P]CTP (�25 Ci/mmol), and 8 units of HeLa nuclear
extract. The mixture was incubated at 30 °C and quenched at an
appropriate time with HeLaScribe� kit stop solution (0.3 M

Tris-HCl (pH 7.4 at 25 °C), 0.3 M sodium acetate, 0.5% SDS, 2
mM EDTA, 3 �g/ml tRNA). RNA was isolated by extraction
with phenol/chloroform/isoamyl alcohol (25:24:1, v/v/v) fol-
lowed by ethanol precipitation. The RNA was resuspended in
nuclease-free water, mixed with an equal volume of loading dye

(98% formamide, 10 mM Na2EDTA, 0.1% xylene cyanol, 0.1%
bromphenol blue), denatured at 90 °C for 10 min, and resolved
with 7% denaturing PAGE using 8 M urea at 2,000 V for �3.5 h.
The gel was dried and exposed to a BAS-IP MS 2040 E multi-
purpose standard storage phosphor screen (GE Healthcare).
The screen was scanned using an FLA Typhoon 9000 Imager
(GE Healthcare Life Sciences). The transcripts were quantified
using band densitometry analysis in Fiji (37).

Vector Synthesis for Transcription Studies in Cells—Site-spe-
cific, modified vectors were synthesized by using a gapped
duplex method (Fig. 2) that involved the preparation of single-
stranded, closed circular DNA (38 – 40). In brief, closed circu-
lar, single-stranded DNA corresponding to the non-tran-
scribed strand of the RFP gene in vector pWLZG-I-BsiWI-R
was prepared using M13 bacteriophage (41). E. coli strain
MV1190 (American Type Culture Collection, Manassas, VA)
was transformed with plasmid WLZG-I-BsiWI-R. Log phase
cultures of the transformed bacteria were superinfected with
M13 helper phage VCSM13 (Agilent Technologies, Inc., Santa
Clara, CA) at a multiplicity of infection greater than 10:1 phage/
bacteria. Infected cultures were grown overnight at 37 °C in 2�
YT medium (16 g/liter Bacto Tryptone, 10 g/liter yeast extract,
86 mM NaCl (pH 7.0)). Bacteria were pelleted, and bacterio-
phage that contained single-stranded DNA were recovered by
polyethylene glycol precipitation. Single-stranded, circular
DNA was recovered from helper phage by phenol extraction.

A modified oscillating phenol reassociation technique was
used to generate gapped duplex DNA (42). In brief, the double-
stranded DNA vector pWLZG-I-Insert-R was linearized by
digestion with Esp3I (250 units/mg plasmid) in Tango Buffer
(Thermo Fisher Scientific) with 1 mM DTT for 4 h at 37 °C.
Linear pWLZG-I-Insert-R was mixed with single-stranded,
closed circular WLZG-I-BsiWI-R at a molar ratio of 1:5 to form
the gapped duplex. The DNA mixture was denatured by the
addition of 1 M NaOH to a final concentration of 0.3 M and
incubated at room temperature for 15 min. The mixture was
neutralized with 3 M MOPS free acid to reach a final concentra-
tion of 0.4 M MOPS. NaCl and EDTA were added to final con-
centrations of 0.75 M and 1 mM, respectively, and buffered phe-
nol was added to 10% of the final volume. The reaction was
mixed rapidly with a micropipette to form a phenol emulsion
that was cycled between 0 and 65 °C at 90 s/cycle for 45 min to
foster association between the transcribed strand of linear
pWLZG-I-Insert-R and the single-stranded, closed circular
WLZG-BsiWI-R. This resulted in the formation of duplex DNA
with an 11-nucleotide gap on the transcribed strand of the vec-
tor. The gapped duplex DNA was purified by eliminating excess
single-stranded DNA using benzoylated naphthoylated DEAE-
cellulose (Sigma-Aldrich) followed by phenol/chloroform
extraction (43).

A DNA oligomer 5�-CTCGTACGCTC-3� containing either
B[a]P-N6-dA or B[c]Ph-N6-dA (36, 44 – 47) was phosphorylat-
ed using T4 polynucleotide kinase (New England Biolabs) in the
presence of 1 mM ATP. The resulting oligomer was ligated into
the gapped duplex using a 3:1 molar ratio of oligomer to gapped
duplex DNA for 16 h at 16 °C in the presence of T4 DNA ligase
(Bayou Biolabs) and 1 mM ATP. The mixture was extracted
three times with 1% Triton X-114 equilibrated with 10 mM Tris-

FIGURE 1. The structures of B[a]P-N6-dA and B[c]Ph-N6-dA and the site-
specific modified DNA for in vitro transcription are illustrated. A, the
B[a]P-N6-dA adduct disrupts base pairing at sites where it occurs in DNA,
significantly distorting the double helix. In contrast, the B[c]Ph-N6-dA adduct
does not disrupt base pairing at sites where it occurs in DNA. Both adducts are
intercalated between base pairs, but the B[a]P-N6-dA adduct, which is planar,
rigid, and more bulky, causes disruption of Watson-Crick base pairing,
whereas the smaller, curved B[c]Ph ring system stacks between base pairs
without rupturing the Watson-Crick pairs. B, templates for in vitro transcrip-
tion contained the CMV immediate early promoter/enhancer, as shown sche-
matically in black. The �1 start site for transcription is indicated, and the
arrow designates the direction of transcription elongation. The region
formed by annealing the 96-mer, the 90-mer, and the 11-mer is shown. The
position of the B[a]P-N6-dA adduct within the 11-mer is indicated with a tri-
angle on the transcribed strand. In the unmodified, control DNA template, the
position indicated by the triangle contained dA. The size of the template was
1,141 bp following isolation from the paramagnetic beads. The recognition
sites for I-PpoI and BsiWI are also shown.
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HCl, 1 mM Na2EDTA (pH 7.8 at 25 °C) (TE), precipitated by
centrifugation, and resuspended in TE. The resulting DNA was
purified by CsCl gradient ultracentrifugation (1.01 g/ml water)
in the presence of ethidium bromide (0.4 mg/ml). The final
product, WLZG-I-B[a]P-R or WLZG-I-B[c]Ph-R, was a cova-
lently closed circular plasmid containing the DNA sequence of
the control vector (WLZG-I-BsiWI-R) with a single modified
base. The presence of the damaged base was verified by resis-
tance to digestion with restriction endonucleases (Thermo
Fisher Scientific).

Cell Culture and Transfection—Cell culture medium and cell
culture vessels were acquired from Corning Inc. PBS was pur-
chased from Fisher. Fetal bovine serum (FBS) was obtained
from Atlanta Biologicals (Norcross, GA). Penicillin, streptomy-
cin, and cell culture supplies were purchased from Sigma-Al-
drich and Thermo Fisher Scientific. Primary fibroblasts (Coriell
Cell Repositories, Camden, NJ) were grown in minimal essen-
tial medium supplemented with 15% (v/v) tetracycline system-
approved FBS, 1 mM sodium pyruvate, 100 units/ml penicillin,
and 100 �g/ml streptomycin. The cells were maintained in a
humidified incubator at 37 °C under 5% CO2. Cells were tran-
siently transfected using Transit-2020 transfection reagent
(Mirus Bio LLC, Madison, WI) according to the manufacturer’s
instructions. In brief, cells were seeded 24 h prior to transfec-
tion at a density of 60,000 cells/well, where each well was 3.8
cm2 in area. Each plasmid was diluted in a mixture of Opti-
MEM I reduced serum medium (Life Technologies, Inc.) to a
final concentration of 5 ng/�l. The Transit 2020 transfection
reagent was added to the diluted DNA mixture at a ratio of 2:1,
with 1 �l of the reagent per 500 ng of DNA. The mixture was
incubated at room temperature for 30 min and then added to
the cells in each well for a final plasmid concentration of 0.5
ng/�l. (This corresponded to a final plasmid concentration of
7 � 10�5 pmol/�l.) The cells were incubated at 37 °C in humid-
ified 5% CO2 for 24 h, after which the transfection reagent was
removed, the cells were washed with PBS, and fresh minimal
essential medium containing 15% FBS and 1 �g/ml doxycycline
was added to induce transcription of the RFP gene. The point
immediately prior to induction was denoted as time 0.

mRNA Quantitation—Following induction of transcription
by the addition of doxycycline, cell lysates were collected at
various time points, and RNA was isolated using the RNeasy
minikit (Qiagen). In brief, the medium was removed, and the
cells were immediately lysed by the addition of 350 �l of Buffer
RLT (Qiagen) containing 10 �M �-mercaptoethanol/well. The
lysates were placed on dry ice and then stored at �80 °C.
The samples were thawed at 4 °C, and RNA was extracted from
the lysates with the RNeasy Mini Kit following the manufactu-
rer’s protocol. Polyadenylated mRNA was converted to cDNA
using an RT primer containing an anchored poly(dT) region

FIGURE 2. Schematic for the gapped duplex system to assemble the site-
specifically modified vectors for transcription analysis in cells. The map
of the parent vector for this work, pWLZG-I-Insert-R, is shown in detail and is
divided into three functional regions. Region I, which is encoded in shades of
green, has the following elements: the constitutive elongation factor 1-�
(EF1-�) promoter, which drives transcription of the region following it to gen-
erate a polycistronic mRNA that encodes three proteins, each separated by an
internal ribosomal entry sequence (IRES). The three encoded proteins include:
tetR-derived reverse transactivator protein (rtTA), tetR-derived transrepressor
protein (tTS), and GFP (ZsGreen1). IRES1 is derived from the polio virus
genome, and IRES2 is derived from the encephalomyocarditis virus genome.
Region II, which is encoded in shades of red, has the following elements:
DsRed-express, which encodes RFP, and a tetracycline-responsive promoter
element (TRE-tight) that drives Ds-Red-express transcription. Region III, which
is encoded in shades of gray, contains components needed to propagate the
plasmid in bacteria and prepare single-stranded DNA: an E. coli origin of rep-
lication (ColE1), an ampicillin resistance gene (Amp-r), and the F1 phage origin
of replication (F1ori). Following transfection with the control or damaged
vector, expression of the polycistronic mRNA in Region I produces transre-
pressor protein that binds to the tetracycline-responsive promoter element,
repressing transcription of the RFP gene. The reverse transactivator protein
and GFP are also expressed. After the addition of doxycycline to the trans-
fected cells, the drug binds to transrepressor protein, which releases it from

the tetracycline-responsive promoter element, thus removing the repressor;
in concert, doxycycline binds to the reverse transactivator protein, creating a
potent activator that binds to the tetracycline-responsive promoter element,
permitting transcription of the RFP gene. Note that a chicken HS4 insulator
element (Insulator), which is encoded in black, is positioned between Regions
I and II to separate the two transcription units. The oligomer that ligated into
the gapped duplex DNA is illustrated with a red line; the black triangle repre-
sents the presence of a site-specific DNA adduct.
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that bound to the 5�-end of the poly(A) tail of polyadenylated
mRNA, thus acting as a primer for RT while simultaneously
adding a unique, 5�-end for subsequent amplification via PCR
(Table 2). The AffinityScript multiple temperature cDNA syn-
thesis kit (Agilent Technologies, Inc.) was used for cDNA syn-
thesis according to the manufacturer’s instructions. In brief,
isolated RNA was mixed with the RT primer, incubated at 65 °C
for 5 min, and slowly cooled to 4 °C to permit annealing. The RT
reaction was carried out in 50 mM Tris-HCl (pH 8.3), 75 mM

KCl, 3 mM MgCl2, 10 mM DTT, and 4 mM dNTPs in the pres-
ence of RT enzyme. The samples were incubated for 10 min at
25 °C followed by 1 h at 42 °C.

RFP cDNA and GFP cDNA were quantified by quantitative
RT-PCR in the presence of fluorescent hydrolysis probes con-
taining ZENTM and Iowa Black� FQ quenchers (Table 2). The
cDNA-FWD primer complementary to the 3�-region of the
cDNA generated from the RT reaction was added along
with cDNA-REV primer, which was identical to the unique
5�-region of the RT primer. qPCRs were carried out using
GoTaq Hot Start Colorless Master Mix (Promega) in a MyiQTM

single-color real-time PCR detection system run with MyiQ
Optical System Software version 2.0 (Bio-Rad). qPCRs were
completed in duplicate. Baseline-subtracted raw fluorescence
measurements were converted into a text file suitable for an R
programming environment (48), and the data were processed
with the qpcR module. qPCR curves were fit using the modlist
function of qpcR (49). The Cy0 value (50) for each curve was
obtained using the Cy0 function in qpcR, and the mean Cy0
(Cy0) for each was calculated. The average efficiency value for
each amplicon (EffRFP and EffGFP) on each plate was calculated
by computing the slope of the line through the log2 of the fluo-
rescence value at the cycle nearest the Cy0 value and the two
prior and two latter cycles for each reaction on a plate and then
determining the mean efficiency of each amplicon (51, 52). The
final value for each experimental measurement was calculated
as (EffRFP)�Cy0 and (EffGFP)�Cy0 for each RFP and GFP measure-
ment. The procedure is similar to the LinRegPCR method of
efficiency correction in using an average efficiency per plate
(51).

Statistical parameters were calculated using RFP/GFP-nor-
malized data as follows. At least three independent measure-
ments were made for each experimental condition, with an
experimental condition defined as a unique time point, cell line,
and DNA template. Each measurement had one RFP and
one GFP value, with one RFP or GFP value calculated as the
(EffRFP)�Cy0 and (EffGFP)�Cy0 value for that measurement. The
total number of measurements per experimental condition was

represented by n. Data combinations were used for normaliza-
tion and were computed as the sum of pairs of RFP measure-
ments divided by the sum of pairs of GFP measurements for all
pairwise combinations of the data. Measurements of GFP
mRNA levels were used to normalize for transfection efficiency.
The RFP/GFP ratio distribution did not exhibit normal or uni-
modal errors for the sample sizes used in this work. This was
due to an observed � distribution of GFP with a shape parame-
ter less than 2. Hence, the distribution of the inverse of the GFP
measurements had an extended tail. The use of data combina-
tions reduced the extended tail distribution of 1/GFP, effec-
tively generating a unimodal error distribution for the sample
point averages.

The standardized mean of a contrast variable (SMCV) values
were computed as method-of-moment estimates using Equa-
tion 1,

�̂ �
	 i
1

t ciYi

�	i
1
t ci

2si
2

(Eq. 1)

where t represents the number of groups, ci is the contrast vari-
able, Ȳi is the group mean, and si is the group variance (53). For
cell type comparisons, SMCV values were computed on nor-
malized data scaled between 0 and 100% within each cell type,
where 100% was defined as the average maximum value
attained by the undamaged control. The normalization had the
effect of eliminating absolute differences among cell types so
that curves could be directly compared. The SMCV values were
converted to c�-probability values (53). The c�-probability val-
ues were converted to p values by using the relation,

1 � �c��probability� (Eq. 2)

which gives the probability of observing an SMCV value as
extreme as the observed value under the null hypothesis that
the SMCV value is 	0. For the work described here, p values
with an upper boundary of 0.050 are considered statistically
significant.

Flow Cytometry—Flow cytometry and cell sorting were per-
formed on at least three experimentally independent cell pop-
ulations on a BD FACSAriaTM cell sorter (BD Biosciences).
Photomultiplier tube voltages were chosen such that fluores-
cent cells remained within the dynamic range of the instrument
without accumulating in the last channel. Excitation was
achieved with a 488-nm laser. The cytometer settings in rele-
vant collection channels were 290 V for the RFP photomulti-
plier tube using the PE-Texas-Red filter set (616/23 band pass
filter) and 355 V for the GFP photomultiplier tube using the
FITC filter set (530/30 band pass filter). Significantly fluores-
cent cells were separated based on a signal above autofluores-
cence in RFP compared with a channel that exhibited no spe-
cific fluorescence by using allophycocyanin (633 nm laser
excitation, 670/30 band pass filter) and plotting GFP versus
allophycocyanin. When processing data for fluorescence anal-
ysis, gates were drawn by hand in the program Cyflogic (CyFlo
Ltd., Turku, Finland). RFP and GFP fluorescence values of
gated cells were exported to a text file that was imported into
the R programming environment. Custom scripts in R were
written to perform fluorescence compensation to account for

TABLE 2
Primers for qRT-PCR-mediated quantification of RFP and GFP mRNA

Oligomer Sequence

Anchored poly(dT) RT primer 5�-ATGTTGACGCAGCCAGTGACT20VN-3�a

GFP-cDNA-FWD 5�-TAGTTGCCAGCCATCTGTTG-3�
GFP-cDNA-PROBE 5�-FAM-AAGGTGCCA/ZEN/

CTCCCACTGTCCTTT-IBFQ-3�b

cDNA-REV 5�-ATGTTGACGCAGCCAGTGAC-3�
RFP-cDNA-FWD 5�-GAGGCTAACTGAAACACGGA-3�
RFP-cDNA-PROBE 5�-FAM-AGGAGACAA/ZEN/

TACCGGAAGGAACCC-IBFQ-3�b

a V represents A, C, or G; N represents A, C, G, or T.
b FAM, 6-FAMTM; ZEN, ZENTM internal quencher; IBFQ, Iowa Black� FQ.
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spectral overlap in RFP and GFP measurements (54). The value
of loge(RFP/GFP) for each point was used to normalize RFP
values (13). Following normalization, the induced cell popula-
tion was determined using a mixture model to eliminate from
consideration cells that did not respond to doxycycline (55).

Results

B[a]P-N6-dA Impedes hRNAPII Transcription Elongation—
To investigate the role of DNA repair on abrogating the delete-
rious effects of DNA lesions that impede transcription, two
adducts were selected, B[c]Ph-N6-dA and B[a]P-N6-dA.
B[c]Ph-N6-dA is a poor substrate for global NER, but it poses a
strong block to transcription, making it a likely substrate for
TCR (56). In contrast, B[a]P-N6-dA, is an excellent substrate
for global NER and might be an excellent substrate for TCR, but
its effect on transcription had not yet been reported. To test the
effect of a B[a]P-N6-dA adduct on RNA synthesis in vitro, a
DNA template was generated that could support hRNAPII
transcription. The template contained a single, site-specific
B[a]P-N6-dA adduct positioned on the transcribed strand
downstream from a CMV promoter; an analogous control tem-
plate was made that lacked the damaged base, with dA located
at the same site (Fig. 1B).

Following template synthesis, it was essential to ensure that
complete ligation had occurred; nicks in the template’s back-
bone could impede transcription, confounding the results
sought for the B[a]P-N6-dA adduct (57). To test for complete
vector ligation, the templates were digested with the restriction
endonuclease I-PpoI. The resulting oligomers were labeled
with [32P]phosphate via an exchange reaction by incubating
them with 83 �M [�-32P]ATP (�3 Ci/mol) and 100 �M ADP in
the presence of T4 polynucleotide kinase. The products were
resolved using 7% PAGE in the presence of 8 M urea. Complete
template ligation should have resulted in oligomers that were
187, 191, 950, and 958 bases in length following I-PpoI diges-
tion, whereas incomplete ligation should have resulted in addi-
tional oligomers 110 and 118 bases in length. As shown in Fig.
3A, bands in the vicinity of 110 and 118 bases were absent fol-
lowing I-PpoI digestion, both for the template modified with
B[a]P-N6-dA and for unmodified control DNA. These results
show that template ligation went to completion, at least within
the assay’s limits of detection, and that no nicks were present.

In addition to ensuring complete vector ligation, it was
imperative to test for the presence of the B[a]P-N6-dA adduct
following template synthesis. To do this, the site-specific B[a]P-
N6-dA was positioned within a BsiWI restriction site, making
the region insensitive to cutting by BsiWI relative to a control
template lacking the adduct. Unmodified, control template or
template containing B[a]P-N6-dA was digested with BsiWI.
The resulting oligomers were labeled with [32P]phosphate and
resolved using denaturing PAGE as described earlier. BsiWI
digestion of the DNA template lacking the B[a]P-N6-dA adduct
should result in three DNA fragments 65, 69, and 1076 bases in
length following denaturation. Bands �65 and 69 bases in
length were present following digestion of the unmodified, con-
trol DNA as predicted (Fig. 3B, lane 1). Note that the larger
bands are not shown on the gel. In contrast, BsiWI digestion of
the DNA template containing a site-specific B[a]P-N6-dA

adduct within the BsiWI restriction site resulted in no DNA
fragments that were 65 and 69 bases in length, indicating that
the adduct was present following template synthesis (Fig. 3B,
lane 2).

After template integrity was confirmed, transcription was
examined in vitro using HeLa nuclear extract as the source of
hRNAPII. Reactions were carried out for 1 h at 30 °C using
[�-32P]CTP among the nucleotides needed for RNA synthesis.
The HeLa nuclear extract was tested for activity by using a DNA
template supplied by the manufacturer, which encodes a tran-
script 363 bases in length. Production of RNA approximating
this length was observed only when the manufacturer’s tem-
plate was incubated with HeLa nuclear extract and rNTPs,
demonstrating that the extract was indeed active (Fig. 4, lanes
9 –12).

In vitro transcription using undamaged, control DNA tem-
plate, should result in the production of full-length, run-off
RNA that is 384 bases in length when hRNAPII initiates at the
�1 start site associated with the CMV promoter. In contrast,
transcription using the DNA template with a B[a]P-N6-dA
lesion positioned at the �317 site should result in RNA �317
bases in length if the adduct were to impede elongation. Tran-
scription of the control template in which all necessary compo-
nents of the reaction were present resulted in the production of
RNA 380 bases in length, which approximates the length of
expected run-off transcription (Fig. 4, lane 4). Reactions in
which one critical component was absent (HeLa extract, NTPs,
or template DNA) resulted in no visible RNA approximating
380 bases in length (Fig. 4, lanes 1–3). These results indicate
that the synthesized template lacking B[a]P-N6-dA supports
transcription by hRNAPII, resulting in a run-off transcript of
the expected size. Note that synthesis of the larger transcripts in

FIGURE 3. DNA templates for in vitro transcription were characterized
following synthesis. A, I-PpoI digestion of DNA templates for in vitro tran-
scription. Lane M, New England Biolabs 50-bp DNA ladder labeled with
[32P]phosphate; lane 1, I-PpoI digestion of unmodified control DNA template;
lane 2, I-PpoI digestion of B[a]P-N6-dA-modified DNA template. B, BsiWI diges-
tion of DNA templates for in vitro transcription. Lane M, IDT 20/100 DNA lad-
der labeled with [32P]phosphate; lane 1, BsiWI digestion of unmodified con-
trol DNA template; lane 2, BsiWI digestion of B[a]P-N6-dA-modified DNA
template.
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lanes with HeLa nuclear extract is a function of the extract
itself.

In contrast to the results obtained for the unmodified control
template, transcription of the template containing a site-specif-
ically modified B[a]P-N6-dA adduct produced a single band of
�320 bases, significantly smaller than that produced from the
unmodified template and approximating the 317-base RNA
that would result from hRNAPII stalling at B[a]P-N6-dA (Fig. 4,
lane 8). Note again that reactions lacking one critical compo-
nent produced no RNA in the vicinity of 320 or 380 bases (Fig.
4, lanes 5–7). These results clearly indicate that the B[a]P-
N6-dA adduct poses a strong block to hRNAPII during elonga-
tion, suggesting that this lesion should be subject to TCR in
cells.

Cellular DNA Repair Phenotypes Influence the Expression of
Genes That Contain either B[a]P-N6-dA or B[c]Ph-N6-dA in the
Transcription Unit—To test the effect of DNA repair on RNA
synthesis from genes containing B[a]P-N6-dA or B[c]Ph-N6-
dA, primary human fibroblasts were transfected with site-spe-
cifically damaged vectors that lacked identifiable eukaryotic
origins of replication (13). The vector contained two reporter
genes: a constitutively active GFP gene and an RFP gene under
the control of a tetracycline-inducible promoter (58). A site-
specific B[a]P-N6-dA or a B[c]Ph-N6-dA adduct was positioned
on the transcribed strand of the RFP gene within the 5�-UTR
(Fig. 2). In essence, the production of GFP mRNA and GFP was
used to monitor transfection, and production of RFP mRNA
and RFP was used to assess the effect of the lesion on transcrip-
tion and subsequent translation in primary human fibroblasts.
Importantly, the cells studied had different DNA repair back-
grounds as follows: normal human fibroblasts (GM03651) (59),
XPA�/� human fibroblasts (GM05509) (60), XPC�/� human

fibroblasts (GM02993) (61), and CSB�/� human fibroblasts
(GM01629) (62) (Coriell Cell Repositories).

Prior to transfection experiments, the integrity of the DNA
constructs was examined to ensure that the DNA adduct was
intact following vector synthesis. Each of the three vectors
(unmodified control DNA, DNA modified with B[a]P-N6-dA,
and DNA modified with B[c]Ph-N6-dA) contained a single
XhoI restriction site and a single BsiWI restriction site. The
B[a]P-N6-dA adduct and the B[c]Ph-N6-dA adduct were posi-
tioned within the BsiWI site, making it refractory to cutting by
the BsiWI restriction endonuclease. Hence, each vector should
be sensitive to cutting with XhoI, but only the unmodified con-
trol vector should be sensitive to cutting with BsiWI as well.
Each of the three vectors was cut with XhoI and BsiWI or with
BsiWI alone. The results are presented in Fig. 5.

Characterization of the DNA construct containing the
B[a]P-N6-dA is shown in Fig. 5A. The uncut control DNA and
uncut DNA containing the B[a]P-N6-dA are shown in lanes 1
and 2, respectively. Control DNA and the B[a]P-N6-dA vector
cut with BsiWI alone are shown in lanes 3 and 5, respectively.
As predicted, only the control vector was sensitive to cutting by
BsiWI. Control DNA and the B[a]P-N6-dA vector cut with both
XhoI and BsiWI are shown in lanes 4 and 6, respectively. Only
the control vector was sensitive to cutting by both enzymes,
resulting in two bands; the B[a]P-N6-dA vector was cut only
once, resulting in a shift from a closed circular form to a linear
form. These results indicate that the B[a]P-N6-dA adduct was
present in the BsiWI site.

Characterization of the DNA construct containing the
B[c]Ph-N6-dA DNA is shown in Fig. 5B. The uncut control
DNA is shown in lane 1, and uncut DNA containing the B[c]Ph-
N6-dA is shown in lanes 2 and 3. Control DNA and the B[c]Ph-

FIGURE 4. B[a]P-N6-dA blocks hRNAPII elongation. For each DNA template studied, four separate reactions were carried out as indicated above each lane in
the gel: lane M, New England Biolabs 50-bp DNA ladder labeled with [32P]phosphate; lanes 1– 4, results for transcription using the unmodified DNA template
illustrated in Fig. 1; lanes 5– 8, transcription results using the DNA template modified with a B[a]P-N6-dA adduct, also illustrated in Fig. 1; lanes 9 –12, results using
the control DNA template containing a CMV immediate early promoter supplied with the HeLa nuclear extract. The components for each transcription reaction
are indicated above the lanes.
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N6-dA vector cut with BsiWI alone are shown in lanes 5 and 7,
respectively. Again, as predicted, only the control vector was
sensitive to cutting by BsiWI. Control DNA and the B[c]Ph-
N6-dA vector cut with both XhoI and BsiWI are shown in lanes
6 and 8, respectively. Only the control vector was sensitive to
cutting by both enzymes, resulting in two bands; the B[c]Ph-
N6-dA vector was cut only once, as expected. These results
indicate that the B[c]P-N6-dA adduct was present in the BsiWI
site in this construct. (Note that lane 4 shows the insert vector
cut with Esp3I, which cuts twice, resulting in two pieces of
DNA, a long fragment 11,475 bp in length and a very short
fragment 73 bp in length that does not appear on the gel).

After the presence of the adducts was confirmed for each
vector, cells were transfected with damaged vector or corre-
sponding undamaged control vector and grown in minimal
essential medium supplemented with 15% FBS. After 24 h,
doxycycline was added to stimulate transcription of the RFP
gene. Cells were harvested at 0, 1, 4, 8, and 18 h following induc-
tion of transcription, and total RNA was isolated. GFP mRNA
and RFP mRNA were measured using quantitative RT-PCR at
each time point. Normalized RFP mRNA quantities for cells
transfected with vectors containing B[a]P-N6-dA and B[c]Ph-
N6-dA lesions were plotted as a function of time for each cell
line (Fig. 6).

In DNA repair-proficient normal human fibroblasts, the
B[a]P-N6-dA adduct exerted no significant effect on the quan-
tity of mRNA obtained from transcription of the RFP gene
when compared with mRNA obtained from an undamaged
control vector (p  0.5). However, the B[c]Ph-N6-dA adduct
exerted a significantly adverse effect on transcription of the RFP
gene in human cells proficient in DNA repair when compared
with transcription of the unmodified, control vector (p  0.02)
(Fig. 6A). Furthermore, the B[a]P-N6-dA and B[c]Ph-N6-dA
transcription time courses were also significantly different
from one another in normal human fibroblasts, with less RFP
mRNA resulting from the vector containing B[c]Ph-N6-dA
when compared with B[a]P-N6-dA (p  0.01). These results
suggest that the B[a]P-N6-dA adduct is rapidly removed from
DNA or bypassed during transcription in cells that are profi-
cient in DNA repair. In contrast, the detrimental effects of the
B[c]Ph-N6-dA adduct on transcription persist in normal cells,

interfering with mRNA synthesis for at least 18 h following
activation of gene expression in cells that are proficient in both
global NER and TCR.

In primary human fibroblasts derived from patients with XP,
complementation group A, that are deficient in both global
NER and TCR, both B[a]P-N6-dA and B[c]Ph-N6-dA exert
severe, adverse effects on the production of RFP mRNA when
compared with an undamaged control vector (p  0.03 and p 
0.02, respectively) (Fig. 6B). The quantity of RFP mRNA
obtained from a vector containing B[c]Ph-N6-dA appeared to
be slightly lower than that obtained from a vector containing
B[a]P-N6-dA, although the difference was not statistically sig-
nificant (p  0.06). These data suggest that the XPA protein,
which is involved in both global NER and TCR, is necessary to
ameliorate the negative effects of both B[a]P-N6-dA and
B[c]Ph-N6-dA on transcription. The data also show that a small
amount of full-length mRNA is made via transcription of the
template even in the absence of global NER and TCR.

In primary human fibroblasts derived from patients with XP,
complementation group C, that are defective in global NER but
proficient in TCR, both B[a]P-N6-dA and B[c]Ph-N6-dA exert a
significantly negative effect on the production of RFP mRNA
compared with an undamaged control vector (p  0.04 and p 
0.05, respectively) (Fig. 6C). Importantly, there was no signifi-
cant difference between the effects of B[a]P-N6-dA and B[c]Ph-
N6-dA on RNA synthesis when the two damaged vectors were
compared with one another (p  0.4). For the B[c]Ph-N6-dA
lesion, the RFP mRNA increases to levels comparable with that
in normal cells, but the overall deleterious effect is still signifi-
cant. These data indicate that the XPC protein, which is absent
from these cells, assists significantly in negating the detrimental
effects of B[a]P-N6-dA on transcription but has a nominal
impact on the effect of B[c]Ph-N6-dA.

In primary human fibroblasts derived from patients with CS,
complementation group B, that are defective in TCR but profi-
cient in global NER, the B[a]P-N6-dA adduct had no significant
effect on transcription (p  0.5), whereas the B[c]Ph-N6-dA
adduct impeded transcription to a very large and significant
extent (p  0.01) (Fig. 6D). The transcript levels produced from
vectors containing either B[a]P-N6-dA or B[c]Ph-N6-dA were
also significantly different from one another (p  0.01).

FIGURE 5. Site-specifically modified vectors for transcription in cells were characterized. The presence of either B[a]P-N6-dA (A) or B[c]Ph-N6-dA adducts
(B) within a BsiWI restriction sight located in the vector prevents BsiWI digestion. Vectors were incubated with the restriction enzymes shown, and the products
were resolved by agarose gel electrophoresis.
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An important question emerges. Is TCR operating on B[a]P-
N6-dA and B[c]Ph-N6-dA to reactivate the RFP gene? If TCR
were acting on the B[c]Ph-N6-dA lesion, there should be signif-
icantly better recovery of RFP gene expression in normal
human fibroblasts or XPC�/� cells in which TCR operates
when compared with XPA�/� or CSB�/� cells in which TCR is
defective. Comparisons for transcription of the vector contain-
ing a B[c]Ph-N6-dA lesion show that RFP mRNA quantities
were significantly higher in XPC�/� cells compared with
XPA�/� cells (p  0.01) or compared with CSB�/� cells (p 
0.01). These comparisons show that TCR operates on B[c]Ph-
N6-dA to a significant extent, a conclusion that is also borne out
by the RFP that is made as shown below. In contrast, it is less
clear that TCR operates efficiently on B[a]P-N6-dA. For RFP
mRNA recovery from the vector containing B[a]P-N6-dA,
XPC�/� cells were not significantly better at reactivating gene
expression when compared with XPA�/� cells (p  0.1).
Although the results were not statistically significant by SMCV
analysis, the quantity of RFP mRNA generated relative to the
control at 18 h was clearly higher in XPC�/� cells (29.5 �
10.4%) than in XPA�/� cells (12.0 � 3.9%). This supports the
notion that TCR does operate on the B[a]P-N6-dA adduct, but
significantly observable differences are seen only at later time
points.

Recovery of Active RFP from an RFP Gene Containing B[a]P-
N6-dA or B[c]Ph-N6-dA Is Dependent on the Cell’s DNA Repair
Phenotype—Detection of full-length RFP mRNA in the trans-
fection experiments suggests that RFP should be made even in
cells in which the quantity of RFP mRNA was quite low. To test
this, primary human fibroblasts of known DNA repair status
were transfected with unmodified control vectors or those con-
taining a B[a]P-N6-dA or B[c]Ph-N6-dA adduct within the
5�-UTR of the RFP gene’s transcription unit. RFP activity fol-
lowing transfection was measured using FACS.

In normal human fibroblasts proficient in both global NER
and TCR, the RFP signal generated from a vector containing a
B[a]P-N6-dA lesion was not significantly different from the RFP
signal from a control vector (p 
 0.99), consistent with the RFP
mRNA data (Fig. 7). In contrast, the mean RFP signal resulting
from transfection of normal human fibroblasts with a vector
containing a B[c]Ph-N6-dA lesion was lower than that of the
corresponding control (52% of the control value), also consis-
tent with the RFP mRNA data, but the difference was not sta-
tistically significant for these data (p 
 0.41). These results indi-
cate that the B[c]Ph-N6-dA adduct is less well tolerated than
B[a]P-N6-dA, even when global NER and TCR are operative.

In XPA�/� cells deficient in both global NER and TCR, the
RFP signals generated from vectors containing either a B[a]P-

FIGURE 6. B[c]Ph-N6-dA interferes with transcription elongation in all cells lacking NER or TCR, whereas B[a]P-N6-dA only exhibits an effect when NER
is compromised. A, normal primary human fibroblasts; B, XPA�/� primary human fibroblasts; C, XPC�/� primary human fibroblasts; D, CSB�/� primary human
fibroblasts. Time courses for each cell type: unmodified control vector (Œ); vector modified with B[a]P-N6-dA (f); vector modified with B[c]Ph-N6-dA (F). RFP
mRNA levels were normalized as the percentage of the maximum average RFP mRNA level compared with that of the control vector in a given cell type.
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N6-dA or B[c]Ph-N6-dA adduct were significantly lower than
RFP from a control vector (p 
 0.000036 and p 
 3.6 � 10�12,
respectively). These results indicate that the XPA protein is
important in abrogating the impact of each of these adducts on
transcription, more than likely by assisting in their removal via
global NER and TCR. Interestingly, the RFP signal from a
B[c]Ph-N6-dA vector was significantly lower than that from the
B[a]P-N6-dA vector (p 
 0.00011), suggesting that B[a]P-
N6-dA is either more effectively bypassed by hRNAPII than
B[c]Ph-N6-dA or potentially that B[a]P-N6-dA is slowly pro-
cessed by additional repair pathways that do not require the
XPA protein.

In XPC�/� cells, which lack global NER but are proficient in
TCR, the RFP signals obtained from vectors containing either a
B[a]P-N6-dA or B[c]Ph-N6-dA adduct were both lower than the
RFP signal obtained from the control vector (51 and 33% of the
control value, respectively); however, only the B[c]Ph-N6-dA
adduct produced results of statistical significance when com-
pared with the control (p 
 0.023).

In CSB�/� cells that lack TCR, there is no significant effect of
a B[a]P-N6-dA adduct on RFP fluorescence. In marked con-
trast, very little RFP signal results following transfection with a
vector containing B[c]Ph-N6-dA (p 
 1.2 � 10�8). In addition,
the RFP signal resulting from the B[c]Ph-N6-dA-modified vec-
tor was significantly lower than that obtained from the B[a]P-
N6-dA-modified vector. This suggests that the CSB protein is
involved in diminishing the effects of B[c]Ph-N6-dA on tran-
scription, and the effect is far more pronounced than that for
B[a]P-N6-dA.

To consider further the effect of TCR on recovery of tran-
scription from templates with a B[a]P-N6-dA or B[c]Ph-N6-dA
lesion, the differences in RFP fluorescence between cell types
were elucidated. Note that protein recovery followed a similar
pattern to that for RFP mRNA expression.

For the vector containing B[c]Ph-N6-dA, significantly higher
RFP recovery was observed in normal fibroblasts compared
with XPA�/� cells that are deficient in global NER and TCR
(p 
 4.2 � 10�6) and CSB�/� cells that are only deficient in
TCR (p 
 0.0014). Indeed, RFP levels were greater in XPC�/�

cells than in XPA�/� cells (p 
 0.00010) and CSB�/� cells (p 

0.030), a reflection of the ability of XPC�/� cells to carry out
TCR that is compromised in both XPA�/� cells and CSB�/�

cells.
For the vector containing B[a]P-N6-dA, significantly better

recovery of RFP mRNA and RFP would be expected in XPC�/�

cells in which TCR could operate on the lesion, especially in
comparison with recovery in XPA�/� cells in which both NER
and TCR are absent. Indeed, RFP fluorescence from cells trans-
fected with the vector containing B[a]P-N6-dA was 2.6-fold
higher in XPC�/� cells relative to XPA�/� cells, but the differ-
ence was not statistically significant (p 
 0.34). However, the
observed trend for these data is in the expected direction, again
suggesting that repair pathways other than NER operate on
B[a]P-N6-dA. This is in sharp contrast to recovery of RNA syn-
thesis from a transcription unit containing B[c]Ph-N6-dA in
which TCR appears to be the principal facilitator of its removal.

Discussion

DNA damage located within a gene’s transcription unit often
delays or obstructs the progression of RNA polymerase, a
potentially dire situation for the precise temporal and spatial
regulation needed for effective gene expression. However, a
stalled RNA polymerase can in turn act as a signal for TCR (9,
13, 63). Indeed, TCR may well have evolved precisely to ensure
that interruptions to transcription by DNA damage are kept at
bay (64).

In this study, the in vitro and in vivo effects on transcription
of two topologically distinct DNA adducts, B[a]P-N6-dA and
B[c]Ph-N6-dA, were examined using cell extracts and primary
human fibroblasts. B[a]P-N6-dA poses a strong block to hRNA-
PII progression in vitro and is an excellent substrate for NER in
vitro (44, 65). In contrast, B[c]Ph-N6-dA, which was previously
shown to act as a potent block to hRNAPII transcription in vitro
(56), is a relatively poor substrate for NER in vitro (34). The
results reported here show that both B[a]P-N6-dA and B[c]Ph-
N6-dA exert a profound, negative effect on transcription in
human cells that lack both global NER and TCR, results that
align well with in vitro data showing that both adducts strongly

FIGURE 7. The effect of DNA repair background on recovery of RFP from vectors containing either B[a]P-N6-dA or B[c]Ph-N6-dA. Each cluster of three bars
represents the mean and S.E. (error bars) of the mean of the normalized RFP signal for the indicated cell type, with a value of 100% for the RFP signal for the
control. Shown are control vector (black), vector modified with B[a]P-N6-dA (gray), and vector modified B[c]Ph-N6-dA (white). *, statistically significant differ-
ence from the respective control (p  0.05). Statistical tests were performed by one-way analysis of variance with contrasts.
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impede transcription elongation and RNA synthesis. Further-
more, and as predicted, the challenge to transcription elonga-
tion that both adducts pose is less severe in cells that execute
TCR and global NER. However, the overall deleterious effect on
transcription is more pronounced for B[c]Ph-N6-dA than for
B[a]P-N6-dA, because the latter is subject to repair by global
NER, and the former is resistant to repair by that pathway. TCR
operates on B[c]Ph-N6-dA and perhaps on B[a]P-N6-dA as
well. For B[a]P-N6-dA, cells proficient in global NER and defi-
cient in TCR reactivate the gene in which the adduct is present
to levels equivalent to those of an undamaged gene, a result that
is consistent with global NER repairing the damage. In XPC�/�

cells that lack NER but exhibit active TCR, reactivation of the
gene occurs as well, but the quantity of transcripts does not
return to the same level as that observed for transcription of the
undamaged gene within the time frame investigated. Hence,
B[a]P-N6-dA represents an example of a DNA adduct that is
repaired by global NER and quite possibly by TCR as well.
Indeed, in cells proficient in global NER, repair of the B[a]P-
N6-dA adduct may well occur during the 24-h period prior to
activation of the RFP gene. This is consistent with the rapid

recovery of both RFP mRNA and RFP activity observed in
human fibroblasts that are proficient in global NER but that
lack TCR. In contrast, the B[c]Ph-N6-dA lesion limits transcript
production even further in cells that lack TCR but are proficient
in global NER, an observation that is consistent with the
adduct’s ability to escape the latter pathway. Recently, a host
cell reactivation approach was employed to demonstrate that
yet another lesion, a single 3-(deoxyguanosin-N2-yl)-2-acetyl-
aminofluorene adduct, also escapes global NER and requires
TCR for repair in SV40 transformed skin fibroblasts (66). These
results are consistent with the results reported here in untrans-
formed human fibroblasts using different bulky DNA lesions.

In addition to its role in the recovery of gene expression fol-
lowing damage to the genome, DNA repair protects the integ-
rity of the resulting transcripts by minimizing transcriptional
mutagenesis. Qualitative, preliminary data from deep sequenc-
ing of transcripts recovered from the cell lines used in this study
show that the full-length transcripts resulting from expression
of the site-specifically modified RFP gene were mostly normal
in human fibroblasts that are proficient in global NER and TCR,
particularly for the adduct B[a]P-N6-dA, where no altered tran-

TABLE 3
Representative base misincorporations, deletions and insertions observed in mRNA following transcription past B[a]P-N6-dA or B[c]Ph-N6-dA
The mRNA data shown were generated by amplifying cDNA with barcoded primers containing Illumina HiSeq adapters, and sequencing the resulting amplicons on a HiSeq
2500 System (Illumina, San Diego, CA). Analysis of the resultant reads was accomplished with custom Perl scripts. The mRNA shown represent accumulated, abnormal
transcripts that were observed at a frequency 
10 times the background misincorporation rate of 0.1% in each sample. Only the portions of the full-length transcripts in the
vicinity of the DNA adduct are shown. Bases highlighted in yellow indicate sites of misincorporation; bases highlighted in green indicate insertions; and a dash indicates the
site of deletions.(Additional experiments are needed to understand how the pattern of abnormal transcripts changes quantitatively over time.) Normal cells are proficient
in both global NER and TCR; XPA�/� cells are deficient in both global NER and TCR; XPC�/� cells are deficient in global NER but proficient in TCR; and CSB�/� cells are
proficient in global NER but deficient in TCR. The expected mRNA sequence is shown, with the U marked in blue indicating the complementary position within the DNA
template’s transcription unit that was modified with either B[a]P-N6-dA or B[c]Ph-N6-dA. Note that in normal, DNA repair-proficient fibroblasts, no abnormal transcripts
were observed; in all other fibroblasts, normal mRNA was found along with the abnormal transcripts.
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scripts were observed. However, in cells lacking functional XPA
protein, which makes them deficient in NER, both globally and
via TCR, a relatively small number of full-length transcripts was
observed, but the mRNA contained significant base misincor-
porations, with adenosine or cytidine inserted at the position
opposite B[a]P-N6-dA or adenosine and guanosine or cytidine
inserted at the position opposite B[c]Ph-N6-dA. In addition
deletions were seen. Indeed, base misincorporations and dele-
tions in mRNA were also observed in other cell lines deficient in
DNA repair for transcription of vectors containing B[a]P-
N6-dA or B[c]Ph-N6-dA (Table 3).

A plausible explanation for the generation of full-length tran-
scripts is slow, error-free, or erroneous bypass of the lesion by
hRNAPII, as previously documented in the case of cyclobutane
pyrimidine dimers induced by ultraviolet radiation and oxida-
tive DNA damage (67– 69). In fact, in vitro transcription data
show that some bypass of B[c]Ph-N6-dA by hRNAPII does
occur (56). Alternatively, spontaneous depurination at the
damaged site with subsequent DNA repair could result in the
full-length transcripts observed that do not contain base misin-
corporations or deletions (70). Another possibility is the
involvement of an alternate repair pathway, such as homo-
logous recombination (71), mismatch repair (72), or nucleotide
incision repair (73). Finally, acquisition of nucleosome-like
structures, which plasmids adopt after transfection, could
influence the expression of its associated genes and their sus-
ceptibility to DNA repair (74 –76).

In Fig. 8, a model is presented to explain the differential
effects of B[a]P-N6-dA and B[c]Ph-N6-dA on transcription in
cells with varying DNA repair phenotypes. B[a]P-N6-dA is
accessible to global NER, making TCR less relevant for its
removal. In contrast, the B[c]Ph-N6-dA adduct adopts a con-
formation that allows it to escape detection by global NER,
resulting in its persistence within the genome. However, when
B[c]Ph-N6-dA is located on the transcribed strand within an
expressed transcription unit, its ability to block RNA polymer-
ase elongation results in TCR acting on the adduct. These
results are consistent with the relatively high tumorigenic
potential observed for B[c]Ph relative to B[a]P, since some

adducts formed by the former PAH are more persistent in the
genome.

The results reported here show that TCR ameliorates the
deleterious effect of DNA adducts that block transcription, pre-
sumably by enhancing their removal from active genes even
when they escape repair by global NER and perhaps other DNA
pathways as well. Furthermore, the absence of global NER,
TCR, or both results in decreased gene expression and altera-
tions to the sequence of the mRNA produced. Hence, TCR
protects transcription units from the dire consequences of
transcription-blocking DNA adducts by reactivating gene
expression and protecting the integrity of the resulting tran-
scripts, including lesions that might be resistant to repair via
other pathways.

Author Contributions—A. N., J. A. B., and D. A. S. designed the
study and wrote the paper. A. G. collaborated on the statistical anal-
ysis of the data. M. A. C. carried out in vitro transcription reactions.
L. C. prepared vector DNA for the studies in cells. C. B. supplied
parent plasmids and collaborated on the design of the vectors used in
this research. N. E. G. synthesized and contributed the site-specifi-
cally modified DNA. All authors approved the final version of the
manuscript.

Acknowledgments—We thank Professor Jan M. Ruijter (Heart Failure
Research Center, Academic Medical Center, University of Amster-
dam) for helpful discussion of qPCR analysis. We also thank Professor
Suse Broyde (New York University) for helpful discussions and Dr.
Yuqin Cai (New York University) for supplying chemical structures for
the figures.

References
1. Williams, K., and Sobol, R. W. (2013) Mutation research/fundamental and

molecular mechanisms of mutagenesis: special issue: DNA repair and ge-
netic instability. Mutat. Res. 743, 1–3

2. Iyama, T., and Wilson, D. M., 3rd (2013) DNA repair mechanisms in
dividing and non-dividing cells. DNA Repair 12, 620 – 636

3. Vasquez, K. M., and Wang, G. (2013) The yin and yang of repair mecha-
nisms in DNA structure-induced genetic instability. Mutat. Res. 743,
118 –131

4. Furgason, J. M., and Bahassi el, M. (2013) Targeting DNA repair mecha-
nisms in cancer. Pharmacol. Ther. 137, 298 –308

5. Langie, S. A., Koppen, G., Desaulniers, D., Al-Mulla, F., Al-Temaimi, R.,
Amedei, A., Azqueta, A., Bisson, W. H., Brown, D. G., Brunborg, G.,
Charles, A. K., Chen, T., Colacci, A., Darroudi, F., Forte, S., Gonzalez, L.,
Hamid, R. A., Knudsen, L. E., Leyns, L., Lopez de Cerain Salsamendi, A.,
Memeo, L., Mondello, C., Mothersill, C., Olsen, A. K., Pavanello, S., Raju,
J., Rojas, E., Roy, R., Ryan, E. P., Ostrosky-Wegman, P., Salem, H. K., Sco-
vassi, A. I., Singh, N., Vaccari, M., Van Schooten, F. J., Valverde, M., Woo-
drick, J., Zhang, L., van Larebeke, N., Kirsch-Volders, M., and Collins, A. R.
(2015) Causes of genome instability: the effect of low dose chemical expo-
sures in modern society. Carcinogenesis 36, S61-S88

6. Altieri, F., Grillo, C., Maceroni, M., and Chichiarelli, S. (2008) DNA dam-
age and repair: from molecular mechanisms to health implications. Anti-
oxid. Redox Signal. 10, 891–937

7. Khobta, A., and Epe, B. (2012) Interactions between DNA damage, repair,
and transcription. Mutat. Res. 736, 5–14

8. Hanawalt, P. C., and Spivak, G. (2008) Transcription-coupled DNA repair:
two decades of progress and surprises. Nat. Rev. Mol. Cell Biol. 9, 958 –970

9. Saxowsky, T. T., and Doetsch, P. W. (2006) RNA polymerase encounters
with DNA damage: transcription-coupled repair or transcriptional mu-
tagenesis? Chem. Rev. 106, 474 – 488

10. Scicchitano, D. A., Olesnicky, E. C., and Dimitri, A. (2004) Transcription

FIGURE 8. B[c]Ph-N6-dA, which is resistant to NER, is subject to TCR; B[a]P-
N6-dA is subject to global NER, with the strong possibility that other
repair pathways, including TCR, play a role in its removal. NER repairs
B[a]P-N6-dA efficiently, permitting reactivation of gene expression. In the
absence of global NER, B[a]P-N6-dA is repaired by other pathways, more than
likely including TCR. In contrast, B[c]Ph-N6-dA is a very poor substrate for
global NER, with TCR mediating its repair to reactivate gene expression.

DNA Repair Abrogates Impact of DNA Damage on Transcription

JANUARY 8, 2016 • VOLUME 291 • NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 859



and DNA adducts: what happens when the message gets cut off? DNA
Repair 3, 1537–1548

11. Dreij, K., Burns, J. A., Dimitri, A., Nirenstein, L., Noujnykh, T., and Scic-
chitano, D. A. (2010) in The Chemical Biology of DNA Damage (Geacintov,
N. E., and Broyde, S., editors) pp. 399 – 437, Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim, Germany

12. Doetsch, P. W. (2002) Translesion synthesis by RNA polymerases: occur-
rence and biological implications for transcriptional mutagenesis. Mutat.
Res. 510, 131–140

13. Burns, J. A., Dreij, K., Cartularo, L., and Scicchitano, D. A. (2010) O6-
methylguanine induces altered proteins at the level of transcription in
human cells. Nucleic Acids Res. 38, 8178 – 8187

14. Dimitri, A., Burns, J. A., Broyde, S., and Scicchitano, D. A. (2008) Tran-
scription elongation past O6-methylguanine by human RNA polymerase
II and bacteriophage T7 RNA polymerase. Nucleic Acids Res. 36,
6459 – 6471

15. Hoeijmakers, J. H. (2001) Genome maintenance mechanisms for prevent-
ing cancer. Nature 411, 366 –374

16. Rechkunova, N. I., and Lavrik, O. I. (2010) Nucleotide excision repair in
higher eukaryotes: mechanism of primary damage recognition in global
genome repair. Subcell. Biochem. 50, 251–277

17. Marteijn, J. A., Lans, H., Vermeulen, W., and Hoeijmakers, J. H. (2014)
Understanding nucleotide excision repair and its roles in cancer and age-
ing. Nat. Rev. Mol. Cell Biol. 15, 465– 481

18. Batty, D. P., and Wood, R. D. (2000) Damage recognition in nucleotide
excision repair of DNA. Gene 241, 193–204

19. Riedl, T., Hanaoka, F., and Egly, J. M. (2003) The comings and goings of
nucleotide excision repair factors on damaged DNA. EMBO J. 22,
5293–5303

20. Sugasawa, K. (2011) Multiple DNA damage recognition factors involved
in mammalian nucleotide excision repair. Biochemistry 76, 16 –23

21. de Laat, W. L., Jaspers, N. G., and Hoeijmakers, J. H. (1999) Molecular
mechanism of nucleotide excision repair. Genes Dev. 13, 768 –785

22. Mellon, I., Spivak, G., and Hanawalt, P. C. (1987) Selective removal of
transcription-blocking DNA damage from the transcribed strand of the
mammalian DHFR gene. Cell 51, 241–249

23. Tornaletti, S. (2009) DNA repair in mammalian cells: transcription-cou-
pled DNA repair: directing your effort where it’s most needed. Cell Mol.
Life Sci. 66, 1010 –1020

24. van Gool, A. J., van der Horst, G. T., Citterio, E., and Hoeijmakers, J. H.
(1997) Cockayne syndrome: defective repair of transcription? EMBO J. 16,
4155– 4162

25. Vermeulen, W., and Fousteri, M. (2013) Mammalian transcription-cou-
pled excision repair. Cold Spring Harb. Perspect. Biol. 5, a012625

26. Fousteri, M., and Mullenders, L. H. (2008) Transcription-coupled nucle-
otide excision repair in mammalian cells: molecular mechanisms and bi-
ological effects. Cell Res. 18, 73– 84

27. Harvey, R. G. (1982) Polycyclic hydrocarbons and cancer. Am. Sci. 70,
386 –393

28. Elovaara, E., Mikkola, J., Stockmann-Juvala, H., Luukkanen, L., Keski-
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