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Abstract

The acrolein derived cyclic 1,N2-propanodeoxyguanosine adduct (Acr-dG), formed primarily from
w-3 polyunsaturated fatty acids such as docosahexaenoic acid (DHA) under oxidative conditions,
while proven to be mutagenic, is potentially involved in DHA-induced apoptosis. The latter may
contribute to the chemopreventive effects of DHA. Previous studies have shown that the levels of
Acr-dG are correlated with apoptosis induction in HT29 cells treated with DHA. Because Acr-dG
is shown to be repaired by the nucleotide excision repair (NER) pathway, to further investigate the
role of Acr-dG in apoptosis, in this study, NER-deficient XPA and its isogenic NER-proficient
XANL1 cells were treated with DHA. The Acr-dG levels and apoptosis were sharply increased in
XPA cells, but not in XANZ1 cells when treated with 125 uM of DHA. Because DHA can induce
formation of various DNA damage, to specifically investigate the role of Acr-dG in apoptosis
induction, we treated XPA knockdown HCT116 + ch3 cells with acrolein. The levels of both Acr-
dG and apoptosis induction increased significantly in the XPA knockdown cells. These results
clearly demonstrate that NER deficiency induces higher levels of Acr-dG in cells treated with
DHA or acrolein and sensitizes cells to undergo apoptosis in a correlative manner. Collectively,
these results support that Acr-dG, a ubiquitously formed mutagenic oxidative DNA adduct, plays a
role in DHA-induced apoptosis and suggest that it could serve as a biomarker for the cancer
preventive effects of DHA.
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1. Introduction

The chemopreventive potential of docosahexaenoic acid (DHA) and other -3
polyunsaturated fatty acids (PUFAS) has been shown in animal studies and suggested by
epidemiological studies [1-5]. DHA induces apoptosis and has synergetic effects in
sensitizing cellular apoptotic responses to anticancer drugs [6,7]. The induction of apoptosis
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by w-3 PUFAs such as DHA is believed to be an important mechanism underlying its
chemopreventive activities. Although the molecular basis remains unclear [5,8-11], DNA
damage derived from the oxidation of w-3 PUFAS may contribute to the apoptotic effects
[12]. We have reported that the acrolein-derived cyclic 1, A2-propano-2’-deoxyguanosine
(Acr-dG) is a major endogenous mutagenic DNA lesion derived from peroxidation of DHA
and other w-3 PUFASs [13,14]. Acr-dG adducts are ubiquitously detected in tissues of
rodents and humans and they are formed when DNA reacts with acrolein generated through
endogenous lipid oxidation as well as from exogenous sources such as cigarette smoking,
high temperature oil cooking and fossil fuel combustion [15]. The potential roles of Acr-dG
in mutagenesis and carcinogenesis have been extensively studied [16—26]; however, only
limited information is available on its role in apoptosis. A previous study demonstrated that
Acr-dG formation, when it reaches certain threshold levels, is correlated with apoptotic
responses in human colon cancer HT29 cells treated with DHA [12], suggesting that Acr-dG
may play a role in DHA-induced apoptosis. Acr-dG adducts are repaired by the nucleotide
excision repair (NER) pathway [27]. Xeroderma Pigmentosum Group A (XPA) protein is a
key component involved in the initial DNA damage recognition and recruitment of other
NER repair proteins [28-30]. XPA protein was also shown to interact with checkpoint
machinery in response to DNA damage [31,32].

In this study using NER-deficiency to reduce the repair of Acr-dG and increase its levels in
cells, we examined the role of Acr-dG in triggering apoptosis by determining Acr-dG levels
and the apoptotic responses in an NER-deficient XPA cells and its isogenic NER-proficient
XAN1 cells treated with DHA, and in XPA knockdown HCT116 + ch3 cells treated with
acrolein.

2. Material and methods

2.1. Materials

Human skin cancer XPA cells (GM04429, Coriell Cell Repositories) are NER-deficient.
XAN1 cells (kindly provided by Dr. J. Christopher States of University of Louisville School
of Medicine, Louisville, KY) have a stably transformed XPA minigene to restore NER
function [33]. HCT116 + ch3 cells were kindly provided by Dr. Jean Y.J. Wang from of
University of California at San Diego. The siRNA of XPA and the Darmacon Smartpool
siRNA system were from Fisher Scientific. WST-1 was from Roche Diagnostics.

2.2. Cell culture and treatment

XPA and XANL1 cells were routinely cultured at 37 °C with 5% carbon dioxide in an a-
modified minimum essential medium with 10% fetal bovine serum (Mediatech Inc.,
Herndon, VA). Cells were treated with DHA when they reached about 50% confluence.

For the siRNA interference and transfections experiments, HCT116 + ch3 cells cultured at
37 °C in Dulbecco’s modified Eagle’s medium DMEM were transfected with XPA or
nonspecific control sSiRNA and then treated with 0 or 200 uM of acrolein for 16 h. The XPA
levels were monitored before and after the acrolein treatment by western blotting using the
total protein quantitation method based on the Bio-Rad stain-free V3 System [34].
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2.3. Cell viability and apoptosis assays

The WST-1 assay was performed using the protocol from the manufacturer. The sub-G1 cell
cycle analysis was done using the standard protocol of fixation with 75% ethanol and stained
with PI, followed by the FACS assay done on a Becton Dickinson FACSort system and the
data analysis with MODFIT. The caspase-3 activities and PARP cleavage assays were
previously published [12].

2.4. Detection and quantification of Acr-dG by LC-MS/MS-MRM and immunofluorescence

assays

The DNA samples were isolated and Acr-dG levels were determined with a previously
published LC-MS/MS method [35]. The immunohistochemical staining of Acr-dG in cells
was performed with a newly developed anti-Acr-dG monoclonal antibody [36]. Five micron
sections from formalin fixed, paraffin embedded cells were de-paraffinized with xylenes and
rehydrated through a graded alcohol series. Heat induced epitope retrieval (HIER) was
performed by immersing the tissue sections at 98 °C for 20 min in citrate buffer (pH 6.0).
Immunofluorescence staining was performed using a horseradish peroxidase-labeled
polymer from Dako (K4001) according to manufacturer’s instructions. Briefly, slides were
treated with 3% hydrogen peroxide and 10% Normal Goat Serum for 10 min each and
exposed to primary antibody for Acr-dG (1:10,000) for 1 h at room temperature. Slides were
exposed to the HRP labeled polymer for 30 min and Cyanine 5 TYRAMIDE REAGENT for
10 min. Slides were counterstained and mounted with Prolong Gold antifade reagent with
DAPI. Consecutive sections with the primary antibody omitted were used as negative
controls and washing buffer was 1X TBS with 0.05% Tween 20.

3. Results and discussion

3.1. DHA treatment induces higher apoptosis and Acr-dG levels in XPA cells than XAN1

cells

After 24 h incubation with 100 uM DHA, XPA cells displayed morphology changes such as
cell rounding, shrinkage and blebbing, whereas XANL1 cells only showed these changes at
above 125 pM DHA. These morphological changes were much more pronounced in XPA
cells than XANL1 cells. As shown in Fig. 1A, the sub-G1 analysis showed that there was no
statistically significant difference between the two cell lines treated with DHA up to 100
UM. At 125 uM, however, the sub-G1 cell population increased significantly only in XPA
cells but not in XANL1 cells (p = 0.03).

Caspase-3 activities were measured to quantify DHA-induced apoptosis. As shown in Fig.
1B, caspase-3 activities remained at background levels in XANL1 cells and only increased
slightly in cells treated with 125 uM DHA.. In XPA cells, however, caspase-3 activities began
to increase at 100 uM DHA and rose sharply at 125 pM DHA (p = 0.04). Additionally,
PARP cleavage was determined by western blotting (Fig. 1C) with the Bio-Rad stain-free V3
Western system. The cleaved PARP was observed in XANL1 cells treated with 125 puM, but
not with 100 uM DHA, whereas a similar degree of cleavage was observed in XPA cells at
100 uM DHA. In fact, the PARP in XPA cells was completely cleaved at 125 uM DHA.
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These results suggest that the loss of XPA protein sensitizes the cells to DHA-induced
apoptosis.

The Acr-dG levels in DNA from these samples were determined using an LC-MS/MS-
MRM method [35]. As shown in Fig. 2A, Acr-dG levels in XPA and XANL1 cells did not
increase from background (300.1 + 69.5 and 214.7 + 70.1 Acr-dG/10° dG, respectively)
when treated with 0, 25, 50 and 75 uM DHA. At 100 uM DHA, Acr-dG levels in both cell
lines began to rise above the background, however to a different extent: 543.8 + 40.0 Acr-
dG/10° dG for XPA cells and 391.7 + 30.7 Acr-dG/10° dG for XAN1 cells (p = 0.03). A
dramatic increase of Acr-dG was observed in XPA cells at 125 uM DHA, but not in XAN1
cells, with the levels of Acr-dG in XPA cells more than 3-fold higher (2191.8 + 1087.7 Acr-
dG/10° dG) than in XANL1 cells (600.3 + 273.7 Acr-dG/10° dG, p = 0.09). While the
increase was apparent, the statistical significance was compromised because of the relatively
high standard deviations, probably due to variations from different batches of samples. For
example, the background levels of Acr-dG for XANL1 cells varied from 165.1 to 263.3 Acr-
dG/10° dG in different batches, whereas the Acr-dG levels for 125 uM DHA treated samples
in the corresponding assay batches varied from 406.8 to 793.8 Acr-dG/10° dG. The
statistical analysis showed that the p value was 0.016 when comparing the difference in fold
changes (Fig. 2B), indicating that the Acr-dG levels were higher in XPA cells than in XAN1
cells treated with 125 uM DHA. This difference was also confirmed with the
immunohistochemical staining assay. As shown in Fig. 2C, little or no Acr-dG staining was
observed in both cell lines treated with 0 uyM DHA. At 125 uM, both the number of anti-
Acr-dG positive stained cells and the staining intensities increased more significantly in
XPA cells than in XANL1 cells. These findings indicate that, consistent with the notion that
Acr-dG is repaired by the NER pathway, the NER-deficient cells show greater accumulation
of Acr-dG. Previous studies showed that acrolein can inhibit NER and base excision repair
(BER) activities to various degrees in cells [26]. In this study, we found that DHA might not
completely inhibit the NER activity in XAN1 cells as there was no observed increase of Acr-
dG in XANL1 cells treated with DHA, even at the highest concentration. The lack of increase
in Acr-dG formation at DHA concentrations below 75 uM in XAN1 and XPA cells may be
attributed to its efficient repair by NER and other unidentified repair pathways.

These studies show that Acr-dG levels in XPA and XANL1 cells are correlated with
apoptosis. Both caspase-3 activity and PARP cleavage rose above background at 100 uM
DHA for XPA cells and 125 pM for XANL1 cells when the levels of Acr-dG reached 543.8
and 600.3 Acr-dG/10° dG, respectively. These levels may represent a threshold for the
apoptotic responses in XPA and XANL1 cells. More importantly, Acr-dG formation and
caspase-3 activity were higher in XPA cells than in XAN1 cells at 125 uM DHA, indicating
that NER deficiency is responsible for increased Acr-dG adducts levels as well as apoptotic
response in XPA cells. It is interesting to note that cells of skin origin (XPA and XAN1)
appear to be more sensitive to DHA-induced apoptosis than colonic cells (HT29 and
HCT116), as the former cells underwent apoptosis at 100 and 125 uM DHA, whereas the
latter only became apoptotic at 200 uM or higher [12]. Many factors that could contribute to
the sensitivity of DHA-induced apoptosis include repair efficiency and other cell-specific
differences in apoptotic pathways, and these factors need to be further studied.
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3.2. XPA knockdown sensitizes cells to acrolein-induced apoptosis and increases Acr-dG

levels

Besides Acr-dG, DHA could potentially modulate the levels of several types of DNA
damage [11,37,38] that may be involved in apoptosis. To investigate more specifically
whether Acr-dG plays a role in apoptosis induction, we treated XPA and XANL1 cells
directly with acrolein. Unfortunately, the sensitivity of both cells to acrolein-induced
cytotoxicity in a very narrow acrolein concentration range prohibited their use in these
studies. We then decided to use human colon cancer HCT116 + ch3 cells because they are
more resistant to acrolein treatment. HCT116 + ch3 cells were transfected with XPA or
control siRNA using a Darmacon Smartpool siRNA system for 6 h. At 96 h after
transfection, cells were then treated with 0 or 200 uM of acrolein for 16 h. For the acrolein
treatment period at 96 h and 112 h post-transfection, the XPA protein levels in both the
control and XPA siRNA transfected cells were measured using the total protein quantitation
method based on the Bio-Rad stain-free V3 System. As seen in Fig. 3A, the XPA levels in
the knockdown cells were about 10% of those in control cells. Because acrolein inhibits
caspase-3 activity [39,40], WST-1 and sub G1 assays were chosen to measure cell viability
and apoptosis. As shown in Fig. 3B, C and D, the control and XPA siRNA transfected cells
without the acrolein treatment showed 100% and 99.5% viability, 0.81% and 1.02% sub G1
population, and the background levels of Acr-dG at 422 and 767 Acr-dG/10° dG (p = 0.15),
respectively. There was no difference between the control and XPA siRNA transfected cells
and the results were very similar to those observed in HCT116 + ch3 cells alone, indicating
that siRNA transfection had a minimal effect on the cells. After treating cells with 200 pM
of acrolein for 16 h, the viability slightly decreased to 92.6%, sub G1 increased to 7.3%, and
Acr-dG levels increased to 1848 Acr-dG/10° dG in the control siRNA transfected cells. The
changes are much more pronounced in the XPA siRNA transfected cells with the viability
decreased to 21.7% (p = 0.003), sub G1 increased to 59.5% (p = 6 x 107°), and Acr-dG
levels increased to 8186 Acr-dG/10° dG (p = 0.009). These results again confirm that the
elevated levels of Acr-dG due to the lack of NER repair is correlated with the increased
apoptosis.

Collectively, our data confirmed that DHA and acrolein can induce higher levels Acr-dG
adducts and the elevated Acr-dG levels correlated with increased apoptosis, implicating a
potential role of Acr-dG in DHA-induced apoptosis. The data also confirmed that NER is
responsible for repair of Acr-dG.

The molecular basis for Acr-dG-induced apoptosis has yet to be fully investigated.
Processing of DNA damage into DNA double strand breaks (DSBs) via DNA repair
pathways or stalled replication fork is a common pathway for inducing apoptosis. Our
previous studies [12] have demonstrated that increased DSBs levels are correlated with high
levels of Acr-dG in HT29 cells treated with DHA. However, more studies are needed to
dissect Acr-dG formation, DSBs, and apoptosis, for example, using cells deficient in DSB
repair pathway, such as homologous recombination or Fanconi Anemia pathway.

DNA repair pathways have been shown to affect cell viability and apoptotic response to
certain DNA-damaging agents [41,42]. For example, mismatch repair is required for
apoptosis signaling by alkylating agents and cisplatin [43,44], and overexpression of BER
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sensitizes ovarian cancer cells to alkylating agent temozolomide treatment [45]. These
studies indicate that the DNA repair proteins can activate pro-death signals by interacting
with DNA damage or generating toxic repair intermediates to initiate apoptotic responses
[43,45]. On the contrary, deficiency of DNA repair proteins can sometimes sensitize cells to
apoptosis by the accumulation of unrepaired damage, which could further lead to strand
breaks and trigger apoptosis. Studies have shown that NER deficiency is associated with the
increased apoptosis in cell and animal models in both p53 independent [46] and dependent
manners [47,48], and mitochondria BER deficiency was found to correlate with increased
apoptosis in neurons [49]. The results of our study show that the NER pathway responsible
for removing Acr-dG protects cells from programmed death triggered by accumulation of
Acr-dG.

The mutagenicity of Acr-dG has not been conclusively [16-26]. Acr-dG was shown to cause
frameshift and base substitution mutations. On the other hand, the iy isomer Acr-dG, the
predominant isomer detected in tissue and cell DNA, was shown to be passed by polymerase
without causing mutation. Regardless of its mutagencity, it is believed that Acr-dG at low
levels it may cause mutations, whereas at high levels that reach a threshold its predominant
effect is to induce apoptosis as DNA damage response.

Although the repair and mutagenesis of Acr-dG have been well-documented, little is known
about the relationship between its formation in cellular DNA and apoptosis. The present
study supports the role of Acr-dG in apoptosis. However, we cannot exclude the possibility
that other yet to be identified oxidative DNA damage derived from DHA repaired by NER
could also be involved. The fact that Acr-dG is a major DNA adduct of DHA detected at
relatively high levels underlines its potential role in apoptosis and suggests it may serve as a
biomarker for the cancer preventive activity of DHA.
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Fig. 1.

Agoptosis in XPA vs XAN-1 cells treated with DHA. (A) Sub-G1 percentage: XPA vs.
XANL1 at 125 uM (*p = 0.03). (B) Caspase-3 activities: XPA vs. XAN1 at 100 uM (p = 0.1)
and 125 pM (*p = 0.04); (C) PARP cleavage. Statistical analysis is based on triplicate
experiments, and the #test was done by comparing results from two cell lines at a specific
DHA concentration and p values were obtained for that particular concentration.

Mutat Res. Author manuscript; available in PMC 2018 April 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pan et al. Page 11

(A) 4000
0) + XPA
- 3000 0XAN1
5
~ 2000
Q
T 1000
< g 5 v - 4
O T T T T T T
0 25 50 75 100 125
DHA (M)
B 5] OXAN1
(B) 2 10 - -
@ A
&
=
=
e 51
Q
T :
s X
< 0 [ T "

0 DHA @125

(C) LAcr-dG _ DAPL ___ Merge _Acr-dG __DAPI ___Merge

XPA

XAN1

125

DHA (M)

Fig. 2.

Ac?r-dG levels in XPA vs XAN-1 cells treated with DHA. (A) Acr-dG levels measured by
LC-MS/MS in two cells treated with various concentrations of DHA for 16 h. (B) Fold
changes of Acr-dG levels in XPA and XAN1 cells treated with 125 pM DHA (p = 0.016). To
eliminate the batch variations, we calculate the fold changes of Acr-dG levels by comparing
the adduct levels in untreated XPA and treated XAN21and XPA cells to the Acr-dG level in
untreated XANZ1 cells in each assay batch. (C) Immunohistochemical staining with anti-Acr-
dG monoclonal antibodies. Statistical analysis was done as described in Fig. 1.
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Fig. 3.

Apoptosis and Acr-dG levels in XPA knock-down vs control siRNA transfected HCT116 +
ch3 cells treated with acrolein (Acr). (A) The XPA protein levels in HCT116 + ch3 cells
transfected with XPA siRNA were about 10% of those of cells with control siRNA at both
96 h and 112 h post transfection. The middle section shows the blot used for measuring total
proteins in each sample according to the Bio-Rad protocol; (B) Cell viability with WST-1
assay; (C) Sub G1 cell population with Pl staining assay; (D) Acr-dG levels for cells treated
with and without acrolein for 16 h. Compared with control siRNA transfected cells, the XPA
SiRNA transfected cells showed significant lower viability (*p = 0.003), higher sub G1 (*p =
6 x 107°) and Acr-dG levels (*p = 0.009), when both were treated with 200 uM DHA.
Statistical analysis is based on triplicate experiments. The #test was done to compare
apoptosis and adduct levels between non-specific SiRNA and XPA siRNA transfected cells
with the same treatments.
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