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RASSF1A may be the most frequently inactivated tumor suppressor identified in human cancer so far. It is a proapoptotic Ras
effector and plays an important role in the apoptotic DNA damage response (DDR). We now show that in addition to DDR regu-
lation, RASSF1A also plays a key role in the DNA repair process itself. We show that RASSF1A forms a DNA damage-regulated
complex with the key DNA repair protein xeroderma pigmentosum A (XPA). XPA requires RASSF1A to exert full repair activity,
and RASSF1A-deficient cells exhibit an impaired ability to repair DNA. Moreover, a cancer-associated RASSF1A single-nucleo-
tide polymorphism (SNP) variant exhibits differential XPA binding and inhibits DNA repair. The interaction of XPA with other
components of the repair complex, such as replication protein A (RPA), is controlled in part by a dynamic acetylation/deacetyla-
tion cycle. We found that RASSF1A and its SNP variant differentially regulate XPA protein acetylation, and the SNP variant hy-
perstabilizes the XPA-RPA70 complex. Thus, we identify two novel functions for RASSF1A in the control of DNA repair and pro-
tein acetylation. As RASSF1A modulates both apoptotic DDR and DNA repair, it may play an important and unanticipated role
in coordinating the balance between repair and death after DNA damage.

The human genome is under constant assault from environ-
mental factors such as UV light, mutagenic chemicals, and

oxidative metabolic by-products. The ability to repair DNA is es-
sential to maintain genome integrity and to minimize the acqui-
sition of oncogenic lesions (1, 2). Accumulated mutation loads
beyond the capacity of the DNA repair systems to correct provoke
a DNA damage response (DDR) leading to apoptotic or senescent
cell death (3–5).

RASSF1A is a tumor suppressor that is frequently inactivated
by epigenetic mechanisms in human tumor cells (6–8). Knockout
of RASSF1A in mice promotes an enhanced rate of cancer devel-
opment (9). RASSF1A appears to act as a scaffolding protein that
complexes with and modulates the activity of other apoptotic tu-
mor suppressors such as MST/LATS1 (10). It has been shown to
play an important role in the apoptotic DNA damage response by
activating the Hippo pathway (11). RASSF1A also contains a Ras
association (RA) domain (12) and may form an endogenous com-
plex with the activated Ras oncoprotein (13). Thus, it has the
potential to serve as a Ras effector, integrating progrowth path-
ways with progrowth arrest/death pathways.

Nucleotide excision repair (NER) is a major DNA repair path-
way in eukaryotic cells that removes aberrant nucleotides from
one strand and replaces them using the undamaged strand as the
template. The repair process involves the formation of a dynamic,
multicomponent repair complex at the site of damage whose
members cycle in and out as the repair proceeds. The xeroderma
pigmentosum A protein (XPA) is an important member of the
complex and is essential for effective NER. It directly binds the
damaged single strand of DNA (14) and scaffolds multiple DNA
repair components as they cycle in and out of the dynamic NER
complex (15). The regulation of XPA protein/protein interactions
after DNA damage involves both phosphorylation of XPA by ATR
and deacetylation by SIRT1 (16, 17). Hereditary defects in XPA in
humans cause an impaired ability to repair UV-induced DNA

damage and a predisposition to cancer (18). Thus, XPA is one of
an elite group of proteins that is confirmed as a bona fide human
tumor suppressor.

The RASSF1 gene was originally identified from a yeast two-
hybrid screen using XPA as the bait (19). This suggested that
RASSF1A might play a role in DNA repair as well as modulating
the DDR. However, the interaction has never been confirmed in
mammalian cells, and the effects of RASSF1A on NER have not
been reported. We have now determined that RASSF1A forms an
endogenous complex with XPA after DNA damage and that this
interaction is essential for full XPA repair activity. A single-nucle-
otide polymorphism (SNP) variant of RASSF1A has been identi-
fied in approximately 22% of the Caucasian population of the
United States (20). This variant has repeatedly been associated
with an enhanced risk of cancer (20), but the mechanism respon-
sible for such an effect is unclear. When we examined the SNP
variant, we found that it differentially binds XPA and exerts a
marked inhibitory effect on DNA damage repair.

XPA undergoes a cycle of acetylation/deacetylation which reg-
ulates how it interacts with other members of the dynamic DNA
repair complex, such as replication protein A (RPA), over the
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course of the lesion repair (16). We show that both wild-type
RASSF1A and its SNP variant promote the formation of deacety-
lated XPA in the absence of UV. However, in the presence of UV,
the two RASSF1A isoforms have opposite effects. The wild-type
RASSF1A enhances the deacetylation of XPA, while the SNP vari-
ant inhibits it. In RASSF1A SNP variant cells, this results in a
hyperstabilized XPA-RPA complex and prevents normal XPA cy-
cling in and out of the nucleus. Thus, we identify new roles for
RASSF1A in the regulation of DNA repair and protein acetylation.
We also provide a mechanistic explanation for the association of
the RASSF1A SNP with cancer.

MATERIALS AND METHODS
Plasmids and DNA. RASSF1A expression plasmids have been described
previously (20, 21). Wild-type XPA cDNA was a gift from K. Kraemer
(NCI, Bethesda, MD) and was cloned into pEGFP (EGFP stands for en-
hanced green fluorescent protein) and pHC-Red1 (Clontech, Palo Alto,
CA) or pcDNA3.1 modified to add a 5= hemagglutinin (HA) epitope tag.
The acetylation mimicking mutant of XPA (XPA-2KQ) was kindly pro-
vided by Jianyuan Luo (University of Maryland) and was cloned into
pHC-Red1 or pcDNA3.1 modified to add a 5=HA epitope tag. pCMV-Luc
(CMV stands for cytomegalovirus, and Luc stands for luciferase) and
TK-Renilla-Luc (TK stands for thymidine kinase, and Renilla-Luc stands
for renilla luciferase) were obtained commercially (Promega, Madison,
WI). RASSF1A short hairpin RNA (shRNA) plasmids were obtained from
Origene, Rockville, MD (catalog no. TR307696).

Tissue culture and cell lines. NCI-H1792, Calu-6, NCI-H1299, and
HEK-293 cells were obtained from the ATCC (Manassas, VA). They were
cultured in RPMI 1640 or Dulbecco modified Eagle medium (DMEM),
respectively (Invitrogen, Carlsbad, CA), each with 10% fetal bovine serum
(FBS) (Valley Biologicals, VA). The cells were treated with cisplatin at 10
�M for 12 to 16 h prior to analysis. HEK-293T cells were cultured in
DMEM supplemented with 10% FBS. XPA�/� human fibroblasts were a
gift from K. Kraemer (NCI, Bethesda, MD). Stable transfectants were
generated by transfecting cells with 1 �g of plasmid DNA using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA) following the manufacturer’s
instructions. RASSF1A transfectants were selected in 500 �g/ml G418 and
used as an early passage pooled population. shRNA transfectants were
selected in 1 �g/ml puromycin. Transient transfections were performed
using Lipofectamine 2000 and 1 �g of each plasmid DNA. UVC (UV C
[100- to 280-nm wavelength]) irradiation was performed in a Stratalinker
(Stratagene, La Jolla, CA).

Western blot analysis and immunoprecipitation. Cells were lysed in
modified radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl,
50 mM Tris [pH 7.5], 1% NP-40), and the lysate was Western blotted
using a Novex NuPage gel system (Invitrogen). XPA, green fluorescent
protein (GFP), and RASSF1A antibodies were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). FLAG and HA antibodies were obtained
from Sigma (Newark, NJ). Immunoprecipitations were performed using
HA-conjugated Sepharose beads (Sigma), antiacetyllysine-conjugated
beads (Immunechem, Burnaby, BC, Canada) and anti-XPA antibody
(Santa Cruz) as appropriate. Horseradish peroxidase (HRP)-conjugated
Trueblot secondary antibodies were purchased from eBioscience Inc. (San
Diego, CA). Western blots were developed using a Pierce enhanced
chemiluminescence (ECL) detection system (Thermo Scientific, Rock-
ford, IL) and Kodak X-ray film. Images were scanned and quantified using
a Pharos FX plus molecular imager (Bio-Rad, Hercules, CA) and Quantity
One software (Bio-Rad).

Luciferase-based DNA repair assay. CMV-Luc plasmid was diluted
to a concentration of 200 ng/�l and irradiated in a clear Eppendorf tube
with 900 J/m2 of UV in a Stratalinker (Stratagene, La Jolla, CA). After
checking that the irradiated plasmid had no activity in fibroblasts derived
from an XPA patient, target cells were transfected with 100 ng irradiated
CMV-Luc and 5 ng nonirradiated TK-Renilla-Luc per well in a six-well

plate. Each transfection also included 1 �g of vector or XPA expression
plasmid. After 4 h, cells were lysed and assayed with a dual luciferase kit
(Promega). Samples were read in a Berthold luminometer.

Comet assay. Comet assays were performed using a Trevigen (Boston,
MA) kit per the manufacturer’s instructions. Results were visualized
on an Olympus fluorescence inverted microscope and quantified using
CASPLab software (22).

CPD assay. UV-induced cyclobutane pyrimidine dimers (CPD) were
quantitated using the OxiSelect UV-induced DNA damage enzyme-
linked immunosorbent assay (ELISA) kit (Cell Biolabs, Inc., San Diego,
CA) per the manufacturer’s instructions.

Fluorescence quantitation. Fluorescence intensity of the XPA-defi-
cient fibroblasts transiently expressing either GFP-tagged vector (GFP-
vector) or RASSF1A was quantitated using ImageJ software. Images were
captured at a magnification of �10, and the fluorescence intensity of at
least 50 cells was determined after subtracting the surrounding back-
ground.

Transgenic animals. RASSF1A knockout mice (generous gift from
Gerd Pfeifer, Beckman Research Institute, City of Hope, Duarte, CA) (9)
were crossed with XPA knockout mice (23) or wild-type parental mice.
UV treatments were performed as described in reference 24. All animal
experiments were performed with the permission of the Institutional
IACUC committee.

Statistical analysis. Data are reported as means � standard devia-
tions. Statistical significance of differences between the mean values was
assessed by Student’s t test or analysis of variance (ANOVA), as appropri-
ate. Data were considered significant at a P of �0.05.

RESULTS
RASSF1A forms a DNA damage-regulated complex with XPA.
Previous studies have implicated RASSF1A as a potential binding
partner for the DNA repair protein XPA in yeast two-hybrid systems
(19), but these results have never been confirmed in mammalian
cells. To determine whether RASSF1A and XPA can form a physio-
logical complex in mammalian cells, we treated NCI-H1792 cells with
carrier or the DNA damaging agent cisplatin, immunoprecipitated
cell lysates with XPA, and immunoblotted for RASSF1A. In the ab-
sence of DNA damage, we observed little evidence of coimmunopre-
cipitation between endogenous RASSF1A and XPA proteins. How-
ever, when the cells were challenged with cisplatin, the association of
endogenous RASSF1A with endogenous XPA could be detected (Fig.
1A). Exogenous expression of RASSF1A and XPA in HEK-293T cells
challenged with either cisplatin or UV irradiation gave similar results
(Fig. 1B).

RASSF1A contains a consensus ATM/ATR phosphorylation
site (7) and is phosphorylated at serine 131 by ATM in response to
DNA damaging agents (11). ATM and ATR are the principal
checkpoint kinases activated in response to DNA damage (25),
and ATR is the primary sensor of single-stranded (ssDNA) breaks
(SSB) caused by UV damage and replication stress (26). We there-
fore sought to determine whether phosphorylation of RASSF1A
by ATM/ATR at serine 131 is required for its binding to XPA.
Cotransfection experiments of XPA and RASSF1A in the presence
and absence of exogenous ATR showed that ATR enhanced the
interaction between RASSF1A and XPA (Fig. 1C). A mutant of
RASSF1A that is unable to be phosphorylated at serine 131,
RASSF1A S(131)A, did not exhibit enhanced binding to XPA after
UV exposure (Fig. 1D).

RASSF1A is required for full XPA activity. To examine the
functional consequences of the interaction between RASSF1A and
XPA, we generated a series of stable RASSF1A knockdown cell
lines from XPA-deficient patient-derived fibroblasts using two
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different RASSF1A Hush shRNAs. The ability of XPA to stimulate
the repair of a UV-irradiated CMV-Luc plasmid was then assayed
in the cells. Increased relative luciferase activity is an indirect mea-
sure of XPA-mediated DNA repair. Figure 2A shows that after
irradiation, the CMV-Luc reporter lost most of its ability to ex-
press luciferase in XPA-deficient fibroblasts. Figure 2B shows that
cotransfection of XPA into the XPA-deficient cells acts to restore
the activity, but this is impaired when RASSF1A is suppressed by
shRNA. The blots at the bottom of Fig. 2B show the degree of
RASSF1A protein knockdown in the cells.

The cancer-associated A(133)S SNP variant of RASSF1A dif-
ferentially binds XPA. A common SNP of the RASSF1A gene has
been identified and associated with a predisposition for cancer
(20, 27–29). The SNP variant produces a protein with an A(133)S
substitution, which interferes with the consensus phosphoryla-

tion site for the DNA damage-activated ATM/ATR kinases (11).
This suggests that the SNP variant protein might mediate a differ-
ential response to DNA damage (29). When we examined the
interaction of the SNP variant with XPA before and after UV dam-
age, we were surprised to find that it demonstrated the interaction
profile opposite to that of the wild-type RASSF1A, forming a com-
plex with XPA that was readily detectable in the absence of DNA
damage that dissociated upon UV exposure (Fig. 3A). Similar re-
sults were obtained when the cells were damaged with cisplatin
(Fig. 3B). This suggested that the SNP variant might differentially
regulate XPA and DNA repair.

Differential regulation of UV-induced DNA repair by
RASSF1A and its A(133)S SNP variant. To confirm the DNA re-
pair results on chromosomal DNA and to investigate the effects
of the RASSF1A SNP variation, we generated a RASSF1A�/�

FIG 1 RASSF1A forms an endogenous complex with XPA that is enhanced by DNA damaging agents. (A) Equal amounts of protein lysates from H1792 lung
cancer cells that had been treated with 10 �M cisplatin (�) or vehicle for 16 h were immunoprecipitated with an anti-XPA antibody, fractionated on an
SDS-polyacrylamide gel, and then immunoblotted for the presence of RASSF1A in the complex. (B) HEK-293T cells were transiently transfected with GFP-
tagged RASSF1A and HA-tagged XPA expression constructs. The cells were left untreated (�) or treated with 40 J/m2 UVC or 10 �M cisplatin (CP). One hour
after UV exposure or 16 h after adding cisplatin, the cells were lysed, and equal amounts of protein were immunoprecipitated (IP) for GFP. The immunopre-
cipitate was fractionated on an SDS-polyacrylamide gel and then Western blotted (or immunoblotted [IB]) with anti-HA and anti-GFP antibodies. (C)
HEK-293T cells were cotransfected with expression constructs for HA-tagged RASSF1A and Flag-tagged XPA, in the absence (�) or presence (�) of GFP-tagged
ATR. Equal amounts of protein were immunoprecipitated with an anti-HA antibody, and the immunoprecipitates fractionated on an SDS-polyacrylamide gel
and Western blotted with anti-HA and anti-Flag antibodies. (D) HEK-293T cells were cotransfected with expression constructs for HA-tagged XPA and
GFP-tagged wild-type RASSF1A or a mutant that is defective for phosphorylation at serine 131 (S131A). Cells were left untreated or exposed to 40 J/m2 UV. One
hour after exposure to UV, the cells were lysed, and equal amounts of protein were immunoprecipitated with an anti-GFP antibody. The immunoprecipitates
were fractionated on an SDS-polyacrylamide gel and analyzed by Western blotting using anti-HA and anti-GFP antibodies.

RASSF1A Modulates DNA Repair

January 2015 Volume 35 Number 1 mcb.asm.org 279Molecular and Cellular Biology

http://mcb.asm.org


matched set of NCI-H1299 human lung tumor cells (which are
RASSF1A negative [30].) Cells were transfected with vector, wild-
type RASSF1A, or A(133)S SNP variant RASSF1A expression plas-
mids, and a stable pool of cells was obtained after selection in G418
that expressed the relevant proteins within approximately 5-fold
of the endogenous levels observed in the RASSF1A-positive tumor
cell line Calu-6 (Fig. 4A). We then subjected the cells to UV-
mediated DNA damage and assayed the DNA repair capacity of
the cells using an alkaline Comet assay kit (Fig. 4B). The average
size of the DNA tail moment from lysed cells is a measure of
unrepaired DNA present. Cells with restored wild-type RASSF1A
expression exhibited smaller tails, indicating enhanced ability to
repair DNA after damage relative to the vector-transfected cells.
However, the SNP variant expressing cells demonstrated much
larger tails, evidencing a marked suppression of DNA repair. Fig-
ure 4C shows a representative cell comet tail after UV damage
from each group.

Colocalization of RASSF1A and XPA in live cells. As the wild-
type RASSF1A and the SNP variant of RASSF1A exhibit different
effects on binding XPA and modulating DNA repair activity, we
sought to compare their colocalization with XPA in live cells.
We transfected COS-7 cells with GFP-tagged RASSF1A (GFP-
RASSF1A) and red fluorescent protein (RFP)-tagged XPA. After
24 h, cells were examined by fluorescence microscopy. In the ab-
sence of RASSF1A, XPA exhibited uniform distribution in the
nucleus (Fig. 5A). RASSF1A is most prominently localized to the
cytoplasm on microtubules (31–33). When XPA and RASSF1A or
the A(133)S SNP variant of RASSF1A were coexpressed in the
cells, although the RASSF1A proteins were still prominently local-
ized in the cytoplasm on microtubules, they also colocalized in
foci in the nucleus with XPA, as evidenced by the yellow color in

FIG 3 The A(133)S RASSF1A SNP variant differentially binds XPA. (A) HEK-
293T cells were transiently transfected with GFP-tagged RASSF1A or the
A(133)S SNP variant and HA-tagged XPA expression constructs and left un-
treated or exposed to 40 J/m2 UV. One hour after exposure to UV, the cells
were lysed, and equal amounts of protein were immunoprecipitated with an
anti-GFP antibody. The immunoprecipitates were fractionated on an SDS-
polyacrylamide gel and Western blotted with anti-HA and anti-GFP antibod-
ies. (B) Similar experiments were performed using cisplatin as a DNA damag-
ing stimulus.

FIG 2 Suppression of RASSF1A impairs XPA-mediated DNA repair. (A) The CMV-Luc plasmid was irradiated with 900 J/m2 UVC and transfected into
XPA-deficient human fibroblasts, and 4 h later, luciferase activity was assayed. The UV-irradiated plasmid showed severely reduced luciferase activity compared
to the unirradiated control. (B) XPA-deficient human fibroblasts were stably transfected with 2 independent RASSF1A shRNA constructs and a scrambled
control. Cell lines were transiently cotransfected with the irradiated CMV-Luc reporter plasmid together with an expression plasmid for XPA and TK-Renilla as
an internal control. DNA repair was assessed by an increase in luciferase activity compared to the renilla luciferase activity (relative luciferase units [RLU]). Data
are derived from three independent experiments performed in duplicate, and error bars show standard errors. Data were considered significant at a P of �0.05.
Effective knockdown of RASSF1A expression was confirmed by Western blot analysis. Actin was used as a loading control.
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the merged image (Fig. 5A). The wild-type RASSF1A appeared to
give stronger general nuclear staining, and most of the nuclear
RASSF1A SNP variant appeared to be associated with the foci. The
exact nature of the XPA foci remains to be determined. XPA has
been found in conjunction with other DNA repair proteins, such
as RPA and PCNA, in a variety of nuclear foci linked to sites of
DNA repair, including sites of single-strand DNA damage (34),
replication foci, where XPA plays a key role in mediating DNA
repair (35), and even in sites of DNA double-strand breaks (36).
There was little apparent difference in the numbers of foci/cell
between the wild type and SNP variant of RASSF1A in unstimu-
lated cells. After irradiation with UV, the number of focus-positive
cells increased after 10 min. After 2 h, the numbers had returned to
background level for the wild-type RASSF1A cells, but the levels of
SNP variant cells with foci remained elevated (Fig. 5B).

Differential subcellular localization of RASSF1A variants
and XPA. The fluorescence experimental results hinted that there
were significant differences in the subcellular localization of the
RASSF1A proteins and that they might differentially affect the
localization of XPA. To quantify such effects, we UV treated
the stable H1299 cell system, fractionated lysates into cytoplasmic
and nuclear fractions, and Western blotted the fractions for the
relative levels of RASSF1A and XPA. Figure 6A shows a represen-
tative blot. Figure 6B shows quantification of two experiments. In
H1299 cells expressing wild-type RASSF1A, the nuclear levels of
XPA essentially doubled after 5 min (Fig. 6A and B) and fell back
to almost normal after 1 h (by which time most repair has been
completed [Fig. 4B]). In contrast, although XPA in the cells ex-
pressing RASSF1A A(133)S SNP also increased after UV irradia-
tion, the nuclear levels remained elevated after 1 h (Fig. 6A and B).
When we examined the status of RASSF1A in the H1299 cell sys-
tem, we found that wild-type RASSF1A appeared to be almost
equally cytoplasmic and nuclear and that there was no statistically
significant change in relative localization 1 h after treatment (Fig.
6A and C). In contrast, the SNP variant RASSF1A protein was less
nuclear without treatment and became even less nuclear after UV

FIG 4 Wild-type RASSF1A and the A(133)S SNP variant of RASSF1A differ-
entially modulate DNA repair. (A) NCI-H1299 cells were stably transfected
with vectors expressing wild-type RASSF1A or the A(133)S SNP variant form
of RASSF1A. Expression of the exogenous protein was measured by immuno-
blotting with anti-RASSF1A antibodies and found to be within 5-fold of that
observed for the endogenous protein in Calu-6 cells. (B) The cells were irradi-
ated with UV and assayed for changes in DNA repair activity by Comet assay.
Box-and-whisker plots show data from 100 cells from two independent exper-
iments. Values that are significantly different are indicated by asterisks as fol-
lows: �, P � 0.001 compared to the value for untreated control cells; ��, P �
0.01 compared to the value for UV-treated control cells; ���, P � 0.0001
compared to the value for UV-treated RASSF1A-expressing cells. (C) Repre-
sentative comet tails after irradiation.

FIG 5 RASSF1A and XPA colocalize in nuclear foci. (A) COS-7 cells were
cotransfected with GFP vector or GFP-tagged RASSF1A (GFP-RASSF1A) or
the A(133)S SNP variant of RASSF1A and RFP-XPA, and images were cap-
tured 24 h later using a fluorescence microscope. Magnification, �100. (B)
The cells were exposed to UV irradiation, and the percentage of cells with XPA
and RASSF1A colocalization was quantitated 10 min and 2 h after exposure by
randomly selecting 50 cells expressing both GFP-RASSF1A and RFP-tagged
XPA (RFP-XPA). Results are expressed as means plus standard deviations
(SD) (error bars) from triplicate experiments. The value that is significantly
different (P � 0.05) from the value for control cells is indicated by an asterisk.
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irradiation (Fig. 6A and C). Thus, the wild-type RASSF1A and
SNP variant exhibit differential subcellular localization.

The RASSF1A A(133)S SNP variant hyperstabilizes the XPA-
RPA70 complex after DNA damage. After DNA damage has oc-
curred, a repair complex assembles at the site of damage. The
complex is dynamic, and XPA enters the complex to help scaffold
the cycle of repair proteins that enter and leave during the DNA
repair process (15, 37, 38). One of the components of the complex
that helps anchor XPA to DNA is the RPA trimer (39, 40). As the
RASSF1A SNP variant appeared to promote the retention of XPA
in the nucleus after UV treatment, we wondered whether the SNP-
expressing cells might demonstrate changes in the association of
XPA with RPA.

When we examined the association between endogenous XPA
and endogenous RPA70 in the NCI-H1299 matched set of cells,

we found little stable association between the proteins in the ab-
sence of UV irradiation in any of the cells. When we treated vec-
tor-transfected cells or cells expressing wild-type RASSF1A with
UV, we still observed no coprecipitation of XPA and RPA. How-
ever, in the irradiated cells expressing the SNP variant of
RASSF1A, we detected a strong, stable, endogenous complex be-
tween XPA and RPA70 (Fig. 6D). This suggests that the XPA is
being trapped on the DNA in the nucleus in a frozen repair com-
plex.

Differential regulation of XPA deacetylation by RASSF1A
and the A(133)S SNP variant. Having established that RASSF1A
can complex with XPA and modulate NER, we sought to deter-
mine the mechanism. XPA is regulated by posttranslational mod-
ifications, including phosphorylation (41) and acetylation (16).
Acetylation/deacetylation is essential for the correct dynamic as-

FIG 6 Wild-type RASSF1A and the A(133)S SNP variant differentially regulate DNA repair complex stability. (A) The NCI-H1299 cells stably expressing
RASSF1A or the A(133)S SNP were exposed to UV, and nuclear (Nuc) and cytoplasmic (Cyt) lysates were prepared 5 min (5=) and 1 h after exposure. Equal
amounts of lysates were analyzed by Western blotting for XPA expression in each fraction using anti-XPA and anti-HA antibodies. p38 and transcription factor
IIH (TFIIH) were used as controls for cytoplasmic and nuclear fractions, respectively. The experiment was repeated twice, and a representative blot is shown. (B
and C) The blots were quantified densitometrically to generate a ratio of nuclear versus cytoplasmic XPA (B) or RASSF1A (C). (D) The NCI-H1299 RASSF1A/
A133S�/� cells were exposed to UV, and 1 h later, the cells were lysed, and equal amounts of protein were immunoprecipitated with an anti-XPA antibody.
Immunoprecipitates were resolved on SDS-polyacrylamide gels and immunoblotted with anti-XPA and anti-RPA70 antibodies.
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sembly/disassembly of XPA repair complexes, and in particular is
essential for the interaction with RPA (16).

To determine whether RASSF1A might be modulating XPA
acetylation, we cotransfected HEK-293 cells with XPA and wild-
type RASSF1A or RASSF1A SNP variant expression constructs.
Immunoprecipitation and immunoblotting with an acetyllysine
antibody was used to measure the degree of XPA acetylation. Fig-
ure 7A shows the results of a representative experiment, with a
quantification of the average of three experiments shown below
(Fig. 7B). In the absence of RASSF1A, the intrinsic XPA acetyla-
tion was relatively high and showed little decrease upon UV treat-
ment. However, in the presence of wild-type RASSF1A, XPA acet-
ylation was reduced, and UV irradiation provoked a further,
marked decrease in the levels of acetylated XPA. Cells expressing
the SNP variant of RASSF1A also showed a reduced basal XPA
acetylation. However, upon UV treatment, the acetylation in-
creased, in striking contrast to the cells expressing wild-type
RASSF1A. Thus, RASSF1A and its SNP variant not only differen-
tially bind XPA after UV damage but also differentially modulate
its acetylation status.

In Fig. 1 we showed that inactivating the ATR phosphorylation
site of RASSF1A blocked the increase in RASSF1A/XPA binding.
When we examined this S(131)A RASSF1A mutant in the acety-
lating assays, we found that it was rendered unresponsive to UV
(Fig. 8A). Thus, the action of wild-type RASSF1A appears to be
dependent upon ATR phosphorylation, but the action of the SNP

variant does not. As further confirmation of the role of ATR, we
performed experiments in the presence of the ATR/ATM inhibi-
tor caffeine. The inhibitor blocked both the basal effects of
RASSF1A on XPA deacetylation and the effects after UV treatment
(Fig. 8B).

To confirm the effects of RASSF1A on XPA acetylation under
conditions that are closer to physiological conditions, we exam-
ined the status of endogenous XPA in the H1299 cell system. We
could detect low levels of XPA acetylation in the RASSF1A-nega-
tive cells but not in the cells expressing wild-type RASSF1A or the
SNP variant in the absence of irradiation (Fig. 9). We observed a
reduction in XPA acetylation in the absence of RASSF1A after
irradiation. This contrasts with the results in the HEK-293 over-

FIG 7 RASSF1A and the A(133)S SNP variant differentially modulate XPA
acetylation. (A) HEK-293 cells were transiently cotransfected with expression
constructs for HA-tagged XPA and GFP-tagged RASSF1A or A(133)S SNP and
left untreated (�) or exposed to 40 J/m2 UV (�). One hour after UV exposure,
the cells were lysed, and equal amounts of protein were immunoprecipitated
with anti-acetyl-Lys beads. The immunoprecipitates were fractionated on an
SDS-polyacrylamide gel and Western blotted with anti-HA and anti-GFP an-
tibodies. A representative Western blot is shown in panel A. (B) Data from 3
independent experiments are quantitated in the bar graph. Data are the means
plus SD of three independent experiments. Values that are significantly differ-
ent are indicated by asterisks as follows: �, P � 0.05 compared to the value for
control cells exposed to UV; ��, P � 0.05 compared to the value for untreated
RASSF1A-expressing cells.

FIG 8 Phosphorylation at Ser131 by ATR is critical for RASSF1A-mediated
XPA deacetylation. (A) HEK-293 cells were transiently cotransfected with ex-
pression constructs for HA-tagged XPA and GFP-tagged RASSF1A or the
S(131)A nonphosphorylatable mutant of RASSF1A and left untreated (�) or
exposed to 40 J/m2 UV (�). One hour after UV exposure, the cells were lysed,
and equal amounts of protein were immunoprecipitated with anti-acetyl-Lys
beads. The immunoprecipitates were fractionated on an SDS-polyacrylamide
gel and immunoblotted with anti-HA and anti-GFP antibodies. (B) Similar
experiments were performed with wild-type RASSF1A except the cells were
treated with 1 mM caffeine or vehicle 16 h prior to exposure to UV. One hour
after UV exposure, the cells were processed as described above.

FIG 9 RASSF1A and the A(133)S SNP variant differentially modulate XPA
acetylation in stable cell lines. The NCI-H1299 cells stably expressing wild-type
RASSF1A or the A(133)S SNP variant were assayed in a manner similar to that
described in the legend to Fig. 7. Endogenous XPA present in the antiacetyl-
lysine IP was detected using anti-XPA antibodies. The experiment was re-
peated twice, and densitometric quantitation of the blots is shown below the
blots.
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expression studies, perhaps because of the lower levels of the en-
dogenous protein making the assay more sensitive. The most
striking result obtained was with the SNP variant-expressing cells.
These repair defective cells demonstrated a massive failure to
deacetylate XPA after irradiation (Fig. 9). This result was similar
but much more marked than that observed in the overexpression
studies, emphasizing the importance of measuring the status of
the endogenous protein.

RASSF1A-induced deacetylation of XPA is critical for XPA-
mediated repair of UV-induced DNA damage. We have shown
that RASSF1A is required for XPA-mediated DNA repair and can
modulate the acetylation status of XPA. Deacetylation of XPA has
been shown to be essential for the repair of cyclobutane pyrimi-
dine dimers (CPD), one of the predominant types of DNA damage
induced by UV. To determine whether RASSF1A was acting via
modulating XPA acetylation, we generated a matched set of cell
lines in which we stably reexpressed either wild-type XPA or a
mutant of XPA that mimics the hyperacetylated form (XPA-2KQ)
(7) in XPA-deficient human fibroblasts. We then transiently
transfected the cells with expression constructs for either the GFP-
tagged vector or RASSF1A, exposed the cells to UV irradiation,
and then quantitated the levels of cyclobutane pyrimidine dimers.
We found that there was a sharp increase in CPD formation in the
XPA-deficient cells stably expressing a control vector after expo-
sure to UV (Fig. 10A), and this was decreased, although not sig-
nificantly in the cells overexpressing RASSF1A. There was a sig-
nificant decrease in CPD levels in the cells reexpressing wild-type
XPA, which was further decreased in the presence of RASSF1A
(Fig. 10A). In contrast, the XPA-2KQ mutant of XPA abolished
the ability of RASSF1A to repair CPD adducts in the XPA-defi-
cient cells, suggesting that RASSF1A-induced XPA deacetylation
is critical for XPA-mediated repair of UV-induced DNA damage.
Although the level of the exogenous GFP-tagged RASSF1A (GFP-
RASSF1A) was slightly lower than for that of the cells overexpress-
ing the GFP vector, as quantitated using ImageJ software, the lev-
els of RASSF1A expression were consistent among the three
different XPA-deficient cell lines (Fig. 10B).

RASSF1A modulation of XPA deacetylation is Hippo inde-
pendent and SIRT1 dependent. RASSF1A activates the MST1/
Hippo pathway (10). To determine whether the effects of
RASSF1A were via Hippo signaling, we examined the ability of a
RASSF1A point mutant that is defective for MST1 binding (42) to
modulate XPA deacetylation. Figure 11A shows that the point
mutant retains the ability to promote XPA deacetylation, suggest-
ing that the effect is Hippo independent.

The deacetylase SIRT1 is known to play major role in control-
ling the acetylation of XPA (16). As RASSF1A appears to be mod-
ulating XPA acetylation, we wondered whether RASSF1A might
be acting via SIRT1. To determine the role of SIRT1 in the action
of RASSF1A, we used a specific SIRT1 inhibitor and showed that
the ability of RASSF1A to promote XPA deacetylation after UV
treatment is abolished when SIRT1 is inhibited (Fig. 11B).

RASSF1A and XPA cooperate in vivo. XPA patients are highly
susceptible to UV-induced skin tumors (43). Previous work has
shown that mice heterozygous for XPA exhibit a tumor response
to UV that is identical to that of wild-type controls (24). Both
wild-type and heterozygous XPA animals begin to develop tumors
approximately 200 days after the start of UV treatment with 50%
of the animals scoring tumor positive by 300 days. In contrast,
animals with defects in both XPA alleles show more rapid tumor

development, with the animals scoring positive for tumors 70 days
after the start of the UV irradiation protocol (24).

The in vitro data suggest that XPA�/� mice might be sensitized
to UV if RASSF1A function were also impaired. We performed a
small-scale in vivo experiment where we crossed RASSF1A and
XPA knockout mice to generate a population of double heterozy-
gous animals. The animals were subjected to the standard UV
exposure procedure (24) and monitored to determine the rate of
skin tumor induction. One hundred days after exposure to UV, we
found that three of six or 50% of mice that were heterozygous for
both RASSF1A and XPA (RASSF1A�/� XPA�/�) exhibited single
or multiple skin tumors, whereas the three wild-type heterozy-
gous control mice (XPA�/� RASSF1A�/�) remained completely
tumor free. We hope to expand these experiments to include a
larger sample size and additional controls in the future.

DISCUSSION

Loss of RASSF1A function due to epigenetic inactivation or point
mutation is a common event in human cancer. Indeed, some tu-
mor types appear to undergo almost 100% inactivation (7), sug-
gesting that it may be one of the most important genetic changes
involved in the development of cancer. RASSF1A knockout mice
exhibit an enhanced rate of spontaneous tumor formation, but the

FIG 10 RASSF1A-mediated deacetylation of XPA is essential for repair of
UV-induced cyclobutane pyrimidine dimers (CPD). (A) XPA-deficient fibro-
blasts stably expressing either wild-type (wt) XPA or an XPA acetylation mim-
icking mutant (XPA-2KQ) or transfected with the empty vector were tran-
siently transfected with either GFP-vector or RASSF1A. Twenty-four hours
after transfection, the cells were left untreated or exposed to 40 J/m2 UV. One
hour later, DNA was isolated from the cells, and equal amounts were added to
a high-binding 96-well plate. CPD levels were quantitated by ELISA using an
anti-CPD antibody. Values are means plus SD for two independent experi-
ments performed in duplicate. Values that are significantly different are indi-
cated by asterisks as follows: �, P � 0.05 compared to the value for vector
control cells exposed to UV; ��, P � 0.05 compared to the value for XPA-
deficient cells expressing wild-type XPA without RASSF1A expression. (B) The
fluorescence intensity of the cells was quantitated using ImageJ software after
subtracting the background fluorescence and is represented as corrected total
cell fluorescence.
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role of RASSF1A in suppressing tumor development is not well
understood. It is proapoptotic and can mediate the apoptotic re-
sponse to Ras activation (21). It is also a key player in the apoptotic
response to DNA damage (11). Here we show that it also plays a
vital role in the regulation of DNA repair itself by forming a direct
endogenous complex with the nucleotide excision repair (NER)
protein XPA. The interaction of wild-type RASSF1A with XPA
after UV damage appears to be regulated by ATR phosphoryla-
tion. Suppression of RASSF1A inhibits DNA repair, and overex-
pression of RASSF1A enhances it.

Although XPA is best characterized as an NER protein that
facilitates the repair of single-strand DNA breaks, it has now also
been implicated in the repair of double-strand breaks (44), and it
may be present at stalled replication forks where it can participate
in postreplication repair (35). Therefore, RASSF1A may exert a
more general effect on DNA repair than just NER. As RASSF1A
mediates the DDR as well, it may be an integral part of the complex
machinery that determines the cellular response to DNA damage:
repair or death. Cells with inactivated RASSF1A should both resist
the induction of apoptosis due to DNA damage and exhibit en-
hanced genomic instability after DNA damage due to defective
NER. This would suggest that defects in RASSF1A and XPA might
act together to enhance tumorigenesis. Our small-scale in vivo
study supports this concept, as RASSF1A XPA double heterozy-

gous mice showed a synergistic increase in tumorigenesis after UV
irradiation.

The RASSF1A A(133)S SNP variant has been linked to an en-
hanced risk of cancer (28, 29). It is partially defective for the ability
to activate the MST kinases and therefore, the apoptotic DNA
damage response (29). We have found that the RASSF1A SNP
variant exhibits differential binding to XPA and suppresses DNA
repair. Therefore, cells expressing the SNP are more likely to both
survive and accumulate more oncogenic lesions after DNA
damage.

The mechanism underlying the differential association with
XPA of the wild-type RASSF1A and SNP variants of RASSF1A
remains unclear. The failure of an S(131)A mutant of RASSF1A to
behave like the A(133)S SNP variant after UV treatment shows
that the differential binding of the SNP variant is not due to loss of
phosphorylation at serine 131 by ATR. Perhaps the serine intro-
duced at residue 133 in the SNP variant is subject to an as yet
unknown posttranslational modification that can be regulated by
DNA damage and modulates its interaction with XPA.

Despite its potentially deleterious effects, the RASSF1A
A(133)S SNP variant is present in approximately �22% of the
Caucasian population in the United States (20). It seems curious
that such an apparently deleterious SNP variant would be so evo-
lutionarily successful. Even more intriguing is the finding that the
SNP is relatively uncommon in populations of African descent (4
to 6%) (20). We hypothesize that the lower levels of ambient UV
in the ancestral Caucasian environment may have permitted the
evolution of a tempered DNA damage response by the SNP. This
could provide an evolutionary advantage in a low-UV environ-
ment because of the recently discovered cardiovascular role of
RASSF1A (45). We have found that a mutant of RASSF1A that is
defective for MST/Hippo activation suppresses cardiomyocyte
apoptosis and fibrosis in a mouse model for heart disease (45). As
the RASSF1A SNP variant is partially defective for MST activation
(29), carriers may gain an enhanced resistance to cardiac disease.
The SNP could make a major contribution to reported racial dis-
parities in heart disease (46).

RASSF1A has typically been observed associated with the mi-
crotubule network (32, 33). The interaction of RASSF1A with
XPA and its effects on DNA repair suggested that RASSF1A might
be present in the nucleus. Using fluorescence microscopy allowed
us to detect colocalization of RASSF1A and XPA in nuclear foci in
live cells. The precise identity of the foci remains unclear. The
fluorescence suggested that the RASSF1A SNP variant might be
less nuclear than the wild-type RASSF1A is. Fractionation exper-
iments confirmed this. Whether this is a cause or effect of reduced
XPA/SNP binding after UV treatment is not yet known.

The XPA protein is thought to act as a scaffold for the cycling in
and out of various components of the DNA repair complex as the
repair process proceeds (15). The binding of XPA to other com-
ponents of the complex is regulated, in part, by the acetylation/
deacetylation of XPA. Mutants of XPA which are defective for
acetylation exhibit a defective interaction with other repair com-
plex components, such as the RPA trimer, and are defective for
DNA repair (16). We found that the wild-type form of RASSF1A
shows enhanced binding to XPA after DNA damage and promotes
the formation of deacetylated XPA, and this RASSF1A-mediated
deacetylation of XPA is crucial for repair of UV-induced DNA
damage. However, the A(133)S SNP variant of RASSF1A exhibits
the binding profile opposite to that of XPA as the wild-type pro-

FIG 11 RASSF1A-mediated XPA deacetylation is Hippo pathway independent
and is mediated by SIRT1. HEK-293 cells were transiently cotransfected with ex-
pression constructs for HA-tagged XPA and GFP-tagged RASSF1A or a RASSF1A
mutant that is defective for binding to Mst1 (42) [RASSF1A L(308)P]. Equal
amounts of protein were immunoprecipitated with anti-acetyl-Lys beads, and the
immunoprecipitates were fractionated on an SDS-polyacrylamide gel and West-
ern blotted with anti-HA and anti-GFP antibodies. (B) HEK-293 cells were tran-
siently cotransfected with expression constructs for HA-tagged XPA and GFP-
tagged RASSF1A. Thirty-six hours after transfection, a 2 �M concentration of the
SIRT1 inhibitor inauhzin was added to the cells. Sixteen hours later, the cells were
exposed to 40 J/m2 UV, and 1 h after exposure to UV, the cells were lysed, and
lysates were immunoprecipitated with anti-acetyl-Lys beads. Immunoprecipitates
were resolved on SDS-polyacrylamide gels, transferred to nitrocellulose mem-
branes, and blotted with anti-HA and anti-GFP antibodies. Vec, vector.
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tein and blocks the deacetylation cycle of XPA after DNA damage.
Moreover, the RASSF1A SNP variant had a powerful effect on the
stabilization of the endogenous XPA-RPA70 complex. Such de-
regulation of the XPA-RPA complex cycling inhibits DNA repair
(39). Thus, we have identified a new mechanism of action for
RASSF1A in the control of its binding partners by modulating
their acetylation.

An acetylation cycle is essential for XPA regulation (16). One of
the key enzymes regulating the acetylation status of XPA is the
SIRT1 deacetylase (16). When we used an inhibitor of SIRT1,
RASSF1A was no longer able to promote XPA deacetylation. This
shows that RASSF1A can modulate SIRT1 activity. MST1 has been
shown to phosphorylate and inhibit the SIRT1 deacetylase (47),
and RASSF1A can bind and activate MST1. Since RASSF1A-me-
diated activation of MST kinases can be induced by DNA damage
(11), RASSF1A could be modulating XPA acetylation via MST1/
SIRT1. However, when we used a point mutant form of RASSF1A
that cannot bind or activate MST1 (42), we found that it still
induced XPA deacetylation. Therefore, while the control of XPA
acetylation by RASSF1A is mediated by SIRT1, it appears largely
MST independent. How the A(133)S SNP variant can inhibit XPA
deacetylation after UV irradiation when it does not bind XPA
remains to be determined. It seems likely that the SNP variant is
acting indirectly on XPA, via SIRT1.

Dynamic protein acetylation is a major component of post-
translational control of protein activity. Many proteins known to
serve a critical function in growth, development, and cancer are
regulated by protein acetylation, for example the p53 tumor sup-
pressor (48). There are at least 9 families of deacetylase/acetyl-
transferase proteins that mediate the process in humans (49). Our
data suggest that SIRT1 is one of these components that are mod-
ulated by RASSF1A. Exactly which substrates in addition to XPA
can be modulated by RASSF1A and its SNP variant may prove an
interesting avenue for future studies. One of the most pertinent
could be the tumor suppressor p53, as RASSF1A has been linked
to p53 regulation, and the p53 status of a cell can affect XPA
nuclear localization dynamics (50).

Thus, DNA repair and regulation of protein acetylation are two
more properties that can be assigned to the RASSF1A tumor sup-
pressor. RASSF1A can form an endogenous complex with the K-
Ras oncoprotein (13, 51). Moreover, activated Ras has been re-
ported to enhance DNA repair (52) but also to promote DNA
damage (53) under different conditions. Perhaps the interaction
of RASSF1A with XPA may be one more connection that allows
Ras to influence DNA repair, and RASSF1A levels could affect
whether the effect is positive or negative.
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