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DNA repair systems protect cells from genomic instability and carcinogenesis. Therefore, assays for measuring DNA repair activity
are valuable, not only for clinical diagnoses of DNA repair deficiency disorders but also for basic research and anticancer drug
development. Two commonly used assays are UDS (unscheduled DNA synthesis, requiring a precise measurement of an extremely
small amount of repair DNA synthesis) and RRS (recovery of RNA synthesis after DNA damage). Both UDS and RRS are major
endpoints for assessing the activity of nucleotide excision repair (NER), the most versatile DNA repair process. Conventional

UDS and RRS assays are laborious and time-consuming, as they measure the incorporation of radiolabeled nucleosides associated
with NER. Here we describe a comprehensive protocol for monitoring nonradioactive UDS and RRS by studying the incorporation
of alkyne-conjugated nucleoside analogs followed by a fluorescent azide-coupling click-chemistry reaction. The system is also
suitable for quick measurement of cell sensitivity to DNA-damaging reagents and for lentivirus-based complementation assays,
which can be used to systematically determine the pathogenic genes associated with DNA repair deficiency disorders. A typical UDS
or RRS assay using primary fibroblasts, including a virus complementation test, takes 1 week to complete.

INTRODUCTION

The DNA repair system is important for maintaining genome  in CS17%13, The proteins, XPA to XPG, and CSA and CSB, have
integrity®?; therefore, failures in the system are implicated in  distinct roles in NER. The lesion recognition in GGR is medi-
various pathological conditions including carcinogenesis and  ated by XPC and XPE. XPB and XPD are the helicase subunits of
aging. Furthermore, congenital defects in the DNA repair system  the transcription factor TFIIH, which stimulates unwinding of
give rise to genetic disorders associated with genome instabil-  damaged DNA after damage recognitionl4. XPA is responsible for
ityl-5. NER is one of the most versatile DNA repair processes  the lesion-verification process before damaged DNA is incised by
operating in mammals®. It deals with a diversity of DNA lesions,  the ERCC1-XPF endonuclease complex from the 5’ side and by
including UV-induced photo-lesions, chemical DNA adductsand  another endonuclease, XPG, from the 3’ side. Unlike GGR, TCR is
some forms of oxidative damage. There are two subpathways in  initiated by the recognition of stalled RNA polymerase IIo (RNA
NER: global genome repair (GGR), which removes damage from  polllo) at sites of DNA damage. The recently identified factor UV-
both expressed and silent genomic regions’, and transcription-  stimulated scaffold protein A (UVSSA)13-17, which has been asso-
coupled repair (TCR), which removes damage specifically from  ciated with UV-sensitive syndrome (UVSS) in its mutated form,
actively transcribed genes39. Xeroderma pigmentosum (XP)  and CSA, CSB and other partner proteins are recruited to facilitate
and Cockayne syndrome (CS) are representative genetic disor-  the removal of RNA polllo enzymes stalled at the DNA damage
ders associated with defects in NER1%:11, XP and CS patients are  site. Processing the stalled RNA polllo allows TFIIH to bind at
characterized by photosensitivity, but there is variation in their ~ the DNA damage site, before damage incision by ERCC1-XPF
clinical features. For example, XP patients show greater pigmen-  and XPG endonucleases. As summarized in Table 1, patients with
tary changes and have a very high incidence of skin cancer. The ~ XP, CS or UVSS have defects in one of the NER genes described
most severe XP cases suffer from neurological degeneration and  above; however, different mutations in the same NER gene can
mental retardation as a consequence of defective NER. CS patients  result in different disorders. XPB, XPD and XPG are required for
have several developmental abnormalities, including physicaland ~ the proper function and stability of TFIIH; therefore, mutations
mental retardation, microcephaly and premature aging, but they  in these genes may compromise global transcription as well as
have no susceptibility to skin cancer3:4. NER activity, and may result in a wide range of clinical features

XP results from defects in one of the seven NER-related genes,  associated with XP, CS or related diseases8-21,

XPA to XPG (complementation groups XP-A to XP-G), and in Aside from the clinical features, definitive diagnoses of
POLH (encoding DNA polymerase-1; referred to hereafter as XPV ~ NER-deficiency disorders requires measurement of DNA
for ‘XP variant’)!2, whereas two genes, ERCC8 (referred to hereafter  repair activity, which includes UDS and RRS22:23, UDS refers to
as CSA) and ERCCE6 (referred to hereafter as CSB) are mutated  damage-induced, non-S-phase DNA repair synthesis and is used
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TABLE 1 | Summary of UV-induced DNA damage-repair pathway genes.

PROTOCOL |

Deficiency in DNA

Assay method used in

Assay repair pathway Related genes Related diseases virus complementation
ubs RRS  Cell sensitivity
+ ~ ND TCR (54, (SB (S or UVSS RRS
UVSSA Uvss
- + ND GGR XPC, XPE XP uns
- - ND GGR and TCR XPA Xp UDS/RRS?
XPB, XPD, XPF, XPG, XP, CS or others
ERCC1
+ + - Translesion synthesis ~ POLH (XPV) XP-V Cell sensitivity

+, normal; -, deficiency; ND, not necessary to do.
aEither UDS or RRS can be performed in this condition.

to determine GGR activity. RRS is used as a measurement of TCR
activity, as unrepaired DNA damage elicits transient inhibition
of mRNA transcription.

Assays to measure DNA damage repair
Generally, a 254-nm UVC germicidal lamp is used to induce DNA
damage in cells; UDS or RRS activity is then measured by evaluat-
ing the incorporation of radiolabeled nucleoside or nucleoside
analog. Conventionally, UDS and RRS are measured by auto-
radiography of incorporated 3H-thymidine (3H-deoxythymidine,
3H-thy) or 3H-uridine, respectively?2-25, Nuclear silver grain
counting provides a measurement of UDS and RRS, as each
individual event of nucleotide incorporation can be detected.
Although the procedure is laborious and time-consuming, this
autoradiographic technique is still commonly used in many
diagnostic and basic research laboratories, as it is a sensitive and
accurate method.

Direct scintillation counting of an
incorporated radionucleotide is another
option for measuring UDS and RRS; how-

after conjugation with fluorescent azide dye via a copper-catalyzed
alkyne-azyde-coupling click-chemistry reaction39. We established
a method for the precise measurement of an extremely small
amount of DNA synthesis associated with UDS3!, which was then
used to develop a semiautomated assay system for UDS and RRS
measurement, using EdU and EU as alternatives to convention-
ally used radiolabeled nucleosides or BrdU-labeled nucleosides32.
As EAU and EU can be directly and specifically conjugated to
a fluorescent dye, the sensitivity and background signal associ-
ated with our approach are markedly improved compared with
conventional approaches, equaling the more recently developed
autoradiographic methods31:32, These procedures use plastic 96-
well tissue culture plates and a high-content screening (HCS)
imaging system—an automated plate scanner equipped with a
fluorescence microscope and a CCD camera, which saves time
and greatly improves the accuracy of the procedure and thus the
reproducibility of these assays.

Primary human fibroblasts
in 96-well plate

ever, although this process is much quicker o Days 13 o Days 13
than nuclear silver grain counting, it is less Abnormal Normal
accurate. BrdU and bromouridine (BrU) oty oo
. . g NER-deficiency associated

can be used in place of 3H-thymidine and
P .

H }mdme in UDS and RRS, respectw_ely, < bueie I T —————n— e . omeas
for immunofluorescence-based detection with known NER-related genes [Seauencing o xev ] Y

26 ] I

methods?. Although these assays avoid Restore Failure to restore No mutation in XPV. XPV mutation

the use of radioactive materials and save

time, they are not in widespread use owing ‘

Determination of
complementation groups

® Days 6-8 [Cell sensitivity assay after UV lrradiationl [ XP variant |

to their low sensitivity and low resolution.
The host cell reactivation assay?7 is used
for XP and CS clinical diagnoses in several

Sanger sequencing

Sensitive Normal
UV damags repair— Other
deficiency associated possibilities

laboratories, but the technique is not suit-

e Days 9-10 |ldanﬁﬁca|ion of pathogenic mulalions|

able for the direct measurement of DNA
repair activity.

Alkyne-conjugated nucleoside analogs
5-ethynyl-2’-deoxyuridine (EdU) and
5-ethynyluridine (EU) were recently devel-
oped for labeling of S-phase DNA and nas-
cent RNA synthesis, respectively28:2%, The
incorporated nucleotides can be detected

v ® Days 9-16

Next-generation sequencing
identification of pathogenic candidate genes

H—_j

® Days 17-21 |

Virus complementation assay RBNA interference assay
with pathogenic candidate genes with pathogenic candidate genes
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Figure 1 | A flowchart diagram showing standard procedures for diagnosing UV-sensitive DNA
repair-deficiency disorders using the assay system.
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@ Day 1 Primary human fibroblasts ® Day 1
uDs in plastic 96-well plate RRS
@ Day 2 |UVC irradiation (20 J/im?) UVC irradiation (11 J/m”)| @ Day 2

Incubation in DMEM/1% FBS

5 uM EdU incorporation

Image acquisition
Data processing

Figure 2 | Overview of the experimental procedure for the UDS and RRS
assays.

Our system can also be used for EdU-based measurement of
cell sensitivity after DNA-damaging treatment. This cell sensitiv-
ity assay protocol is based on a measurement of cell proliferation
potency by incorporation of EQU during S-phase. The protocol
is compatible with most standard cell biology techniques such
as immunofluorescence staining?!, ectopic gene expression and
RNA interference—based gene-knockdown assays33. We have also

used the system to develop a lentivirus-based complementation
assay!>, which can be used to systematically determine the patho-
genic genes linked to DNA repair deficiency disorders!534. In this
assay, primary fibroblasts are infected with a set of lentiviruses
carrying DNA repair genes and evaluated for complementation
of UDS activity, RRS activity or cell viability. The protocol is also
applicable to siRNA screening studies; DNA repair-related genes
are knocked down by a set of siRNA oligonucleotides in normal
cells, and the automated assay system is used to measure UDS
and RRS levels32.

EdU-based UDS and EU-based RRS, together with cell sensitiv-
ity and virus complementation assays, could feasibly become gold-
standard techniques for the diagnosis of NER-deficient disorders.
Figure 1 summarizes the standard diagnostic procedures with the
assay system for photosensitive DNA repair—deficiency disorders
such as XP, CS and UV-sensitive syndrome. After the patient’s
primary fibroblast cells are received, we first perform UDS and RRS
assays to confirm or refute an NER deficiency and to determine
which subpathway of NER, GGR or TCR is affected (Figs.2-4
and Table 1). In confirmed NER-deficiency cases, we perform
the lentivirus complementation assay to determine responsible
genes (Figs. 3, 5 and 6), followed by identification of mutations
in the genes by Sanger DNA sequencing. In refuted cases with
normal UDS and RRS activity, we perform cell sensitivity assay
to evaluate whether the patient’s symptoms are associated with
UV-induced DNA damage repair deficiency (Figs. 3,5 and 7). In
cases of suspected XP-V, direct genomic DNA sequencing of the
XPV gene is performed!2. In both NER-related and non-NER-
related cases, unidentified DNA repair genes may be involved.
In these cases, potential pathogenic mutations that relate to the
DNA repair system can be further investigated by next-generation
sequencing!®. Lentivirus complementation and RNA interference

a UDS and RRS Virus complementation/RRS e Virus complementation/IF
plastic 96-weli plate (BD Falcon) plastic 96-well plate (BD Falcon) Glass 96-well plate (Nunc)
uv (+) uv (=) UV (+) uv (=) 12 3 45 6 7 8 9 101112
12 3 45 6 7 8 9 101112 12 3 45 6 7 8 9 101112 A
A A Lentivirus B
B B[ wio 48R ©
C 48BR cl wio D
lXP1SBR E
D XP15BR D XPA c
E XP21BR E o
;CSZAW G
F CS2AW Fl- CSA H
G G Lentiviiis © < © O © <
2x g 23
H H B
N S
Q\Q) QQ:& g‘y
+ + o
Virus complementation/lUDS Virus complementation/cell sensitivity f siRNA-UDS and RRS
plastic 96-weli plate (BD Falcon) plastic 96-well plate (BD Falcon) plastic 96-well plate (BD Falcon)
uv (+) UV (-) 0 5 10 20 UVC (J/mz) UV (+) Uv ()
12 3 45 6 7 8 9 101112 12 3 45 6 7 8 9 101112 12 83 45 6 7 8 9 101112
A Lentivirus A Lentivirus A
B w/o  48BR B w/o  48BR B siRNA
w/o wilo
¢ lxmsaﬁ c IXP158R c wlo
D A D PA D Control
w/o wio 48BR
E [xpzma E IXP21BR E XPA
F C F XPC F UVSSA
w/o
@ @ ‘CS2AW @
H H CSA H

Figure 3 | Typical 96-well plate formats. (a—~f) UDS and RRS assays (a); virus complementation experiments for UDS (b), RRS (c) and cell sensitivity assays (d);
immunofluorescence (IF) staining for measurement of viral infection efficiency (e); RNA interference assay (f). w/o, without virus infection or siRNA transfection.
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Figure 4 | Measurement of NER activity by UDS and RRS assays. Normal
48BR, XP patient-derived XP15BR (XPA) and XP21BR (XPC), and CS patient-
derived CS2AW (CSA) cells were used. (a) EdU-based UDS assay: indicated
cells were seeded on a plastic 96-well plate. UV irradiation was performed on
half of the assay plate (black bars, 20 3/m? UVC irradiation; white bars, no
UV irradiation), followed by 4 h of incubation with 5 uM EdU. Incorporated
EdU was detected as described in the main PROCEDURE (Steps 7-16).

(b) EU-based RRS assay: indicated cells were seeded on a plastic 96-well
plate. UV irradiation was performed on half of the assay plate (black bars,
11 J/m? UVC irradiation; white bars, no UV irradiation), followed by

12 h incubation with DMEM supplemented with 1% (vol/vol) FBS.

EU incorporation and detection were performed as described in the main
PROCEDURE (Steps 7-16). Bars and error bars represent average fluorescence
intensity of quintuplicates and s.d., respectively. In b, RRS was normalized
to activity measurement in nonirradiated cells. a.u., arbitrary units.

assays (Figs. 3, 5 and 8) are then performed to confirm involve-
ment of newly identified DNA repair candidate genes34,

Applications of the protocol

In the comprehensive protocol presented here, we provide step-
by-step instruction on how to perform UDS, RRS, cell sensitivity,
virus complementation and RNA interference assays in primary

PROTOCOL |

human fibroblasts. In our studies, we have focused on the use
of human primary fibroblasts derived from patients with DNA
repair deficiencies; however, in principle, the protocol could be
used with any adherent cells, such as MRCS, HEK293 and Hela
cells, We have shown that the protocol can be applied to immor-
talized lymphoblastoid cell lines (LBLs) by performing a few
preceding steps®? (Supplementary Methods 1-5); however, the
assays are not as sensitive and specific with LBLs as they are with
primary fibroblasts (Supplementary Fig. 1).

A key advantage of this protocol over other methods is that
it can be used as a high-throughput screening system. The pro-
tocol is not restricted to the study of UV-induced DNA damage
repair—-deficiency disorders in human cells. On the basis of the cell
sensitivity assay, we are also able to investigate DNA repair activity
for DNA damage, such as y-ray—induced double-strand breaks
(DSBs)?5 (Supplementary Method 4 and Supplementary Fig. 2)
or mitomycin C-induced DNA interstrand cross-links (ICLs)34
(Supplementary Method 4 and Supplementary Fig. 3). The UDS
and RRS assays are also potentially applicable to drug screening
of small chemical compounds.

Overview of the protocol

EdU-based UDS and EU-based RRS assays. The experimental
schemes for the UDS and RRS assays are summarized in Figure 2.
Normal and DNA repair—deficient patient-derived fibroblasts are
seeded in quintuplicate on a plastic 96-well plate (Fig. 3a—c) and
cultured for 16 h in FBS-supplemented DMEM. Half of the plate
is irradiated with UVC (UV+), whereas the other half is wrapped
in aluminum foil (UV-). In the UDS assay, cells are incubated in
serum-free EdU-supplemented DMEM immediately after irra-
diation. For the RRS assay, cells are irradiated at a lower dose

Celi sensitivity assay "
a after UV irradiation b Virus complementation assay c RANA interference assay
Primary human fibroblasts Primary human fibroblasts Primary human fibroblasts
® Day1 in plastic 96-weli plate @ Day 1 in plastic and glass 96-weli plate © Day 1 in plastic and glass 96-well plate
\L +10 nM siRNA
® Day?2 l UVC (0, 5, 10, 20 Jim?) I ® Day?2 Lentivirus infection ‘1’
¢ ubDs RRS
24h eDay4 | UVC(0Jm? UVC (9 Jim?)
[ Incubation in DMEM/10% FBS [
@ Day3 Medium change 5 M Edu Incubation in
incorporation DMEM/1% FBS
A4
h— v
® Day3 I 5 uM EdU incorporation ’ \
® Day 4 i 24 h l ! 48h l l 48h | | 100 uM EU incorporation l
2h
Fixation RRS
or
cell
Blocking @ Days | Sensitvity { uDs | Blocking
I Coupling of fluorescent azide | | Coupling of fluorescent azide |
DAPI staining DAPI staining

Image acquisition
Data processing

Image acquisition
Data processing

Image acquisition
Data processing

Figure 5 | Experimental schemes. (a~c) Shown are schemes for cell sensitivity assay after UV irradiation (a), virus complementation assay (b) and RNA

interference assay (c).
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Figure 6 | Virus complementation experiments a C Anti-V5 DAPI Merge

for UDS and RRS assays. (a) UDS assay for 1401 muUvs [JUV-

normal 48BR, and XP patient-derived XP15BR

and XP21BR cells. Cells were seeded on a plastic 3 ' wio

96-well plate, followed by infection with a set “‘; 100 -

of lentiviruses expressing XPA or XPC cDNA. 2

At 72 h after virus infection, cells were UV 2 80

irradiated (black bars, 20 3/m? UVC irradiation; 8 60+ );2145-5?

white bars, no UV irradiation), followed by 8

EdU incorporation and detection as described £ 404

in the main PROCEDURE (Steps 6-16). (b) RRS T 204

assay for normal 48BR, XP patient-derived XP21BR

XP15BR and CS patlent—den\'/ed CS2AW cells. 0- WER . wio | XPA | wio | XPC XPC-V5

Cells were seeded on a plastic 96-well plate,

followed by infection with a set of lentiviruses XP15BR XP21BR

expressing XPA or CSA cDNA. At 60 h after virus

infection, cells were UV irradiated (black bars, b CS2AW

11 J/m2 UVC irradiation; white bars, no UV ~ 1407 muvs OUV- CSAV5

irradiation), followed by 12 h of incubation 3

with DMEM supplemented with 1% (vol/vol) T 1201

FBS. EU incorporation and detection were 5 404 L T T d 8 um.

performed as described in the main PROCEDURE o\oo @

(Steps 6-16). Bars and error bars represent = 804 % 1001

average fluorescence intensity of quintuplicates 2 60 % 80

and s.d. in a and b, respectively. In b, RRS £ 2 604

was normalized to activity measurement g 401 § 104

in nonirradiated cells. (c,d) Viral infection g 20 5

efficiency was confirmed by immunofluorescence S o 207
= || Ml 5 o

2 : .

staining with anti-V5-tag antibody. Cells were 0+

seeded on a glass-bottomed 96-well plate, 48BR - wio

XPA w/o CSA wio XPA wlo XPC wlo ICSA

followed by infection with a set of lentiviruses
expressing XPA, XPC or CSA cDNA. At 72 h after

XP15BR

CS2AW XP15BR  XP21BR CS2AwW

infection, immunofluorescence staining was performed as described in step 5B of Box 2. Infection efficiency was calculated as a number of Alexa
488-positive cells using the VTI system. Scale bar, 20 um. a.u., arbitrary units; w/o, without virus infection.

and incubated in FBS-supplemented DMEM to allow RRS before
incubation in serum-free EU-supplemented DMEM. After incor-
poration of EdU or EU, cells are fixed, exposed to Alexa Fluor

-@- 48BR

-&- XP15BR w/o
-4~ XP15BR XPA
-&- XP21BR w/o
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o
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488-azide coupling solution and then stained with DAPI. Image
acquisition and data processing are automated using an HCS sys-
tem, the ARRAYSCANVTT (Thermo Scientific). Plates are scanned
and photographed with a CCD camera—equipped fluorescence
microscope. Captured images are directly processed using the
integrated analysis software, Cellomics Scan (Cellomics), which
is programmed for the detection of nuclei (DAPI staining) and
measurement of the fluorescence intensity of Alexa Fluor 488.In
the UDS assay, all non-S-phase cells in a single captured field are
evaluated; the average fluorescence intensity of 25 different fields
is calculated for each well. In the RRS assay, all cells in a single

Figure 7 | Virus complementation experiment for cell sensitivity assay.

(a) Cell sensitivity assay for normal 48BR, XP patient-derived XP158R,
XP21BR and CS patient-derived CS2AW cells. Cells were seeded on a plastic
96-well plate, followed by infection with a set of lentiviruses expressing
XPA, XPC or CSA cDNA. At 48 h after virus infection, UV irradiation was
performed with indicated doses (0, 5, 10 and 20 J/m2), followed by

24 h of incubation with DMEM supplemented with 10% (vol/vol) FBS.

EdU incorporation and detection were performed as described in the cell
sensitivity assay (steps 9-11 of Box 1). Data were normalized to the

EdU incorporation level measured in nonirradiated cells, and data points
represent average fluorescence intensity (in arbitrary units) of duplicate
wells. Error bars represent s.d. of three experiments. (b) Viral infection
efficiency was confirmed by immunofluorescence staining. Cells were
seeded on a glass-bottomed 96-well plate, followed by infection with a set
of lentiviruses expressing XPA, XPC or CSA cDNA. At 72 h after infection,
immunofluorescence staining was performed as described in step 5B of
Box 2. Infection efficiency was calculated as a number of Alexa Fluor 488-
positive cells using the VTI system. w/o, without virus infection.
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