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Abstract
Nucleotide excision repair (NER) is the only mechanism in humans to repair UV-induced DNA
lesions such as pyrimidine (6–4) pyrimidone photoproducts and cyclobutane pyrimidine dimers
(CPD). In response to UV damage, the ataxia telangiectasia mutated and Rad3-related (ATR) kinase
phosphorylates and activates several downstream effector proteins, such as p53 and XPA, to arrest
cell cycle progression, stimulate DNA repair, or initiate apoptosis. However, following the
completion of DNA repair, there must be active mechanisms that restore the cell to a prestressed
homeostatic state. An important part of this recovery must include a process to reduce p53 and NER
activity as well as to remove repair protein complexes from the DNA damage sites. Since activation
of the damage response occurs in part through phosphorylation, phosphatases are obvious candidates
as homeostatic regulators of the DNA damage and repair responses. Therefore, we investigated
whether the serine/threonine wild-type p53-induced phosphatase 1 (WIP1/PPM1D) might regulate
NER. WIP1 overexpression inhibits the kinetics of NER and CPD repair, whereas WIP1 depletion
enhances NER kinetics and CPD repair. This NER suppression is dependent on WIP1 phosphatase
activity, as phosphatase-dead WIP1 mutants failed to inhibit NER. Moreover, WIP1 suppresses the
kinetics of UV-induced damage repair largely through effects on NER, as XPD-deficient cells are
not further suppressed in repairing UV damage by overexpressed WIP1. Wip1 null mice quickly
repair their CPD and undergo less UV-induced apoptosis than their wild-type counterparts. In
vitro phosphatase assays identify XPA and XPC as two potential WIP1 targets in the NER pathway.
Thus WIP1 may suppress NER kinetics by dephosphorylating and inactivating XPA and XPC and
other NER proteins and regulators after UV-induced DNA damage is repaired.
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1. Introduction
Mammals have evolved sophisticated stress response and repair pathways to maintain the
integrity of their DNA in response to constant endogenous and exogenous mutagenic insults.
After exposure to genotoxic stress, the cell initiates an intricate DNA damage signaling cascade
to activate numerous target proteins that arrest cell cycle progression, initiate DNA repair
processes or instigate programmed cell death responses. One type of exogenous damage is
ultraviolet (UV) light, which produces mainly two types of DNA lesions, cyclobutane
pyrimidine dimers (CPDs) and pyrimidine (6–4) pyrimidone photoproducts [1]. These DNA
lesions hinder transcription and replication and may result in a decrease in RNA synthesis, cell
cycle arrest, or apoptosis. If left unrepaired, the lesions may induce DNA mutations that may
eventually lead to skin cancer [2,3]. In mammals, these UV-induced lesions are repaired by
nucleotide excision repair (NER), which is carried out by a coordinated multi-protein complex
consisting of over 30 proteins [3,4]. NER recognizes the DNA helix distorting lesion, remodels
the chromatin surrounding the lesion, excises the oligonucleotide containing the lesion, and
performs repair synthesis and ligation to complete the repair process [3,5]. NER is composed
of two distinct subpathways that differ in their DNA damage recognition. Global genomic
repair removes DNA lesions from the entire genome and transcription coupled repair (TCR)
only removes DNA lesions from transcribed genes. As expected, defects in NER lead to several
genetic disorders, notably xeroderma pigmentosum (XP), Cockayne’s syndrome (CS) and
Trichothiodystrophy (TTD). XP patients exhibit hypersensitivity to UV-induced skin cancer
and CS and TTD patients undergo premature ageing [3,5].

Data on how the upstream UV-induced DNA damage signaling cascade regulates NER is
sparse. Recently the main regulator of the UV-induced DNA damage response, the ataxia
telangiectasia mutated and Rad3-related (ATR) kinase [6,7], was shown to be required for
global genomic NER during S-phase [8]. Furthermore, in response to UV, ATR becomes
activated and phosphorylates a number of downstream substrates, such as p53 and XPA, to
enhance NER [9,10] and cell survival after UV damage [11,12], respectively. Phosphorylated
p53 becomes stabilized, which activates p53 to induce XPC [13] and DDB2 [14] gene
expression, which are critical for DNA lesion recognition and recruitment of other repair
proteins. Additionally, p53 may also have a direct role in NER by recruiting the XPB helicase
to the sites of CPD damage [15]. However, following the completion of DNA repair, there
must be active mechanisms that restore the cell to a prestressed homeostatic state. A
fundamental part of this recovery must include a process to reduce p53 and NER activity as
well as to remove repair protein complexes from the DNA damage sites. One plausible method
involves phosphatases that dephosphorylate and inactivate p53 and/or NER proteins.

One phosphatase that acts on p53 and ATM/ATR signaling is the wild-type p53-induced
phosphatase 1 (WIP1, also known as PPM1D). WIP1 is a member of the type 2C protein family
of serine/threonine phosphatases (PP2C) that is transcriptionally upregulated in a p53-
dependent manner in response to various types of DNA damage [16,17]. We previously showed
that WIP1 can negatively regulate p53 by dephosphorylating p53 at serine 15, a site
phosphorylated by the ATR kinase in response to UV damage [18]. Additionally, WIP1 can
also negatively regulate p53 by dephosphorylating and inactivating positive regulators of p53
such as, ATM [19], CHK1 [18], CHK2 [20,21], and p38 MAPK [22] or by dephosphorylating
and activating negative regulators of p53 such as, MDM2 [23] and MDMX [24]. Moreover,
WIP1 can inhibit base excision repair [25] and DNA double strand break repair, through
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homologous recombination and non-homologous end joining [26]. Thus, we have proposed
that the primary role of WIP1 is to dephosphorylate and deactivate DNA damage response-
activated proteins [17,27].

The downregulation of p53 and the DNA damage and DNA repair responses by WIP1 has
cancer implications, particularly since the DNA damage response has recently been shown to
play a crucial role as an early anti-cancer barrier [28–30]. Not surprisingly, WIP1 has been
implicated as an oncogene [17]. WIP1 gene amplification and/or protein overexpression have
been reported in a variety of human tumors [17], including breast adenocarcinoma [31–33],
neuroblastoma [34], and ovarian clear cell adenocarcinoma [35,36]. In vitro transformation
assays demonstrate that Wip1 promotes transformation of primary rodent fibroblasts in
cooperation with other oncogenes [31,37]. Taken together, among the mechanisms by which
WIP1 contributes to tumorigenesis may be its ability to inactivate various stress response and
repair pathways.

Here, we show that WIP1 can also regulate NER. WIP1 overexpression inhibits NER kinetics
and CPD repair, whereas WIP1 depletion enhances NER kinetics and CPD repair. Additionally,
inhibition of NER is dependent on the phosphatase activity of WIP1 but independent of p53.
Wip1 null mice quickly repair their CPD and undergo less UV-induced apoptosis than their
wild-type counterparts. In vitro phosphatase assays identify XPA and XPC as two potential
WIP1 targets in the NER pathway. Thus WIP1 may suppress NER kinetics by
dephosphorylating and inactivating XPA and XPC and other NER proteins and regulators after
the DNA is repaired.

2. Materials and Methods
2.1 Wip1-deficient mice

Wip1 knockout mice were generated by ES cell targeting as previously described [38].
Chimeric offspring were mated to C57BL/6 mice resulting in mixed background founders who
were analyzed for transmission of the mutant Wip1 allele. Once Wip1 germ line heterozygotes
were obtained, these mixed 129/Sv X C57BL/6 mice were backcrossed at least three
generations into C57BL/6. Wip1 heterozygotes were crossed to obtain Wip1+/+, Wip1+/−, and
Wip1−/− offspring and genotyped by PCR as described below. All mice were bred and
maintained in a specific pathogen free animal facility at Baylor College of Medicine, where
cages, chow (Irradiated Harlan Teklad Diet 2920X), and water were changed weekly. All
research with mice has been conducted in compliance with the Baylor Animal Protocol
Committee (Baylor College of Medicine Animal Protocol AN336) and AAALAC
recommendations as published in The Guide for the Care and Use of Laboratory Animals
(NRC1996).

2.2 Wip1 Allele Genotyping
High molecular weight genomic DNA was prepared from 1.5 cm mouse tail tips, 50 mg tissue,
or 1 × 106 cells. Samples were digested overnight at 55–60°C in Tail Lysis Buffer (50 mM
Tris pH 7.6, 50 mM EDTA pH 8.0, 100 mM NaCl, 1% SDS, 5 mM DTT, 0.1 mg Proteinase
K). The DNA was phenol:chloroform extracted, precipitated with 100% ethanol, washed with
70% ethanol, and resuspended in 100 μl TE (10mM Tris-HCl pH 8.0, 1mM EDTA pH 8.0)
buffer for three hours at 37°C or at room temperature overnight. All PCR primers were
synthesized by Integrated DNA Technologies (Coralville, IA). Genotyping for the wild-type
and mutant mouse Wip1 alleles was performed using primers in Intron 3 and Exon 4: Wip1
Intron 3: 5′-ACA AGC TTG CAG GGC TGT TTG TGG-3′ and PGK Promoter: 5′-CTT CCC
AGC CTC TGA GCC CAG AAA GC-3′ and Wip1 Exon4 F: 5′-GTG GAG CTA TGA TTT
CTT CAG TGG-3′ and Wip1 Exon4 R: 5′-GAT ACG ACA CAA GAC AAA CCT CC-3′.
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Using these primers, wild-type Wip1 allele produced a 300 bp fragment, whereas the mutant
Wip1 allele produced a 500 bp fragment following PCR. PCR was performed under the
following conditions combining 1 μl (or 500 ng) of genomic DNA, 5% DMSO, and 0.3125
μM primers in an AccuPower PCR PreMix tube (BioNeer, Inc., Alameda, CA): 95°C/5 min,
[94°C/1 min, 50°C/1 min, 72°C/40 sec] x 35 cycles, 72°C/7 min. Samples were resolved on a
1% agarose gel.

2.3 Cell Culture
Saos-2 and U2-OS (two human osteosarcoma cell lines), HeLa, and XP17BE (XPD deficient)
cells were obtained from the American Type Culture Collection (ATCC) (Manassas, VA) and
cultured in DMEM, supplemented with 10% FBS and 1% Penicillin/Streptomycin. Wip1+/+,
Wip1+/−, and Wip1−/− mouse embryonic fibroblasts (MEFs) were generated as previously
described (Choi et al. 2002) and cultured in DMEM with 15% FBS and 1% Penicillin/
Streptomycin. Wip1 MEFs were incubated in a modulator incubator chamber (Billups-
Rothenberg, Inc, Del Mar, CA) containing a blood gas mixture of 5% carbon dioxide, 5.1%
oxygen, and 90% balance nitrogen (Air Liquide American Corp., Houston, TX).

2.4 Plasmid Constructs
The mouse wild-type Wip1, phosphatase-dead Wip1 point mutants (mWip1-A95D, mWip1-
D307A) and Wip1 truncation mutants (mWip1-ΔN(1-50), mWip1-ΔN(1-101), mWip1-ΔC
(376-598)) were subcloned into pcDNA4/V5-His as previously described [25,37]. The human
WIP1-D314A phosphatase-dead point mutant was generated using the QuikChange Site-
Directed Mutagenesis Kit (Stratagene) with either the WIP1-Flag-CMV-Neo-Bam or the
WIP1-ΔExon6-His-pET-23a+ as a template. D314A point mutant primers were: 5′-
TTATATTGGGGAGTGCTGGACTTTGGAATATGATTCCACC-3′ and 5′-
GGTGGAATCATATTCCAAAGTCCAGCACTCCCCAATATAA-3′. All clones were
sequenced to verify correct mutations.

The human WIP1-Flag-CMV-Neo-Bam plasmid was described previously [16] and obtained
from Dr. E. Appella. The recombinant human WIP1 plasmid (WIP1-ΔExon6-His-pET-23a+)
for bacterial expression was also described previously [39] and kindly provided by Dr. H.
Yamaguchi. pRL-CMV was purchased from Promega and pGL3-CMV was obtained from Dr.
A. Rice. The XPD (XPD-pCMV6-XL4) expression vector was purchased from Origene
Technologies, Inc. (Rockville, MD).

2.5 Host Cell Reactivation Assay
Wip1−/−, Wip1+/−, and Wip1+/+ MEFs were seeded in 6-well plates and transfected with 500
ng of pGL3-CMV, which was damaged with 500 J/m2 UVC using a Stratalinker (Stratagene,
La Jolla, CA), and 10 ng of pRL-CMV (Renilla luciferase marker plasmid for normalizing
transfection efficiencies) using Lipofectamine Plus Reagent (Invitrogen). Twenty-four hours
post transfection cells were rinsed once with phosphate-buffered saline (PBS) and lysed with
reporter lysis buffer (Promega, Madison, WI) at room temperature. Luciferase activity from
20 μl of cell lysates was assayed using the Dual-Luciferase Reporter Assay System (Promega)
in a Turner TD-20e Luminometer (Turner Designs, Sunnyvale, CA).

Host cell reactivation assays were also performed in U2-OS, SAOS-2, and XPD-deficient cells
using the above protocol with some modifications as noted below. U2-OS cells were transfected
with 500 ng of human WIP1, mouse (wild-type, point or truncation mutant) Wip1, or empty-
CMV (pcDNA) expression constructs, 500 ng of 4000 J/m2 UVC-damaged pGL3-CMV and
10 ng of pRL-CMV using Lipofectamine Plus Reagent. SAOS-2 cells were transfected with
500 ng of human WIP1, WIP1-D314A or pcDNA expression constructs, 500 ng of 1000 J/
m2 UVC-damaged pGL3-CMV and 10 ng of pRL-CMV using Lipofectamine Plus Reagent.
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XPD-deficient cells were transfected with 500 ng of human WIP1, WIP1-D314A, XPD, or
pcDNA expression constructs, 500 ng of 500 J/m2 UVC-damaged pGL3-CMV and 10 ng of
pRL-CMV using FuGENE 6 transfection reagent (Roche Applied Science, Indianapolis, IN).
The total amount of DNA in each transfection was kept constant by complementing with
empty-CMV (pcDNA) vector control DNA. WIP1 expression was verified by Western
blotting.

2.6 Antibodies
Primary antibodies included antibodies against actin (I-19) (Santa Cruz Biotechnology, Santa
Cruz, CA), cleaved caspase 3 (Asp175) (Cell Signaling Technology (CST), Danvers, MA),
cleaved PARP (Asp214) (CST), DYKDDDDK (Flag) tag (BioLegend, San Diego, CA),
thymine dimer and thymine dimer-HRP (Kamiya Biomedical Company, Seattle, WA), V5
(Invitrogen), WIP1/PPM1D (C-term) (Abgent, San Diego, CA). Secondary antibodies
included donkey anti-goat IgG-HRP (sc-2020), goat anti-mouse IgG-HRP (sc-2302) and
bovine anti-rabbit IgG-HRP (sc-2385) all from Santa Cruz, and highly cross-absorbed
secondary Alexa Fluor 488 goat anti-mouse IgG (A11029) and Alexa Fluor 568 goat anti-rat
IgG (A-11077) antibodies, both from Invitrogen.

2.7 Western blotting
Wip1+/+ and Wip1−/− MEFs were irradiated with 15 J/m2 of UVC (254 nm) using a Stratalinker
(Stratagene). At indicated times after irradiation, cells were rinsed with PBS, scraped, and
pelleted. Cell pellets were resuspended in lysis buffer (150mM NaCl, 50mM Tris pH 7.5, 1%
NP-40, 0.1% SDS, 1% Na-deoxycholate, 10mM NaF, 1mM EDTA, Protease Inhibitor
(Roche)) for 30 minutes on ice. Protein extracts were boiled at 100°C for 5 min and subjected
to SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membrane using standard
electroblotting procedures. The membrane was blocked with 5% milk in tris buffered saline
containing 0.1% Tween-20 (TBST) for 1 hour and incubated with rabbit anti-cleaved caspase-3
and rabbit anti-cleaved PARP (both from CST), at 1:1000 dilution, and goat anti-actin (Santa
Cruz) at 1:2000 dilution, primary antibodies at 4°C overnight. Protein was detected using
SuperSignal Chemiluminescent substrate (Thermo Scientific).

HeLa, SAOS-2 and U2-OS cells transfected with WIP1 plasmids were washed once with PBS,
scraped, and pelleted. Cell pellets were dissolved in Laemmli Sample Buffer (Bio-Rad Labs,
Hercules, CA) supplemented with 5% 2-mercaptoethanol for 15 min at room temperature.
Protein extracts were boiled at 100°C for 10 min and western blotted as above. The membrane
was blocked with 5% milk-TBST and incubated with rabbit anti-WIP1 (Abgent), at 1:1000
dilution, and goat anti-actin (Santa Cruz) at 1:2000 dilution, primary antibodies at 4°C
overnight. To detect mouse Wip1 expression, membranes were incubated with the mouse anti-
V5 (Invitrogen) primary antibody and anti-mouse HRP (eBiosciences) secondary antibodies,
both at 1:5000 dilution, for 1 hr each at room temperature.

2.8 Immuno Slot-Blot Analysis of CPD in Genomic DNA
Wip1+/+ and Wip1−/− MEFs were irradiated with 15 J/m2 of UVC (254 nm) using a Stratalinker
(Stratagene). At indicated times after irradiation, cells were rinsed with PBS, scraped, and
pelleted. Cell pellets were digested overnight at 55–60°C in Tail Lysis Buffer and genomic
DNA was isolated using the method described above. The DNA concentration was determined
by measurements of absorbance at 260 and 280 nm. For immuno slot-blot analysis, 2.5 μg of
genomic DNA was denatured for 10 min at 100ºC, followed by the addition of one volume of
2M ammonium acetate to stabilize the denatured DNA. The denatured DNA was then loaded
on a Nytran SuPerCharge nylon membrane (Schleicher & Schuell) using the Minifold II slot
blot apparatus (Schleicher & Schuell). After fixing the DNA by baking the membrane at 80°
C for 2 hr, the membrane was blocked in PBS containing 5% non-fat dried milk for 1 hr at
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room temperature. After three washes in PBS, the membrane was incubated with an anti-
thymine dimer-HRP antibody (Kamiya) at 1:1000 dilution overnight at 4°C. After extensive
washes in PBS, the SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific,
Rockford, IL) was added and the membrane was exposed to X-ray film. The membrane was
briefly washed in deionized water (dH2O) and incubated in a DNA staining solution (0.1%
methylene, 0.5M sodium acetate pH 5.2) for 15 min at room temperature. The DNA staining
solution was removed and the membrane was destained extensively in dH2O. The CPD and
DNA band intensities were scanned using a flat-bed Perfection 4180 Photo color scanner
(Epson, Long Beach, CA) and the images were analyzed using Photoshop CS2 software (Adobe
Systems Inc., San Jose, CA). The CPD content was normalized to the DNA content. The percent
of remaining CPD was calculated by normalizing relative CPD amounts at various timepoints
to the amount of CPD at 1hr after UV damage.

HeLa cells were seeded in 10 cm tissue culture plates and transfected with 6 μg of WIP1-Flag,
WIP1-D314A-Flag or pcDNA empty vector using Lipofectamine Plus reagent (Invitrogen).
Twenty-four hours post transfection cells were rinsed once with PBS and irradiated with 15 J/
m2 of UVC. Genomic DNA isolation and slot blot analysis were performed as described above.
WIP1 expression was verified by Western blotting.

2.9 Immunofluorescence
HeLa cells were grown on coverslips in 10 cm dishes 24 hr prior to transfection. 6 μg of
WIP1-Flag expression vector or no DNA was transfected into the cells using Lipofectamine
Plus reagent. Twenty-four hours post transfection cells were rinsed once with PBS and
irradiated with 15 J/m2 of UVC. At indicated times after irradiation cells were rinsed twice in
PBS then fixed with 3.8% formaldehyde in PBS for 10 min at room temperature. After fixation,
cells were washed 3 times in PBS and permeabilized with 0.5% Triton X-100 in PBS for 15
min at room temperature. Cells were subsequently washed 3 times in PBS and incubated in
2M HCl for 5 min at 37°C to denature cellular DNA. After three washes in PBS cells were
blocked in 3% BSA in PBS at 4°C overnight. Cells were costained with mouse anti-thymine
dimer (Kamiya) and rat anti-DYKDDDDK (Flag) tag (BioLegend) primary antibodies, both
at 1:1000 dilution, in 1% BSA-PBS at 37°C for 1 hr. Cells were then washed 3 times with PBS
and stained with highly cross-absorbed secondary anti-mouse Alexa Fluor 488, at 1:500
dilution, and anti-rat Alexa Fluor 568, at 1:1000 dilution, (Invitrogen) antibodies along with
the DNA counter stain 4′-6′-diamidino-2-phenylindole (DAPI), at 1:250 dilution, in 1% BSA-
PBS at 37°C for 1 hr. Cells were washed 3 times in PBS and coverslips were mounted with
Prolong Gold Antifade (Invitrogen).

2.10 Automated microscopy and analysis of microscopic images
Images were acquired with a Beckman-Coulter IC-100 microscope utilizing autofocus, a Nikon
20x 0.75 NA objective, a Hamamatsu Orca ER CCD camera, and appropriate filters for the
three fluorophores, DAPI, Alexa Fluor 488, and Alexa Fluor 568. For each field, one image in
each fluorescent channel was acquired. Image analysis was performed using Pipeline Pilot data
pipelining software (Accelrys Inc., San Diego, CA). Prior to further analysis, each image was
background-subtracted by subtracting the median pixel intensity of each image from each pixel
within the image, and setting pixels that result in a negative value to zero. For each field, a
binary mask was produced that marked the nuclear regions in the field, by performing a
segmentation algorithm on the DAPI channel image of the field. Circularity, size, and DAPI
channel sum of pixel intensities were calculated for each distinct nuclear region in the binary
mask. Nuclear regions were eliminated from the binary mask if any of the following criteria
were not met:

1. The region did not contact the edge of the field.
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2. The region area was within the range of a typical interphase nucleus.

3. The region circularity was within the range of a typical interphase nucleus.

4. The region DNA content (represented by the DAPI sum of pixel intensities of the
region) was within the range of 2C or 4C.

5. The DAPI channel 90th percentile pixel intensity of the region was within the range
of a typical interphase nucleus.

These criteria largely excluded fluorescent debris, nuclear fragments, clustered nuclei, multi-
nucleated cells, apoptotic cells, and mitotic cells from further analysis. For each remaining
nuclear region, the underlying CPD channel sum of pixel intensities and WIP1 channel sum
of pixel intensities were measured. Additionally, CPD channel and WIP1 channel mean pixel
intensities were calculated for each region.

2.11 UVB irradiation of Wip1-deficient mice
The dorsal hair of 8 to 10 week old virgin female Wip1+/+ or Wip1−/− mice was first clipped
using an electric clipper follow by treatment with Nair (Church & Dwight Co., Inc, Princeton,
NJ) to completely remove all hair, at least 24 hr prior to UVB irradiation. Restrained mice were
irradiated using an EL Series UV Lamp (UVP, LLC Upland, CA) that emits 100% UVB at
302 nm. The mice were treated with 2.5 kJ/m2 UVB given as a single exposure. Negative
control mice were treated in a similar manner but only mock irradiated. Each group consisted
of at least 3 animals. At indicated times after irradiation mice were sacrificed by cervical
dislocation. One piece of dorsal skin from every mouse was fixed in 10% buffered formalin
or digested in tail lysis buffer for the isolation of genomic DNA and CPD slot-blot analysis (as
described above). Formalin-fixed tissues were processed, paraffin embedded, and sectioned to
a thickness of 5 μm at the Baylor College of Medicine Comparative Pathology Laboratory.
Mounted skin sections were stained with hematoxylin and eosin (H&E) for light microscopy.
Images were obtained with a Nikon Eclipse 80i microscope, a Nikon 20x 0.75 NA objective,
and a Nikon DS-5M color CCD camera (Nikon Inc, Melville, NY) using NIS Elements
software.

2.12 TUNEL assay for detection of apoptotic cells
To assess the effects of Wip1 allele status on UVB-induced apoptosis, terminal
deoxynucleotidyl transferase–mediated dUTP nick end labeling (TUNEL) staining was
performed on the paraffin-embedded skin sections using the In Situ Cell Death Detection Kit,
Fluorescein (Roche) following the manufacturer’s instructions. Sections were counterstained
with DAPI (1 μg/ml) and mounted with Prolong Gold Antifade (Invitrogen). Sections were
imaged with an epifluorescent Nikon Eclipse 80i microscope, a Nikon 20x 0.75 NA objective,
and a Photometrics CoolSNAP cf monochrome CCD camera using NIS Elements software and
appropriate filters for the two fluorophores, DAPI and Alexa Fluor 488. For each mouse, four
random fields were imaged and the TUNEL and DAPI fluorescence intensity were quantitated.
The TUNEL fluorescence intensity was normalized to the DAPI intensity and plotted.

2.13 Phosphopeptides and in vitro phosphatase assays
All phosphopeptides were custom synthesized by New England Peptide (Gardner, MA). The
phosphopeptide sequences are as follows: substrates: XPA pS196 (Ac-LEVWGpSQEALE-
Amide) and XPC pS892 (Ac-EEGTSpSQAEAA-Amide); negative control: UNG2 pT31 (Ac-
AVQGpTGVAGV-Amide); and positive controls: p38-MAPK pT180 (Ac-
TDDEMpTGpYVAT-Amide) and CHK1 pS345 (Ac-QGISFpSQPTCP-Amide). For in vitro
phosphatase assays on phosphopeptides, recombinant human WIP1 ΔEx6 and phosphatase-
dead WIP1-D314A ΔEx6 proteins were purified from bacteria as previously described [39].
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50 ng of purified protein was diluted in PP2C phosphatase buffer (50 mM Tris-HCl pH 7.5,
0.1 mM EGTA, and 0.02% 2-mercaptoethanol) and incubated with BSA (1 mg/ml) and 30 mM
MgCl2 containing 100 μM phosphopeptide for 1 hr at 25ºC. Free phosphate was determined
using a molybdate dye based Serine/Threonine Phosphatase Assay System (Promega)
following protocols provided by the manufacturer. Absorbance was measured with a 630 nm
filter in a Victor 2 1400 Multilabel 96-well Plate Reader (Perkin Elmer, Waltham, MA). The
relative amount of phosphate released for the XPA and XPC substrates was normalized to the
positive control of each phosphatase. Phosphatase assays were done in triplicate. In vitro
phosphatase assays using PP1α, PP2A, and PP2Cα protein were also performed using the above
protocol with some modifications as noted below. PP1α (cat# 539493) was purchased
(Calbiochem, San Diego, CA) and diluted in PP1 phosphatase buffer (50 mM Tris-HCl, pH
7.0, 5 mM DTT, 200 μM MnCl2, 100 μM EDTA pH 7.0). The positive control for PP1α was
the CHK1 pS345 phosphopeptide. PP2A (cat# 14-111) was also purchased (Millipore,
Billerica, MA) and diluted in PP2A phosphatase buffer (50 mM Tris-HCl pH 7.0, 14 mM 2-
mercaptoethanol, 100 μM EDTA pH 8.0). The RRA(pT)VA Ser/Thr phosphopeptide supplied
with the Serine/Threonine Phosphatase Assay System served as the positive control for PP2A.
PP2Cα (cat# 539569) was also purchased (Calbiochem) and diluted in the previously described
PP2C phosphatase buffer. The p38-MAPK pT180 phosphopeptide also served as the PP2Cα
positive control.

2.14 Statistical analysis
The results shown are means ± standard error. Statistical significance was assessed using
Student’s t-test.

3. Results
3.1. Wip1-deficient MEFs exhibit enhanced nucleotide excision repair of UV-damaged DNA

To assess whether WIP1 regulates NER, we utilized two established methods to analyze the
repair of UV-damaged DNA. First we performed host cell reactivation (HCR) assays in mouse
fibroblasts derived from Wip1+/+, Wip1+/−, and Wip1−/− embryos (Wip1 MEFs). UV-
damaged firefly luciferase and undamaged Renilla luciferase plasmids were cotransfected into
Wip1 MEFs and luciferase activity was measured in cell lysates 24 hours later. Given that UV-
induced DNA lesions block transcription, expression of firefly luciferase provides an indicator
of the ability of the transfected cells to repair the UV-damaged reporter plasmid, primarily
through NER [40]. The Wip1−/− and Wip1+/− MEFs display a 2.8 and 1.8 fold increase,
respectively, in NER activity as compared to the Wip1+/+ MEFs (Figure 1A).

In a second assay we analyzed the repair of cyclobutane pyrimidine dimers (CPD), which are
UV-induced lesions that occur when the double bonds between adjacent pyrimidines are
saturated to create a four-membered ring [1]. Wip1 MEFs were irradiated with 15 J/m2 UV
and genomic DNA was harvested from the cells at various times following UV irradiation.
CPD repair was analyzed using an immuno slot-blot assay using antibodies specific for the
UV-induced CPD. By 24 hours, Wip1−/− MEFs had repaired 59% of their CPD, in contrast to
only 8% by the Wip1+/+ MEFs, as compared to the 1 hour timepoint (Figure 1B). A similar
trend appears at 48 hours, although the difference in repair rates at this time point is not
statistically significant. Taken together, our results show that loss of WIP1 enhances NER
kinetics, thereby implicating WIP1 as an inhibitor of NER.

To determine whether the decreased CPD in the Wip1−/− MEF resulted in a concurrent increase
in apoptosis, we next examined the levels of two pro-apoptotic proteins, cleaved caspase-3 and
cleaved poly (ADP-ribose) polymerase (PARP). The Wip1−/− MEF had lower levels of cleaved
caspase-3 and cleaved PARP l as compared to the Wip1+/+ MEF in response to UV (Figure
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1C), indicating that the decreased CPD seen in the Wip1−/− MEF is not a result of increased
apoptosis. On the contrary, these findings suggest that accumulation of CPD in the Wip1+/+

MEF may have triggered more UV-induced apoptosis.

3.2 WIP1 overexpression inhibits NER
Given that reduction of Wip1 enhances NER activity, we wanted to investigate whether
increased levels of WIP1 would diminish NER activity. We repeated the HCR assay in the U2-
OS human osteosarcoma cells, which are p53-proficient, by cotransfecting the UV-damaged
luciferase plasmid with plasmids expressing the WIP1 gene or an empty vector. U2-OS cells
transfected with human or mouse Wip1 had a 33% and 31% reduction in NER, respectively,
as compared to cells transfected with an empty vector (Figure 2A). To ascertain the domains
of WIP1 that were responsible for regulating NER, we performed HCR assays using murine
Wip1 mutants. Two N-terminal (phosphatase-domain) truncation mutants (Δ1-50 and Δ1-101)
and two phosphatase-dead point mutants (A95D and D307A) of Wip1 had no effect on NER
indicating that the phosphatase activity of Wip1 plays an important role in inhibiting NER.
The C-terminal Wip1 truncation mutant (Δ376-598) had a minor inhibitory effect on NER,
suggesting that the C-terminal domain outside of the phosphatase domain may also be involved
in inhibiting NER. Western blot analysis of U2-OS cells show that the transfected WIP1
plasmids were expressed at robust levels (Figure 2C).

Since p53 enhances NER [9,10,13–15] and WIP1 negatively regulates p53 (as part of a negative
feedback regulatory loop) [18,23], it might be that the increased NER activity in Wip1−/− MEFs
and the decreased NER activity in WIP1 overexpressed U2-OS cells was simply due to
increased and decreased p53 activity, respectively, and not due to the direct effects of WIP1
on NER functions. To determine whether WIP1 regulation of NER is p53 independent, we
examined the effects of overexpressed WIP1 on NER in Saos-2 cells, which are p53-null human
osteosarcoma cells. Saos-2 cells transfected with human WIP1 had a 46% reduction in NER
activity as compared to the empty vector transfected control cells (Figure 2B). As expected,
the phosphatase-dead human WIP1 mutant (D314A) had no effect on NER. Western blot
analysis showed that the transfected WIP1 plasmids were expressed (Figure 2D). Altogether,
these results demonstrate that inhibition of NER by WIP1 is p53 independent.

As a negative control, HCR assays were also performed in XP17BE cells that are XPD-
deficient. Overexpression of either human or mouse Wip1 in the XP17BE cells had no effect
on NER as compared to the empty vector control as these cells are unable to efficiently repair
the damaged luciferase plasmid (Figure 2E). In contrast, when the XP17BE cells were
complemented with an XPD expression vector, overexpression of human or mouse Wip1
inhibited NER by 36% and 19%, respectively, as compared to empty vector controls.
Overexpression of the phosphatase-dead Wip1 again had no effect on NER. In summary, our
results show that WIP1 overexpression inhibits repair of UV-damaged DNA templates, and
that the inhibition is dependent on a functioning NER pathway. Moreover, WIP1 phosphatase
activity is required for the inhibition, and that inhibition is p53 independent.

3.3 WIP1 overexpression inhibits the repair of CPD
To confirm the HCR assay results, we also examined the effects of WIP1 overexpression on
the repair of CPD. HeLa cells were transfected with wild-type WIP1, phosphatase-dead WIP1,
or empty vector 24 hours prior to irradiation with 15 J/m2 UV. At various times following UV
irradiation, genomic DNA was harvested from the transfected cells and CPD repair was
analyzed using an immuno slot-blot assay. Surprisingly, the difference in the repair of CPD
between empty vector or phosphatase-dead WIP1 and WIP1 transfected cells was not
statistically significant (data not shown). Considering that the transfection efficiency of this
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experiment was less than 50% (data not shown), we reasoned that a significant effect by the
transfected cells might be masked in this assay by the presence of untransfected cells.

To remedy this problem and distinguish between cells that express low or high levels of WIP1
we immunostained for CPD and WIP1. HeLa cells transfected with no DNA or Flag-WIP1
were uniformly irradiated with 15 J/m2 UV and immunostained for CPD and Flag (to detect
WIP1 expression) at various time points after irradiation. The coverslips were imaged using a
high through-put microscope with appropriate filters for DAPI, CPD, and WIP1 (Figure 3B–
G). The sum and mean nuclear fluorescence of each channel was measured. Nuclei clusters,
mitotic cells, and apoptotic cells were filtered from the total cell population. Analysis of the
total HeLa cells transfected with either no DNA or WIP1 showed that these cells were able to
repair 90% and 83% of their CPD, respectively, within 24 hours after irradiation (Figure 3A).
However, when the total WIP1 transfected HeLa cell population was divided into two
subpopulations, low and high WIP1, the difference in CPD repair rates were clearly visible.
Cells with low WIP1 levels repaired 87% of their CPD by 24 hours as compared to cells with
high WIP1 levels, which only repaired 61% of their CPD. Thus, quantitative analysis of CPD
and WIP1 fluorescence by high throughput microscopy revealed a highly significant reduction
in CPD repair in cells with high WIP1 levels as compared to cells with low WIP1 (26%
difference between low and high WIP1) or no DNA (29% difference between no DNA and
high WIP1), indicating that higher WIP1 levels inhibit CPD repair. Examination of individual
transfected UV-treated Hela cells (Figure 3B–G) shows that cells with high levels of WIP1 at
24 hours post UV exhibit higher levels of CPD fluorescence compared to their non-WIP1
expressing counterparts (Figure 3G).

3.4 Wip1 null mice exhibit increased CPD repair and decreased apoptosis in response to UV
To investigate whether the principal target of UV light in animals, the skin, also benefits from
Wip1 depletion, we analyzed the repair of CPD in the epidermis of Wip1 null mice in response
to UVB irradiation. The depilated dorsal skin of female Wip1+/+ and Wip1−/− mice was
exposed to 2.5 kJ/m2 UVB and harvested at 4, 24, and 48 hours post irradiation. Hematoxylin
and eosin (H & E) staining of skin sections revealed no overt differences between the two
genotypes (Figure 4A & B). Neutrophils infiltrated the subcutaneous fat and dermis of the
Wip1+/+ skin after UV irradiation, whereas both neutrophils and monocytes infiltrated the
Wip1−/−skin. Epidermal hyperplasia, or thickening, was visible in both genotypes by 48 hours
post irradiation. Analysis of the epidermal thickness revealed no statistical difference between
the two genotypes (data not shown). Immuno slot-blot analysis of genomic DNA isolated from
irradiated skin sections showed CPD accumulation by 4 hours and almost all CPD clearance
by 48 hours post irradiation in both genotypes (Figure 4C). Interestingly, Wip1−/− mice
displayed a 50% decrease in their CPD between the 4 and 24 hour timepoints, whereas the
Wip1+/+ mice maintained the same amount of CPD at both timepoints. Moreover, Wip1−/−

mice have 63% less CPD than their Wip1+/+ counterparts by 24 hours post irradiation.

A TUNEL assay was also performed on the skin sections to examine whether apoptosis was
induced (Figure 4D–F). While apoptotic cells were visible in the epidermis of both genotypes
by 24 hours post UV irradiation, Wip1+/+ mice had significantly more TUNEL staining than
the Wip1−/− mice. These results suggest that the decreased CPD seen in Wip1−/− mice was not
a result of apoptosis, but rather accumulation of CPD in the Wip1+/+ mice may have triggered
more UV-induced apoptosis. In summary, Wip1 null mice can more rapidly remove their CPD,
which may reduce their sensitivity to UV-induced apoptosis.

3.5 XPA S196 and XPC S892 are potential WIP1 targets
To determine a mechanism by which WIP1 might inhibit NER, potential WIP1 targets in the
NER pathway were identified. Recently, the ATM/ATR kinases were reported to
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phosphorylate two NER proteins, XPA and XPC (xeroderma pigmentosum complementation
group A and C, respectively) in response to DNA damage [12,41]. A sequence alignment
containing the identified XPA sites, serines (Ser) 173 and 196, and XPC sites, serines 350 and
892, showed that XPA Ser196 and XPC Ser892 are highly conserved from zebrafish to humans
(Figure 5A–C). Overall the XPA Ser196 site, which has an 87.5% identity and a 100%
similarity, is more highly conserved from yeast to humans than the Ser173 site, which has a
56.3% identity and a 68.8% similarity. XPC Ser892, with a 100% identity and similarity, is
slightly more conserved from chickens to humans than Ser350, with a 90.9% identity and
similarity.

We next investigated whether WIP1 can dephosphorylate the phosphoserines on XPA and XPC
in vitro. XPA Ser196 and XPC Ser892 phosphopeptides were synthesized and incubated with
bacterially purified WIP1 protein and Mg2+ in an in vitro phosphatase assay. Release of free
phosphate from the phosphopeptides was measured and normalized against the positive
control. The phosphatase assay showed that WIP1 can robustly dephosphorylate both XPA
Ser196 and XPC Ser892 phosphopeptides in vitro as compared to the p38 MAPK positive
control (Figure 5D). Like other PP2C members, WIP1 activity was Mg2+ dependent and
okadaic acid insensitive [16,17]. In addition, incubation of WIP1 with a negative control
phosphopeptide, UNG2 Thr31, displayed minimal phosphatase activity. Finally, incubation
with the WIP1-D314A phosphatase-dead mutant exhibited no activity against the XPA Ser196
and XPC Ser892 phosphopeptides.

To demonstrate the specificity of WIP1 dephosphorylation, we incubated the XPA Ser196 and
XPC Ser892 phosphopeptides with four different purified serine/threonine phosphatases
(Figure 5E). Only the WIP1 phosphatase dephosphorylated these phosphopeptides, whereas
PP1α, PP2A, and the closely related PP2Cα displayed only minimal phosphatase activity. In
summary, these results suggest that XPA and XPC are possible NER targets of WIP1 for further
investigation.

4. Discussion
Post-translational modifications such as phosphorylation and dephosphorylation may play a
role in regulating DNA repair protein activities since mounting evidence suggests that repair
processes are modulated in this manner [12,25,42–45]. For example, PP2A has been shown to
activate NER [46], possibly by dephosphorylating XPB at S751 to stimulate 5′ incision activity
[47]. Here we propose that phosphatases may also play a role in deactivating DNA repair
pathways.

We show that WIP1 decreases the rate of NER kinetics by reducing the repair of UV-damaged
DNA as well as CPD. In accord with the previous results, Wip1 null MEFs have enhanced
NER activity and CPD repair relative to their wild-type counterparts. In addition, Wip1
heterozygous MEFs also have increased NER activity as compared to the wild-type MEFs,
suggesting that depletion of just one allele of Wip1 can confer an enhancement in NER activity.
In vivo, Wip1 null mice displayed decreased CPD accumulation and apoptosis relative to
Wip1 wild-type mice in response to UVB irradiation. CPDs have been proposed to be the major
contributor to UV-induced apoptosis and hyperplasia in the epidermis of murine skin [48,49].
Accordingly, these results suggest that CPD repair is increased in Wip1 null mice, thus reducing
UV-induced apoptosis in the skin of these mice.

Two possible NER protein candidates that WIP1 may inactivate include XPA and XPC. WIP1
may dephosphorylate XPA S196 and XPC S892, which are well conserved from zebrafish to
humans and have been shown to be substrates of the ATM/ATR kinases in response to DNA
damage [12,41]. Following UV damage, ATR interacts with and phosphorylates XPA on S196,
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which moderately enhances cell survival [11,12,50]. In contrast, the physiological relevance
of XPC phosphorylation on S892 in response to damage remains to be elucidated. However,
phosphorylation of XPA and XPC may increase the binding affinity of these proteins for UV-
damaged DNA and/or their respective binding partners.

Based on the data presented here, we propose a model in which UV damage activates ATR,
which phosphorylates and activates XPC, XPA, and other proteins to facilitate NER. In
addition, ATR activates p53 (through phosphorylation of p53 ser15). Activated p53 will
transcriptionally activate a number of target genes, including WIP1. Once UV-damaged DNA
has been repaired, accumulated WIP1 will then dephosphorylate and inactivate XPC and XPA
(and perhaps other NER proteins), thus inactivating NER and returning the cell to a normal
prestress state. In addition, WIP1 dephosphorylates and downregulates p53 and a number of
targets in the ATM/ATR DNA damage response pathway, indicating that WIP1 plays a global
role in downregulating the DNA damage response, as well as multiple DNA repair pathways
that include base excision repair [25] as well as DNA double strand break repair [26]. In normal
cells, WIP1 thus plays a critical homeostatic role in the recovery from DNA damage-induced
stress.
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Abbreviations

ATM ataxia telangiectasia mutated

ATR ataxia telangiectasia mutated and Rad3-related

CHK1 checkpoint kinase 1

CHK2 checkpoint kinase 2

CPD cyclobutane pyrimidine dimers

CS Cockayne’s syndrome

DAPI 4′-6′-diamidino-2-phenylindole

DDB2 damaged DNA binding gene 2

MAPK mitogen-activated protein kinase

MDM2 murine double minute 2

MDMX murine double minute X

MEF mouse embryonic fibroblast

Mg2+ magnesium

NER nucleotide excision repair

OA okadaic acid

PARP poly (ADP-ribose) polymerase
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PP1 protein phosphatase type 1

PP2A protein phosphatase type 2A

PP2C protein phosphatase type 2C

PPM1D protein phosphatase 1D magnesium-dependent, delta isoform

Ser serine

TTD Trichothiodystrophy

TUNEL terminal deoxynucleotidyl transferase–mediated dUTP nick end labeling

UNG2 uracil DNA glycosylase 2

UV ultraviolet

WIP1 wild-type p53-induced phosphatase 1

XP xeroderma pigmentosum

XPA xeroderma pigmentosum complementation group A

XPC xeroderma pigmentosum complementation group C
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Figure 1.
Wip1 depletion enhances nucleotide excision repair. (A) Wip1 null MEFs display increased
NER activity as measured by host cell reactivation assays. A UV-damaged firefly luciferase
reporter plasmid was cotransfected with an unirradiated Renilla luciferase plasmid into
Wip1+/+, Wip1+/−, and Wip1−/− MEFs. Twenty-four hours after transfection, the cells were
harvested and luciferase activity was measured. After correcting for transfection efficiency by
dividing the firefly by Renilla luciferase activity, the Wip1+/+ MEFs cells were set to 100%
and the normalized luciferase values for the other cells were reported as percent repair activity.
Error bars indicate the standard error (n=6). Asterisks indicate statistical significance with P
values indicated. (B) Wip1 null MEFs display enhanced kinetics of CPD repair. Kinetics of
CPD repair in Wip1+/+ and Wip1−/− MEFs were determined by immuno slot-blot assay
following 15 J/m2 UVC irradiation. The percent of remaining CPD was calculated by
normalizing relative CPD amounts at various timepoints to the amount of CPD at 1 hour after
UV damage. Each data point represents the mean of three experiments and the error bars
represent the standard error. The asterisk indicates statistical significance (p<0.05). (C)
Representative western blot showing reduced cleavage of apoptosis-facilitating proteins
(caspase 3 and PARP) in Wip1−/− MEF compared to Wip1+/+ MEF after 15 J/m2 UV.
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Figure 2.
WIP1 inhibits NER. (A) WIP1, but not mutant murine Wip1, overexpression inhibits NER in
U2-OS cells. Human WIP1, mouse (wild-type, point or truncation mutant) Wip1, or empty-
CMV expression constructs were cotransfected with a UV-damaged firefly luciferase reporter
plasmid and an unirradiated Renilla luciferase plasmid into U2-OS (p53 proficient cells).
Twenty-four hours after transfection, the cells were harvested and luciferase activity was
measured. After correcting for transfection efficiency by normalizing to firefly Renilla
luciferase activity, the empty vector transfected cells were set to 100% and the normalized
luciferase values for the other cells were reported as percent repair activity. Error bars indicate
the standard error (n=3). Asterisks indicate statistical significance (p<0.05). (B) p53-
independent inhibition of NER in Saos-2 cells by WIP1. Human wild-type or phosphatase-
dead WIP1 or empty-CMV expression constructs were cotransfected with luciferase plasmids
in p53 null Saos-2 cells as described above. Error bars indicate the standard error (n=4) and
asterisks indicate statistical significance (p<0.05). (C) Western blot analysis of WIP1
expression in U2-OS cells transfected with human or mouse Wip1 as analyzed in (A). A
monoclonal Flag or V5 antibody was used to detect human or mouse Wip1, respectively, which
is the top band in each lane. β-actin was used as loading control. (D) Western blot analysis of
WIP1 expression in Saos-2 cells transfected with human WIP1, as analyzed in (B). (E) WIP1
suppression of UV-damage repair is largely dependent on a functioning NER pathway. WIP1
overexpression inhibits NER in XP17BE (XPD deficient) cells complemented with an XPD
plasmid. Human wild-type or phosphatase-dead WIP1 or empty-CMV expression constructs
were cotransfected with luciferase plasmids in the presence or absence of exogenous XPD in
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XP17BE cells as described above. After correcting for transfection efficiency by dividing the
firefly by Renilla luciferase activity, the empty vector + exogenous XPD transfected cells were
set to 100% and the normalized luciferase values for the other cells were reported as percent
repair activity. Error bars indicate the standard error (n=3). Asterisks indicate statistical
significance (p<0.05).
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Figure 3.
WIP1 inhibits repair of CPD. (A) Quantitative analysis of CPD repair in UV irradiated HeLa
cells with or without overexpressed WIP1. The CPD fluorescence intensity (normalized to
DAPI) from the mock-transfected and WIP1-transfected cells were measured by high-
throughput microscopic imaging and plotted. Each data point represents the average of two
(open boxes or circles) or three (filled boxes or circles) coverslips, each containing at least
3,500 independent cells. Error bars represent the standard error and the asterisk indicates
statistical significance: (* = p<0.0078; ** = p<0.0072; *** = p<0.0011). (B–G) WIP1
overexpression inhibits the repair of CPD. HeLa cells transfected with no DNA (B–D) or wild-
type WIP1 (E–G) were irradiated with 15 J/m2 UVC 24 hours after transfection. Cells were
fixed at various timepoints after irradiation and immunostained with anti-Flag (red
fluorescence) and anti-CPD antibodies (green fluorescence) to assess CPD repair. DAPI
staining (blue fluorescence) was used to identify nuclei. (B, E) no UV, (C, F) 8 hours post UV,
(D, G) 24 hours post UV irradiation.
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Figure 4.
Effects of UVB exposure on Wip1 deficient mice. Skin sections from Wip1+/+ and Wip1−/−

mice exposed to 2.5 kJ/m2 UVB were collected at the times indicated. (A, B) Epidermal
morphology in Wip1+/+ (A) and Wip1−/− (B) mice. Skin sections were stained with
hematoxylin and eosin. (C) Wip1 null mice displayed increased CPD repair activity. Genomic
DNA was isolated from irradiated mouse skin and CPD were detected by immuno slot-blot
assay. Each data point (blue squares = Wip1+/+, red circles = Wip1−/−) represents an individual
mouse. The green triangle represents the average of the genotype and the error bars represent
the standard error. The asterisk indicates statistical significance (p<0.05). (D) Wip1 null mice
are less sensitive to UV-induced apoptosis. A TUNEL apoptosis assay was performed on skin
sections. TUNEL fluorescence intensity was normalized to DAPI staining and plotted. Each
data point (blue squares = Wip1+/+, red circles = Wip1−/−) represents an individual mouse.
The green triangle represents the average of the genotype and the error bars represent the
standard error. The asterisk indicates statistical significance (p<0.05). (E, F) TUNEL staining
of the epidermis of Wip1+/+ (E) and Wip1−/− (F) mice.
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Figure 5.
XPA and XPC phosphopeptides are dephosphorylated by WIP1 in vitro. (A) Protein sequence
alignment of various orthologues of XPA, containing serines 173 and 196, indicated by arrows.
Identical amino acids are highlighted with a black background while conservative amino acid
substitutions are indicated with a gray background. (B, C) Protein sequence alignment of
various orthologues of XPC, containing serines 350 (B) and 892 (C), indicated by arrows.
(D) XPA S196 and XPC S892 phosphopeptides are dephosphorylated by WIP1 in vitro. XPA
pS196 and XPC pS892 phosphopeptides were incubated with human recombinant WIP1,
phosphatase-dead WIP1-D314A, or PP2Cα protein. p38 pT180 and UNG2 pT31
phosphopeptides were used as a positive and negative control, respectively. −Mg2+ indicates
incubation in the absence of magnesium and +OA indicates incubation with the PP1α and PP2A
phosphatase inhibitor, okadaic acid. Free phosphate released from the phosphopeptide was
measured by malachite green phosphate assay to determine relative phosphatase activities on
each phosphopeptide. Error bars represent the standard error (n=3) and the asterisk indicates
statistical significance (p<0.05). (E) WIP1, but not other serine/threonine phosphatases,
dephosphorylates XPA S196 and XPC S892 phosphopeptides in vitro. XPA pS196 and XPC
pS892 phosphopeptides were incubated with human recombinant WIP1, PP1α, PP2A, or
PP2Cα protein. Positive controls were as follows: p38 pT180 for WIP1 and PP2Cα, CHK1
pS345 for PP1α, and the generic serine/threonine phosphopeptide, RRA(pT)VA, for PP2A.
Phosphatase activity was measured as described above. Error bars represent the standard error
(n=3) and the asterisk indicates statistical significance (p<0.05).
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