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Abstract
According to a recent IARC Working Group report, alcohol consumption is causally related to an
increased risk of cancer of the upper aerodigestive tract, liver, colorectum, and female breast (Lancet
Oncol. 2007 8:292–3). Several lines of evidence indicate that acetaldehyde (AA), the first product
of alcohol metabolism, plays a very important role in alcohol-related carcinogenesis, particularly in
the esophagus. We previously proposed a model for alcohol-related carcinogenesis in which AA,
generated from alcohol metabolism, reacts in cells to generate DNA lesions that form interstrand
crosslinks (ICLs) (Nucleic Acids Res. 2005 33:3513–20). Since the Fanconi anemia-breast cancer
associated (FANC-BRCA) DNA damage response network plays a crucial role in protecting cells
against ICLs, in the present work we tested this hypothesis by exposing cells to AA and monitoring
activation of this network. We found that AA exposure results in a concentration-dependent increase
in FANCD2 monoubiquitination, which is dependent upon the FANC core complex. AA also
stimulated BRCA1 phosphorylation at Ser1524 and increased the level of γH2AX, with both
modifications occurring in a dose-dependent manner. However, AA did not detectably increase the
levels of hyperphosphorylated RPA34, a marker of single-stranded DNA exposure at replication
forks. These results provide the initial description of the AA-DNA damage response, which is
qualitatively similar to the cellular response to mitomycin C, a known DNA crosslinking agent. We
discuss the mechanistic implications of these results, as well as their possible relationship to alcohol-
related carcinogenesis in different human tissues.

1. Introduction
It has been known for some time that the consumption of alcoholic beverages is related to an
increased risk of cancers of the upper aerodigestive tract (UADT) and liver [1]. However,
according to the most recent (2007) IARC Working Group, there is now sufficient evidence
to conclude that ethanol (alcohol) consumption is causally related to an increased risk of cancer
not only of the UADT and liver, but also of the colorectum and female breast [2]. These
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findings, particularly the risk of breast cancer, substantially expand the list of potential health
risks from drinking alcohol.

There are a number of possible mechanisms by which alcohol consumption could increase
cancer risk [3]. However, a variety of lines of evidence indicate that acetaldehyde (AA),
generated by ethanol metabolism, plays a very important role in alcohol-related carcinogenesis,
particularly in the UADT [1]. The strongest evidence comes from studies of individuals with
a genetic deficiency in ALDH2, the enzyme responsible for the metabolism of AA to acetate
[4,5]. Compared to individuals with fully active ALDH2, ALDH2-deficient individuals are at
greatly increased risk of esophageal cancer when they consume equivalent amounts of alcohol
[6,7].

AA generates multiple specific types of DNA adducts [8–11]. Of these, the most likely to be
biologically important are the alpha-methyl-gamma-hydroxy-1,N2-propano-dG adducts (see
Figure 1) [10]. Because these adducts can also be formed from crotonaldehyde [12], as well
as the evidence that the generation of these adducts from biologically relevant acetaldehyde
concentrations involves a crotonaldehyde intermediate [11], they will be referred to as CrPdG
adducts. PdG adducts of this type can exist in two forms, with the additional ring either opened
or closed (see Figure 1) [10]. In some sequence contexts, the ring-opened form can react with
dG on the opposite strand of the DNA to form DNA interstrand crosslinks (ICLs) [13,14].
These lesions can also link to peptides in vitro [15], and are likely responsible for DNA-protein
crosslinks resulting from AA [16,17]. Importantly, elevated levels of AA adducts including
the CrPdGs were observed in white blood cells of ALDH2-deficient alcoholics relative to
controls with fully active ALDH2 activity, consistent with a role for AA-related DNA adducts
in the increased risk of cancer in these individuals [18].

The Fanconi anemia-BRCA (FANC-BRCA) DNA-damage response network plays an
important role in protecting cells against replication blocking DNA lesions and ICLs [19,20].
Based on the chemical properties of the CrPdG adducts as described above, we previously
proposed that the FANC-BRCA network would play a protective role against the genotoxic
effects of these adducts, and by extension against alcohol related carcinogenesis [10]. One
prediction of this hypothesis is that exposure of cells to AA should result in activation of the
FANC-BRCA network. Therefore, in the present work, we sought to test this prediction, using
AA concentrations comparable to in vivo exposure levels in the gastrointestinal tract following
alcohol consumption.

Blood AA concentrations after alcohol drinking are low to undetectable in most people [21].
However, AA concentrations in the GI tract can be much higher, due to the metabolism of
ethanol to AA by microorganisms [22]. Specifically, AA concentrations in human saliva after
drinking ethanol can be 450 µM [23], or possibly higher depending upon ALDH2 genotype
[24] and other factors [25,26]. Data for AA levels in the human colon after alcohol drinking
are not available, but AA concentrations of up to 2.7 mM have been measured in the colon of
rats following ethanol treatment [27]. In addition, recent data showing that Aldh2−/− mice
showed a 10-fold increase in AA adducts in the stomach after drinking a liquid diet containing
ethanol [28] further underscores the role of AA-derived DNA lesions in ethanol-related
genotoxicity.

Here we show that AA, at biologically relevant concentrations (0.1–1 mM), results in an
increased FANCD2 monoubiquitination in human lymphoblastoid cells. The same
concentrations also increased phosphorylation of the BRCA1 protein, and phosphorylation of
histone H2AX. The implications of these findings for alcohol related carcinognesis in different
human tissues are discussed.
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2.Materials and Methods
2.1 Cells and Media

Lymphoblastoid cells from two apparently normal individuals (AG15793 and AG15997A) and
from an XPA patient (GM02345) were obtained from the Coriell Cell Repository.
Lymphoblastoid cells from an FA-G patient EUFA143 were originally provided by Dr. Alan
D’Andrea to LHT. EUFA143 cells were complemented with a plasmid expressing the human
FANCG gene, and the resulting cells referred to as EUFA143-T2 (hereafter called T2). These
cells express physiological levels of FANCG protein and the survival of these cells after MMC
treatment is indistinguishable from that of normal cells (see Suppl. Figure 1). Lymphoblastoid
cells were maintained in culture using RPMI 1640 supplemented with 2 mM glutamine and
15% fetal bovine serum. For the chromosomal aberration assay, primary fibroblasts from a
FA-A patient (GM00646) and the patient’s parent (GM02977) were obtained from the Coriell
repository and grown in MEM plus 2 mM glutamine and 15% FBS.

2.2 Acetaldehyde exposure
AA is highly volatile, and has a low boiling point (20.2°C), which complicates the design of
experiments. We exposed cells to AA for 24 hours using two different protocols. In both
protocols, lymphoblasts were fed with regular media the day before experimental treatments.
The day of the experiment, lymphoblasts were harvested from their growth flasks, counted and
resuspended at a concentration of 1–2 × 107 / ml in media.

In the first protocol (sealed flask), media containing a 2× concentration of acetaldehyde was
prepared on ice; then 10 mL was added to each T25 flask containing 107 cells in 10 ml of media
without AA on ice. Caps were tightly closed, sealed with Parafilm and incubated at 37°C. In
this condition, there is some head-space in the flask that acetaldehyde can potentially evaporate
into; therefore, over time, the concentration of AA in the media that the cells are exposed to
will become lower than the initial concentration in the media.

In the second protocol (full tube), 107 cells were exposed to AA in 15 mL conical test tubes
which were filled with AA containing media. In this protocol, there is no headspace into which
the AA can diffuse, so that the AA concentration remains essentially constant. Tubes were
sealed tightly and wrapped with Parafilm before incubation in a tilted position at 37°C.

2.3 Extract Preparation
After the 24 hour incubation period, lymphoblasts were harvested by centrifugation and cell
pellets were transferred to microfuge tubes using phosphate buffered saline and centrifuged
again. Cells were lysed on ice for 30 min in a high-salt buffer [29] consisting of 20 mM Tris,
pH 8.0, 600 mM NaCl, 1 mM EDTA, 0.5% Igepal (a detergent that is chemically
indistinguishable from Nonidet P-40), 1 mM AEBSF (4-(2-Aminoethyl)benzenesulfonyl
fluoride hydrochloride), 1 µM microcystin and protease inhibitors (Sigma). Lysates were then
centrifuged at 16,000 × g for 20 min at 4°C, and the supernatant was transferred to a new tube.
Protein concentration of the supernatant was determined using the Bio-Rad protein assay with
BSA as the standard.

2.4 Lambda phosphatase treatment
To verify that the shift in BRCA1 migration after DNA damage was due to phosphorylation,
approximately 50 µg of lysate protein was treated with 400 units of lambda phosphatase for 1
hr at 30°C. Control lysates were incubated for 1 hr at 30°C without enzyme. Prior to incubation
with lambda phosphatase, the lysates were supplemented with 2 mM MnCl2. Reactions were
stopped by the addition of SDS-PAGE buffer and boiling.
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2.5 Western Blotting
For detection of FANCD2 and BRCA1, Western blots were prepared using 15–50 µg protein
per lane on a 3–8% Tris-Acetate gel (Invitrogen). For γH2AX and RPA34 phosphorylation,
12% Bis-Tris (Invitrogen) gels were used. Separated proteins were transferred to nitrocellulose
(ECL Hybond, GE Healthcare) using the NuPage transfer system (Invitrogen). Blots were
stained with Amido Black to check protein loading and transfer prior to blocking in Tris
buffered saline containing 0.1% Tween 20 (TBST) and 5% milk. Blots were probed with
antibodies against FANCD2 (Novus), BRCA1 (Ab-1, Calbiochem), BRCA1 pSer 1524, pSer
1457, and pSer 1387 (Bethyl Laboratories), γH2AX (Millipore) or RPA34 (Cell Signaling).
Antibody binding was visualized on X-ray film (Kodak XAR) using chemiluminescence (ECL
Plus, GE Healthcare). Western blot X-ray films were scanned and analyzed using the NIH
ImageJ program.

2.6 Chromosomal Aberrations
For the chromosomal aberration study, cells were exposed to 0.18 mM AA for 24 hours in
tightly sealed flasks (same conditions as in [30]). Following exposure, cells were sent to the
NCI Cytogenetics core facility for analysis of chromosomal aberrations by an investigator
unaware of treatment conditions.

3. Results
3.1 AA Stimulates FANCD2 Monoubiquitination

Based on published data for AA levels in the human and animal gastrointestinal tract following
ethanol consumption (see Introduction), we chose an AA concentration of 1 mM for our initial
experiments. We monitored activation of the FANC pathway after AA by assaying for
FANCD2 monoubiquitination by Western blotting. Hydroxyurea (2 mM) was used as a
positive control. As shown in Figure 2A, we found that 1 mM AA resulted in increased
FANCD2 monoubiquitination, as represented by an increased ratio of the long form of
FANCD2 (FANCD2-L) to the short form. In two different normal cell lines, the magnitude of
induction was approx 1.8 fold.

To verify that FANCD2-L we detect does in fact represent FANCD2 monoubiquitination, we
tested cells from a FA-G patient, EUFA143 cells, as well as EUFA143 cells expressing human
FANCG (EUFA143-T2 cells). FANCD2 monoubiquitination requires the Fanconi core
complex, which includes FANCG, and therefore should be absent from the patient cells.
Consistent with this expectation, FANCD2-L was not observed in EUFA143 cells, either with
or without HU (Figure 2B) or AA (not shown). However, in EUFA143-T2 cells, FANCD2-L
was induced by both HU and AA (Figure 2B). These results verify that the FANCD2-L we
detect represents monoubiquitinated FANCD2.

We then carried out a dose response test over the range of 0.1–1 mM AA (Figure 2C).
Interestingly, an effect of AA could be detected even at 0.1 mM, although the effect was
maximal at 0.75 mM. Substantial toxicity was observed when higher concentrations of AA (2–
10 mM) were used (data not shown).

An earlier study showed that exposure of human lymphocytes from a single Fanconi anemia
patient to AA resulted in increased levels of chromosomal aberrations (CA) [30]. However,
this brief report did not contain any clinical or diagnostic information about the FA patient
whose complementation group was not defined. Therefore, to confirm and extend this earlier
study, and to verify the protective role of the FANC pathway in protecting against AA
genotoxicity, we exposed primary fibroblasts from a FA-A patient as well as cells from the
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patients’ parent to AA (0.18 mM), the same concentration as used by Obe et al [30]. Cells were
scored for CA by an investigator blinded to the identity of the cell lines.

As shown in Table 1, AA increased the number of cells with CA in both the FA-A and parental
control lines. However, the magnitude of the AA-induced increase was significantly greater in
the FA-A cells than the normal cells, consistent with the earlier results of Obe et al [30].

3.1 AA Stimulates Phosphorylation of BRCA1
Previous work has shown that different DNA damaging agents stimulate phosphorylation of
BRCA1, which can be detected by a reduced mobility of the protein under denaturing gel
conditions. As shown in Figure 3A, exposure of cells to either HU or 1 mM AA resulted in a
clear decrease in BRCA1 mobility (Figure 3A).

To verify that the reduced mobility of BRCA1 was due to phosphorylation, as has been shown
to be the case following other forms of DNA damage, we treated the lysates with lambda
phosphatase prior to electrophoresis. As shown in 3B, the AA-stimulated mobility shift was
reversed by phosphatase treatment, verifying that it does in fact represent phosphorylation. A
dose response experiment (Figure 3C), showed that an upward shift of BRCA1 was detectable
at 0.5 mM AA and higher concentrations.

3.2.1. AA stimulates BRCA1 phosphorylation on Ser1524—BRCA1 is
phosphorylated on a number of different sites following DNA damage [31,32]. To address the
question of which sites on BRCA1 were phosphorylated after AA, we evaluated the
phosphorylation status of three serine resides on BRCA1 that are known sites for DNA damage
induced phosphorylation (Ser1387, 1457, or 1524) on BRCA1 using antibodies specific for
each phosphorylated reside. We did not obtain consistent evidence of phosphorylation at
Ser1387 or 1457 following AA exposure (data not shown). However, we did find that AA
treatment resulted in an approximately 2.5 fold increase in BRCA1 phosphorylation at Ser1524
(Figure 3D).

3.3 AA Increases Phosphorylation of H2AX Independent of NER
Recent studies have identified histone H2AX as a component the FANC-BRCA1 protein
network [33]. Having observed increased FANCD2 monoubiquitination and BRCA1
phosphorylation by AA, we therefore asked whether the same treatment also increased
phosphorylation of H2AX at Ser 139 (γH2AX). As shown in Figure 4A, Western blotting
analysis indicated a clear increase in total cellular γH2AX levels after 1 mM AA. A dose
response study (Figure 4B) indicates that increased levels of γH2AX are first observed at 0.25
mM AA.

Following exposure to UV radiation, γH2AX can result from strand breaks introduced during
attempted NER [34]. Because some PdG adducts are substrates for NER [35,36], we wondered
whether the γH2AX formation we observed following AA exposure was also the result of
attempted NER. Therefore, we repeated these experiments using lymphoblastoid cells from an
XP-A patient, which are deficient in NER. As shown in Figure 4C, AA also stimulated γH2AX
formation in these NER deficient cells, demonstrating that NER is not required for AA-
stimulated γH2AX formation.

3.4 AA Does not Increase RPA34 Phosphorylation
FANCD2 monoubiquitination is produced by various genotoxic stressors, including UV and
ionizing radiation, mitomycin C, and HU. However, the effects of these agents can be
differentiated in terms of their ability to trigger phosphorylation of RPA, a response that results
from production of single-stranded DNA during replication. Specifically, HU, which causes
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replication fork stalling by depleting cellular dNTP pools, is a powerful inducer of RPA34
phosphorylation, whereas MMC, which generates DNA ICLs, causes little or no RPA34
phosphorylation [37]. Therefore, we assessed whether exposure of cells to AA could result in
hyperphosphorylation of RPA34, as monitored by a reduced mobility of RPA34 during gel
electrophoresis. As shown in Figure 5, we could not detect RPA34 hyperphosphorylation at
any concentration of AA tested. As a positive control, we showed that exposure of cells to HU
stimulated RPA34 hyperphosphorylation as expected. Thus while AA exposure triggers
FANCD2 monoubiquitination, BRCA1 phosphorylation, and γH2AX formation, it does not
produce a detectable increase in RPA34 hyperphosphorylation.

4. Discussion
In this work we report that AA, at concentrations within the range produced in target tissues
for alcohol-related carcinogenesis in humans, activates the FANC-BRCA network.
Specifically, AA exposure dose-dependently stimulates monoubiquitination of the FANCD2
protein, phosphorylation of the BRCA1 at Ser1524, and γH2AX formation, independent of
NER. However, under the conditions used, AA does not produce a detectable increase in
RPA34 hyperphosphorylation. Each of these main findings was observed in multiple human
lymphoblastoid cell lines and under two different protocols for AA exposure (Figure 2 and
Figure 4 and data not shown).

4.1 Mechanistic Considerations
The characteristics of the AA DNA damage response we report here are qualitatively similar
to the cellular response to MMC, which generates ICLs as well as monoadducts. Consistent
with this similarity, AA can produce ICLs via the formation of CrPdG adducts, which in some
sequence contexts can form ICLs (Figure 1). Our current results are also consistent with the
observations of Mechilli et al [38] who found that cells lacking either the homologous
recombination repair or FANC proteins were most sensitive to chromosomal aberrations from
AA. Based on their results, they concluded that DNA ICLs are the biologically relevant AA-
induced DNA lesions for producing chromosomal aberrations.

Despite these considerations, it is unlikely that the responses we detect here are entirely related
to AA generated ICLs. The CrPdG adducts can only form ICLs in a specific sequence context
(5′GpC3′) [13,14]. The aldehyde moiety present in the open form of the CrPdG adduct can also
form DNA-protein crosslinks, most likely with histones [16], which would be expected to be
sequence independent. Also, it was recently shown that AA generates crosslinks that can be
detected via the comet assay, but most of these were DNA-protein crosslinks (DPCLs) [17].
Thus, the extent to which activation of the FANC-BRCA network we have observed is due to
ICL versus DPCLs remains to be determined. Furthermore, the FANC-BRCA network not
only promotes homologous recombination repair of broken replication forks, it has a role during
DNA replication in coordinating translesion synthesis (TLS), thereby preventing replication
fork breakage [39]. CrPdGs lesions have substantial miscoding properties [40], and multiple
TLS polymerases have been proposed to be involved in efficient and error-free bypass of
structurally related PdG adducts (e.g. [41]). Interestingly, a recent study provided evidence
that the nucleolytic processing of an ICL can yield a modified DNA template that can be
bypassed by pol κ [42].

In apparent contrast to our findings, a recent publication [43] showed that ethanol increased
the expression of FANCD2 mRNA in the rat brain, and both ethanol and AA increased the
amount of FANCD2 protein but did not stimulate FANCD2 monoubiquitination in brain cells.
This is an interesting finding but is not directly relevant to our results with replicating cells, in
contrast to neuronal cells, which are terminally differentiated. Furthermore, the concentration
of AA used in that study (5 mM) was higher than the concentrations used in our work (0.1–1
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mM). Thus the two studies address fundamentally different questions, and the findings are not
mutually exclusive.

4.2 Clinical Implications
In this work we used AA concentrations between 0.1–1 mM, because cells in the human and
animal gastrointestinal tract are exposed to levels of AA within this range due to the local
metabolism of ethanol by microbes [23,27]. Therefore, our observations are likely to be of
relevance to the human gastrointestinal tract following ethanol consumption.

Our observation that increased FANCD2 monoubiquitination is detected at 0.1 mM AA and
is maximal at 0.5–0.75 mM AA (Figure 2C) implies that the FANC proteins play a protective
role against AA at these concentrations. Consistent with this idea, an early study showed that
lymphocytes from a FA patient were hypersensitive to chromosomal aberrations from AA at
a concentration of ≈ 0.2 mM [30], an effect we confirmed in FA-A fibroblasts (Table 1).
Likewise, Mechilli et al [38] observed a protective effect of the CHO Fancg gene against AA-
generated chromosomal aberrations in an overlapping range of AA concentrations (0.3 – 1.8
mM). Interestingly, in WT CHO cells these authors observed increased chromosomal
aberrations up to 0.6 mM, but no additional increase at concentrations up to 1.8 mM, suggestive
of a plateau effect that is also consistent with our observations (Figure 2C).

FA patients have a high risk of several different types of epithelial cancers, including
esophageal cancer [44], and our results, in addition to those of others [30,38,45], indicate that
ethanol consumption would significantly elevate that risk. FA patients are already cautioned
against drinking alcohol [46], and our results provide further experimental support for this
advice.

While the role of BRCA1 in protecting against breast cancer is well known [47], studies in
both humans [48] and mice [49] suggest a protective role for BRCA1 against esophageal cancer
as well. Of potentially broader significance to the human population, it will be important to
determine whether functional SNPs in FANC or BRCA genes can affect susceptibility to
acetaldehyde-induced genotoxicity.

Finally, in view of the recent evidence that alcohol drinking increased breast cancer risk in
women [2], our observation that AA exposure stimulated BRCA1 phosphorylation is of
potential clinical relevance. However, it is important to note that in contrast to its role in alcohol
related UADT cancer risk, the role of AA in breast cancer risk from alcohol drinking is less
clear [3]. Blood AA levels are very low or undetectable after ethanol consumption in humans
[50]. Therefore, cells in the human breast would not be exposed to exogenous AA at the
concentrations used in this work. On the other hand, human breast cells express alcohol
dehydrogenases, which are capable of oxidizing ethanol into AA at ethanol concentrations
attainable after social drinking [51]. Therefore, the intracellular generation of AA in the human
breast cells after ethanol consumption is of potential significance for alcohol-related breast
cancer. While alcohol dehydrogenase gene polymorphisms have been associated with breast
cancer risk from ethanol consumption in some studies, other factors are likely to be important
as well (for discussion see [3]). Further studies will be necessary to determine whether AA
generated in cells from ethanol metabolism can activate the FANC-BRCA network in the
human body.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
DNA adducts from AA. The direct adduct of DNA from AA is N2-EtI-dG, which can be reduced
to the stable adduct N2-Et-dG. In the presence of polyamines, the CrPdG adducts can form
from biologically relevant AA concentration through a crotonaldehyde intermediate [11]. The
aldehyde moiety (circled) on the ring opened form of the CrPdG adduct can react with
deoxyguanosine on the opposite strand to form an ICL, or with protein to form DNA-protein
crosslinks. For further discussion, see [10,14].
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Figure 2.
AA exposure stimulated FANCD2 monoubiquitination. A. Two normal lymphoblastoid cell
lines were exposed to 1 mM AA or 2 mM HU using the sealed flask protocol for 24 hours.
Whole cell extracts were prepared for Western blotting and probed with anti-FANCD2. The
positions of the long (L) and short (S) forms of FANCD2 are indicated. The ratio of the L and
S forms of FANCD2 were determined using the NIH ImageJ program and are shown under
each lane. To calculate the fold increase, the L/S ratio of the untreated culture was set to 1 and
the L/S ratio of the other samples were normalized to that value. B. Lymphoblasts from a FA-
G patient (EUFA143) and from EUFA143 cells containing a human FANCG gene T2 were
exposed to AA or HU (filled flask protocol) as indicated. No FANCD2-L band was detected
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in EUFA143 cells after HU or AA (data not shown). C. Normal lymphoblasts (AG15793) were
exposed to different concentrations of AA for 24 hours as indicated, using the sealed flask
protocol. L/S ratios and fold increase were determined as described for panel A.
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Figure 3.
AA treatment increases BRCA1 phosphorylation. Two normal lymphoblastoid cell lines were
exposed to 1 mM AA or 2 mM HU for 24 hours using the sealed flask protocol. Whole cell
extracts were probed with anti-BRCA1. Note the decreased mobility (upward shift) of BRCA1
after AA and HU treatment. B. Lysates from control, HU, or AA exposed AG15793 cells were
either untreated, incubated without lambda phosphatase, or incubated with lambda phosphatase
prior to denaturing and loading on the gel. C. Normal lymphoblasts (AG15793) were exposed
to different concentrations of AA for 24 hours as indicated, using the sealed flask protocol.
Note the progressive upward shift of the BRCA1 band, at AA concentrations of 0.5 mM and
higher. D. Extracts from normal lymphoblastoid cell lines exposed to 1 mM AA or 2 mM HU
using the sealed flask protocol were probed for BRCA1 phosphorylation at Ser1524. For
quantification, the intensity of the pSer1524 signal was determined with ImageJ and
normalized to the total FANCD2 signal (L + S) used here as a loading control.
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Figure 4.
AA treatment increases γH2AX phosphorylation, and NER is not required. A. Western blotting
of extracts from normal lymphoblastoid cell lines exposed to 1 mM AA or 2 mM HU using
the sealed flask protocol for 24 hours and probed for γH2AX. A section of the blot that was
stained for total protein using Amido black is shown below the corresponding film
autoradiograph. For quantitation, the γH2AX signal was normalized to a scan of the total
protein stain. B. γH2AX formation in AG15793 cells exposed to different AA concentrations
(sealed flask protocol). C. 1 mM AA increases γH2AX levels in cells from an XP-A patient
(filled flask protocol).
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Figure 5.
AA does not increase RPA34 hyperphosphorylation. AG15793 cells were exposed to
increasing doses of AA using the sealed flask protocol, then analyzed for RPA34
hyperphosphorylation by Western blotting [37]. HU (2mM) was used as a positive control.
The arrow points to the hyperphosphorylated RPA34 band.

Marietta et al. Page 16

Mutat Res. Author manuscript; available in PMC 2010 May 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Marietta et al. Page 17

Table 1

Chromosomal Aberrations from AA in FA and Control Cells

Treatment Groups
# of Cells

Total Normal Chromosomes Abnormal Chromosomes

Control 100 89 11

Control + AA 100 77 23 a

FA-A 100 86 14

FA-A + AA 84 53 31 b,c

a
significantly different from control without ACD, P=0.0234

b
significantly different from FA-A without ACD, P = 0.00032

c
significantly different from control with ACD, P = 0.0391

P values based on Chi-square test

FA-A cells - GM00646
Control cells - GM02977 (parent of GM646).
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