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Abstract
Proteins that respond to DNA damage play critical roles in normal and diseased states in

human biology. Studies have suggested that the S. cerevisiae protein CMR1/YDL156w is

associated with histones and is possibly associated with DNA repair and replication pro-

cesses. Through a quantitative proteomic analysis of affinity purifications here we show that

the human homologue of this protein, WDR76, shares multiple protein associations with the

histones H2A, H2B, and H4. Furthermore, our quantitative proteomic analysis of WDR76

associated proteins demonstrated links to proteins in the DNA damage response like

PARP1 and XRCC5 and heterochromatin related proteins like CBX1, CBX3, and CBX5.

Co-immunoprecipitation studies validated these interactions. Next, quantitative imaging

studies demonstrated that WDR76 was recruited to laser induced DNA damage immedi-

ately after induction, and we compared the recruitment of WDR76 to laser induced DNA

damage to known DNA damage proteins like PARP1, XRCC5, and RPA1. In addition,

WDR76 co-localizes to puncta with the heterochromatin proteins CBX1 and CBX5, which

are also recruited to DNA damage but much less intensely than WDR76. This work demon-

strates the chromatin and DNA damage protein associations of WDR76 and demonstrates

the rapid response of WDR76 to laser induced DNA damage.

Introduction
In the human body, tens of thousands of DNA lesions occur each day [1]. These lesions, if not
repaired or repaired incorrectly, produce mutations or wider-scale genome aberrations that
can lead to many different diseases. Many of the side effects of cancer therapy, such as hair
loss, nausea, and bone marrow suppression are also caused by DNA damage [2]. Therefore,
identifying factors associated with a particular type of DNA damage response is of great
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importance towards the understanding of these biological processes and diseases. We previ-
ously described a poorly characterized protein in S. cerevisiae named CMR1/YDL156w that
associated strongly both with histones and with DNA repair and replication proteins [3]. Addi-
tional studies on yeast CMR1/YDL156w have demonstrated that the protein had higher affinity
for UV-damaged DNA and had increased localization to chromatin upon UV treatment [4].
Recently, Jones et al. have shown that YDL156w is recruited to coding regions of transcribed
regions in yeast and may regulate RNA Polymerase II occupancy [5]. In a screen for proteins
involved in the DNA damage response, Tkach et al found CMR1/YDL156w localized to foci
distinct from the known Rad52 foci [6]. In addition, a computational analysis of co-expressed
genes from cell cycle regulated yeast genes found CMR1/YDL156w clustered with DNA-meta-
bolic process genes [7]. Recently, an in depth investigation of CMR1/YDL156w revealed links
to chromatin, localization into foci, a response to replication stress, and involvement in a DNA
damage checkpoint [8].

Less is known about the human homologue of CMR1/YDL156w, WDR76. Intriguingly
WDR76 was found to associate with the Cul4-DDB1 ubiquitin ligase complex [9] and was also
found in a screen for 5-(hydroxyl)methylcytosine readers [10]. Spruijit et al. purified
GFP-WDR76 and found interactions with SPIN1 (also known as OCR), HELLS, and GAN
[10], and Gallina et al. reported GFP-WDR76 to be associated with HELLS, XRCC5, and
XRCC6 [8]. In addition, Gallina et al. found GFP-WDR76 to be localized to nuclear foci [8].
Overall, the limited data from investigating both the yeast and human form of this protein sug-
gests roles in chromatin biology and the DNA damage response.

In this study we focused on the humanWDR76 protein and sought to determine its protein
interaction network and analyze its recruitment to laser induced DNA damage. To begin, we
affinity purified proteins from cell lines stably expressing HaloTag™-H2A, H2B, H4, and
WDR76 and identified several proteins involved in DNA repair processes associated with each
bait protein. An analysis of the proteins specifically associated with WDR76 suggested addi-
tional links to chromobox containing proteins like CBX1, CBX3, and CBX5. To assess both
WDR76’s role in DNA-damage response and its association with heterochromatin enriched
proteins, we induced DNA damage by UV irradiation and observed the subsequent changes in
localization of key proteins by microscopy [11,12]. Here we report that WDR76 is rapidly and
intensely recruited to regions of localized DNA damaged induced by UV-laser microirradia-
tion. Moreover, we show that the CBX1 and CBX5 proteins form puncta in cells and co-localize
with WDR76. Thus our study suggests that WDR76 protein plays a role in both chromatin
biology and the DNA damage response.

Materials and Methods

Materials
Magne™HaloTag1 magnetic affinity beads and HaloTag™TMRDirect ligand were purchased
from Promega (Madison, WI). The following HaloTag™ clones from the Kazusa DNA Research
Institute (Kisarazu, Chiba, Japan) were used: WDR76 (FHC25370), XRCC5 (FHC07775),
RPA1 (FHC01462), CBX1 (FHC07438), CBX3 (FHC02188), CBX5 (FHC10519), and PARP1
(FHC01012). HEK293T cells (ATCC1 CRL-11268™) were from ATCC (Manassas, VA) and
Flp-In™-293 cells (AHO1112) were from Invitrogen™ (Carlsbad, CA). CLIP-tag™Cell505 ligand
was from New England Biolabs (Ipswich, MA). Mouse anti-yH2A.X (phospho-Ser-139) anti-
body (DNA double strand break marker 05–636) was from EMDMillipore (Bellerica, MA).
Alexa Fluor 488 Chicken Anti-Mouse IgG (A21200) was purchased from ThermoFisher Scien-
tific (Waltham, MA).
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Construction of vectors for protein expression in HEK293 cells. HaloTag™ clones were
transferred from the original Flexi1 vector, pFN21A, into the vector “Halo pcDNA5/FRT
PacI PmeI” as described by Banks et al. [13]. Histone H2B, H2A and H4 ORFs were transferred
from the original Flexi1 vector pFC14K (C-terminal HaloTag™ expression vector), into the
pcDNA5/FRT vector, using the restriction sites NheI/NotI. Selected ORFs coding for PARP1,
XRCC5, RPA1, CBX1, CBX3, and CBX5 were cloned into a modified pCLIP-tag™-FLAG vec-
tor. pCLIP-FLAG was constructed by inserting a DNA fragment encoding a FLAG tag followed
by the restriction site Sgf1 into the multiple cloning site of the pCLIP-tag™ vector from New
England Biolabs (Ipswich, MA). We also constructed CLIP-WDR76 and Halo-RPA1 vectors
for use in a reverse tag imaging experiment.

Cell culture and Stable Cell Lines. HEK293T cells were cultured in DMEM at 37°C in 5%
CO2. All media for transient transfections were supplemented with 10% fetal bovine serum,
and 2 mMGlutamax. HEK293FRT cells stably expressing Halo-WDR76, H2A-Halo,
H2B-Halo and H4-Halo were constructed using the Flp-In™ system (ThermoFisher Scientific)
according to the manufacturer’s instructions. All media for HEK293FRT stable cell lines were
supplemented with 10% calf serum, 1x penicillin and 1x streptomycin.

Protein Purification. HEK293FRT cells stably expressing Halo-WDR76 or Histones
H2A-Halo H2B-Halo and H4-Halo were grown to 90% confluency in 10–850 cm2 roller bot-
tles. Nuclear extracts were prepared as described [14], with the exception of the use of 0.42 M
NaCl instead of KCL, and the nuclear fraction was passed through a 26-gauge needle three
times prior to centrifugation. Prior to Halo-tag purification, protein concentrations were deter-
mined for nuclear lysates to have consistent amounts of starting material. The nuclear lysate
was incubated with beads prepared from 200 μl Magne™HaloTag1 bead slurry for 1 hr at 4°C.
The beads were washed three times with buffer containing 25 mM Tris�HCl pH 7.4, 136 mM
NaCl, 2.7 mM KCl and 0.05% Nonidet1 P40. Bound proteins were eluted by incubating the
beads with buffer containing 50 mM Tris�HCl pH 8.0, 0.5 mM EDTA and 0.005 mMDTT, 2
Units AcTEV™ Protease (ThermoFisher Scientific) for 1 hour at 25°C.

Proteomic Analysis
Purified Halo-tagged proteins were TCA precipitated and digested with LysC and Trypsin as
described previously [15]. RAW files were converted to the ms2 format using RAWDistiller v.
1.0, an in-house developed software. The ms2 files were subjected to database searching using
SEQUEST (version 27 (rev.9) with no enzyme specificity considered [16] Tandem mass spectra
were compared against 29,375 non-redundant human proteins obtained from the National
Center for Biotechnology (2012-10-27 release). The database also included 176 common con-
taminant proteins, including human keratins, IgGs and peoteolytic enzymes. The database also
included randomized versions of each nonredundant protein entry to estimate the false discov-
ery rates. Spectra/peptide matches were filtered using DTASelect/CONTRAST [17] as
described previously [15]. The number of spectra identified for each protein was used for calcu-
lating dNSAF values [18]. NSAF v7 (an in-house developed software) was used to create the
final report on all non-redundant proteins detected across the different runs, estimate false dis-
covery rates (FDR), and calculate their respective dNSAF values. All affinity purification data is
available via ProteomeXchange with the identifier PXD003984 and MassIVE ID # MSV0000
79285 with the password josh1234 via the link (http://massive.ucsd.edu/ProteoSAFe/status.jsp?
task=2ceca5bf2466476fbb3c652f46b90854).

Western Blotting Detection of WDR76 Associated Protein Candidates. HEK293FRT
cells stably expressing Halo-WDR76 were generated as described in Cell culture and Stable Cell
Lines section. Both the parental HEK293FRT and the stable cell line are cultured in regular
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Dulbecco's Modified Eagle Medium supplemented with 1x Gibco1 GlutaMAX™ Supplement
and 10% fetal bovine serum. Three confluent 150mm dishes of cells were collected and lysed
with 900ul Mammalian Lysis Buffer (Promega) containing 1x Protease Inhibitor Cocktail (Pro-
mega), 1mM Dithiothreitol and 75U Benzonase Nuclease (Novagen). The cell lysate was
homogenized by passing through 26-gauge needle 10 times and incubate at 4°C for 15min
before centrifugation. The supernatant was brought up to 3ml with 1xTBS and incubated with
100ul of Magne™HaloTag1 bead slurry(Promega) overnight at 4°C. The beads were washed 5
times with 1xTBS containing 0.05% IGEPAL1 CA-630. Proteins bound to the beads were
eluted with 20U AcTEV Protease in 1x TEV Buffer (Invitrogen) for 1hr at 21°C. The collected
protein samples were subjected to SDS-polyacrylamide gel electrophoresis and western blot-
ting, 0.5% of the total cell lysate was loaded per well as Input and 10% of the total eluted protein
was loaded per well as IP. Anti-Actin (ab3280) mouse monoclonal antibody, anti-XRCC5
(ab80592) rabbit monoclonal antibody and anti-WDR76 (ab108149) rabbit polyclonal anti-
body were purchased from Abcam. Anti-PARP1 (46D11) rabbit monoclonal antibody was pur-
chased from Cell Signaling Technology. IRDye1 800CW Goat anti-Rabbit and IRDye1
680LT Goat anti-Mouse secondary antibodies were purchased from Li-cor.

To investigate possible interaction of WDR76 with components of heterochromatin 1 com-
plex (CBX1, CBX3 and CBX5), we transiently transfected 293 cells stably expressing Halo
WDR76 or HEK 293FRT (control) with 10 μg plasmid constructs encoding CLIP-FLAG tagged
CBX1, CBX3 and CBX5 under a CMV promoter. Cells were incubated at 37°C, 5% for 48
hours and harvested. Halo purification was as described in HaloTag1 Protein Purification
System (Promega, G6280). Protease inhibitor (Promega, Catalog # G6521), Nonidet P40 Sub-
stitute Igepal CA-630 and DTT were added to the lysis buffer (Promega, Catalog # G9381). Fol-
lowing lysis, Benzonase1Nuclease (Millipore, Catalog # 70664–3) was added to each cell
lysate. The lysates were incubated for 20minutes at room temperature with rotation. One milli-
liter of whole cell lysate obtained, 900μL was used for the purification and 100μL was kept
aside as Input. Following TEV elution of WDR76, 1% of the whole cell lysate and 10% of the
eluate was analyzed by SDS PAGE followed by Western blot on PVDF membrane. For detec-
tion, the membranes were incubated overnight in Mouse monoclonal anti-FLAG1M2 anti-
body (Sigma-Aldrich, Catalog Number A8592) and rabbit polyclonal anti Tubulin (ab15248).
IRDye1 680LT Goat anti-Mouse IgG (LI-COR Biosciences, 926–68020) IRDye1 800CW
Goat anti-rabbit IgG (LI-COR Biosciences,) were used for detection of CLIP FLAG tagged pro-
teins and tubulin loading control).

Topological Data Analysis
The topological network [19] first was built of 4 samples based on 164 varying proteins in the
histone–WDR76 dataset using Z-scores and the Ayasdi platform (Menlo Park, CA). We used
variance normalized Euclidean metric with resolution 30 and gain 3.0x. As a geometric filter
function, we used Neighborhood Lenses 1 and 2. These lenses generate an embedding of high-
dimensional data into two dimensions by embedding a k-nearest neighbor’s graph of the data.
A k-nearest neighbors graph is generated by connecting each point to its nearest neighbors. All
the nodes in the network are colored based on metric PCA coordinate 2. Unlike traditional net-
work models where a single sample makes a single node, the size of a node in the topological
network was proportional to the number of proteins with similar pattern.

Microirradiation and Live Imaging
All live imaging and microirradiation experiments were performed on a PerkinElmer Life Sci-
ences UltrVIEW VoX spinning disk microscope on a Carl Zeiss Axiovert 200M base. This
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microscope includes a yokagawa CSU-X11 spinning disk, an ORCA-R2 camera (Hamamatsu),
and a PerkinElmer Life Sciences PhotoKinesis accessory. A 40x, 1.3 numerical aperture plan-
apochromat objective was used. All experiments implemented a multiband dichroic (405/488/
561/640 nm). The TMRDirect was excited with the 561-nm laser and imaged through a 415-
476-nm, 580-650-nm multiband emission filter. The CLIP-Cell™ 505 was excited with the
488-nm laser and emission was collected through a 500-550-nm filter. Hoeschst was excited
with the 405-nm laser and imaged through a 415-475-nm, 580-650-nm multiband emission fil-
ter. Laser power and exposure time were adjusted to maximize image quality and to limit
photobleaching. All multicolor images and movies were collected in alternating excitation
mode to eliminate cross-talk.

Prior to imaging or microirradiation, HEK293FRT cells stably expressing HaloTag™-
WDR76 were plated at 40% confluency onto glass bottomMatTek culture dishes (35 mm, No.
2 14-mm diameter glass). Labeling proteins with the HaloTag™ TMRDirect ligand (Promega)
involved adding the ligand to a final concentration of 100 nM, and allowing the cells to incu-
bate overnight without media change. Co-localization experiments with CLIP-tag™ proteins
were performed by transfecting HEK293FRT stably expressing Halo-WDR76 with the CLIP
constructs as indicated above. HaloTag™ TMRDirect ligand was added directly to the cells to a
final concentration of 100 nM and allowed to incubate overnight at 37°C in 5% CO2. The
CLIP-Cell™ 505 ligand was added directly to the cells to a final concentration of 5 μM and
allowed to incubate for 1 hr at 37°C in 5% CO2. The media was changed with OptiMEM to
remove background fluorescence prior to imaging and microirradiation. Cells were stained
with Hoeschst dye to mark nuclei and/or sensitize cells to UV irradiation 1 hr prior to imaging.

Microirradiation was performed as follows. Cells were subjected to laser UV microirradia-
tion in a 1 μm x 9 μm stripe centered in the nucleus. The microirradiation was performed with
100% 405-nm laser power, and the stripe was exposed to 500–700 microwatts for ~5 s (100
iterations). Normal cell and nuclear morphology was preserved over the time scale of the
experiment under these conditions. Quantitative analysis of protein recruitment following
microirradiation was performed as described previously [12].

Microirradiation of Cells Treated with PARP1 Inhibitor. HEK293FRT cells stably
expressing Halo-WDR76 were generated and cultured as described above. The cells were plated
on 35mm glass bottom dishes (MatTek, No.1.5, collagen coated) and imaged at about 70% con-
fluency. In order to visualize Halo-WDR76 proteins, HaloTag1 R110DirectTM (Promega)
were added to culture medium according to the manufacturer’s instruction. The PARP1 inhibi-
tor KU-0058948 was dissolved in DMSO and added into culture medium at different concen-
trations 1hr before imaging. In order to observe Alc1 recruitments, cells were transfected with
either mCherry or mCherry-Alc1 using FuGENE1 6 (Promega) 24 hours before PARP1
inhibitor treatments. mCherry and mCherry-Alc1plasmids are generously provided by Joan
Conaway and Ronald Conaway’s lab. KU-0058948 was purchased from Axon MEDCHEM
(Cat#2001, Batch No.2). The detailed microirradiation assay and image analysis was described
inMicroirradiation and Live Imaging section. As a sensitizer of 405-nm laser, the cells were
stained with Hoechst 33258 (Sigma) prior to PARP1 inhibitor treatment. R110 was excited
with the 488-nm laser and imaged with a 500-550-nm emission filter. mCherry was excited
with the 561-nm laser and imaged through a 415-476-nm, 580-650-nm multiband emission
filter.

Immunofluorescence. HEK293FRT cells stably expressing Halo-WDR76 were plated at
40% confluency onto gridded glass bottomMatTek culture dishes (35 mm, No. 2 14-mm diam-
eter glass) and grown overnight. HaloTag™ TMRDirect ligand was added as described above.
Prior to imaging Hoechst dye was added as described above. Cells were subjected to laser UV
microirradiation as described, and the cells were fixed in 2% paraformaldehyde in ice-cold PBS
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for 20 minutes. After fixing, the cells were washed in ice-cold phosphate-buffered saline (PBS),
permeabilized using 0.5% Triton in PBS, and incubated with blocking buffer containing 0.1%
Triton X100, 100 μMMgCl2, 1.5% BSA in PBS for 1 hr. Cells were incubated with a mouse
anti-yH2A.X (phospho-Ser-139) antibody in blocking buffer for 2 hr at room temperature
(RT). Cells were then washed with blocking buffer 3 x 1 mL for 2 minutes each and incubated
with an Alexa Fluor 488 Chicken Anti-Mouse IgG secondary antibody (1:200 dilution) for 2 hr
at RT. Cells were washed with blocking buffer 2 x 1 mL for 2 minutes each, followed by PBS (2
x 1 mL for 3 minutes each). The PBS was aspirated off and the cells were allowed to sit at RT in
the dark overnight. Cells were imaged the next day with the same imaging parameters
described above.

Results

Topological Data Analysis of Histones andWDR76 Associated Proteins
Affinity purification followed by multidimensional protein identification technology (Mud-
PIT) [20] was used to identify proteins associated either with the histones H2A, H2B, and H4,
or with WDR76. These bait proteins were stably expressed in HEK293 Flp-in cells with an N-
terminal HaloTag™ [21] on WDR76 and a C-terminal HaloTag™ on H2A, H2B and H4. Three
biological replicates were analyzed for each of the bait proteins and distributed Normalized
Spectral Abundance Factors (dNSAF) were determined to quantitate the relative amounts of
the prey proteins identified with each bait [18] (S1 Table). Only the proteins that were present
in at least 6 out of the 12 runs were retained (S2 Table). Next, an equal number of controls
were performed to allow for the application of QSPEC [22] a method for determining the pro-
teins specifically enriched in bait protein purifications over control purifications (S3 Table).

Previous analyses of GFP-WDR76 associated proteins reported interactions with OCR
(SPIN1), HELLS, and GAN in one study [10], and HELLS, XRCC5, and XRCC6 in another study
[8]. In agreement with these studies, we also found SPIN1, GAN, HELLS to be specifically
enriched in Halo-WDR76 over histone associated proteins (S2 Table). In order to highlight the
crosstalk between histones andWDR76 we represented the top 40 most abundant proteins in the
data set in a heat map (Fig 1A and S3 Table). These proteins must be significantly enriched both
in theWDR76 pulldown and in at least one histone purification (z-score> = 2) compared with
control purifications (Fig 1A). Consistent with our previous results using the S. cerevisiae homo-
log of WDR76 [3], these results illustrate both that human core histones andWDR76 co-purify,
and that they share proteins associations. Included in these associations were the DNA damage
related proteins PARP1 and XRCC5, and western blot analysis of purified Halo-WDR76 con-
firmed these interactions (Fig 1B).

In addition, we constructed a topological map of WDR76-Histones associations in order to
identify proteins in close proximity with WDR76 [19]. Topological Data Analysis (TDA) is a
technique that enables us to easily and rapidly identify clusters of proteins [23]. In contrast to
the traditional networks where a node corresponds to a protein, here a node consists of multi-
ple proteins with similar patterns of protein association. The topological network reveals that
WDR76 is in close proximity to DNA repair proteins like XRCC5, XRCC6, and PARP1 (Fig
1C). Other proteins detected in close proximity to WDR76 include the heterochromatin associ-
ated CBX1 and CBX3 proteins (Fig 1C).

Recruitment of WDR76 to Sites of DNA Damage
To systematically explore the potential role of WDR76 in DNA repair pathways, we con-
structed a biological pathway enrichment of the WDR76 associated proteins using the DAVID
tool [24] (S1 Fig and S4 Table). For this analysis, we considered only proteins identified with
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Fig 1. Quantitative Proteomic Analysis of Proteins Associated with WDR76 and Histones. (A) Heat
map of relative abundance of 40 proteins shared betweenWDR76 and histones. The color intensity
represents protein abundance with bright yellow displaying highest abundance (average distributed spectral
counts) and black indicates that the protein was not detected in a particular purification. (B) Western blots of
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high confidence that have both a z-score greater than 2 in the WDR76 pulldown over control
and a FDR less than 0.05. Proteins involved in mismatch repair (p = 6.70E-08), nucleotide exci-
sion (p = 1.90E-07), DNA replication (p = 4.20E-04), and nonhomologous end joining
(p = 7.20E-03) were highly enriched in the dataset (S1 Fig and S4 Table). These proteins, like
RPA1, XRCC5, and PARP1, have roles in DNA repair, and so we asked whether we could
detect the recruitment of WDR76 to sites of DNA damage in the nucleus (Fig 2). In order to
initiate DNA damage, HEK29FRT cells, stably expressing Halo-WDR76, were subjected to UV
laser microirradiation [11,12]. In these experiments, cells were treated with the TMRDirect™
Halo ligand for approximately 24 hours, and the nuclei treated with the DNA-interacting
Hoechst dye for 1 hour, prior to imaging. Upon UV microirradiation with a 405-nm laser, we
observed that WDR76 was intensely and rapidly recruited within seconds to sites of induced
DNA damage (Fig 2B and S1 Movie).

We also assessed the co-recruitment of PARP1, XRCC5 and RPA1 with WDR76 to sites of
DNA damage (Fig 3). We selected these proteins because they were significantly enriched in
the pathway analysis of Halo-WDR76 pulldown (S1 Fig), and because they have well defined
roles in DNA damage repair [25,26,27]. Constructs expressing PARP1, XRCC5 or RPA1 with
an N-terminal Clip-tag™ [28] were co-transfected into HEK293FRT cells stably expressing
Halo-WDR76. In addition to labeling Halo-WDR76 as before, we covalently labeled the Clip-
tag™ proteins with a rhodamine derivative (Clip-CellTM 505), and added Hoechst dye to the
cells an hour before imaging. All of these proteins were recruited to regions of the nucleus
which had been irradiated to induce DNA damage (Fig 3A and S2–S4 Movies). When compar-
ing the normalized recruitment (R(t)) of all four proteins over approximately forty seconds,
WDR76 had the highest maximal R(t) followed by RPA1, XRCC5, and PARP1 (Fig 3C and
3D). This normalized recruitment of WDR76 is unlikely to be due to differences in expression
level, since we observed no correlation between R(t) and expression level, as measured by rela-
tive fluorescence, for any of the proteins analyzed (S2A Fig). To determine if the recruitment of
WDR76 was due to the tag being used, we carried out an experiment where Halo-RPA1 and
CLIP-WDR76 were co-transfected into cells and their recruitment to laser induced damage
analyzed (S3A Fig and S5 Movie). Both Halo-RPA1 and CLIP-WDR76 were recruited to dam-
aged DNA and again WDR76 had a faster and higher maximal R(t) than RPA1 (S3B Fig).

Appearance of the phosphorylated histone H2AX (γ-H2AX) is known to be involved in the
first steps of recruiting DNA repair proteins to the site of DNA damage and is a signature of
double stranded break (DSB) repair [29]. Therefore we wanted to determine if γ-H2AX would
co-localize with WDR76. We induced site-specific DNA damage by UV laser microirradiation
as described above and observed co-localization of WDR76 with γH2AX (Fig 3D). Finally, to
begin to try to dissect the mechanisms of recruitment to laser induced damage, we analyzed
recruitment of WDR76 in cells treated with an inhibitor of PARP1, which had no discernable
effect on recruitment (S4 Fig). In summary, our quantitative imaging studies demonstrate that
WDR76 is rapidly and intensely recruited to laser induced sites of DNA damage.

inputs and purifications from Halo-WDR76 stable cell line or HEK293FRT parental cell line shows that
PARP1 and XRCC5 can be co-purified with WDR76, which is consistent with the proteomics analysis. Lane 1
and 2 are whole cell lysates from Halo-WDR76 stable cell line or HEK293FRT cells. Lane 3 and 4 are the
protein purified with HaloTag™magnetic beads from Halo-WDR76 stable cell line or HEK293FRT cells. The
top panel was blotted with anti-PARP1 and anti-Actin antibodies; the middle panel was blotted with anti-
XRCC5 and anti-Actin antibodies; the last panel was blotted with anti-WDR76 and anti- HaloTag™, which
was not detected because of the cleavage during elution. (C) Topological data analysis was performed on
164 proteins with a Z-score greater than 2 in WDR76 and at least one histone purification compared to
controls. All the nodes in the network are colored based on metric PCA coordinate 2. Filters with variance
normalized Euclidean metric were used (resolution 30, gain 3.0x).

doi:10.1371/journal.pone.0155492.g001
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Co-Localization of WDR76 with CBX Proteins
Next, we used the DAVID annotation tool [24] to determine the enrichment of protein
domains in proteins associated with our Halo-WDR76 affinity purification (S5 Fig and S4
Table). The most highly enriched domain was the chromo shadow domain (p = 1.10E-04),
which is an important domain in the HP1 proteins [30]. CBX1, CBX3, and CBX5 are the
human homologues of HP1 proteins and have been shown to be recruited to sites of DNA
damage [31]. CBX1 and CBX3 were also highlighted in the topological data analysis presented
in Fig 1C. We first validated the affinity purification analysis of Halo-WDR76 with co-immu-
noprecipitation studies using CBX1, CBX3, and CBX5 (Fig 4). Cells stably expressing Halo-
WDR76 were separately transiently transfected with CLIP-Flag-CBX1, CBX3, and CBX5 and
all three proteins co-immunoprecipitated with WDR76 (Fig 4). Next, we used the same imag-
ing approaches used to analyze the association of DNA damage proteins with WDR76 to ana-
lyze the association of WDR76 with CBX1, CBX3, and CBX5. Here, constructs expressing
CBX1, CBX3 and CBX5 with an N-terminal CLIP-tag™ [28] were transiently co- transfected
into cells stably expressing Halo-WDR76. Similarly to WDR76, we observed that CBX1, CBX3
and CBX5 were recruited to sites of UV-microirradiation induced DNA damage (Fig 5 and S6–
S8 Movies). However WDR76 was recruited more rapidly and had a larger R(t) than any of the
three CBX proteins (Fig 5). As was the case for RPA1, PARP1, and XRCC5, differences in rela-
tive fluorescence of WDR76, CBX1, CBX3, and CBX5 did not affect R(t) (S2B Fig). In addition,
we observed that CBX1 and CBX5 form bright spots of fluorescence, or puncta (Fig 5A). These
bright spots have been previously described as heterochromatic regions [32]. We identified the
same puncta with Halo-WDR76, and they co-localize with the puncta resulting from expres-
sion of the CLIP-CBX1 and CBX3 proteins (Fig 4A). Together, these results support the associ-
ation of WDR76 with CBX1, CBX3, and CBX5 and further demonstrate the rapid recruitment
of WDR76 to sites of laser induced DNA damage.

Fig 2. Localization of WDR76 Before and After DNA Damage. (A) HEK293FRT cells stably expressing
Halo-WDR76 were analyzed showing nuclear localization. (B) UVmicroirradiation was induced in a stripe
drawn across a live cell nucleus to follow the rapid recruitment of Halo-WDR76 to sites of DNA damage. Ten
panels are shown ranging from 0 seconds (pre-laser) to 37 seconds after induction. During this time all three
cells in the panel were damaged.

doi:10.1371/journal.pone.0155492.g002
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Discussion
Although DNA repair pathways have been identified and characterized, there are still proteins
associated with DNA damage to be discovered. Previous studies in S. cerevisiae [3,4,6,7,8] sug-
gested that CMR1/YDL156W plays roles in chromatin biology and the DNA damage response.
The human homologue of this protein, WDR76 is even more poorly characterized, with studies
suggesting it localizes to nuclear foci [8], associates with the Cul4-DDB1 ubiquitin ligase com-
plex [9], and associates with 5-(hydroxyl)methylcytosine readers [10]. Affinity purified
GFP-WDR76 was previously found to associate with OCR, HELLS, and GAN in one study
[10], and with HELLS, XRCC5, and XRCC6 in a second study [8], but no additional validation
of these associations was provided. The only information currently available on WDR76
beyond these interaction screens is that it forms some nuclear foci that may be enhanced upon
treatment with the proteasome inhibitor MG132 or the damaging agent MMS, [8]. Based on
our previous study of CMR1/YDL156w in S. cerevisiae [3], we sought to determine what

Fig 3. Co-localization of WDR76 with DNA Repair Proteins to Damaged Sites. (A) HEK293FRT cells stably expressing Halo-WDR76
and transiently expressing CLIP-PARP1, XRCC5 and RPA1 were stained with Hoechst dye, micro-irradiated with a 405 nm UV laser.
Merged images of ligand labeled proteins after laser microirradiation are also provided. In cases where there is more than one cell in image
the two cells were not damaged simultaneously. (B) Kinetics of recruitment to microirradiated regions of WDR76 (pink lines and symbols),
XRCC5 (red), PARP1 (black) and RPA1 (blue). Cells were imaged every second, and intensity values were binned over 5-s intervals.
Microirradiation was initiated at time = 0s. Averages are shown with the standard error. (C) Kinetics of recruitment to microirradiated regions
of PARP1, XRCC5, RPA1 andWDR76 represented as box plots with the box showing the standard error with a coefficient of 1 and the
whiskers showing the standard deviation with a coefficient of 1. (D) Enrichment of Halo-WDR76 at sites of localized DNA damage induced
by UV laser microirradiation. HEK293FRT cells stably expressing Halo-WDR76 were stained with Hoechst dye, micro-irradiated with a 405
nm UV laser, fixed, and analyzed by indirect immunofluorescence using anti-γ-H2AX. The yellow line indicates site of co-enrichment.

doi:10.1371/journal.pone.0155492.g003
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proteins associated with WDR76 and histones and whether WDR76 is recruited to sites of
DNA damage.

Using a combination of quantitative proteomics and quantitative imaging we found that
WDR76 and the histones H2A, H2B, and H4 share many interactions that include proteins
involved in the DNA damage response, including XRCC5, XRCC6, PARP1, RPA1, as well as
proteins involved with chromatin biology, including CBX1,CBX3, and CBX6. The SPIN1,
GAN, and HELLS proteins were highly enriched in WDR76 compared with histone affinity
purifications, in agreement with prior GFP-WDR76 affinity purification data [8,10]. We vali-
dated the association of WDR76 with PARP1, XRCC5, CBX1, CBX3, and CBX5 using co-
immunoprecipitation studies. Based on these results, we sought to determine whether WDR76
is recruited to sites of DNA damage in live cells.

To do this, we devised a method where HEK293 cells stably expressing Halo-WDR76 were
analyzed using laser microirradiation induced DNA damage [11,12] with or without tran-
siently transfected CLIP-tag™ proteins. We found that WDR76 was rapidly (within a second)
and intensely recruited to sites of damage. We were also intrigued by the puncta seen in Halo-
WDR76 expressing HEK293 cells; these puncta have been previously reported [8]. CBX1,
CBX3, and CBX5 are the human homologues of the heterochromatin HP1 protein and have

Fig 4. Co-immunoprecipitation of WDR76 with CBX1, CBX3, and CBX5.Cells stably expressing Halo-
WDR76 were separately transiently transfected with CLIPtag™-FLAG proteins and HaloTag™ protein
purifications conducted. Western blotting for tubulin was used as a loading control and western blotting with
an anti-FLAG antibody was used to detect CBX1 (A), CBX3 (B), and CBX5 (C). Both the inputs and the
results of the pulldown is shown. (D) Cells stably expressing Halo-WDR76 were transiently transfected with
CLIPg™-FLAG construct to demonstrate that this construct was not responsible for the co-purifications of
CBX proteins with WDR76.

doi:10.1371/journal.pone.0155492.g004
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been shown to be recruited to sites of DNA damage [31]. Given the association of WDR76
with heterochromatin proteins we analyzed the pre- and post-DNA damage induced localiza-
tion of CLIP-CBX1, CLIP-CBX3, and CLIP-CBX5 when separately transiently transfected into
cells stably expressing Halo-WDR76. WDR76, CBX1, and CBX5 in particular co-localized to
the puncta found in cells suggesting WDR76 may be co-localizing to sites of heterochromatin
under normal conditions. In addition, while CBX1, CBX3, and CBX5 were also recruited to
sites of DNA damage, WDR76 was again more rapidly and more intensely recruited than these
proteins. Overall, by both co-localizing to heterochromatin and rapidly responding to DNA
damage in cells, WDR76 may be an important protein in these two important biological sys-
tems, which warrants further investigation.

Supporting Information
S1 Fig. Biological pathways. (A) Pathway analysis was performed on proteins that passed a
stringent criteria in WDR76 purification. The total number of pathways enriched was of 8 for

Fig 5. Co-localization of WDR76 with Heterochromatin Proteins. (A) HEK293FRT cells stably expressing Halo-WDR76 and
transiently expressing CLIP-CBX1, CLIP-CBX3, and CLIP-CBX5 were stained with Hoechst dye, micro-irradiated with a 405
nm UV laser. Merged images of both labeled proteins after laser microirradiation are also shown. In cases where there is more
than one cell in image the two cells not damaged simultaneously. (B) Kinetics of recruitment to microirradiated regions of
WDR76 (pink), CBX1 (black), CBX3 (red), and CBX5 (blue). Cells were imaged every second, and intensity values were binned
over 5-s intervals. Microirradiation was initiated at time = 0s. Averages are shown with the standard error. (C) Kinetics of
recruitment to microirradiated regions of WDR76, CBX1 and CBX3 represented as box plots with the box showing the standard
error with a coefficient of 1 and the whiskers showing the standard deviation with a coefficient of 1.

doi:10.1371/journal.pone.0155492.g005
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KEGG pathways. Only results with a P-value<0.05 are shown. Proteins with a significant Z-
score and FDR less than 0.05 were separated in DNA repair mechanisms. Proteins involved in
mismatch repair are represented in (B). Proteins with a role in nucleotide excision repair are
illustrated in (C). Proteins in NHEJ pathway are represented in (C). A FDR equal to zero was
detected for proteins represented in (C).
(PDF)

S2 Fig. Recruitment dependence on expression level. To determine if there is a strong expres-
sion dependence of r(t), per cell, the max value of r(t) is plotted vs relative fluorescence inten-
sity (arbitrary units). While r(t) is comparable between different proteins, each protein is
plotted on its own relative fluorescence scale. At the range of expression values examined, there
is only a weak expression effect on r(t) for some of the proteins. The data presented here is
from the same data points presented in Figs 3 and 5.
(PDF)

S3 Fig. Tag Switching Experiment-Recruitment to DNA Damage of Halo-RPA1 and
CLIP-WDR76. (A) HEK293T cells transfected with Halo-RPA1 and CLIP-WDR76. After
24hours, micro-irradiation of Hoechst treated cells was performed. Halo-RPA1 and
CLIP-WDR76 are seen going to the laser damage site in the cell. (B) Graph showing the nor-
malized fractional recruitment (R(t)) of two proteins, CLIP-WDR76 and Halo-RPA1 over
approximately forty five seconds. CLIP-WDR76 was more strongly recruited than Halo-RPA1
to the damaged area in the cell.
(PDF)

S4 Fig. The PARP1 inhibitor KU-0058948 does not affect WDR76 Recruitment. Neither
intensity nor kinetics of WDR76 recruitment to microirradiation regions was affected by
PARP1 inhibitor KU-0058948 concentrations up to 100uM; while the recruitment of Alc1, a
chromatin remodeler of which recruitment and activation is dependent on PARP1 self-PARy-
lation, was inhibited staring at 1uM. (A) The maximum recruitment of Halo-WDR76 to micro-
irradiation regions at different PARP1 inhibitor concentrations. Values represent average
±SEM with n>10. (B) The maximum recruitments of mCherry or mCherry-Alc1 to microirra-
diation regions at different PARP1 inhibitor concentrations. Values represent average ±SEM
with n>20. (C) Kinetics of Halo-WDR76 recruitment to microirradiation regions at different
PARP1 inhibitor concentrations. Microirradiation was performed at time point 0 and images
was taken at 1timepoint/sec. The curves were generated from an average of n>10 and the error
bars stand for SEM.
(PDF)

S5 Fig. Domain enrichment. Domain enrichment was performed on proteins that passed a
stringent criteria in WDR76 purification. Proteins with the lowest p-values in Chromo domain
are display in (B).
(PDF)

S1 Movie. HaloWDR76 movie. A is a movie representative of the montage presented in Fig
2B.
(MOV)

S2 Movie. CLIP-XRCC5_Halo-WDR76 movie. A movie representative of the montage pre-
sented in Fig 3A with Halo-WDR76 and CLIP-XRCC5.
(MOV)
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S3 Movie. CLIP-RPA1_Halo-WDR76 movie. Amovie representative of the montage pre-
sented in Fig 3A with Halo-WDR76 and CLIP-RPA1.
(MOV)

S4 Movie. CLIP-PARP1_Halo-WDR76 movie. Amovie representative of the montage pre-
sented in Fig 3A with Halo-WDR76 and CLIP-PARP1.
(MOV)

S5 Movie. Halo-RPA1_CLIP-WDR76. Amovie representative of the montage presented in S3
Fig with Halo-RPA1 and CLIP-WDR76.
(MOV)

S6 Movie. CLIP-CBX1_Halo-WDR76. A movie representative of the montage presented in
Fig 5A with Halo-WDR76 and CLIP-CBX1.
(MOV)

S7 Movie. CLIP-CBX3_Halo-WDR76. A movie representative of the montage presented in
Fig 5A with Halo-WDR76 and CLIP-CBX3.
(MOV)

S8 Movie. CLIP-CBX5_Halo-WDR76. A movie representative of the montage presented in
Fig 5A with Halo-WDR76 and CLIP-CBX5.
(MOV)

S1 Table. List of proteins detected in the histone and WDR76 stably expressing cell affinity
purifications.
(XLSX)

S2 Table. List of proteins present in at least six of the twelve affinity purifications.
(XLSX)

S3 Table. Qspec results and list of top 40 proteins found in all histone andWDR76 stably
expressing cell affinity purifications.
(XLSX)

S4 Table. Pathways analysis and domain analysis results.
(XLSX)
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