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A Small Molecule Inhibitor of Monoubiquitinated
Proliferating Cell Nuclear Antigen (PCNA) Inhibits Repair of
Interstrand DNA Cross-link, Enhances DNA Double Strand
Break, and Sensitizes Cancer Cells to Cisplatin®

Received for publication, September 19, 2013, and in revised form, January 27,2014 Published, JBC Papers in Press, January 28, 2014, DOI 10.1074/jbc.M113.520429

Akira Inoue®, Sotaro Kikuchi®, Asami Hishiki®, Youming Shao’, Richard Heath", Benjamin J. Evison®, Marcelo Actis’,
Christine E. Canman/, Hiroshi Hashimoto®', and Naoaki Fuijii*?

From the *Department of Chemical Biology and Therapeutics, YProtein Production Facility, St. Jude Children’s Research Hospital,
Memphis, Tennessee 38138, the §‘Department of Medical Life Science, Graduate School of Medical Life Science, Yokohama City
University, Yokohama 230-0045, Japan, and the HDepartment of Pharmacology, University of Michigan Medical School,

Ann Arbor, Michigan 48109

Background: Lys-164-monoubiquitinated PCNA is essential for interstrand DNA cross-link (ICL) repair.

Results: A small molecule, T2AA, bi-molecularly binds to PCNA at a PIP-box cavity and close to Lys-164. T2AA inhibited
monoubiquitinated PCNA interactions and ICL repair and enhanced DNA double strand breaks.

Conclusion: An inhibitor of monoubiquitinated PCNA inhibits ICL repair.

Significance: Inhibition of monoubiquitinated PCNA could improve chemotherapeutic efficacy.

Small molecule inhibitors of proliferating cell nuclear antigen
(PCNA)/PCNA interacting protein box (PIP-Box) interactions,
including T2 amino alcohol (T2AA), inhibit translesion DNA
synthesis. The crystal structure of PCNA in complex with T2AA
revealed that T2A A bound to the surface adjacent to the subunit
interface of the homotrimer of PCNA in addition to the PIP-box
binding cavity. Because this site is close to Lys-164, which is
monoubiquitinated by RAD18, we postulated that T2AA would
affect monoubiquitinated PCNA interactions. Binding of
monoubiquitinated PCNA and a purified pol n fragment con-
taining the UBZ and PIP-box was inhibited by T2AA in vitro.
T2AA decreased PCNA/pol i and PCNA/REV1 chromatin
colocalization but did not inhibit PCNA monoubiquitination,
suggesting that T2AA hinders interactions of pol 1 and REV1
with monoubiquitinated PCNA. Interstrand DNA cross-links
(ICLs) are repaired by mechanisms using translesion DNA syn-
thesis that is regulated by monoubiquitinated PCNA. T2AA sig-
nificantly delayed reactivation of a reporter plasmid containing
an ICL. Neutral comet analysis of cells receiving T2AA in addi-
tion to cisplatin revealed that T2AA significantly enhanced for-
mation of DNA double strand breaks (DSBs) by cisplatin. T2AA
promoted colocalized foci formation of phospho-ATM and
53BP1 and up-regulated phospho-BRCAL1 in cisplatin-treated
cells, suggesting that T2AA increases DSBs. When cells were
treated by cisplatin and T2AA, their clonogenic survival was
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significantly less than that of those treated by cisplatin only.
These findings show that the inhibitors of monoubiquitinated
PCNA chemosensitize cells by inhibiting repair of ICLs and
DSBs.

Proliferating cell nuclear antigen (PCNA)? is an exception-
ally multifunctional DNA clamp crucial for diverse events rel-
evant to DNA replication and DNA damage response. On the
replication fork, it is loaded to the border of single-stranded and
double-stranded DNA (i.e. the front of DNA replication) as a
cyclic homotrimer and recruits numerous components accord-
ing to ongoing events. The majority of PCNA interaction part-
ners have a characteristic short amino acid sequence called a
PIP-box that binds to a cavity of PCNA on its interdomain
connecting loop (1). The most important function of PCNA is
supporting DNA replication by recruiting DNA polymerases
such as pol & via PIP-box interactions. When the replication
fork encounters DNA damage such as a thymidine dimer, the
pol 6 on PCNA can be switched to another DNA polymerase
specialized for translesion DNA synthesis (TLS), such as pol 1,
to enforce replication beyond the damage (2, 3). Thus, inhibit-
ing the PCNA/PIP-box interaction can be a rational strategy to
inhibit TLS (4). Supporting this hypothesis, we previously
found that nonpeptide small molecular inhibitors of the PCNA/
PIP-box interaction, such as T2AA (5), inhibit both DNA rep-
lication and TLS.

ICL is a DNA lesion critical for cytotoxicity of DNA cross-
linking agents such as cisplatin and can be repaired by a com-

3 The abbreviations used are: PCNA, proliferating cell nuclear antigen; HR,
homologous recombination; ICL, interstrand DNA cross-link; NER, nucleo-
tide excision repair; PIP-Box, PCNA interacting protein box; T2AA, T2 amino
alcohol; T, 3,3',5-triiodothyronine;TLS, translesion DNA synthesis; pol,
polymerase; DSB, double strand break; EGFP, enhanced GFP; ATM, ataxia
telangiectasia mutated.
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bination of nucleotide excision repair (NER), TLS, and homol-
ogous recombination (HR) (6, 7). Numerous studies have
shown the importance of PCNA monoubiquitination at Lys-
164 for activating the TLS process by promoting DNA poly-
merase switching (for instance, see Ref. 3). Therefore, biochem-
ical inhibition of the monoubiquitinated PCNA interaction
could result in an ICL repair deficiency. To test this hypothesis,
we characterized T2AA by focusing on inhibiting monoubiq-
uitinated PCNA and the consequential effect on ICL repair.

EXPERIMENTAL PROCEDURES

Materials—All chemicals were purchased from Sigma and
used as received. All oligonucleotides were synthesized by Inte-
grated DNA Technologies (Coralville, IA). Sources for plas-
mids, except pGL4.50 and pRL-TK (Promega, Madison, WI),
are as indicated in the Acknowledgments. All restriction
enzymes and T4 DNA ligase were purchased from New Eng-
land Biolabs (Ipswich, MA). The following primary antibodies
were used according to the manufacturers’ recommendations:
anti-phospho-BRCA1 (Ser-1524) rabbit IgG, anti-PCNA PC10
mouse IgG, and rabbit anti-RAD18 (D2B8) (Cell Signaling
Technology, Danvers, MA); mouse anti-His tag (penta-His)
(Qiagen, Hilden, Germany); mouse anti-phospho-Ser-1981
ATM (clone 10H11.E12; Rockland, Gilbertsville, PA); rabbit
anti-53BP1 (H-300; Santa Cruz Biotechnology, Dallas, TX), and
anti-FANCD?2 (clone FL17; Santa Cruz Biotechnology). The
secondary antibodies used were as follows: anti-mouse IgG
HRP conjugate and anti-rabbit IgG HRP conjugate (Cell Signal-
ing Technology, Danvers, MA); goat anti-mouse IgG conju-
gated with Alexa Fluor 555, donkey anti-mouse IgG conjugated
with Alexa Fluor 488, and donkey anti-rabbit IgG conjugated
with Alexa Fluor 555 (Invitrogen). All cells were obtained from
American Type Culture Collection (Manassas, VA), except
GMO04312 cells (Coriell Institute, Camden, NJ), and were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% fetal bovine serum at 37 °C in a humidified 5%
carbon dioxide incubator. All chemical compounds assayed
were prepared as 10 mm DMSO solutions, except cisplatin was
5 mM in 0.9% (w/v) aqueous sodium chloride.

Chemical Synthesis—Preparation of all PCNA/PIP-box
interaction inhibitors has been described previously (5, 8)
except for compound 6, which is described below. A mixture of
4-(2-aminoethyl)phenol (200 mg, 1.46 mmol) in dioxane (3 ml)
and water (3 ml) was adjusted to pH ~10. di-tert-Butyl carbon-
ate (406 ul, 1.75 mmol) was added to the mixture in an ice-
water bath, and the solution was stirred for 2 h. The reaction
mixture was adjusted to pH ~3 by HCI (1 m) and extracted with
ethyl acetate (3X 20 ml). The combined organic layers were
washed with saturated brine, dried over anhydrous sodium sul-
fate, filtered, and concentrated. The crude product was purified
by flash column chromatography (Biotage SP4, 25+M column,
eluting with hexanes/ethyl acetate, 0-50% gradient (v/v)) to
isolate tert-butyl 4-hydroxyphenethylcarbamate (compound 7)
as a colorless oil (337 mg, 97% yield). '"H NMR (400 MHz,
CDCL,), §7.03 (d,] = 8.2 Hz, 2H), 6.77 (d, ] = 8.4 Hz, 2H), 5.57
(s, 1H),4.57 (brs, 1H), 3.33 (dd, / = 12.4,5.9 Hz, 2H), 2.71 (t,] =
7.0 Hz, 2H), 1.44 (s, 9H).
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A 30% (w/v) aqueous solution of hydrogen peroxide (430 pul,
4.17 mmol) was added dropwise to a stirring solution of com-
pound 7 (330 mg, 1.39 mmol) and iodine (529 mg, 2.09 mmol)
in water (10 ml). The reaction mixture was stirred overnight at
50 °C and an aqueous sodium thiosulfate solution was added
(1 M, 10 ml) and extracted with ethyl acetate (3 X 10 ml). The
combined organic layers were washed with saturated aqueous
NaCl, dried over anhydrous sodium sulfate, filtered, and con-
centrated. The crude product was purified by flash column
chromatography (Biotage SP4, 25+M column, eluting with
hexanes/ethyl acetate, 0 —30% gradient (v/v)) to isolate tert-bu-
tyl 4-hydroxy-3,5-diiodophenethylcarbamate (compound 8) as
a white solid (212 mg, 31% yield). "H NMR (400 MHz, CDClL,),
87.50 (s, 2H), 5.65 (s, 1H), 4.53 (br's, 1H), 3.29 (dd, ] = 13.4, 6.7
Hz, 2H), 2.67 (t, ] = 6.8 Hz, 2H), 1.45 (s, 9H).

A mixture of triethylamine (234 ul, 1.68 mmol) and pyridine
(136 ul, 1.68 mmol) was added to a stirring solution of com-
pound 8 (205 mg, 0.419 mmol), (4-methoxyphenyl)boronic
acid (96 mg, 0.63 mmol), copper(ll) acetate (228 mg, 1.26
mmol), and 4 A molecular sieve powder in dry dichlorometh-
ane (5 ml). The mixture was stirred overnight under a calcium
chloride drying tube. Additional (4-methoxyphenyl)boronic
acid (63 mg, 0.42 mmol) and copper(II) acetate (150 mg, 0.830
mmol) were added, and the reaction mixture was stirred for an
additional 4 h. The solution was diluted with ethyl acetate and
filtered through Celite powder. The filtrate was concentrated
and purified by flash column chromatography (Biotage SP4,
25+S column, eluting with hexanes/ethyl acetate, 0-30% gra-
dient (v/v)) to isolate tert-butyl-3,5-diiodo-4-(4-methoxyphe-
noxy)phenethylcarbamate (compound 9) as a white solid (155
mg, 62% yield). 'H NMR (400 MHz, CDCL,), 8 7.68 (s, 2H),
6.86—6.80 (m, 2H), 6.75— 6.68 (m, 2H), 4.60 (br s, 1H), 3.77 (s,
3H),3.36(q,] = 6.7 Hz, 2H), .75 (t, ] = 7.0 Hz, 2H), 1.46 (s, 9H).

A 1 M solution of tribromoborane (1.25 ml, 1.25 mmol) in
dichloromethane was added dropwise to a solution of com-
pound 9 (149 mg, 0.250 mmol) in dichloromethane (3 ml) at
—78°C. The reaction mixture was stirred overnight under
nitrogen and allowed to reach room temperature. The reaction
mixture was added to an aqueous sodium hydroxide solution
(1 M, 10 ml) and extracted with ethyl acetate (3 X 10 ml). The
combined organic layers were washed with saturated aqueous
NaCl, dried over anhydrous sodium sulfate, filtered, and con-
centrated. The crude product was purified by flash column
chromatography (Biotage SP4, 25+S KP-NH amine column,
eluting with dichloromethane/methanol, 0-10% gradient
(v/v)) to isolate 4-(4-(2-aminoethyl)-2,6-diiodophenoxy)phe-
nol (compound 6) (18.8 mg, 16% yield). 'H NMR (400 MHz,
DMSO), 6 9.09 (br s, 1H), 7.76 (s, 2H), 6.68 (d, ] = 8.9 Hz, 2H),
6.53 (d, ] = 8.9 Hz, 2H), 2.77 (t,] = 6.8 Hz, 2H), 2.59 (t, ] = 6.9
Hz, 2H), 1.44 (br s, 2H); HRMS (ESI) m/z, [M + H] was calcu-
lated for C, ,H,,I,NO,, 481.9114 and was observed at 482.9128.

Protein Crystallization and Structure Determination—Crys-
tals of human PCNA bound to T2AA were obtained by the
hanging-drop vapor diffusion method using a buffer (0.1 m
sodium citrate, pH 5.5, and 2.0 M ammonium sulfate) as a res-
ervoir solution at 293 K. Prior to x-ray diffraction study, crystals
were transferred into a reservoir solution containing 20% (v/v)
ethylene glycol for cryo-protection and then cooled in a nitro-
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gen gas stream at 100 K. X-ray diffraction data were collected at
a beamline NE-3A in Photon Factory Advance Ring (PF-AR)
and processed by programs XDS (9) and SCALA (10). The crys-
tal structure of PCNA bound to the inhibitor molecule was
determined by the molecular replacement method with the
program MOLREP (11). The structure of PCNA (Protein Data
Bank code 20VX) was used as a model structure. The structure
was manually improved with the program COOT (12) and
refined by the program REFMAC (13). Structure factors and
final coordinates were deposited in the Protein Data Bank Japan
(PDB;j). Data collection and refinement statistics are shown in
Table 1.

Preparation of Expression Plasmid for Hisg pol m(551-713)—
The ¢cDNA encoding pol 1(551-713) was PCR-amplified from
pEGFP-pol 1 using TATACCATGGATCATCATCATCATC-
ATCATCATCATTCCCCCCAACAAAACCCT and TTGGA-
ATCATTTTTTAAGCCATTAACACATTAGTAGCTCGA-
GATAT and inserted into the Xhol/Ncol site of pET15b
(Novagen) using a Quick Ligation kit (New England Biolabs)
and Escherichia coli strain DH5« (Invitrogen) according to the
manufacturers’ recommendations. The clone was verified by
sequencing.

Protein Production—To produce Hisg-tagged pol m(551—
713) protein containing a UBZ domain and a PIP-box, the
expression plasmid pET15-pol m(551-713) described above
was expressed in E. coli strain BL21(DE3) in Turbo Prime broth
(AthenaES) with ampicillin (100 wg/ml). Hisg-pol 1(551-713)
expression was induced with 1 mm isopropyl 1-thio-f-p-galac-
topyranoside at an Ay, of 8.4, and growth was continued for
16 h at 16 °C. Bacterial cells were harvested by centrifugation
for 20 min at 4000 X g in a Beckman JLAS8.1 rotor, and the
pellets were suspended in lysis buffer (20 mm Tris-HCl, pH 7.9,
500 mm NaCl, and 10% glycerol). Cells were lysed by Microflu-
idizer, and the soluble fraction was collected by centrifugation
at 38,400 X gfor 1 h. The lysate was loaded onto a 5-ml charged
and pre-equilibrated nickel column (GE Healthcare), and the
pol 1(551-713) protein was eluted with a linear gradient of
imidazole in 20 mm Tris-HCI, pH 7.9, 500 mMm NaCl, and 10%
(v/v) glycerol on an AKTA explorer. pol 1(551-713)-contain-
ing fractions were identified by SDS-PAGE, pooled, and dia-
lyzed in 20 mm Tris-HCI, pH 7.9, 500 mMm NaCl, and 10% (v/v)
glycerol at 4 °C overnight.

Pulldown Assay—A His protein interaction pulldown kit
(Thermo Scientific, Waltham, MA) was used, and a 4:1 mixture
of TBS and lysis buffer provided in the kit was used as the buffer
throughout. For immobilization, 150 ug of Hisg-pol n(551—
713) was incubated with 10 ul of HisPur cobalt resin (Thermo
Scientific) in 500 ul of the buffer at 4 °C for 2 h and washed with
the buffer four times. To harvest a protein sample containing
monoubiquitinated PCNA, GM04312 cells in two culture
dishes (15 cm?) were UVC-irradiated (60 J/m?), incubated for
6 h, pre-extracted at 4 °C for 5 min by CSK buffer (100 mm
NacCl, 300 mm sucrose, 3 mm MgCl,, and 10 mm PIPES, pH 6.8)
containing 0.25% (v/v) Triton X-100 on the dishes, collected as
pellets, sonicated at 4 °C in RIPA buffer containing protease
inhibitor mixture, and centrifuged to harvest the supernatant
lysate. The lysate (100 wg) in 500 ul of the pulldown buffer was
mixed with the indicated final concentration of the indicated
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compounds and the pol 1(551-713)-immobilized resin (10 ul
settled). After the mixture was incubated at 4 °C for 3 h, the
resin was washed with the buffer four times and analyzed by
SDS-PAGE, followed by immunoblotting sequentially for
PCNA and then for His tag.

Immunoblotting—The cells treated as indicated were washed
twice with ice-cold PBS, collected in a spin tube, and lysed with
RIPA buffer (approximately twice the volume of the cell pellet
and supplemented with Halt Protease Inhibitor Mixture and
Halt Phosphatase Inhibitor Mixture (Thermo Scientific)) on ice
for 0.5 h. The protein concentration was determined by BCA
assay (Thermo Scientific) according to the manufacturer’s
recommendation. Normalized amounts of samples were loaded
onto Novex SDS-PAGE (Invitrogen) as indicated and electro-
transferred to a nitrocellulose membrane using an iBlot
apparatus (Invitrogen). The membrane was blocked with
SuperBlock buffer (Thermo Scientific) and incubated with the
indicated primary antibodies in SuperBlock at 4 °C overnight,
rinsed with TBS, 0.05% (v/v) Tween 20 three times for 10 min
each, incubated with the corresponding secondary IgG-HRP
conjugate in SuperBlock at room temperature for 1 h, and
rinsed with TBS, 0.05% Tween 20 for 15 min. Proteins probed
on the membrane were visualized by chemiluminescence using
WestPico reagent (Thermo Scientific) and developed on a
BioMax MR film (Eastman Kodak Co.).

Immunofluorescence Imaging—Cells were transfected with a
plasmid encoding EGFP-pol 1 or EGFP-REV1 (20 ug) by elec-
troporation. Cells were propagated in 6-well plates with a cov-
erslip, incubated for 20 h, and treated as indicated. Cells were
then rinsed with PBS one time and incubated for another 6 h in
fresh medium with or without the indicated compounds (20
uM). Cells were then treated with CSK buffer (10 mm PIPES, pH
6.8, 100 mm NaCl, and 1 mm EGTA) containing 0.2% (v/v) Tri-
ton X-100 for 5 min on ice to remove proteins not bound to
chromatin, fixed with 4% (w/v) paraformaldehyde in PBS for
15 min at room temperature, washed once with PBS, and
kept in cold 100% methanol. Imnmunofluorescence staining
was performed by applying an anti-PCNA monoclonal anti-
body (1:2000) followed by an anti-mouse IgG conjugated
with Alexa Fluor 555 (1:400). The coverslips were mounted
with Vectashield (Burlingame, CA) containing DAPI (1 pg/ml)
for counterstaining nuclei. The stained cells were examined on
a C1Si confocal microscope (Nikon, Tokyo, Japan) with a Cas-
cade 512B photomultiplier (Photometrics, Tucson, AZ).
Images were processed using EZC1 (Nikon) and Photoshop 7
(Adobe Systems, San Jose, CA).

Colocalization Analyses—Images were captured using a
Marianas System (Intelligent Imaging Innovations, Denver,
CO), which incorporates a Zeiss Axioplan microscope, a Yok-
ogawa CSUX spinning disk confocal scan head, and a Photo-
metrics Evolve CCD camera (Photometrics, Tucson, AZ). Exci-
tation was by DPSS lasers at 405, 488, and 561 nm, and the
objective used was a 63X 1.4 NA Plan Neofluar. The colocal-
ization was quantified by calculating Pearson’s correlation
coefficient between the signal intensities of green and red
colors in all the pixels on captured confocal images using
SlideBook 5.5 software (Intelligent Imaging Innovations,
Denver, CO).
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Preparation of ICL Repair Reporter Plasmid pGL-ICL—An
outline of the preparation is shown in Fig. 3A. The i50ctdU-
containing oligonucleotide and iAzideN-containing oligonu-
cleotide (Integrated DNA Technologies, Coralville, IA) were
synthesized as 5'-phosphorylated forms. These oligonucleo-
tides contain an EcoRI site and HindIII overhangs with a muta-
tion and were annealed (each 500 um in water, 40 ul) by heating
to 70 °C for 1 min and cooled to 26 °C at —1 °C for 15 s. The
mixture was then mixed with aqueous copper(II) sulfate (5 mm,
5 pl) and aqueous sodium ascorbate (5 mm, 5 ul) and incubated
at room temperature overnight. The oligonucleotide duplex
was isolated by adding sodium acetate (3 M, 6 wl) and acetone
(280 wl) and chilling at —20 °C for 1 h. The precipitate was
isolated by a centrifuge and purified by excising a single band of
the ICL-containing duplex oligonucleotide product from dena-
turing PAGE (15% TBE/urea).

pGL4.50 contains an SV40 origin (residues 3155-3077) and a
HindlII site between the CMV promoter region and the lucif-
erase encoding region and was digested by HindIII according to
the manufacturer’s protocol and purified by agarose electro-
phoresis. A mixture of the purified linear pGL4.50 (10 ug) and
the ICL-containing duplex oligonucleotide (11 ug, 300 eq) was
ligated by T4 DNA ligase (1000 units) in 250 ul of T4 DNA
ligase buffer at 16 °C for 18 h. The ligation mixture was then
diluted to a total of 1500 ul in EcoRI buffer and digested by
EcoRI (2500 units) at 37 °C for 20 h. The enzymes were deacti-
vated by standard phenol/chloroform treatment. The mixture
was concentrated by butanol extraction and purified by 0.8%
(w/v) agarose gel electrophoresis. This EcoRI digestion/purifi-
cation procedure is for removing any products that do not con-
tain the ICL duplex, thus isolating only linear pGL4.50 in which
both 5" and 3’ ends were ligated by EcoRI-digested fragments of
the ICL-containing duplex. The isolated product (i.e. EcoRI-
digested pGL-ICL, 4.3 ug) was ligated by T4 DNA ligase (8640
units) in T4 DNA ligase buffer (1440 ul) at 16 °C for 18 h. The
ligation mixture was heat-inactivated at 65°C for 10 min,
treated by phenol/chloroform, concentrated by butanol extrac-
tion, and purified by ethanol precipitation to isolate the pGL-
ICL (3 ug). Small aliquots of the pGL-ICL product were ana-
lyzed as follows: 1) treated by HindlII[; 2) treated by Sall; 3) Sall
and duplex denatured by heating at 95 °C for 5 min and sudden
chilling on ice. No digestion in 1) but complete digestion in 2)
was observed, which indicated the presence of the ICL duplex
insert (data not shown). The same band appearance in 2) and 3)
indicated the presence of the ICL, which prohibited strand sep-
aration (data not shown). Under this heat and chill condition,
the linear pGL4.50 afforded no band in the original location on
the gel (data not shown), suggesting complete strand separation
and denaturing.

ICL Repair Assay—COS7 cells (8 X 10* cells in DMEM) were
seeded into a 24-well plate and allowed to attach for 5 h. The
medium was replaced with fresh DMEM containing 1.5 times
the final concentration of each indicated compound (200 wul).
Immediately, the reporter transfection mixture (pGL4.50 (2.5
ng) or pGL-ICL (10 ng), pRL-TK (1 png), FuGENE 6 (4 ul, Pro-
mega, Madison, WI), and Opti-MEM (96 ul) each per well,
according to the manufacturer’s recommendation) was added.
After 4 h, cells were lifted by trypsin (100 ul), resuspended by
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adding fresh DMEM containing 1.5 times the final concentra-
tion of each indicated compound (200 ul), and replated into a
96-well plate (70 ul per well 4 times). After the cells were cul-
tured for 14 h, the culture medium was removed, and activities
of firefly luciferase and Renilla luciferase in the cells were meas-
ured by DLR reagent (Promega) in an Envision plate reader
(PerkinElmer Life Sciences) according to the manufacturer’s
recommendation. The ICL repair activity was calculated by
dividing the firefly luciferase/Renilla luciferase values from
cells transfected by pGL-ICL by those from cells transfected by
pGL4.50, which is indicated as 1 for that of cells treated by
DMSO.

Neutral Comet Assay—The neutral comet assay was per-
formed using a protocol detailed previously (14). U20S cells
(100,000 per well) were seeded into 6-well plates and allowed to
attach overnight. Following exposure to 0 or 30 uM cisplatin for
1 h, the cells were washed with PBS and subsequently exposed
to 0 or 15 uM T2AA for 72 h and harvested by trypsin. Cells
were mixed with molten low gelling temperature agarose (type
VII) and subsequently spread and allowed to set on a glass slide
precoated with agarose. Gel-embedded cells were lysed in neu-
tral lysis buffer (0.5% SDS (w/v) and 30 mm EDTA, pH 8.3) for
4'h at 50 °C and then subjected to three washes with TBE buffer
(90 mm Tris, 90 mm boric acid, and 2.5 mm EDTA, pH 9.5)
overnight. Samples were again submerged in TBE buffer and
then subjected to electrophoresis (20 V) for 25 min. Following
electrophoresis, samples were rinsed with Milli-Q water and
then stained twice with SYBR Green for 5 min. The samples
were then destained by rinsing with Milli-Q water for 15 min
3X. Comet tails were visualized using epi-fluorescence micros-
copy, and the level of DNA damage was measured using the
scoring system described previously (15). Atleast 100 cells were
scored per slide.

DR-GFP/I-Scel Recombination Assay—The protocol and
reagents used in this assay were developed by Jasin and co-
workers (16). HeLa cells stably transfected by a DR-GFP con-
struct (6 X 10° cells in 2 ml of DMEM per well) were seeded into
6-well plates and allowed to attach overnight. Transfection
mixture (pCBA-Scel (4 ug) and Lipofectamine 2000 (Invitro-
gen; used according to the manufacturer’s recommendation, 12
wl) in Opti-MEM (total 488 ul)) was added, and the cells were
cultured for 6 h. The cells were then trypsin-lifted, resuspended
in DMEM, and replated into a 48-well plate (5 X 10* cells in 100
wul of DMEM per well), and 1.5 times the final concentrations of
indicated compounds (200 ul) were added, followed by cultur-
ing for 72 h. The cells were then trypsin-lifted and filtered
through 40-um nylon mesh prior to running flow cytometry to
count at least 10,000 viable single cells. The flow data were
acquired using an LSRII flow cytometer equipped with 405, 488,
561, and 640 nm lasers (BD Biosciences). The population of
singlet GFP-positive cells was reported as HR%.

Clonogenic Survival Assay—After HeLa (450 cells/well) or
U20S cells (300 cells/well) were seeded into 6-well plates and
allowed to attach overnight, each indicated final concentration
of cisplatin was added. After 24-h, a 10 um final concentration of
T2AA was added. After another 24 h, the culture medium was
replaced with fresh medium, and cells were cultured for
another 6 (HeLa) or 7 (U20S) days. Each treatment was done in
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FIGURE 1. T2AA binds to PCNA in a bimolecular fashion. A, crystal structure of PCNA-T2AA complex. One T2AA molecule binds to a deep cavity that interacts
with the PIP-box to which T; binds (black box) (5). Another T2AA molecule binds to a shallow cavity on the PCNA homotrimer interface adjacent to Lys-164 (red
box). B, close-up view (stereo) of the interaction of T2AA to the PCNA PIP-box adopting cavity. C, T2AA on the PCNA homotrimer interface (stick model) is
superimposed to the F, — F_electron density map (blue cage) contoured at 3.0 ¢ D, close-up view (stereo) of the interaction of T2AA with the PCNA homotrimer

interface.

triplicate. The cells were gently rinsed twice with PBS, fixed
with 3.7% formaldehyde (w/v), and stained by 0.5% crystal violet
(w/v). Colonies containing more than ~40 cells were counted.
The survival rate was reported as 1 for the average of colony
numbers in wells that received vehicle control (0.9% sodium
chloride (w/v) for cisplatin and DMSO for T2AA).

RESULTS

T2AA Binds to PCNA at the PIP-box Cavity and Adjacent to
Lys-164—Previously, we determined the crystal structure of
PCNA /triiodothyronine (T,, Fig. 3B) in a 1:1 complex and
found that T specifically binds only to the cavity of PCNA for
interacting with PIP-box ligands and generated T2AA (Fig. 3B),
a T, analog that inhibits PCNA/PIP-box interactions (5).
PCNA functions are not solely dependent on the PIP-box inter-
action but also on other protein/protein interactions mediated
by post-translational modifications such as ubiquitination (4).
Thus, we investigated whether T2AA could interfere with
PCNA interactions other than PIP-box interactions by deter-
mining the crystal structure of the PCNA-T2AA complex.
Unexpectedly, we found that T2AA binds to PCNA in a 2:1
ratio (Fig. 1A and Table 1). The binding mode of T2AA to the
PIP-box cavity (Fig. 1B) is almost identical to that of T, which
is consistent with biochemical equipotency of T, and T2AA for
inhibiting PCNA/PIP-box interactions (5). In addition, T2AA
binds also to a second site adjacent to Lys-164 on the PCNA
homotrimer interface (Fig. 1D), a well known site for RAD18-
mediated monoubiquitination upon DNA damage (4). The two
aromatic rings of T2AA bind to a cavity on the homotrimer
interface, and this was verified by the electron density map (Fig.

MARCH 7, 2014 «VOLUME 289-NUMBER 10

TABLE 1
Data collection and refinement statistics

Values in parentheses are for the highest resolution shell. Ramachandran statistics
indicate the fraction of residues in the most favored/allowed/disallowed regions.
r.m.s.d., root mean square deviation.

Data collection

Space group P4,32
Cell dimensions
a=b=c 192.1 A . )
Resolution range 19.82 t0 2.80 A (2.9502.80 A)
Observed reflections 1,271,545
Unique reflections 30,376
Rierge 0.128 (0.598)
Completeness 99.7% (100%)
Mean I/ o(I) 30.2 (7.4)
Refinement )
Resolution range 20.0 to 2.80 A
RIRy. 0.183/0.221
r.m.s.d. bond distances/angles 0.020 A/2.419°
Ramachandran statistics 91.5/8.5/0%
Protein Data Bank ID 3WGW

1C). One of the two iodine atoms on one aromatic ring of T2AA
was accommodated in a small hydrophobic groove composed
of the aliphatic portion of the Lys-181 side chain and Val-111
on another PCNA monomer, thereby binding to two subunits
of the PCNA homotrimer. Another iodine atom was facing
toward Asp-165 next to the Lys-164 monoubiquitination site.
Another aromatic ring of T2AA was adopted by a hydrophobic
interaction to the aliphatic portions of the Lys-181 and Lys-168
on the same subunit. The amino group of T2AA was close to
Glu-109 on another PCNA molecule, which was possibly inter-
acting via a salt bridge. These interactions of T2AA allow it to
be located close to the Lys-164 (see Fig. 6). Interestingly, this
homotrimer interface cavity is neither deep nor entirely hydro-
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FIGURE 2. T2AA inhibits interaction of PCNA to pol 1) or REV1 but does not inhibit RAD18-mediated PCNA monoubiquitination or Fanconi anemia
pathway activation upon UV irradiation. A, GM04312 cells induce monoubiquitinated PCNA by UV light in higher level than do U20S cells. The indicated cells
wereirradiated by UVCin the indicated dose and cultured for 6 h. The cells were then collected and lysed by sonication in RIPA buffer. The lysates were analyzed
by immunoblotting for PCNA. B, pulldown assay using immobilized Hisg-pol 1(551-713) fragment and chromatin fraction of GM04312 cells irradiated by UVC
(60 J/m?). The nonubiquitinated PCNA was not significantly isolated with any precipitates after washing (20). Hisg-pol 11(551-713) served as a loading control.
Densitometry quantification was performed by dividing band intensity of the monoubiquitinated PCNA by that of Hisg-pol 1(551-713) for each lane, and
values normalized to DMSO control are indicated. Chromatin co-foci of PCNA/EGFP-pol 7 (C) and PCNA/EGFP-REV1 (D) in U20S cells that were treated by
cisplatin (33 um, 2 h) followed by incubation with DMSO or the indicated compound (Fig. 3B, 20 um) for 6 h. Immunostaining for PCNA on pre-extracted cells
was performed. Confocal images of representative cells treated with or without T2AA are shown. The scale bar is 10 um. Colocalization of the indicated foci was
determined by calculating Pearson’s correlation coefficients between red and green signals of all the pixels within a DAPI-positive area for more than 50 cells.
The dots in the graph indicate the correlation coefficient of individual cells. Statistics analyzed by Student’s t test are as follows: ****, p < 0.0001. The bars in the
graphindicate averages. E, recruitment of RAD18 to PCNA is not affected by T2AA. U20S cells that were not treated (NT) or treated by cisplatin (33 um, 2 h) were
followed by incubation with DMSO or T2AA (20 um) for 6 h. Immunostaining and colocalization analysis were performed as described above. F, indicated cells
were irradiated by UVC (60 J/m?) and incubated with DMSO or T2AA (20 um) for 8 h. The cells were extensively pre-extracted by cold PBS supplemented with
0.5% Triton X-100 and 5 mm N-ethylmaleimide (deubiquitinase inhibitor) for 5 min to remove nonchromatin proteins (note that monoubiquitinated (mUb)
PCNA is exclusively on chromatin). The cells were then collected and lysed by sonication in RIPA buffer. The lysates were analyzed by immunoblotting for PCNA.
Recombinant PCNA protein served as a control. G, Hel a cells were irradiated by UVC (60 J/m?) and incubated with indicated agents at 20 um for 5 h. The cells
were collected and lysed by sonication in RIPA buffer. The lysates were analyzed by immunoblotting for FANCD2. The actin band was used as a loading control.

phobic as is the PIP-box cavity; regardless, both of them adopt
the two aromatic rings of T2AA in a similar binding mode (Fig.
1D). This suggests that the affinity of T2AA is not optimal for
this cavity, and thus a higher concentration of T2AA would be
needed to inhibit PCNA interactions around this region than is
needed for inhibiting PIP-box interactions.

T2AA Inhibits Interactions of Monoubiquitinated PCNA but
Not PCNA Monoubiquitination—We assayed T2AA for inter-
action of the monoubiquitinated PCNA with a protein that
preferentially binds to monoubiquitinated PCNA over nonu-
biquitinated PCNA. pol m has been characterized extensively
for its bidentate interaction with monoubiquitinated PCNA via
its UBZ domain and PIP-box (17). We have produced a trun-
cated pol m protein containing a UBZ domain and a PIP-box
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that reportedly binds to monoubiquitinated PCNA preferen-
tially (18 —20), and we performed a pulldown assay for monou-
biquitinated PCNA in the presence of T2AA. T2AA clearly pre-
vented isolation of monoubiquitinated PCNA in the precipitate
in a dose-dependent manner, whereas T; did not (Fig. 2B).

To determine whether T2AA inhibits interactions of
monoubiquitinated PCNA on chromatin, we analyzed chroma-
tin-PCNA colocalization of pol n and REV1, TLS polymerases
that preferentially bind to and are functionally facilitated by
monoubiquitinated PCNA (21, 22). U20S cells were trans-
fected with either EGFP-pol n or EGFP-REV1, treated with cis-
platin to induce nuclear foci localization, and cultured with or
without T2AA. Chromatin colocalization with PCNA was
imaged and quantified relative to the T2AA treatment. Clearly,
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FIGURE 3. T2AA inhibits ICL repair. A, reporter assay plasmid pGL-ICL used in this study and outline of the method used to produce it and to verify
incorporation of the ICL. An ICL was inserted in between the CMV promoter and luciferase encoding region. The plasmid contains an SV40 origin, which enables
it to be replicated in cells expressing SV40 large T antigen. B, chemical structures of compounds. Compound numbers (bold) and their biochemical IC,, for
PCNA/PIP-box interaction inhibition (8) (in parenthesis, uwm) are shown. C, dose-response of T2AA in the ICL repair inhibition assay. Light and dark gray bars
represent lower and higher concentrations indicated in parentheses for each treatment. Error bars represent standard deviation (n = 4). Statistics analyzed by
Student’s t test: *, p < 0.05. D, inhibitory activity for ICL repair by the compound (20 M) assayed together. Only two compounds, 2 (T2AA) and 6, were active;
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the PCNA and the EGFP-pol n or EGFP-REV1 was colocalized
in the untreated cells but not in the cells cultured with T2AA
(Fig. 2, Cand D). This effect was also observed with compound
6, which was active for ICL repair inhibition, but not with com-
pound 1, which was inactive for ICL repair inhibition (Fig. 3, B
and D). This suggests that T2AA decreased interactions of pol n
and REV1 with PCNA that was likely Lys-164-monoubiquiti-
nated on chromatin upon damage to DNA by cisplatin, which
could be a key mechanism of the ICL repair inhibition of T2AA.

To determine whether T2AA affects PCNA monoubiquiti-
nation, we exposed cells to UVC to trigger PCNA monoubigq-
uitination and cultured the cells with T2AA. The amount of
monoubiquitinated PCNA species in the chromatin-bound
protein fractions was not reduced by T2AA, suggesting that
T2AA does not inhibit PCNA monoubiquitination (Fig. 2F).
RAD18is an E3 ligase for PCNA monoubiquitination. To verify
T2AA’s effect of PCNA/RADI1S8 interaction, their chromatin
colocalization was analyzed after cells were treated with cispla-
tin, T2AA, or both. RAD18 foci were significantly up-regulated
by cisplatin, indicating a cisplatin-mediated DNA damage
response. PCNA foci were formed modestly by cisplatin and
significantly by T2AA, indicating DNA replication stalling. The
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RAD18 foci and PCNA foci were colocalized in the cells treated
with both cisplatin and T2AA (Fig. 2E). This suggests that
T2AA does not inhibit RAD18 recruitment to PCNA upon cis-
platin treatment. RAD18-mediated PCNA Lys-164 monoubiq-
uitination reportedly activates the Fanconi anemia pathway
(23). FANCD2 monoubiquitination was not inhibited by T2AA
(Fig. 2G).

T2AA Inhibited ICL Repair—Most cisplatin-induced DNA
cross-links consist of intrastrand cross-links that are repaired
by NER or tolerated by TLS. A plasmid reactivation assay with a
reporter plasmid containing an SV40 origin and nonspecific
cisplatin adducts measures NER activity when assayed in cells
lacking SV40 large T antigen and TLS activity when assayed in
cells expressing T antigen but deficient in NER. Using this
assay, we previously found that T2AA inhibited TLS but not
NER (5, 8). The more chemotherapeutically crucial cisplatin-
induced DNA lesion is the ICL. ICL removal is believed to be a
multistep process in which NER, TLS, and HR are sequentially
executed (6). Therefore, we anticipated that T2AA would
inhibit ICL repair as well. To validate this, we used a reporter
plasmid that site-specifically contains an ICL (Fig. 34). To
enable scalable production of the plasmid for assaying numbers
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of compounds, we used click chemistry to generate the ICL
reliably and site-specifically in an oligonucleotide duplex. Then
we inserted the ICL duplex between the CMV promoter and
luciferase coding regions of the pGL plasmid, which contains an
SV40 origin (24) that enables replication driven by large T anti-
gen. The generated pGL-ICL plasmid or corresponding intact
pGL plasmid was transfected into COS7 cells (expressing T
antigen), and the cells were cultured to allow ICL repair and
reporter expression. The luciferase signal from pGL-ICL repre-
sents the activity of the ICL repair-dependent reporter expres-
sion, and the signal from the intact pGL represents the reporter
expression only. Thus, ICL repair activity is indicated by divid-
ing the former by the latter. T2AA inhibited ICL repair in a
dose-dependent manner in this assay (Fig. 3C). However, when
we assayed several inhibitors of PCNA/PIP-box interaction (8),
we observed little inhibitory activity in those compounds
except for T2AA (compound 2) and an analog that is structur-
ally close to T2AA (compound 6), regardless of their efficacy for
inhibiting PCNA/PIP-box interaction (Fig. 3, B and D). This
indicates that the ICL repair in this assay is not entirely depen-
dent on PCNA/PIP-box interaction and that T2AA is unique in
its ability to inhibit ICL repair.
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T2AA Promoted DSB Formation by Cisplatin—Given that
T2AA inhibits ICL repair, it could prevent resolution of DSBs
formed as an intermediate of ICL repair (6); thereby, DSBs
could persist in the presence of T2AA. To investigate this pos-
sibility, we performed a neutral comet assay that is commonly
used to detect DSBs in genomic DNA. When U20S cells were
treated by cisplatin only or T2A A only, the comet tail formation
was almost unchanged from background level. However, when
cells were treated by cisplatin followed by T2AA, comet tail
formation was very significant, indicating that T2AA induced
collapse of repair of ICL that was induced by the cisplatin
(Fig. 4A). Ser-1524-phosphorylated BRCA1 was significantly
up-regulated when U20S cells received T2AA in addition to
cisplatin (Fig. 4B), suggesting that T2AA enhances ATM-
BRCA1 pathway activity resulting from DSB induction (25).
Inhibition of HR by Rad51 depletion reportedly led to colocal-
ization of phospho-ATM and 53BP1 (26), a marker for DSBs
more specific than phospho(Ser-139)-histone H2AX. We pre-
viously found that T2AA dramatically up-regulates phospho-
(Ser-139)-histone H2AX induction mediated by cisplatin in
HelLa cells (5). To determine whether this response is due to
DSB persistence, we analyzed formation of the chromatin colo-
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calized foci for DSBs. In cisplatin-treated HeLa cells, formation
of the colocalized foci was further promoted by T2AA (Fig. 4C),
implicating promotion of DSB induction in the inhibition
of ICL repair by T2AA. PCNA is an essential component of
recombination-associated DNA synthesis during extension
of the D-loop in the process of DSB repair, which is based on
interactions of PCNA with pol & or pol 1 via PIP-box interac-
tion (27-29). We assayed T2AA in the DR-GFP/I-Scel recom-
bination assay (16) and observed inhibition activity (Fig. 4D).
Taken together, these findings show T2AA’s ability to inhibit
DSB repair.

T2AA Sensitizes Cancer Cells to Cisplatin in Clonogenic
Survival—Finally, to validate the chemotherapeutic utility of
T2AA for DNA damage enhancement, HeLa and U20S cells
were subjected to a clonogenic survival assay. Cells were first
treated with cisplatin followed by T2AA. The colony numbers
were counted after the cells were released from the treatment.
As T2AA arrests cells in the S-phase (5), the T2AA treatment
delayed the growth cycle for the colony, but the plating effi-
ciency was little changed. In contrast, when cells were treated
with cisplatin and T2AA, their plating efficiency was signifi-
cantly less than that of cells treated with cisplatin only (Fig. 5).

DISCUSSION

Previously, we determined the crystal structure of a
PCNA-T; complex in which the T molecules were not found
in the homotrimer interface (5). This indicates that the struc-
tural difference between T2AA and T is a determinant for the
interface binding. T is an amino acid, and T2AA is an amino
alcohol in which the amino group is basic. On the PCNA
homotrimer interface, the amino group of T2AA is close to
Glu-109, possibly forming a salt bridge interaction, which is
impossible for T, due to an intramolecular zwitterion. The
small size of the groups around the amino group could be
another signature for this interaction, which possibly reduces
the steric effect preventing it. Another possible key interaction
is that of the phenol group of T2AA and Lys-167. In the T,
compound, there is a large iodine atom adjacent to the phenol,
which could hinder this possible interaction.

Numerous studies have attempted to determine the struc-
tural outcome of interactions of the monoubiquitin moiety on
PCNA Lys-164, as this interaction is important for divergent
DNA damage responses, including TLS and Fanconi anemia
pathway activation. Several studies have suggested that the

RGP\

MARCH 7, 2014 «VOLUME 289-NUMBER 10

FIGURE 6. Model of T2AA binding to Lys-164-monoubiquitinated PCNA.
The PCNA/T2AA cocrystal structure (Fig. 1) was merged with a crystal struc-
ture of Lys-164-monoubiquitinated PCNA (31) by SuperPose 1.0 (50). Cyan,
lime, and green, each PCNA monomer; yellow, Lys-164; gray, ubiquitin; orange,
binding surface to pol 1 UBZ domain (32). T2AA bound to the PIP-box adopt-
ing cavity is indicated in the violet box, and T2AA bound to the PCNA
homotrimer interface is indicated in the red box, each mesh-dotted space-
filling model; red, oxygen; blue, nitrogen; violet, iodine. The T2AA on the
homotrimer interface is close to the Lys-164 and on the same side of the pol 1
UBZ-binding surface on the Lys-164-ubiquitin.

ubiquitin moiety on PCNA is quite flexible, as shown by obser-
vations that even a linear artificial PCNA-ubiquitin chimera
preferentially binds to REV1 (30). However, RAD18-mediated
PCNA monoubiquitination is specific to Lys-164 regardless
that there is another lysine nearby (Lys-167); therefore, some
structural outcome specific to the Lys-164-monoubiquitin
could be crucial for the DNA damage response in the natural
endogenous system. Recently, the crystal structure of bona fide
Lys-164-monoubiquitinated PCNA was determined (31). In
this structure, the monoubiquitin surface with which the pol 1
UBZ domain interacts (32) is facing toward the side of the
PCNA homotrimer interface, where T2AA binds. Therefore,
T2AA could hinder interaction of the UBZ domain to the pro-
tein surface composed of the Lys-164-monoubiquitin and
PCNA (Fig. 6). This hypothesis could be verified when the crys-
tal structure of the Lys-164-monoubiquitinated PCNA/pol 7
UBZ domain complex is determined.

Previously, we found that PCNA/PIP-box interaction inhib-
itors inhibit TLS assayed by reactivation of pGL plasmid that
was nonspecifically damaged by cisplatin in NER-null cells (8).
Most of the DNA damage by cisplatin consists of base monoal-
kylations or intrastrand cross-links. Thus, most of the response
observed in the assay should have been TLS for intrastrand
cross-links but not for ICL repair. Recent studies suggested that
TLS polymerases for ICL repair are different from those for
intrastrand cross-link tolerance (26). Both pol n and REV1 are
regarded as TLS polymerases that are functionally supported by
Lys-164-monoubiquitinated PCNA, but their importance in
ICL repair is quite different. pol 1 is well known as highly effi-
cient for TLS over thymidine dimer intrastrand cross-links;
however, it is not essential for ICL repair in vitro (33). In con-
trast, REV1 is a deoxycytidyltransferase rather than a DNA
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polymerase, and it is essential for ICL repair (33), where it presum-
ably engages by coordinating the REV7 subunit of pol ¢ (34, 35).

From the viewpoint of PCNA interaction, the largest differ-
ence between pol n and REV1 is their PIP-box dependence. pol
1 has PIP-boxes that are functionally essential (17). REV1 does
not have a PIP-box but a BRCT domain that interacts to PCNA
at the PIP-box-interacting cavity (36) and two UBM domains
and preferentially binds to monoubiquitinated PCNA (30, 37).
Therefore, only small molecules that inhibit interactions of
monoubiquitinated PCNA, such as T2AA (Fig. 14), could
inhibit REV1 functions and thus inhibit ICL repair. However,
we cannot eliminate a possibility that the effects of T2AA could
be solely due to inhibition of the PIP-box, although it is unlikely,
because T, failed to efficiently inhibit interaction of monoubiq-
uitinated PCNA to the pol n UBZ domain/PIP-box (Fig. 24)
even though it inhibits the PIP-box interaction (5). We
attempted to investigate this possibility by performing a pull-
down inhibition assay for monoubiquitinated PCNA by using
baits lacking a PIP-box. Unfortunately, neither the pol n UBZ
domain/PIP-box, in which the PIP-box was inactivated by
mutation (18), nor the UBM1-UBM2 domains of REV1 effi-
ciently precipitated the monoubiquitinated PCNA (data not
shown), preventing the assay of compounds directly for PIP-
box-independent interactions of the monoubiquitinated
PCNA.

T2AA’s effect for chromatin PCNA co-foci inhibition was
stronger for REV1 than for pol n (Fig. 2, B and C), suggesting
that T2AA could have inhibited REV1 functions. It is unknown
why T2AA inhibited PCNA co-foci with REV1 more efficiently
than with pol 7. It could be due to different affinities of pol i
and REV1 for the monoubiquitinated PCNA homotrimer.
Yeast REV1 reportedly binds to PCNA on the homotrimer
region by its PAD domain (38). If this interaction is also valid in
human REV1, a small molecule that binds to the PCNA
homotrimer region, such as T2AA, could efficiently inhibit
REV1 functions.

Studies have shown that ICL repair is a process that requires
REV1 and pol ¢ (33, 39) or pol k, which requires Lys-164-
monoubiquitinated PCNA to interact with its UBZ domain
(40). Given that the REV7 subunit of pol { is essential in ICL
repair (7), the functions of REV1 and pol ¢, which are facilitated
by Lys-164-monoubiquitinated PCNA, could be targeted for
efficiently inhibiting ICL repair.

There are several mechanistic possibilities for increasing
DSB response by a cisplatin/T2AA combination. Inhibition of
ICL repair could promote a transient DSB intermediate by
endonucleases (41) such as Mus81-Emel (42). In the accepted
ICL repair mechanism, the ICL is first unhooked to form a
single-stranded DNA with an overhang that was the ICL. Sub-
sequently, possibly REV1 and pol { extend the excised strand by
TLS (7). Inhibition of REV1 and pol { functions thus may trigger
a further attempt to remove the overhang by excising it on the
single strand, which results in a DSB intermediate. Further-
more, because REV1 and pol  also facilitate HR (43), inhibition
of their functions could inhibit HR as well, leading to a failure to
resolve the DSB by recombination. pol { function also could be
partly due to a PCNA/PIP-box interaction, because pol { needs
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p66, a subunit of pol 83 that interacts with PCNA by its PIP-box,
to complete the TLS (44 —46).

We (5, 8) and other groups (47) have shown that PCNA is a
possible drug target for chemosensitization by interfering with
its numerous functions for DNA damage response. One of the
characteristic features of PCNA is that it is homotrimeric on
DNA, and each monomer has at least three functional sites and
residues as follows: the PIP-box cavity, Lys-164, and Lys127 (4).
We previously showed that inhibiting PCNA/PIP-box interac-
tion was sufficient for inhibiting TLS on a nonspecifically dam-
aged plasmid DNA, in which most DNA damage should consist
of base alkylation and intrastrand cross-link. As long as PCNA/
PIP-box interaction inhibitors can suppress TLS for such dam-
age, they can chemosensitize cells to alkylation drugs to some
extent. However, ICL is a much more lethal form of DNA dam-
age, and ICL repair inhibition should be much more efficient
for chemosensitization; therefore, a compound that inhibits the
monoubiquitinated PCNA interactions can be more effective.
Indeed, we previously observed that T2AA is much more effi-
cacious for sensitizing U20S cells for cisplatin in cell growth
than other PCNA/PIP-box inhibitors regardless of their similar
efficacy in TLS inhibition (8). Several studies have shown that,
among TLS polymerases, REV1 and pol { but not others are
needed for ICL repair (26, 33). The role of PCNA Lys-164-
monoubiquitination in the functional facilitation of REV1 has
been shown (22). It is possible that, after the NER step in the
ICL repair process, REV1 and pol { are recruited to the monou-
biquitinated PCNAs. In this scenario, interaction of the PCNA
homotrimer interface should be an attractive target for inhibit-
ing ICL repair.

It would be worthwhile to investigate whether compounds
that bind to the Lys-164-monoubiquitination site but not the
PIP-box interaction site are effective for chemosensitization
and selectively inhibit ICL repair over DNA replication.
Although this could be unlikely, given that proteins interacting
with Lys-164-monoubiquitinated PCNA that have been discov-
ered to date commonly have both a PIP-box and a ubiquitin-
binding domain (48, 49), there may be other proteins that are
important to the repair of ICLs and DSBs and that interact with
Lys-164-monoubiquitinated PCNA solely by the ubiquitin-
binding domain. Generating inhibitors specific to the PCNA
homotrimer interface could address this possibility. The struc-
ture of the T2AA interaction with the PCNA homotrimer inter-
face suggests that the affinity of this interaction is not optimal,
and thus there is some room to increase the interface affinity,
for instance, by targeting Asp-165 by changing one of the iodine
atoms of T2AA (Fig. 1D).
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