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ABSTRACT

RADS51 plays a central role in homologous recombi-
nation during double-strand break repair and in repli-
cation fork dynamics. Misregulation of RAD51 is as-
sociated with genetic instability and cancer. RAD51
is regulated by many accessory proteins including
the highly conserved Shu complex. Here, we report
the function of the human Shu complex during repli-
cation to regulate RAD51 recruitment to DNA repair
foci and, secondly, during replication fork restart
following replication fork stalling. Deletion of the
Shu complex members, SWS1 and SWSAP1, using
CRISPR/Cas9, renders cells specifically sensitive
to the replication fork stalling and collapse caused
by methyl methanesulfonate and mitomycin C expo-
sure, a delayed and reduced RAD51 response, and
fewer sister chromatid exchanges. Our additional
analysis identified SPIDR and PDS5B as novel Shu
complex interacting partners and genetically func-
tion in the same pathway upon DNA damage. Collec-
tively, our study uncovers a protein complex, which
consists of SWS1, SWSAP1, SPIDR and PDS5B, in-
volved in DNA repair and provides insight into Shu
complex function and composition.

INTRODUCTION

DNA double-strand breaks (DSBs) are among the most cy-
totoxic DNA lesions and their misrepair can result in ge-
netic instability. Homologous recombination (HR) is pri-
marily used to repair DSBs during the S and G2 cell cycle
phases, where a sister chromatid or homologous chromo-

some is used as a repair template (1). During HR, the DSB
end is resected and coated with the single-stranded DNA
binding complex RPA. RADSI1 then displaces RPA form-
ing a nucleoprotein filament, which is required for the ho-
mology search and strand invasion steps that define HR.
As such, RADSI filament formation is highly regulated by
a group of proteins collectively called the RADS1 media-
tors, which include BRCA2, PALB2, the RADS51 paralogs
and the Shu complex (2,3).

Among this diverse group of RADSI mediators are
the canonical RADS51 paralogs (RAD51B, RADSIC,
RADSID, XRCC2 and XRCC3), proteins that share amino
acid similarity to RADS51 but whose functions have re-
mained elusive due to their embryonic lethality in mice (4—
7), protein insolubility and low abundance (8). Not surpris-
ingly, germline and somatic mutations in RADS51 and its
mediators have been extensively linked to genetic instabil-
ity, cancer predisposition and hereditary diseases such as
Fanconi anemia (2,9-11).

Recently, a novel RADSI1 paralog-containing complex,
the Shu complex, was discovered in budding yeast (12) and
shown to stimulate RADS51 loading onto RPA-coated ss-
DNA (13). Although the Shu complex is conserved in all eu-
karyotic lineages, including humans (14-17), both the pre-
cise function and composition of the human Shu complex
have remained elusive. The human Shu complex is com-
posed of SWSAPI, a newly identified RADS1 paralog (15),
and SWSI1, a SWIM domain-containing Shu2/SWSI1 pro-
tein family member (14,16). In yeast and worms, Shu com-
plex disruption results in increased mutagenicity and im-
paired homologous recombination (12,14,17-20). Unlike
other RADS51 mediators, disruption of the Shu genes pri-
marily results in MMS sensitivity and not to other DNA
damaging agents such as ionizing radiation, hydroxyurea
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(which depletes dNTP pools), or the TOPO2 inhibitor
etoposide (12,21). Consistent with a conserved function for
the human Shu complex, SWSI and SWSAPI siRNA de-
pletion in human cells results in increased MMS sensitiv-
ity and reduced RADS51 foci upon MMS exposure (14,15).
Increasing evidence from yeast demonstrates that the Shu
complex facilitates tolerance of MMS-induced DNA dam-
age by promoting HR during replication (21). The role of
the human Shu complex in promoting RADSI in a replica-
tive context and whether human Shu complex disrupted
cells are primarily MMS sensitive remains unknown. Fur-
thermore, the yeast Shu complex is a heterotetramer and
therefore it likely that additional mammalian Shu complex
members exist.

In this study, we used CRISPR-Cas9 to knock out hu-
man Shu complex members, SWSI and SWSAPI, in a
non-tumorigenic human cell line (RPE-1) and assessed
the phenotypes associated with Shu complex loss. We find
that sgSWS1 and sgSWSAPI cells are primarily sensitive
to MMS and mitomycin C [MMC, which creates inter-
strand crosslinks (ICL)]. Upon DNA damage, sgSWSI1 and
sgSWSAPI cells exhibit a delayed and reduced RADS1 foci
response and fewer sister chromatid exchanges. Upon repli-
cation fork stalling, sgSWS1 and sgSWSAPI cells have de-
fects in replication fork restart. Additionally, to find ad-
ditional Shu complex binding partners, we performed a
BioID screen and identified SPIDR and PDS5B as two
novel Shu complex binding partners. We find that SPIDR
and PDS5B both physically interact as well as genetically
function in the same pathway upon MMS damage. To-
gether, our findings reveal novel roles for the human Shu
complex to promote RADS51-mediated HR upon replica-
tive damage and novel complex members.

MATERIALS AND METHODS
Cell culture

RPE-1 cells, hTERT-immortalized retinal epithelial
cells (ATCC CRL-4000), were used for all experiments.
Cells were maintained as a sub-confluent monolayer in
DMEM/F-12 (Gibco 11330-032) supplemented with
10% FBS (VWR Seradigm 1500-500) and 0.01 mg/ml
Hygromycin B (Invitrogen 10687010). Cells were passaged
every 3 days and routinely tested for mycoplasma con-
tamination using a PCR-based assay (Sigma MP0025).
Cell lines were authenticated using STR profiling at the
University of Arizona Genetics Core. All experiments were
maintained in a humidified 5% CO, incubator at 37°C.
Cell culture plates, dishes and flasks were purchased from
Thermo Scientific (BioLite). PBS was purchased from
Corning (21-040-CV) and 0.25% Trypsin-EDTA from
Gibco (25200-056).

Generation of SWS1 and SWSAP1 knockout cell lines by
CRISPR

pLentiCRISPR v2 plasmids (22) encoding sgRNAs against
SWS1 (gRNA sequence: TGATGGACTGTCGATCAA
CT) or SWSAPI (gRNA sequence: CTAGAGTCGTTC
CGGTCCCG) were purchased from GenScript. The plas-
mids were packaged in lentivirus by the Genome Edit-

ing, Transgenic and Virus (GETV) Core Facility at Magee
Women’s Research Institute using the FUGW Ientiviral
vector backbone (23). Cells grown in 6-well plates were
transduced with a MOI = 5 and 8 ug/ml of polybrene
for 12 h for two consecutive nights. Cells were passaged
and briefly placed under selective pressure using 20 ug/ml
of puromycin (Mirus 5940). Cells were diluted and plated
on 96-well plates at single cell density. Wells with a sin-
gle colony were selected for further expansion. Genomic
DNA was extracted from a subset of clones using the Quick-
gDNA MidiPrep Kit (Zymo Research D3100). A region
of ~300 bp around the sgRNA target area of SWSI or
SWSAP1 was PCR-amplified using Phusion PCR Mas-
ter Mix (Thermo Scientific F531S). Primers for genomic
DNA amplification were as follows: AAGTCTAGTGAT
CCTTTGGGCA and AAAGCCTTTTAACAGTCCAG
GAA (SWS1 gene), and TGCTCGGTACACCAGGATCT
and TTGCTAACACCGCCCATCAT (SWSAPI1 gene). In
order to sequence each allele individually, PCR products
were gel purified with the NucleoSpin Kit (Macherey-Nagel
740609) and cloned into pCR4Blunt-TOPO plasmid us-
ing a kit (Invitrogen 450159). Bacteria were transformed
with the TOPO reaction and grown overnight on selective
agar plates. Ten bacterial colonies per clone were grown
overnight and plasmid DNA was mini-prepped using a
kit (Qiagen 27106). Plasmids were sequenced using generic
T7 and T3 promoter primers (Genewiz). For experiments,
two SWS1 or SWSAPI clones were selected based on the
presence of genetic modifications that induced early stop
codons. CRISPR cell lines were maintained as described for
the parental RPE-1 cell line.

Generation of BiolD cell lines and BiolD pulldown

RPE-1 cells were transfected with pcDNA3.1 mycBiolD
empty vector or containing SWS1 or SWSAP1 cDNA us-
ing TransIT-LT1 reagent (Mirus MIR 2304) at a 1:2 ratio of
plasmid to transfection reagent. Cells were selected with 800
ug/ml G418 (Gibco 10131035) and expanded. A total of 60
million cells of RPE-1-myc-BirA-empty, RPE-1-myc-BirA-
SWSI1 and RPE-1-myc-BirA-SWSAP1 were incubated with
50 uM biotin (Sigma B4501) for 24 h. During the last 5 h
0.5 mM MMS was added for 1 h and cells were left to re-
cover for 4 h. Cells were harvested following the protocol
by Roux et al. (24). Cells were lysed with lysis buffer (50
mM Tris—ClI pH 8.5, 500 mM NaCl, 0.2% SDS, 2% Triton
X-100) and sonicated until lysate was clear. Lysates were di-
luted with 50 mM Tris—Cl pH 7.4, sonicated again and cen-
trifuged. Supernatants were mixed with streptavidin beads
(Invitrogen 65001) and incubated overnight at 4°C. After
extensive washing (24), beads were washed with an addi-
tional buffer (50 mM Tris—Cl pH 7.4, 50 mM NaCl) and
resuspended in a 1:3 solution of LDS 4 x sample buffer (In-
vitrogen NP0007) and above buffer with 2% SDS. Protein
was eluted from beads by boiling 5 min at 98°C. Two inde-
pendent experiments were done.

Mass spectrometry analysis of BiolD samples

Elutes (25 ul) were analyzed wusing liquid
chromatography/mass  spectrometry/mass spectrome-
try (LC/MS/MS) by MS Bioworks (Ann Arbor, MI,



USA). Samples were separated on a 10% Bis-Tris gel,
followed by Coomassie stain and excision of lanes into ten
pieces. Gel pieces were processed as follows: 25 mM am-
monium bicarbonate wash was followed by an acetonitrile
wash, subsequently samples were reduced at 60°C with
10 mM dithiothreitol and alkylated at RT with 50 mM
iodoacetamide. Trypsin digest was conducted at 37°C for 4
h and followed by formic acid quenching. The supernatant
was directly analyzed without processing.

Nano LC/MS/MS with a Waters NanoAcquity HPLC
system/ThermoFisher Q Exactive was used to analyze the
gel digests. A trapping column was used to load peptides
and eluted at 350 nl/min on a 75 pm analytical column.
The columns used Jupiter Proteo resin (Phenomenex). The
mass spectrometer with MS and MS/MS performed in the
Orbitrap at 70 000 FWHM and 17 500 FWHM resolutions,
respectively, operating in data-dependent mode. The fifteen
most abundant ions were selected for MS/MS. Data were
analyzed using Mascot and the files were validated using the
Scaffold software, which enabled filtering and creation of
a non-redundant sample list. Data required a minimum of
two unique protein peptides and were filtered at 1% protein
and peptide level false discovery rate (FDR).

Antibodies

The following primary antibodies were used in western
blotting: EMSY (1:500, abcam 32329), FLAG (1:1000,
Sigma F3165), HA (1:1000, Santa Cruz Biotechnol-
ogy sc-895), myc (1:1000, Santa Cruz Biotechnology sc-
40), APRIN/PDSS5B (1:500, Novus NB100-755), SPIDR
(1:250, Sigma HPA041582), Streptavidin (1:1000, LI-COR
925-68079), and «-Tubulin (1:1000, Cell Signaling 3873).
The following primary antibodies were used in immunoflu-
orescence: RADSI (1:200, Santa Cruz Biotechnology sc-
8349), RPA32 (1:250, abcam 170190); and fiber analysis:
rat anti-BrdU (1:50, abcam 6326), mouse anti-BrdU (1:100,
BD Biosciences 347580). Secondary antibodies and anti-
bodies conjugated to beads used in immunoprecipitations
are listed under their corresponding experimental descrip-
tions.

DNA damaging agents

Methyl methane sulfonate (MMS) (Sigma 129925) stocks
were made fresh with diH,0. Cisplatin (Sigma P4394) was
resuspended in water (3.3 mM) and stocks stored at —20°C.
Mitomycin C (MMC) (Sigma M4287) was resuspended in
water (6 mM) and stocks stored at 4°C. Hydroxyurea (HU)
(Sigma H8627) stocks were made fresh with diH,O. Com-
pounds were protected from light when required. Ionizing
radiation was performed using a Nordion Cs137 Gamma
Cell 1000D. All other general laboratory reagents were pur-
chased from Sigma unless otherwise indicated.

Plasmids

pcDNA3-3HA-SWS1  (Martin et al  2006) and
pDONR201-myc-SWSAP1 (15) were generously pro-
vided by Dr. Paul Russell (The Scripps Research Institute)
and Dr. Jun Huang (Zhejiang University), respectively.
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The plasmid pcDNA3.1-mycBiolID (24) was obtained from
Addgene (#35700). For BiolD, SWS1 and SWSAP1 cDNA
was PCR-amplified from the pcDNA3-3HA-SWSI1 and
pDONR201-MYC-SWSAPI1 vectors and sub-cloned into
pcDNA3.1-mycBiolD, using restriction enzyme cloning
(Supplemental Table S1). pCMV3-FLAG-SPIDR was
purchased from Sino Biological Inc. pCMV-2B (FLAG)-
PDS5B was synthesized by Genewiz. pcDNA3.1-EMSY
(25) was generously provided by Dr. Douglas Levine (New
York University). Before transfection into mammalian
cells, all plasmids were maxi-prepped (Qiagen 12163). For
use in yeast-two and -three-hybrid experiments, PDS5B,
SPIDR, SWS1 and SWSAP1 ¢cDNA was PCR-amplified
from the above vectors (Supplemental Table S1). The
FIGNL1 c¢cDNA was purchased from Sino Biologicals
(HG15206-G). All cDNAs were sub-cloned into pGAD,
pGBD (26) and pRS-ADH416 yeast plasmids using re-
striction enzyme digest (Supplemental Table S1). Yeast
plasmids containing SWS1 or SWSAP1 were previously
described (16,17). All plasmid inserts were sequenced
verified.

Clonogenic survival

Cells were seeded in 6 well plates and treated as indicated in
Figure 1 and Supplementary Figure SS2A. Following indi-
cated treatment, cells were trypsinized, counted using a Z1
Coulter Counter (Beckman Coulter), centrifuged and seri-
ally diluted. A total of 860 cells were resuspended in 12 ml
of media and three 60 mm dishes were seeded with 3 ml of
cells each. Colonies were allowed to grow for 8 days. For cell
staining, dishes were rinsed 2x with PBS, fixed in methanol
for 20 min and stained with crystal violet solution (0.5%
crystal violet, 20% methanol) for 30 min. Colonies were
manually counted. Results are expressed as percent relative
survival compared to untreated controls. A total of three-
five independent experiments were performed per cell lines.

Co-immunoprecipitation

Cells were seeded in 100 mm dishes, grown to 70% conflu-
ency, and transfected using a 1:2 ratio of DNA to transfec-
tion reagent (TransIT-LT1 reagent, Mirus MIR 2304). After
72 h of incubation, cells were trypsinized, centrifuged and
pellets lysed with 250 ul of IP lysis buffer (50 mM Tris—HCI
pH 7.5, 100 mM NaCl, 2 mM MgCl,, 10% glycerol, 0.1%
NP-40) for 20 min on ice. Benzonase nuclease was added
(Millipore 70746) to digest DNA. All lysis buffers were
supplemented with 1x protease inhibitor cocktail (Roche
1187358001) and 1 mM PMSF (Sigma 78830). After a 20
min spin at maximum speed, lysates were mixed with 50
ul of Flag- (Sigma A2220), HA- (Santa Cruz Biotechnol-
ogy sc-7392 AC) or Myc-conjugated agarose beads (Santa
Cruz Biotechnology sc-40 AC), and incubated on a rota-
tor overnight at 4°C. After washing beads 3x/10 min in
lysis buffer, beads were gently spun down, mixed 1:1 with
2x Laemmli sample buffer (65.8 mM Tris—HCI pH 6.8,
26.3% glycerol, 2.1% SDS, 0.01% bromophenol blue, 100
mM DTT) and boiled at 99°C for 5 min.
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Figure 1. sgSWSI1 and sgSWSAPI RPE-1 cells are MMS and MMC sensitive. (A) Clonogenic survival assays of WT parental RPE-1, and two independent
sgSWS1 RPE-1 clones (sgSWSI-CI, and sgSWS1-C2) upon MMS exposure (P = 0.0005). All cells were treated with the indicated MMS concentrations
for 1 h, seeded at colony forming density and stained with crystal violet 8 days post-seeding. Mean percent survival relative to parental RPE-1 cells
and standard error of the mean are shown. All experiments were performed in triplicate. Statistical differences were calculated by fitting a non-linear
regression curve to each data set and comparing slopes between WT and sgSWSI cells. (B) Same as (A) except that two independent sgSWSAPI1 clones
(sgSWSAPI-CI and sgSWSAP1-C2) were compared to WT. (C) Clonogenic survival assays of WT parental RPE-1, and two independent sgSWS1 RPE-1
clones (sgSWS1-C1, and sgSWS1-C2) upon MMC exposure (1 h) (P < 0.0001). Survival was performed and analyzed as explained in (A). (D) Same as
(C) except that two independent sgSWSAPI clones (sgSWSAPI1-C1 and sgSWSAP1-C2) were compared to WT. (E) Representative images of comet assay
after MMS exposure (0.5 mM for 1 h and 1 h recovery) in WT and sgSWS1-C2 RPE-1 cells. (F) DSBs were measured by determining the neutral comet
tail moment in WT, sgSWS1-C2, and sgSWSAPI1-C2 RPE-1 cells after exposure to 0.5 mM MMS for 1 h followed by a 1 h recovery. Experiments were
performed in triplicate with 50-100 comets analyzed per experiment. Data are expressed as mean comet tail moment with standard error of the means
graphed. Statistical significance (***P < 0.0005) was calculated using a two-way ANOVA (cell line and treatment as factors) followed by a Tukey test.
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h, followed by Alexa Fluor 488 anti-rat and Alexa Fluor 555
anti-mouse IgG1 for 30 min. Slides were dried, coverslipped
and images were taken with a Nikon Eclipse Ti-E epifluo-
rescence microscope equipped with a 100x objective (Plan
Apo, 100x 1.45, oil), a Photometrics CoolSnapHQ2 cam-
era and appropriate filters (GFP and Texas Red). Experi-
ments were done in duplicate and a total of 50-100 fibers
were analyzed per replicate.

FACS

Cells were treated as needed, harvested with trypsin, spun
down and pellets were prepared using Click-iT EAU Alexa
Fluor™ 488 Flow Cytometry Assay Kit (Invitrogen C10425)
following the manufacturer’s instructions. After the click re-
action, cells were incubated with FxCycle Far Red Stain
(Invitrogen F10348) and RNase A (20 mg/ml) for 30 min
on ice. Cells were sorted at the Cytometry Facility (UPMC
Hillman Cancer Center) using a Becton Dickinson (Accuri)
C6 instrument. Analysis was performed using BD Accuri
C6 Software.

Immunofluorescence

Cells were seeded in 35 mm glass bottom dishes (MatTek
P35G-1.5-14-C) and treated as needed. At the end of treat-
ment, cells were washed with PBS, and pre-extracted for 1
min with extraction buffer (50 mM PIPES pH 6.9, 25 mM
KCI, 3mM EGTA, 1 mM MgSOy, 0.5% Triton X-100), fol-
lowed by fixation in 4% paraformaldehyde in PBS (Alfa Ae-
sar J61899) for 20 min at 4°C. Cells were washed 2x with
PBS, permeabilized with 0.5% Triton-X100 in PBS for 10
min at RT, washed 2x with PBS and blocked for 1 h at
RT (1% BSA, 10% goat serum in PBS). Primary antibod-
ies were incubated overnight at 4°C in 1% BSA in PBS.
Cells were washed 3x/5min with PBS, and incubated with
secondary antibodies (1:2000, Invitrogen goat anti-mouse
or anti-rabbit IgG (H+L) Alexa Fluor 488) in 1% BSA in
PBS for 1 h at RT. After washing with PBS and drying,
coverslips were mounted with Prolong Gold Antifade with
DAPI (Invitrogen P36935). At least 50 cells were analyzed
per condition. Images were taken with a Nikon Eclipse Ti-E
epifluorescence microscope equipped with a 100x objective
(Plan Apo, 100x 1.45, oil), a Photometrics CoolSnapHQ2
camera and appropriate filters (DAPI, GFP, Texas Red and
Cy5). The numbers of foci per cell were quantified using
Nikon Elements Software. Experiments were repeated in
triplicate.

Neutral comet assay

Cells were treated as needed and harvested using trypsin.
Comet slides were prepared with the CometAssay Kit fol-
lowing manufacturer instructions (Trevigen 4252-040-K).
Cell pellets were washed 2x with ice cold PBS and resus-
pended at 100K cells/ml. This suspension was mixed at a
1:10 ratio with Comet LMAgarose and 30 ul spread onto
CometSlides. After agarose solidification, slides were lysed
with Trevigen CometAssay Lysis Solution for 1 h followed
by 30 min in 1x neutral electrophoresis buffer (0.1 M Tris,
0.3 M sodium acetate, pH 9.0) at 4°C. Slides were sub-
ject to electrophoresis for 20 min at 21 V using a Trevigen
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CometAssay ES II unit. DNA was precipitated for 30 min
(1 M ammonium acetate in ethanol), fixed with 70% ethanol
for 30 min, air-dried and stained with SYBR Gold (Invitro-
gen S11494) diluted in TE buffer (10 mM Tris—-HCI pH 7.5,
1 mM EDTA). Images of 50-100 cells per condition were
taken with a Nikon Eclipse Ti-E epifluorescence microscope
equipped with a 10x objective (Plan Flour 10 x 0.30), a
Photometrics CoolSnapHQ?2 camera and GFP filter. Cells
were analyzed using Comet Assay IV Software (Perceptive
Instruments). Experiments were done in triplicate.

Sister chromatid exchange assay

Cells were treated with 1 uM BrdU (Sigma B9285) for two
cell cycles (~48 h). At the end of the first cell cycle, 0.05
uM mitomycin C was added for 24 h. Four hours prior to
harvest, colcemid (Sigma D1925) was added at 0.1 ug/ml.
Cells were trypsinized, centrifuged and the pellet was resus-
pended in 0.075M KCl for 7 min followed by addition of 1
ml of fix (3:1 methanol/acetic acid). After centrifugation,
pellets were resuspended in 10 ml of fix and incubated for
20 min at RT. Cells were washed 2x with fix and cell sus-
pensions were dropped onto glass slides (Fisher Scientific
12-544-3) and dried in a humidified incubator at 37°C for
a few min. Next day, slides were rinsed in PBS, and soaked
in 0.5 ug/ml Hoescht (Sigma B1155) in PBS for 10 min. A
few drops of 25 ug/ml Hoescht in PBS were dropped on
slides, a coverslip was added and slides were exposed to a
BLB light for 1 h. Coverslips were removed, slides immersed
in SSC buffer for 15 min (0.15 M sodium chloride/0.015
M sodium citrate), rinsed with water and stained with 4%
Giemsa (Ricca 3250-16) in GURR buffer (Gibco 10582-
013) for 5 min. Dried slides were coverslipped using Cy-
toseal (Thermo Scientific 8310-4). Slides were viewed un-
der transmitted light using a Nikon Eclipse Ti-E microscope
equipped with a 40x objective (Plan Fluor, 40 x 1.30 NA,
oil). For each condition, 25 normal metaphases (i.e. 2N =+ 2
chromosomes) were analyzed for chromatid exchanges. Ex-
periments were done in triplicate.

siRNA transfections

For siRNA knockdown the ON-TARGET plus siRNA
SMARTpools from Dharmacon (GE) against endoge-
nous PDS5B (L-010362-00-0005) and SPIDR (L-025937-
01-0005) were used. An ON-TARGET plus non-targeting
pool was used as a control (D-001810-10-05). Briefly, 200
000 RPE-1, SWS1-C2 or SWSAPI-C2 cells were seeded per
well of a six-well plate containing growth medium without
antibiotics. Approximately 2 h later, cells were transfected
with either a sSiRNA control, PDS5B or SPIDR. siRNAs
and DharmaFECT were diluted in Opti-MEM (Gibco). A
working siRNA concentration of 50 nM was used. We used
5 pl DharmaFECT transfection reagent per each six-well.
Cells were split 24 h later using complete media, treated with
MMS after another 48 h and finally processed for colony
formation assay as described above.

Western blots

Cells were seeded in 35 mm dishes and treated as needed.
Cells were collected by trypsinization, centrifuged and
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washed 1x with PBS. Cells were mixed 1:1 with 2x Laemmli
sample buffer (65.8 mM Tris—HCI pH 6.8, 26.3% glycerol,
2.1% SDS, 0.01% bromophenol blue, 100 mM DTT) and
boiled at 99°C for 5 min. Protein extractions for immuno-
precipitations are described above.

Equal amounts of protein were loaded in handcast
acrylamide/bis gels and ran at 100 V using a Mini-
PROTEAN Tetra Cell (Bio-Rad) in 1X running buffer
(192 mM glycine, 25 mM Tris, 0.1% SDS). Protein was
transferred to Immobilon-FL PVDF membranes (Milli-
pore IPFL00010) using a Mini Trans-Blot Cell (BioRad) for
2hat 100 V and 1 x blotting buffer (192 mM glycine, 25 mM
Tris, 0.01% SDS, 20% methanol). Membranes were incu-
bated following instructions by LI-COR for near-infrared
western blot detection. Briefly, following transfer mem-
branes were blocked with Odyssey blocking buffer with TBS
(LI-COR 927-50000) for 1 h at RT, and incubated with pri-
mary antibodies at 4°C overnight. After washing 4x/5 min
each with TBS-T, secondary antibodies (1:20 000, LI-COR
IRDye 680RD or IRDye 800CW) were incubated for 1 h at
room temperature. Membranes were washed as described
above and scanned using a LI-COR Odyssey CLx scanner.
For scanning, laser settings were set to automatic.

Yeast-two-hybrid and yeast-three-hybrid interactions and
quantification

Yeast-two-hybrid (Y2H) and yeast-three-hybrid (Y3H) as-
says were performed as previously described (17) with the
following modifications. For Y3Hs, pGAD, pGBD, and
pRS416 vectors were co-transformed into the S. cerevisiae
YPJ694a yeast strain. Yeast transformants harboring the
plasmids were selected for growth on SC-LEU-TRP (Y2H)
or SC-LEU-TRP-URA (Y3H) solid medium. Plates were
grown for 3 days at 30°C and subsequently photographed.
pGAD- and pGBD-SWS1-Val49del were made by site-
directed mutagenesis (primers listed in Supplemental Table
S1) and yeast-two-hybrid experiments with SWSAP1 were
performed as described above.

All Y2H and Y3H images were adjusted identically
for brightness and contrast using Adobe Photoshop and
growth, indicating a protein interaction, quantitated using
Imagel. The value for each interrogated Y2H or Y3H inter-
action was normalized to the corresponding empty control
vector, which was set to one. The normalized growth values
are shown as a fold change relative to the negative empty
control and graphed. Each experiment was performed two
to three times and graphed as the average of the experiments
=+ standard deviation.

Statistical analysis

GraphPad Prism (Version 7.0) was used for all statistical
analyses. Data from each cell line were entered in Prism as
groups and analyzed by regular two-way ANOVA with cell
lines and corresponding treatment as factors. Comparisons
were done by using a Tukey test with correction for mul-
tiple comparisons. Clonogenic survival data were entered
in Prism in X,Y format (dose vs. relative survival) and an-
alyzed using the dose-normalized response module. Each
cell line was fitted with a non-linear regression with a least

squares fit. Comparisons between fitted data were made
by an extra sum-of-squares F test that compared slopes
between cell lines. DNA fiber data was analyzed using a
Kruskal-Wallis test followed by a Dunn’s post-test for com-
parisons. Statistical significance was set as P < 0.05 and
confidence intervals at 95%.

RESULTS

The Shu complex is important for cellular resistance to MMS
and MMC

To determine the role of SWS1 and SWSAPI in DNA
repair, we used CRISPR-Cas9 to disrupt the coding se-
quence of the SWS1 and SWSAPI genes in human RPE-1
cells (Supplementary Figure S1A). RPE-1 cells are a non-
tumorigenic human retinal epithelial TERT immortalized
cell line that exhibit a normal karyotype and growth pa-
rameters (27). Due to lack of SWS1 and SWSAPI specific
antibodies, we selected for knockout cell lines by genomic
DNA sequencing. Two independent SWSI and SWSAPI
clonal cell lines were selected for further analysis based on
the presence of frameshift indels and therefore likely rep-
resent null alleles (Supplementary Figure S1B and C). One
SWSI1 clonal cell line contained a deletion of a single amino
acid in addition to a frameshift mutation in the second al-
lele. To confirm that this deletion altered SWS1 function, we
observed a loss or reduction of SWSI yeast-2-hybrid inter-
action with its binding partner SWSAP!1 (Supplementary
Figure S1D). Therefore, this clone is likely also deficient for
SWSI function and consistently exhibits comparable phe-
notypes to the other null alleles described below.

To determine whether loss of the Shu complex members
SWSI or SWSAPI renders human RPE-1 cells sensitive to
specific types of DNA damage, we performed clonogenic
survival assays upon treatment with different DNA damag-
ing agents. Similar to what is observed in yeast cells with
Shu complex disruption (12,18-20), we find that sgSWSI1
and sgSWSAP1 RPE-1 cells are primarily sensitive to the
alkylating agent MMS (Figure 1A and B). MMS sensitiv-
ity was also observed in transient siRNA knockdowns in
HeLa cells (15). Additionally, we find that sgSWSI1 and
sgSWSAPI RPE-1 cells are sensitive to MMC (Figure 1C
and D). However, the MMC sensitivity observed in sgSWS1
and sgSWSAPI cells is modest compared with disruption of
members of the Fanconi anemia pathway such as FANCD2
and is comparable to what is observed in Swsap!/~/~ mouse
fibroblasts (28,29). Although the overall slopes are not sta-
tistically significant from one another, we find that sgSWSI
and sgSWSAPI cell lines also exhibit a mild sensitivity to
low IR doses (such as 2 and 3 Gy; Supplementary Figure
S2A). In contrast, sgSWS1 and sgSWSAP1 RPE-1 cells are
not significantly sensitive to cisplatin (Supplementary Fig-
ure S2B) or HU (Supplementary Figure S2C). These data
suggest that the Shu complex is important to process DNA
damage and its disruption confers the most sensitivity to
MMS.

To better define the role of the Shu complex in toler-
ance of alkylation-induced DNA damage, we examined
sgSWS1 and sgSWSAPI RPE-1 cells upon exposure to
MMS for DSB formation. To determine if the MMS expo-
sure was inducing DSBs, we performed neutral comet as-



says in parental RPE-1 (WT), sgSWSI1 and sgSWSAPI cell
lines. After one hour of MMS treatment and one hour of
recovery, we observe a statistically significant and compa-
rable increase in WT, sgSWSI1, and SWSAP1 RPE-1 cell
lines by neutral comet assay. More importantly, there were
no differences among cell lines in the amount of DSBs in-
duced suggesting that upon initial MMS exposure all cell
lines exhibit comparable amount of DNA damage (Fig-
ure 1E and F, Supplementary Figure S3A). Since MMS
is thought to result in DSB formation upon DNA repli-
cation, we then assayed these cells for S-phase arrest and
observe a statistically significant and similar increase in the
percentage of S phase cells in WT, sgSWS1, and sgSWSAP1
RPE-1 cells (Supplementary Figure S3B). Therefore, the in-
creased MMS sensitivity observed above with Shu complex
disruption is not due to increased DSB generation or gross
changes in cell cycle dynamics upon MMS exposure.

The Shu complex is needed for efficient RADS1 foci forma-
tion and completion of HR

Next, we asked if Shu complex disruption would lead to al-
tered HR dynamics. To test this, we assayed sgSWSI1 and
sgSWSAPI cells for changes in RPA and RADSI1 foci in-
duction and sister chromatid exchanges. During HR, af-
ter DSB formation, the DNA ends are resected and RPA-
coated (1). RPA recruitment to ssDNA can be observed by
monitoring cells for RPA32 foci using immunofluorescence.
At the same time, replicating cells were co-stained using
EdU and RPA32 foci were only observed in EdU-positive
cells highlighting that repair of MMS-induced DNA dam-
age is in S phase. We determined the average number
of RPA32 foci in replicating cells in WT, sgSWSI1, and
sgSWSAPI RPE-1 cells following 1 h of MMS exposure for
up to 12 h of recovery (Figure 2A and B). In WT cells, we
observe an increase in RPA32 foci one hour after MMS ex-
posure which further increases at four hours and is signifi-
cantly reduced after 12 hours of recovery (Figure 2A; P =
0.0286). Although sgSWSI1 and sgSWSAP1 exhibit similar
RPA32 foci induction at 4 hours of recovery, we do not ob-
serve a significant reduction in RPA32 foci comparing the
4 and 12 h time points (Figure 2A; sgSWS1 P>0.999 and
sgSWSAPI P = 0.554). The induction of RPA foci over
time suggests that DNA end resection is likely occurring
in the absence of the Shu complex. However, it is possible
that Shu complex disruption may result in slower or delayed
RPA removal, which could be indicative of RADS51 load-
ing defects, the subsequent HR step. Therefore, we analyzed
the average number of RADSI foci in WT, sgSWSI, and
sgSWSAPI cells following MMS exposure and observe a
significant reduction and delay in RADS]1 foci after 1, 2 and
4 h of recovery (Figure 2C and D). In addition, sgSWS1 and
sgSWSAPI cells also exhibit overall fewer cells with RADS51
foci after one and two hours of recovery (Supplementary
Figure S4). Therefore, SWS1 and SWSAPI1 are important
for efficient RADSI recruitment into DNA repair foci fol-
lowing MMS exposure during S phase.

Since we observe a reduced and delayed RADS5]1 foci re-
sponse in Shu complex mutant knockout cells, we wanted
to address if Shu complex disruption would result in fewer
recombination events. In mouse embryonic fibroblasts dis-
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ruption of the RADS1 paralog, RAD51C, results in de-
creased sister chromatid exchanges (SCEs, which are HR-
mediated crossovers) following MMC exposure (9). Since
human sgSWS1 and sgSWSAP1 RPE-1 cells are MMC
sensitive, we asked whether these cells would exhibit fewer
SCEs following MMC exposure. Consistent with a role in
promoting RADS51-mediated HR, we observe a 30% re-
duction in the average number of SCEs in sgSWSI and
sgSWSAPI cells (Figure 2E and F). Together, these results
support a model where the human Shu complex promotes
RADS51-mediated recombination.

The Shu complex is needed to restart, but not protect, stalled
replication forks

Since RADSI loading in response to MMS was delayed
in Shu knockout cells, we asked whether the Shu complex
also functions in replication fork restart and protection,
processes known to be RADS51 dependent (30-36). Simi-
larly, proteins that regulate RADS]1, including the canon-
ical RADS]1 paralogs, are also implicated in these processes
upon fork stalling by HU (32,33,37,38). To address if the
Shu complex functions in replication fork restart and pro-
tection, we performed DNA fiber analysis. To examine fork
restart, we first pulsed the replicating DNA with IdU and
then stalled the forks with HU for 2 h and subsequently
pulsed the DNA with CIdU (Figure 3A). By measuring the
Cl1dU track length following the IdU labelled DNA, we ob-
serve a statistically significant decrease in restarted forks
in sgSWS1 and sgSWSAPI cells compared to WT (Figure
3A). These results suggest that the Shu complex functions
during replication fork restart.

Next, we determined if SWS1 and SWSAPI would have
arole in replication fork protection. To do this, we consecu-
tively pulsed the cells first with IdU and then with C1dU, and
then subsequently treated the cells with HU (Figure 3B).
Unlike fork restart, we do not observe decreases in replica-
tion track lengths by measuring the CIdU to IdU ratio in
sgSWS1 and sgSWSAPI1 cells (Figure 3B). Therefore, the
Shu complex does not exhibit a replication fork protection
function. These results suggest that replication fork protec-
tion and restart can be uncoupled.

Since we observe defects in replication fork restart in Shu
complex-disrupted cells, we wanted to determine if DSBs
are forming under the HU conditions utilized during the
replication fork protection assays. To do this, we performed
neutral comet assays in RPE-1 WT cells and do not observe
DSB induction (Figure 3C). Additionally, suggesting that
Shu knockout cells do not have grossly altered replication
dynamics compared to WT cells, the length of the DNA
fibers from the IdU and CIdU pulses were similar to each
other and between cell lines (Figure 3D). Therefore, the fork
restart function of the Shu complex occurs independently of
DSB formation.

BioID identifies novel Shu complex interacting proteins,
SPIDR and PDS5B

The budding yeast Shu complex is a heterotetramer, and
therefore, we wondered whether there may be additional
Shu complex members in human cells. To identify po-
tential human Shu complex interacting proteins, we used
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and myc-BirA-SWSAPI cell lines but not in cells lacking
the myc-BirA construct (compare untransfected plus bi-
otin addition with myc-BirA constructs; Figure 4C). To
determine if the myc-BirA tag may be interfering with ei-

the BioID technique (39) to screen for novel SWS1 and
SWSAPI-interacting proteins after MMS-induced DNA
damage. To do this we created stable RPE-1 cell lines that
express SWS1 or SWSAPI attached to the bacterial biotin

ligase BirA harboring a mutation that makes it promis-
cuously biotinylate proteins in close proximity upon bi-
otin addition (10 nm; Figure 4A and B). As a control,
we used a non-conjugated stable cell line expressing BirA
(Figure 4B). The BirA construct also contains a myc tag.
Using these cell lines, we observe an increase in biotiny-
lated proteins upon biotin addition in the myc-BirA-SWS1

ther SWS1 or SWSAP1 known protein interactions, we per-
formed co-immunoprecipitation (co-IP) experiments with
the myc-BirA-SWS1 and myc-BirA-SWSAP1 cells with
transiently transfected Flag-SWSAP1 or HA-SWSI, re-
spectively (Figure 4D and E). Importantly, both myc-BirA-
SWS1 and myc-BirA-SWSAPI maintain their protein inter-
actions with their binding partners. To perform BiolD, we
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in the Supplemental Table S2.

treated cells with biotin, added MMS for one hour, and al-
lowed the cells to recover for four hours, which is when we
observe a significant increase in RADS1 foci (Figures 4F
and 2C). We then pulled down the biotinylated proteins us-
ing streptavidin beads and analyzed the elutes by mass spec-
trometry. Commonly found contaminants were eliminated
using the CRAPome database (40). Proteins were only con-
sidered to potentially interact with SWS1 or SWSAPI1 if
they were not observed in the myc-BirA-empty cell line or
they were enriched three-fold and at least two unique pep-
tides were recovered (Supplemental Table S2; Figure 4G).

Using this BioID approach, we sought to identify novel
Shu complex members. We validated that SWS1 and
SWSAPI are in close proximity to each other as well as to
additional proteins that function to promote genome sta-
bility including DNA repair, kinetochore, and mitotic spin-
dle formation (Figure 4G). In particular, SPIDR, PDS5B,
and EMSY are already known to function during HR and
their knockdown, similar to the Shu complex, results in
decreased RADS]1 foci formation following DNA damage
(25,41-44). To determine if SWS1 or SWSAPI1 interact with
SPIDR, PDS5B, or EMSY, we performed co-IP experi-
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Figure 5. BiolD identifies SPIDR and PDS5B as novel binding part-
ners of the Shu complex. (A) RPE-1 cells were transiently transfected
with either HA-SWSI1 or myc-SWSAP1 alone or with Flag-SPIDR. Flag-
SPIDR was immunoprecipitated using anti-Flag-conjugated beads (Flag
IP) and western blotted for SWS1 or SWSAPI1 (co-IP) using anti-HA
or anti-myc, antibodies, respectively. Inputs represent 10% of the protein
lysate. (B) RPE-1 cells were transiently transfected with either HA-SWSI1
or myc-SWSAPI alone or with Flag-PDS5B N-terminal fragment (1-
529 amino acids). Flag-PDS5B was immunoprecipitated using anti-Flag-
conjugated beads (Flag IP) and western blotted for SWS1 or SWSAPI1
(co-IP) using anti-HA or anti-myc antibodies, respectively. Inputs repre-
sent 10% of the protein lysate. (C) The PJ694a yeast strain was trans-
formed with three plasmids; 1) a plasmid where SPIDR was fused to the
GAL4-DNA binding domain (BD; pGBD-SPIDR), 2) a plasmid where
either SWSAP1 or SWS1 was fused to the GAL4-DNA activating do-
main (AD; pPGAD-SWSAPI or pPGAD-SWS1), and 3) a plasmid that con-
stitutively expressed either SWS1 or SWSAP1 (pRS416-SWS1, pRS416-
SWSAPI). A yeast-three-hybrid interaction between SPIDR and SWSAP1
or SWSI was assayed by platting the yeast on SC-LEU-TRP-URA-HIS
(Interaction, indicated by growth) and compared to the loading control
SC-LEU-TRP-URA (Control). Empty BD (pGBD), AD (pGAD), and
pRS416 plasmids were used as negative controls. (D) The PJ69a yeast
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ments with HA-tagged SWS1 or myc-tagged SWSAP1 and
Flag-tagged SPIDR, PDS5B, or untagged EMSY. Note that
we were only able to express a 1-529 amino acid N-terminal
fragment of PDS5B in RPE-1 cells. We used benzonase to
rule out DNA-mediated protein-protein interactions. Both
FLAG-SPIDR and FLAG-PDS5B co-IP HA-SWSI and
MYC-SWSAPI (Figure 5SA and B). These protein—protein
interactions are also observed when FLAG-SPIDR or
FLAG-PDS5B were co-immunoprecipitated (Supplemen-
tary Figure S5A and S5B; note that only MYC-SWSAPI re-
liably co-1Ps FLAG-PDS5B). Furthermore, suggesting that
SPIDR’s interaction with SWS1 and SWSAPI is likely di-
rect, we observe a yeast-three-hybrid interaction between
SPIDR with SWS1 and SWSAPI1 (Figure 5C and Supple-
mentary Figure S5C). By yeast-three-hybrid, we find that
SPIDR’s N terminus (1-515 amino acids) likely mediates
these protein-protein interactions and this is the same re-
gion of SPIDR that interacts with RADS1 (Supplemen-
tary Figure S5D) (43). In contrast to SPIDR and PDS5B,
EMSY does not co-IP with SWS1 or SWSAPI1 even upon
MMS exposure (Supplementary Figure S6). Therefore,
EMSY is not a bonafide binding partner of SWSI and
SWSAPI1 and is most likely in close proximity to the Shu
complex during DNA repair. Finally, a previous study iden-
tified FIGNLI to directly interact with SPIDR (45) and a
recent study indicates an interaction with SWSAP1 (29).
Although we did not identify FIGNLI1 in our BioID mass
spectrometry analysis of SWS1 or SWSAPI1 interacting pro-
teins, we sought to determine if FIGNL1 would exhibit a
yeast-two-hybrid or a yeast-three-hybrid interaction with
either SWS1 or SWSAPI. In contrast to SPIDR, we ob-
serve no yeast-two-hybrid interaction or an extremely weak
yeast-three-hybrid interaction between FIGNLI1 with either
SWS1 or SWSAPI (Figure 5D and Supplementary Fig-
ure SSE-G). Together these experiments reveal SPIDR and
PDS5B to be novel SWS1 and SWSAPI interacting part-
ners.

To investigate if SPIDR and PDS5B genetically func-
tion in the same pathway as SWS1 or SWSAPI with
respect for MMS resistance, we used siRNA to knock
down PDS5B or SPIDR in WT parental RPE-1, sgSWS1
and sgSWSAPI cell lines (Figure 6A and C). Consistent
with a function for PDS5B or SPIDR in HR (42,43),
siRNA knock down of either PDS5B or SPIDR results
in MMS sensitivity compared to the WT parental RPE-1
cells (Figure 6B; P = 0.0025 siPDS5B or Figure 6D; P =

strain was transformed with a plasmid where FIGNLI1 was fused to the
GAL4-DNA activating domain (AD; pGAD-FIGNLI1) and 2) a plas-
mid where SWSAP1, SWSI1, or SPIDR was fused to the GAL4-DNA
binding domain (BD; pGBD-SWSAPI, pGBD-SWS1, pGBD-SPIDR).
For the yeast-three-hybrids, a third plasmid that constitutively expressed
either SWS1 or SWSAPI (pRS416-SWSI1, pRS416-SWSAP1) was also
co-transformed. A yeast-two-hybrid interaction between FIGNL1 with
SWSI1, SWSAPI, or SPIDR was assayed by plating the yeast on SC-LEU-
TRP-HIS (Interaction, indicated by growth) and compared to the load-
ing control SC-LEU-TRP (Control). A yeast-three-hybrid interaction be-
tween SPIDR and SWSAP1 or SWSI was assayed by plating the yeast
on SC-LEU-TRP-URA-HIS (Interaction, indicated by growth) and com-
pared to the loading control SC-LEU-TRP-URA (Control). Empty BD
(pGBD), AD (pGAD), and pRS416 plasmids were used as negative con-
trols.
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Figure 6. SWS1-SWSAPI function in the same pathway as SPIDR and PDS5B. (A) Western blots of PDS5B protein levels in WT RPE-1, sgSWS1-C2 and
sgSWSAPI-C2 cell lines after PDS5B siRNA knockdown. Tubulin was used as a loading control. (B) Clonogenic survival assays of WT parental RPE-1,
sgSWS1-C2, and sgSWSAP1-C2 cell lines following PDS5B knockdown using siRNA and MMS exposure. PDS5B was knocked down using siRNA for
72 hours before 1 hour treatment with MMS at the indicated concentrations. Treated cells were seeded at colony forming density and stained with crystal
violet 8 days post-seeding. Mean percent survival relative to untreated cells and standard error of the mean are shown. All experiments were performed in
duplicate. Statistical differences were calculated by fitting a non-linear regression curve to each data set and comparing slopes between WT and sgSWSI1
cells. (C) Western blots of SPIDR protein levels in WT RPE-1, sgSWS1-C2 and sgSWSAPI-C2 cell lines after SPIDR siRNA knockdown. Tubulin was
used as a loading control. (D) Same as (A) except that SPIDR was knocked down using siRNA.

0.0008 siSPIDR compared to RPE-1). Although siPDS5B
or siSPIDR cells are MMS sensitive, their MMS sensitiv-
ity was less than sgSWS1 and sgSWSAP1 RPE-1 cells (Fig-
ure 6B; P < 0.0001 siPDS5B or Figure 6D; P < 0.0001
siSPIDR compared to either sgSWS1 or sgSWSAPI). Sug-
gesting that PDS5B and SPIDR function in the same path-
way as SWS1 and SWSAPI, our genetic data indicates
that sgSWS1-siPDS5B or sgSWSAPI1-siPDS5B double mu-
tants exhibit the same MMS sensitivity as an sgSWSI
or sgSWSAPI single mutant (Figure 6B; P = 0.9345 for
SWSI1; P=0.1672 for SWSAPI1). The same is observed for
sgSWSI1-siSPIDR and sgSWSAP1-siSPIDR double mu-
tants (Figure 6D; P = 0.190 for SWSI; p-0.1155 for
SWASP1). Therefore, our results indicate that PDS5B and
SPIDR genetically function in the same pathway as SWSI
and SWSAPI.

DISCUSSION

Here we show that the human Shu complex is required
for efficient replication-associated HR following MMS ex-
posure. By creating CRISPR/Cas9 SWS1 and SWSAPI1
knockouts in human RPE-1 cell, we were able to uncover
new functions for the human Shu complex members in a

non-cancerous cell line. We demonstrate that loss of the
Shu complex members, SWSI or SWSAPI, result in MMS
and MMC sensitivity, a delayed and reduced RADSI foci
response, fewer sister chromatid exchanges, and defects in
replication fork restart. Furthermore, we identified SPIDR
and PDS5B as novel Shu complex interacting partners. To-
gether our results support a model where the human Shu
complex is important for tolerance of alkylation-induced
DNA damage during replication by promoting RADS5I-
mediated functions.

One unique aspect of the human Shu complex is its
primary sensitivity to the alkylating agent MMS, a fea-
ture that is also shared in other eukaryotes including
yeast and worms (3,12,17-19,21). MMS-induced DNA
damage is typically repaired using the base excision re-
pair (BER) pathway (46,47). However, during DNA repli-
cation, collision of the replication fork with a BER in-
termediate can result in replication fork stalling and/or
collapse. It is in this context that the HR machinery
would be important for error-free damage tolerance. Con-
sistent with a function for the Shu complex in process-
ing of alkylation-induced DNA damage intermediates, Shu
complex-disrupted yeast cells exhibit increased MMS sen-



sitivity when combined with BER mutants such as the
DNA glycolyase MAGI, which removes the N3-methyl-
adenine leaving an apurinic/apyrimidinic (AP) site, and the
AP endonucleases APNI and APN2 which convert the AP
site into a nick (21,48). Based upon our studies here, we
propose that the human Shu complex becomes important
for tolerance of MMS-induced DNA damage intermedi-
ates that arises specifically during DNA replication. Con-
sistent with this model, MMS-exposed Shu knockout cells
exhibit delayed resolution of RPA foci and a delayed and
decreased RADS1 response in our sgSWS1 and sgSWSAPI
cells specifically in replicating cells as measured by EdU
staining. Finally, Shu complex disruption results in a de-
fect in replication restart upon fork stalling by HU. These
results are unique from what is observed by disrupting the
canonical RADS51 paralogs, such as RADS1C and XRCC3,
where both replication fork restart and protection were in-
hibited (37). Since RADS1 also mediates fork restart after
HU (31), the fork restart defect observed in the Shu com-
plex knockout cells could be a result of impaired or delayed
RADS]1 loading at stalled forks. In this context, RADS51 has
been proposed to mediate fork reversal allowing the forma-
tion of a Holliday junction intermediate (i.e. chicken foot)
whose DNA end may facilitate recombination-dependent
fork restart (31,35). It is also possible that the Shu complex
functions in stabilization or formation of RADS1 filaments
on the gap in the replication fork either before replication
fork regression or after its restoration. Our findings here
cannot distinguish between these different possibilities. To-
gether, these results suggest that the human Shu complex
function is likely replication dependent and may be distinct
from the other RADSI paralogs.

Within the context of DNA replication, the budding yeast
Shu complex promotes Rad51 presynaptic filament assem-
bly. Our results suggest that the human Shu complex may
perform an analogous function since SWS1 or SWSAP1
disruption decreases RADSI foci formation and results in
fewer SCEs. These results are consistent with biochemi-
cal studies from yeast showing a 2-3-fold stimulation of
Rad51 filament formation in the presence of the yeast Shu
complex in combination with the other yeast Rad51 medi-
ators [Rad55-Rad57 and Rad52; (13)]. In agreement with
this notion, a decrease in RADS]1 foci after radiation expo-
sure and MMS were observed in transformed human can-
cer cells upon siRNA knockdown (14,15). Similarly, SWS1
and SWSAPI knockout mice have recently demonstrated
that the mouse Shu complex promotes assembly of RADS1
and DMCI1 on ecarly meiotic HR substrates and that this
is crucial for crossover homeostasis and proper oogenesis
and spermatogenesis (49). Like the other RADSI paralog
containing complexes, these data point to a role for the Shu
complex as a RADS51 mediator (2,3).

In other species where the Shu complex has been studied,
it is a multimeric complex composed of RADS51 paralogs
and a SWIM domain-containing Shu2/SWSI protein fam-
ily member (14,16). Since the yeast complex is a heterote-
tramer, it remained unknown if the human Shu complex
contained additional members. To reveal new binding part-
ners of the Shu complex, we used a BiolD approach (39)
and identified PDS5B and SPIDR as novel Shu complex in-
teracting partners. Both PDS5B and SPIDR function dur-
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ing HR and regulate RADS1 foci formation (42,43). SPIDR
is a proposed scaffolding protein that binds to RADS]1 in its
N-terminus (43), which is the same region where we observe
its interaction with SWSI and SWSAPI1. The cohesion-
associated protein PDS5B directly interacts with BRCA2
and functions primarily during S phase to facilitate HR fol-
lowing aphidicolin or HU-induced fork collapse (41). Addi-
tionally, PDS5B is enriched at HU-stalled forks (Sirbu ez al.
2013). It is worth highlighting that BRCA2 was enriched in
one of our BiolD experiments, but this interaction was not
confirmed. However, consistent with a role for the Shu com-
plex as a RADSI mediator, the presence of these bonafide
BRCAZ2 interactors (PDS5B and EMSY) in our BiolD ex-
periments suggest that the Shu complex may be acting in
close spatial and temporal proximity to BRCA2. Although
we did not pull down FIGNLI in our BioID screen for
SWS1 or SWSAPI interacting proteins, it is interesting to
note that a recent study identified SWSAPI to interact with
FIGNLI and this interaction protects RADS51 filament for-
mation from FIGNLI anti-recombinase activity (29). It is
possible that this might represent a conserved mechanism
as we showed that the yeast Shu complex prevents Srs2 re-
cruitment to DSB sites (50). It is possible that in human cells
this interaction may be SPIDR-mediated as SPIDR also
binds to FIGNLI (45). A similar antagonistic mechanism
has been reported between Arabidopsis thaliana FIGL1 and
BRCAZ2 (51).

Deficiency in the canonical RADSI1 paralogs, such as
RADSIC and RADSID, are linked to familial breast and
ovarian cancer predisposition (2). As for the Shu complex,
a homozygous mutation in the SWS1 gene (also known as
ZSWIMT7) has been associated with colorectal adenoma-
tous polyposis (52). Additionally, recent GWAS studies has
proposed SWSI as a susceptibility gene for chronic obstruc-
tive pulmonary disease (COPD) and cardiovascular disease
(53,54). These epidemiology studies highlight the impor-
tance of HR factors in the ctiology of cancer and other
diseases. Here, we examined the function of Shu complex
members SWS1 and SWSAPI during HR to elucidate the
biology of these elusive, yet highly conserved and relevant,
HR mediators.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Dr. Elise Fouquerel (University of Pittsburgh)
for help with FACS analysis, and the Gottifredi Labora-
tory (Fundacion Instituto Leloir, Buenos Aires, Argentina)
for technical suggestions regarding fiber analysis. We also
thank Dr. Yi Sheng and the GETV Core at Magee Women'’s
Research Institute for lentivirus production. Dr. Paul Rus-
sell (The Scripps Research Institute), Dr. Jun Huang (Zhe-
jlang University) and Dr. Douglas Levine (New York Uni-
versity) kindly provided us with plasmids used in this study.
We would also like to thank members of the Bernstein
Laboratory for their comments and suggestions on the
manuscript.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkz738#supplementary-data

10164 Nucleic Acids Research, 2019, Vol. 47, No. 19

FUNDING

National Institutes of Health [ES024872 to K.A.B. and
CA207209 to R.J.O]; American Cancer Society Research
Scholar Grants [RSG-16-043-01-DMC to K.A.B and RSG-
18-038-01-DMC to R.J.O.]; Hillman Cytometry Facil-
ity that is supported in part by award [P30CA047904].
Funding for open access charge: National Institutes of
Health [ES024872 to K.A.B.].

Conflict of interest statement. None declared.

REFERENCES

1.

Kowalczykowski,S.C. (2015) An overview of the molecular
mechanisms of recombinational DNA repair. Cold Spring Harb.
Perspect. Biol.,7, a016410.

. Prakash,R., Zhang,Y., Feng,W. and Jasin,M. (2015) Homologous

recombination and human health: the roles of BRCA1, BRCA2, and
associated proteins. Cold Spring Harb. Perspect. Biol., 7, a016600.

. Martino,J. and Bernstein,K.A. (2016) The Shu complex is a

conserved regulator of homologous recombination. FEMS Yeast
Res., 16, fow073.

. Shu,Z., Smith,S., Wang,L., Rice,M.C. and Kmiec,E.B. (1999)

Disruption of muREC2/RADSILI in mice results in early embryonic
lethality which can Be partially rescued in a p53(-/-) background.
Mol. Cell Biol., 19, 8686-8693.

. Deans,B., Griffin,C.S., Maconochie,M. and Thacker,J. (2000) Xrcc2

is required for genetic stability, embryonic neurogenesis and viability
in mice. EMBO J., 19, 6675-6685.

. Pittman,D.L. and Schimenti,J.C. (2000) Midgestation lethality in

mice deficient for the RecA-related gene, Rad51d/Rad5113. Genesis,
26, 167-173.

. Kuznetsov,S., Pellegrini,M., Shuda,K., Fernandez-Capetillo,O.,

Liu,Y., Martin,B.K., Burkett,S., Southon,E., Pati,D., Tessarollo,L.
et al. (2007) RADSI1C deficiency in mice results in early prophase I
arrest in males and sister chromatid separation at metaphase II in
females. J. Cell Biol., 176, 581-592.

. Braybrooke,J.P., Spink,K.G., Thacker,J. and Hickson,I.D. (2000) The

RADS]1 family member, RADS1L3, is a DNA-stimulated ATPase
that forms a complex with XRCC2. J. Biol. Chem., 275, 29100-29106.

. Suwaki,N., Klare,K. and Tarsounas,M. (2011) RADS5]1 paralogs:

roles in DNA damage signalling, recombinational repair and
tumorigenesis. Semin. Cell Dev. Biol., 22, 898-905.

. Kottemann,M.C. and Smogorzewska,A. (2013) Fanconi anaemia and

the repair of Watson and Crick DNA crosslinks. Nature, 493,
356-363.

. Godin,S.K., Sullivan,M.R. and Bernstein,K.A. (2016) Novel insights

into RADS5]1 activity and regulation during homologous
recombination and DNA replication. Biochem. Cell Biol., 94,
407-418.

. Shor,E., Weinstein,J. and Rothstein,R. (2005) A genetic screen for

top3 suppressors in Saccharomyces cerevisiae identifies SHUI, SHU2,
PSY3 and CSM2: four genes involved in error-free DNA repair.
Genetics, 169, 1275-1289.

. Gaines,W.A., Godin,S.K., Kabbinavar,F.F., Rao,T.,

VanDemark,A.P., Sung,P. and Bernstein,K.A. (2015) Promotion of
presynaptic filament assembly by the ensemble of S. cerevisiae Rad51
paralogues with Rad52. Nat. Commun., 6, 7834.

. Martin,V., Chahwan,C., Gao,H., Blais,V., Wohlschlegel,J., Yates,J.R.

3rd, McGowan,C.H. and Russell,P. (2006) Sws1 is a conserved
regulator of homologous recombination in eukaryotic cells. EMBO
J, 25,2564-2574.

. Liu, T., Wan,L., Wu.Y., Chen,J. and Huang,J. (2011) hSWS1.SWSAPI

is an evolutionarily conserved complex required for efficient
homologous recombination repair. J. Biol. Chem., 286, 41758-41766.

. Godin,S.K., Meslin,C., Kabbinavar,F., Bratton-Palmer,D.S.,

Hornack,C., Mihalevic,M.J., Yoshida,K., Sullivan,M., Clark,N.L.
and Bernstein,K.A. (2015) Evolutionary and functional analysis of
the invariant SWIM domain in the conserved Shu2/SWSI1 protein
family from Saccharomyces cerevisiae to Homo sapiens. Genetics, 199,
1023-1033.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

. McClendon,T.B., Sullivan,M.R., Bernstein,K.A. and Yanowitz,J.L.

(2016) Promotion of homologous recombination by SWS-1 in
complex with the RAD-51 paralogs in Caenorhabditis elegans.
Genetics, 201, 133-145.

. Mankouri,H.W., Ngo,H.P. and Hickson,I.D. (2007) Shu proteins

promote the formation of homologous recombination intermediates
that are processed by Sgs1-Rmil-Top3. Mol. Biol. Cell, 18,
4062-4073.

. Ball,L.G., Zhang,K., Cobb,J.A., Boone,C. and Xiao,W. (2009) The

yeast Shu complex couples error-free post-replication repair to
homologous recombination. Mol. Microbiol., 73, 89-102.

Godin,S., Wier,A., Kabbinavar,F., Bratton-Palmer,D.S., Ghodke,H.,
Van Houten,B., VanDemark,A.P. and Bernstein,K.A. (2013) The Shu
complex interacts with Rad51 through the Rad51 paralogues
Rad55-Rad57 to mediate error-free recombination. Nucleic Acids
Res., 41, 4525-4534.

Godin,S.K., Zhang,Z., Herken,B.W., Westmoreland,J.W., Lee,A.G.,
Mihalevic,M.J., Yu,Z., Sobol,R.W.,, Resnick, M.A. and
Bernstein,K.A. (2016) The Shu complex promotes error-free
tolerance of alkylation-induced base excision repair products. Nucleic
Acids Res., 44, 8199-8215.

Sanjana,N.E., Shalem,O. and Zhang,F. (2014) Improved vectors and
genome-wide libraries for CRISPR screening. Nat. Methods, 11,
783-784.

Lois,C., Hong,E.J., Pease,S., Brown,E.J. and Baltimore,D. (2002)
Germline transmission and tissue-specific expression of transgenes
delivered by lentiviral vectors. Science, 295, 868-872.

Roux,K.J., Kim,D.I. and Burke,B. (2013) BioID: a screen for
protein-protein interactions. Curr. Protoc. Protein Sci., 74,
19.23.1-19.23.14.

Jelinic,P,, Eccles,L.A., Tseng,J., Cybulska,P., Wielgos,M., Powell,S.N.
and Levine,D.A. (2017) The EMSY threonine 207 phospho-site is
required for EMSY driven suppression of DNA damage repair.
Oncotarget, 8, 13792-13804.

Millson,S.H., Truman,A.W. and Piper,P.W. (2003) Vectors for N- or
C-terminal positioning of the yeast Gal4p DNA binding or activator
domains. Bio. Techniques, 35, 60-64.

Bodnar,A.G., Ouellette,M., Frolkis,M., Holt,S.E., Chiu,C.P,,
Morin,G.B., Harley,C.B., Shay,J.W., Lichtsteiner,S. and Wright, W.E.
(1998) Extension of life-span by introduction of telomerase into
normal human cells. Science, 279, 349-352.

Garcia-Higuera,l., Taniguchi, T., Ganesan,S., Meyn,M.S.,
Timmers,C., Hejna,J., Grompe,M. and D’Andrea,A.D. (2001)
Interaction of the fanconi anemia proteins and BRCA1 in a common
pathway. Mol. Cell, 7, 249-262.

Matsuzaki,K., Kondo,S., Ishikawa, T. and Shinohara,A. (2019)
Human RADSI paralogue SWSAPI fosters RADS] filament by
regulating the anti-recombinase FIGNL1 AAA+ ATPase. Nat.
Commun., 10, 1407.

Hashimoto, Y., Ray Chaudhuri,A., Lopes,M. and Costanzo,V. (2010)
Rad51 protects nascent DNA from Mrel I-dependent degradation
and promotes continuous DNA synthesis. Nat. Struct. Mol. Biol., 17,
1305-1311.

Petermann,E., Orta,M.L., Issaeva,N., Schultz,N. and Helleday,T.
(2010) Hydroxyurea-stalled replication forks become progressively
inactivated and require two different RAD51-mediated pathways for
restart and repair. Mol. Cell, 37, 492-502.

Schlacher,K., Christ,N., Siaud,N., Egashira,A., Wu,H. and Jasin,M.
(2011) Double-strand break repair-independent role for BRCA2 in
blocking stalled replication fork degradation by MREI11. Cell, 145,
529-542.

Schlacher,K., Wu,H. and Jasin,M. (2012) A distinct replication fork
protection pathway connects Fanconi anemia tumor suppressors to
RADS1-BRCA1/2. Cancer Cell, 22, 106-116.

Wang,A.T., Kim,T., Wagner,J.E., Conti,B.A., Lach,F.P., Huang,A.L.,
Molina,H., Sanborn,E.M., Zierhut,H., Cornes,B.K. et al. (2015) A
dominant mutation in human RADS5] reveals its function in DNA
interstrand crosslink repair independent of homologous
recombination. Mol. Cell, 59, 478-490.

Zellweger,R., Dalcher,D., Mutreja,K., Berti,M., Schmid,J.A.,
Herrador,R., Vindigni,A. and Lopes,M. (2015) Rad51-mediated
replication fork reversal is a global response to genotoxic treatments
in human cells. J. Cell Biol., 208, 563-579.



36.

37.

38.

39.

40.

41.

42.

43

44,

Mijic,S., Zellweger,R., Chappidi,N., Berti,M., Jacobs,K., Mutreja, K.,
Ursich,S., Ray Chaudhuri,A., Nussenzweig,A., Janscak,P. et al.
(2017) Replication fork reversal triggers fork degradation in
BRCA2-defective cells. Nat. Commun., 8, 859.

Somyajit,K., Saxena,S., Babu,S., Mishra,A. and Nagaraju,G. (2015)
Mammalian RADS]1 paralogs protect nascent DNA at stalled forks
and mediate replication restart. Nucleic Acids Res., 43, 9835-9855.
Kais,Z., Rondinelli,B., Holmes,A., O’Leary,C., Kozono,D.,
D’Andrea,A.D. and Ceccaldi,R. (2016) FANCD2 maintains fork
stability in BRCA1/2-Deficient tumors and promotes alternative
End-Joining DNA repair. Cell Rep., 15, 2488-2499.

Roux,K.J., Kim,D.I., Raida,M. and Burke,B. (2012) A promiscuous
biotin ligase fusion protein identifies proximal and interacting
proteins in mammalian cells. J. Cell Biol., 196, 801-810.
Mellacheruvu,D., Wright,Z., Couzens,A.L., Lambert,J.P.,
St-Denis,N.A., Li,T., Miteva,Y.V., Hauri,S., Sardiu,M.E., Low,T.Y.
et al. (2013) The CRAPome: a contaminant repository for affinity
purification-mass spectrometry data. Nat. Methods, 10, 730-736.
Hughes-Davies,L., Huntsman,D., Ruas,M., Fuks,F., Bye,J.,
Chin,S.F.,, Milner,J., Brown,L.A., Hsu,F., Gilks,B. ez al. (2003)
EMSY links the BRCA2 pathway to sporadic breast and ovarian
cancer. Cell, 115, 523-535.

Brough,R., Bajrami,l., Vatcheva,R., Natrajan,R., Reis-Filho,J.S.,
Lord,C.J. and Ashworth,A. (2012) APRIN is a cell cycle specific
BRCAZ2-interacting protein required for genome integrity and a
predictor of outcome after chemotherapy in breast cancer. EMBO J.,
31, 1160-1176.

. Wan,L., Han,J., Liu,T., Dong,S., Xie,F., Chen,H. and Huang.J.

(2013) Scaffolding protein SPIDR /KIAA0146 connects the Bloom
syndrome helicase with homologous recombination repair. Proc. Natl
Acad. Sci. U.S.A.,110, 10646-10651.

Couturier,A.M., Fleury,H., Patenaude,A.M., Bentley,V.L.,
Rodrigue,A., Coulombe,Y., Niraj,J., Pauty,J., Berman,J.N.,
Dellaire,G. et al. (2016) Roles for APRIN (PDS5B) in homologous
recombination and in ovarian cancer prediction. Nucleic Acids Res.,
44, 10879-10897.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Nucleic Acids Research, 2019, Vol. 47, No. 19 10165

Yuan,J. and Chen.,J. (2013) FIGNL1-containing protein complex is
required for efficient homologous recombination repair. Proc. Natl
Acad. Sci. US.A., 110, 10640-10645.

Fu,D., Calvo,J.A. and Samson,L.D. (2012) Balancing repair and
tolerance of DNA damage caused by alkylating agents. Nat. Rev.
Cancer, 12, 104-120.

Boiteux,S. and Jinks-Robertson,S. (2013) DNA repair mechanisms
and the bypass of DNA damage in Saccharomyces cerevisiae.
Genetics, 193, 1025-1064.

St Onge,R.P., Mani,R., Oh,J., Proctor,M., Fung,E., Davis,R.W.,
Nislow,C., Roth,E.P. and Giaever,G. (2007) Systematic pathway
analysis using high-resolution fitness profiling of combinatorial gene
deletions. Nat. Genet., 39, 199-206.

Abreu,C.M., Prakash,R., Romanienko,P.J., Roig,I., Keeney,S. and
Jasin,M. (2018) Shu complex SWS1-SWSAPI promotes early steps in
mouse meiotic recombination. Nat. Commun., 9, 3961.
Bernstein,K.A., Reid,R.J., Sunjevaric,I., Demuth,K., Burgess,R.C.
and Rothstein,R. (2011) The Shu complex, which contains Rad51
paralogues, promotes DNA repair through inhibition of the Srs2
anti-recombinase. Mol. Biol. Cell, 22, 1599-1607.

Kumar,R., Duhamel,M., Coutant,E., Ben-Nahia,E. and Mercier,R.
(2019) Antagonism between BRCA2 and FIGLI regulates
homologous recombination. Nucleic Acids Res., 47, 5170-5180.
Spier,l., Kerick,M., Drichel,D., Horpaopan,S., Altmuller,J.,
Laner,A., Holzapfel,S., Peters,S., Adam,R., Zhao,B. ez al. (2016)
Exome sequencing identifies potential novel candidate genes in
patients with unexplained colorectal adenomatous polyposis. Fam.
Cancer, 15, 281-288.

Sung,Y.J., de Las Fuentes,L., Schwander,K.L., Simino,J. and
Rao,D.C. (2015) Gene-smoking interactions identify several novel
blood pressure loci in the Framingham Heart Study. Am. J.
Hypertens., 28, 343-354.

Burkart,K.M., Sofer, T., London,S.J., Manichaikul,A., Hartwig,E.P.,
Yan,Q., Soler Artigas,M., Avila,L., Chen,W., Thomas,S.D. et al.
(2018) A Genome-wide association study in Hispanics/Latinos
identifies novel signals for lung function. The hispanic community
health Study/Study of latinos. Am. J. Respir. Crit. Care Med., 198,
208-219.



