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ABSTRACT

The lesion bypass pathway, which is regulated
by monoubiquitination of proliferating cell nuclear
antigen (PCNA), is essential for resolving replication
stalling due to DNA lesions. This process is
important for preventing genomic instability and
cancer development. Previously, it was shown
that cells deficient in tumour suppressor p33ING1
(ING1b) are hypersensitive to DNA damaging
agents via unknown mechanism. In this study, we
demonstrated a novel tumour suppressive function
of ING1b in preserving genomic stability upon
replication stress through regulating PCNA
monoubiquitination. We found that ING1b knock-
down cells are more sensitive to UV due to defects
in recovering from UV-induced replication blockage,
leading to enhanced genomic instability. We
revealed that ING1b is required for the E3 ligase
Rad18-mediated PCNA monoubiquitination in
lesion bypass. Interestingly, ING1b-mediated PCNA
monoubiquitination is associated with the regula-
tion of histone H4 acetylation. Results indicate that
chromatin remodelling contributes to the stabiliza-
tion of stalled replication fork and to the regulation
of PCNA monoubiquitination during lesion bypass.

INTRODUCTION

Unrepaired DNA lesions, such as photolesions generated
by UV radiation, stall replication forks progression
because replicative DNA polymerases are unable to rec-
ognize modified DNA bases (1). Stalled replication may
have serious consequences such as replication collapse,
DNA double-strand breaks (DSBs), recombination and
genomic instability (2). Stalled replication caused by UV
lesions can be circumvented by the replication bypass
mechanisms including the error-prone translesion DNA
synthesis (TLS) (3), or the error-free template switching

pathway (4) which are regulated by monoubiquitination
or polyubiquitination of proliferating cell nuclear antigen
(PCNA), respectively (5,6). Both pathways require initial
modification of PCNA by monoubiquitination at the
Lys164 residue by the E2 ubiquitin-conjugating enzyme
Rad6 and the E3 ligase Radl8 upon replication stress
(7-10). Monoubiquitinated PCNA (PCNA-Ub) alters
affinity of Y-family polymerases PCNA to the ubiquitin-
binding domain of PCNA. These polymerases are func-
tional even when DNA lesions are present since they can
accommodate the lesions at their active sites, replicating
across the lesion (11). Poln is a member of the Y-family
polymerases which is able to replicate across UV lesions
(12,13). Poln is recruited to the sites of replication and
colocalizes with PCNA and Radl8 in foci upon UV
irradiation (8,9,14). Cells derived from patients with xero-
derma pigmentosum variant (XPV) which are deficient
in Poln exhibit a prolonged S phase arrest and enhanced
H2AX phosphorylation following UV exposure, suggest-
ing that the DSBs may arise from replication fork collapse
(15,16). There is a higher incidence for sunlight-induced
skin cancers in XPV patients (17) suggesting the import-
ance of resolving stalled replication during cancer devel-
opment. However, the regulation of PCNA-Ub-mediated
recovery of stalled replication is not well understood.
The inhibitor of growth (ING) proteins regulate various
biological processes including cell cycle progression, apop-
tosis, DNA repair and senescence. They are frequently
found to be inactivated in cancers. ING proteins contain
a structurally conserved PHD domain at the C terminus
that binds to histone H3 trimethylated at lysine 4 (18,19).
ING proteins are components of various histone
acetyltransferase (HAT) and histone deacetylase
(HDAC) complexes. Therefore, they partly carry out
their functions through chromatin remodelling (20-23).
Recently, it has been shown that ING2 is required for
normal DNA replication (24), and INGS is found in a
complex with the HBO1 HAT which is also required for
DNA replication (20). However, the role of ING proteins
in replication stress is not known. Previously, we and
others have showed that INGIlb knockdown (KD)
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sensitized S phase arrested melanoma cells to UV (25) and
MEFs from knockout mice exhibited increased sensitivity
to UV (26). However, the mechanism for UV hypersensi-
tivity in INGl-deficient cells is unclear. In this study,
we found that depletion of physiological level of ING1b
sensitizes cells to UV. INGlb KD cells exhibit defects
in recovering from UV-induced stalled replication and
enhanced genomic instability. We further found that
INGIb plays a role in the lesion bypass pathway.
Moreover, INGI1b is required for the E3 ligase
Rad18-mediated PCNA-Ub and for Rad18 and Poln to
be tethered to the chromatin at the sites of replication.
Interestingly, ING1b KD cells showed hypoacetylation
at S phase and restoration of histone acetylation in
INGI1b KD cells rescued PCNA-Ub and Rad18 binding
to chromatin. These data suggest a novel tumour suppres-
sor function of INGI1b in regulating the lesion bypass
pathway through PCNA monoubiquitination and chro-
matin remodelling to preserve genomic stability upon
replication stress.

MATERIALS AND METHODS

Cell culture, antibodies, expression plasmids, chemicals
and UV irradiation

HCT116 and HEK293 cells were cultured in Dulbecco’s
Modified Eagle Media (DMEM) (Invitrogen, Burlington,
ON, Canada) supplemented with 10% fetal bovine serum
(Invitrogen), 100 U/ml penicillin and 100 pg/ml strepto-
mycin (Invitrogen) in 5% CO, humidified atmosphere
at 37°C. Anti-actin and rabbit anti-Flag antibodies
were purchased from Sigma-Aldrich (St Louis, MO,
USA); anti-BrdU from BD Biosciences; anti-yH2AX
(Ser 139) and anti-PCNA from Millipore (Billerica, MA,
USA); anti-AcH4K5/8/12/16, anti-AcH3K9/14 and
anti-H4 from Millipore; anti-ubiquitin, BRG1, ING1b,
Lamin Bl and pATM (Ser 1981) from Santa Cruz
Biotechnology (Santa Cruz, CA, USA); anti-Rad18 from
Abnova (Walnut, CA, USA); anti-SNF5 from Abcam
(Cambridge, MA, USA); anti-CPD from Cosmo Bio
(Tokyo, Japan); and mouse anti-Flag from Applied
Biological Materials (Richmond, BC, Canada). BrdU
was purchased from Sigma-Alrich. UV irradiation was
performed by removal of medium, washing with
PBS and exposure to controlled dose of UVC (254 nm)
light using a cross-linker (UltraLum, Claremont, CA,
USA). Flag-Poln is a gift from Dr A.R. Lehmann and
p3xFlagl4-HsRad18 is a gift from Dr K. Myung.

Expression plasmid, siRNA transfections and shRNA
construction

Expression plasmids were transfected into HCT116 cells
by Effectene Transfection Reagent (Qiagen, Mississauga,
ON, Canada) according to the manufacturer’s instruction.
UV irradiation and assays were performed at 24 h after
transfection. siRNAs were synthesized by Qiagen. Two
INGIb siRNAs were used with target sequences as
follows:  siRNA-1:  5-acccacgtactgtctgtgcaa-3’  and
siRNA-2: 5-ttggtacacgtgtaacaagaa-3’, and the target
sequence for Rad18 siRNA is 5-atggttgttgcccgaggttaa-3'.
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siRNA was transfected to cells by siLenFect Lipid reagent
(Bio-Rad, Mississauga, ON, Canada) according to manu-
facturer’s instruction. Assays were performed 48 h after
transfection.

Short-hairpin  RNA targeting INGI1b sequence
5'-aaccatgttgagtectgecaa-3’  was  constructed  using
HuSH-29 shRNA system (Origene, Rockville, MD,
USA) according to the manufacturer’s instruction. In
brief, shRNA cassette was generated by annealing top
and bottom strands of the oligos containing shRNA
target sequence and was cloned into BamH1 and
HindIIT cloning sites on the pRS vector with U6
promoter. pRS vector and INGI1b-shRNA were trans-
fected into the retroviral packaging cell line, Phoenix
Ampho cells (Orbigen, San Diego, CA, USA).
Retroviral particles were collected 3 days after transfec-
tion and concentrated by ultracentrifugation. pRS vector
and ING1b shRNA retroviral particles were used to infect
HEK?293. Infected cells were selected with 1 pg/ml puro-
mycin. Stable KD was confirmed by western blot.

Subcellular fractionation

Fractionation of chromatin bound and unbound fractions
were described previously (9,25). Briefly, cytoplamic and
nucleoplasmic proteins were isolated by cytoskeletal
buffer (CSK) (100mM NaCl, 300mM sucrose, 3mM
MgCl,, 10mM PIPES pH 6.8, 1mM EGTA, 0.2%
Triton X-100) with protease inhibitors for 15min on ice.
After centrifugation at 900g for 5min at 4°C, chromatin
bound proteins in the pellet were resuspended in modified
RIPA buffer (150 mM NaCl, 50 mM Tris—HCI, pH 7.4,
ImM EDTA, 0.1% NP-40, 0.25% sodium dodecyl
sulphate) and sonicated.

Histone extraction, western blot and immunoprecipitation

Cells were lysed in cell lysis buffer (10mM Tris—HCI, pH
7.5, 1mM MgCl, and 0.5% NP-40) for 10min on ice.
Nuclei were pelleted by centrifugation at 1000g for 5min
at 4°C. Nuclei were resuspended in extraction buffer
(0.5M HCI, 10% glycerol and 0.1 M B-mercaptoethanol)
for 1h on ice. After centrifugation at 10000g, the
acid-soluble fraction was taken and neutralized by 2M
NaOH. Proteins were quantified and prepared for
western blotting as described (25) using the Odyssey
Infrared Imaging System (LI-COR, Lincoln, NE, USA)
equipped with Odyssey 2.1 software.

For immunoprecipitation, cells were resuspended in
modified RIPA buffer followed by incubation with 2 ug
of specific antibody at 4°C overnight. Immunocomplex
was pulled down by 50ul protein G, washed thrice
with modified RIPA for 5min followed by WB. For
immunoprecipitation of Poln, cells were incubated with
1% formaldehyde 10 min at room temperature for cross-
linking followed by stopping the reaction with 0.125M
glycine prior to lysis with cell lysis buffer. The nuclei
were resuspended in modified RIPA followed by
immunoprecipitation with specific antibody.
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Immunofluorescence

Cells were fixed with 1% paraformaldehyde in 1 x PBS
for 10 min at room temperature and permeabilized with
methanol/acetone (1:1) at —20°C for 10 min. For BrdU
staining, the slides were treated with 2N HCI for 10 min
at room temperature followed by neutralization with
sodium borate (pH 10.5) for Smin. The slides were
incubated with specific primary antibodies followed by
incubation with Alexa Fluor 488 anti-mouse and Alexa
Fluor 568 anti-rabbit secondary antibodies (Invitrogen,
CA, USA). The slides were mounted with Vectorshield
mounting media with DAPI (Vector Laboratories, CA,
USA). The images were obtained by a laser scanning
confocal microscope, LSM 780, equipped with the ZEN
software, under the 10x eyepiece and 63x oil immersion
lens (Carl Zeiss, ON, Canada). Ten to fifteen optical
sections each with 0.4 um distance in the z-direction were
obtained for each image. The images were further
processed into 2D by maximum intensity projection
provided from the ZEN software. The weighted
colocalization coefficient of BrdU staining with Radl8
staining was calculated using the colocalization module
equipped in the ZEN software under the same threshold
values for all images. The number of Radl8 foci was
quantified with the Image J software.

Analysis of metaphase chromosome

Cells were arrested at G1 by serum starvation, irradiated
with or without UV and released in the presence of
0.1 ug/ml colcemid for 18 h. Cells were trypsinized and
resuspended with 0.5ml of medium. Ten millilitre of
0.075M KCI was added slowly and gently. Cells were
incubated at 37°C for 15min. Three to five drops of
fixative (3:1 methanol/acetic acid) were added to stop
the reaction and the cells were centrifuged at 1200 for
8 min. Supernatant was removed, leaving 0.5ml to resus-
pend the pellet. Ten millilitre of fixative was added gently
and slowly. Cells were pelleted, resuspended and fixed
in the same way twice. The pellet was finally resuspended
in 0.5 ml of fresh fixative. Chromosome preparation (30 pl)
was dropped on a pre-chilled microslide and let spread
by gravity. Chromosomes were stained with a 1:20
Giemsa stain (Sigma-Aldrich) for 20 min, washed with
water and mounted with Cytoseal 60 mounting medium
(Fisher Scientific, Ottawa, ON, Canada). The slides
were observed under a microscope (Zeiss, Toronto, ON,
Canada) with a 100x oil immersion lens and 10x
eyepiece. An image was obtained using a QImaging
Ketiga Ex camera and was analysed with Northern
Eclipse software.

Replication fork progression by PCR

Cells were trypsinized and resuspended in lysis buffer
(5mM Tris-HCI, 100mM EDTA pH 8.0, 1% SDS and
80 pg/ml proteinase K) and incubated at 55°C for 2h.
Genomic DNA was isolated by phenol/choloroform
extraction. Genomic DNA (250ng) was used for qPCR
analysis of DNA replication using SYBR PCR Master
Mix with the 7900 HT Fast Real-time PCR system

(Applied Biosystems, Carlsbad, CA, USA). Primers
used were as follows: Ori, 5-ccagaatccgatcatgcacc-3'
(forward), 5'-tccgtttttgcaggttgtge-3’ (reverse); 3.5kb
distal to the Ori, 5-ctgggtgtcagatcccagtt-3' (forward),
S'-atggtccccaggatacacaa-3’  (reverse); and  B-globin,
5'-caacttcatccacgttcace-3’ (forward), 5'-acacaactgtgttcac
tage-3’ (reverse). qPCR conditions: dissociation, 95°C,
30s; and annealing/extension, 60°C, 1 min.

Cell synchronization

For synchronization at GI, cells were starved in serum
free medium for 24h. For cell synchronization at the
G1-S boundary, cells were treated with 2mM thymidine
for 17h and released into fresh medium for 8 h followed
by a second thymidine block or treatment with 1 pg/ml
aphidicolin for 14 h.

Sulphorhodamine B assay

Cells were fixed in 10% trichloroacetic acid for 1h at
4°C, rinsed and dry, followed by staining with 0.057%
sulphorhodamine B for 15min at room temperature
(27). Stained plates were washed with 1% acetic acid
thrice and let dry. SRB dye from the stained cells was
dissolved in 10 mM Tris—HCI (pH 10.5). Absorbance at
550 nm was measured.

RESULTS
ING1b KD cells are more sensitive to UV at S phase

We investigated the physiological role of ING1b in UV
response in HCTI116 cells, which retain normal DNA
damage checkpoint (28,29). This cell line expresses
wild-type ING1b (data not shown) and p53 which is
required for many functions of ING proteins (30,31).
We knocked down INGI1b expression with 70% KD
efficiency at 48 h after siRNA transfection (Figure 1A).
We found that INGIb KD sensitized cells to UV
(Figure 1B). We generated stable ING1b KD cells by
shRNA in HEK293 cells and found that ING1b shRNA
cells were more sensitive to UV (Supplementary
Figure S1), which is consistent with the hypersensitivity
of ING1b-deficient cells to UV (25,26). Since we showed
previously that INGIb is required for NER (25), we
analysed the persistence of UV-induced DNA lesions in
control and ING1b KD HCTI116 cells (Supplementary
Figure S2). Consistent with our previous finding (25),
repair of UV lesions is retarded in INGIb KD cells.
However, we found that the extent of DNA lesions was
comparable in control and ING1b KD cells up to 12h
after UV, suggesting that the sensitization of INGI1b
KD cells to UV at this time is probably not due to the
difference in NER efficiency in these cells. We further
analysed the effect of ING1b KD on progression of cells
from GI1 to G2/M in a single cell cycle. Without UVR,
ING1b KD cells progressed from G1 to G2/M ~4 h faster
than the control cells (Figure 1C and Supplementary
Figure S3). This is consistent with the role of INGID in
cell proliferation (32,33). On the other hand, we observed
that there was a significant increase in the sub-G1 cell
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Figure 1. INGI1b KD sensitizes cells to UV at S phase. (A) HCT116 cells were transfected with control or ING1b siRNA and harvested for western
blot (WB) at various time points. (B) ING1b KD sensitizes cells to UV. HCT116 cells were transfected with control or ING1b siRNA, irradiated
with 10J/m? UVC, and harvested at indicated times after UV for PI staining followed by FACS analysis. Data was shown as mean + SEM from
three independent experiments ("P < 0.05). (C) Cell cycle analysis for ING1b KD cells. Control or ING1b KD HCT116 cells were arrested at G1 by
serum starvation, irradiated with 10J/m? UVC and released in the presence of 50 ng/ml nocodazole followed by cell cycle analysis. (D) ING1b KD
cells fail to recover from stalled replication. Control or ING1b KD HCTI116 cells were pulsed with 20 uM BrdU, irradiated with 10J/m?> UVC and
chased for 12h. Cells were stained with anti-BrdU antibody and PI, and analysed by FACS. (E) Quantification of BrdU-labelled cells in G2/M phase

from three independent experiments ("P < 0.05).

population in INGIb KD cells after UVR indicating
that more cells were undergoing cell death (Figure 1C
and Supplementary Figure S3). We observed a significant
increase in cells accumulated at S phase in INGIb
KD cells 12 and 14h after UV (Figure 1C and
Supplementary Figure S3C); therefore, we examined if
increased cell death in ING1b KD cells after UV irradi-
ation is due to the inability of these cells to complete S
phase. We pulsed the cells with BrdU to label cells under-
going DNA replication and quantified the percentage of
cells progressed to G2/M 12 h after UV. We found that the
percentage of BrdU labelled cells that had progressed
to G2/M was significantly reduced in ING1b KD cells
compared with control (Figure 1D and E). Meanwhile,
INGIb KD did not affect S phase progression in
non-irradiated cells (Supplementary Figure S4). These
data indicate that ING1b KD cells contain defects in S
phase recovery after UV but not in non-stress conditions.
We further pulsed the cells with BrdU at different time
points after UV and observed that ING1b KD reduced
BrdU incorporation in S phase as indicated by a ‘flat-
tened’ pattern in the BrdU positive population indicating
that more extensive stalled replication occurred in the
ING1b KD cells (Supplementary Figure S5). These
results suggest that cells lacking ING1b expression are

defective in recovering from UV-induced stalled replica-
tion and thus fail to progress to G2/M, becoming
apoptotic.

ING1b KD cells show defects in replication fork
progression and enhanced genomic instability after UV

To further demonstrate the importance of INGIb for
replication fork progression after UV, we analysed the
amplification of genomic DNA at a known replication
origin in the lamin B2 gene (34) by qPCR. We isolated
genomic DNA from cells released from the GI1-S
boundary and analysed DNA replication at the origin
(Ori) and a region 3.5kb distal to the origin at different
time points after UV (Figure 2A). The amount of
replicated DNA was significantly reduced in ING1b KD
cells compared with control cells at 60 min (compare 1
versus 2 and 3 versus 4, Figure 2B). This was even more
prominent at 240 min after UV (compare 5 versus 6 and
7 versus 8, Figure 2B), indicating that the ability of the
replication fork to progress from the origin to 3.5 kb distal
is impaired in cells lacking ING1b expression after UV.
The effect of INGIb KD is less prominent during
non-stress conditions (Supplementary Figure S6).

We speculated that ING1b prevents the stalled replica-
tion forks from collapsing. It is believed that UV-induced
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Figure 2. ING1b KD cells show defects in replication fork progress and enhanced genomic instability after UV. (A) Schematic diagram for the
replication origin at lamin B2 gene. Primers designed for the origin (Ori) and 3.5kb distal of the origin (3.5kb) are indicated. (B) Stalled replication
at lamin B2 replication origin in ING1b KD cells after UV. Control and ING1b KD HCT116 cells were arrested at G1-S boundary, irradiated with
10J/m? UVC and released for 60 and 240 min. Genomic DNA was isolated and analysed by qPCR. All samples were normalized with B-globin gene,
a region replicated at late S phase. Relative replicated DNA was calculated by amount of DNA in cells after release over amount of DNA in Gl
arrested cells. Data was presented as mean = SEM from three independent experiments (*P <0.05). (C) Enhanced and prolonged YH2AX and
pATM after UV. Control and INGIb KD HCTI116 cells were irradiated with 10J/m> UVC, WCE and histones are extracted for WB. (D)
Representative images of metaphase chromosome. Control and ING1b KD HCTI116 cells were arrested at Gl by serum starvation, irradiated
with 10J/m? UVC and released in the presence of 0.1 ug/ml colcemid for 18 h. Metaphase chromosome was prepared on slides and stained with
Giemsa stain. Arrow indicates chromosome aberrations. (E) Quantification of chromosomal aberrations. Percentage of cells containing chromatid
breaks or chromosome fusions was counted. Thirty cells were counted on each slide and the experiment was done in triplicate (¥**P <0.01).

Chromatid breaks Fusions

DSBs are caused by collapse of replication forks arrested
at the UV lesions (15). Therefore, we analysed the levels
of H2AX phospohorylation at Ser139 (yYH2AX) and phos-
phorylation of ATM at Ser 1981 which occur upon DSBs.
We detected an increased level of YH2AX and pATM
in INGIb KD cells when compared with control
(Figure 2C), indicating that DSBs are more extensive
in ING1b KD cells after UV. We further observed an
increased number of aberrant structures in metaphase
chromosomes in INGI1b KD cells, a 4-fold increase in
chromatid breaks and a 3-fold increase in chromosomal
fusions, which appear to be chromatid exchange,
compared with control cells after UV (Figure 2D and
E). We observe a very low level of spontaneous chromo-
some aberrations in control and INGIlb KD cells
(Supplementary Figure S7). Together, these data suggest
that ING1b plays an important role in the response to

UV-induced replication stress, preserving the genomic
stability.

ING1b regulates PCNA monoubiquitination and TLS

We sought to clucidate the mechanism by which ING1b
regulates replication fork stability upon during replication
stress. As PCNA-Ub is essential for the lesion bypass
pathway with respect to overcoming replication
blockage, we investigated if ING1b regulates PCNA-Ub.
We detected the monoubiquitinated form of PCNA
by western blotting which was induced by UV
(Supplementary Figure S8). INGlb KD decreased
PCNA-UD by 40 and 70% at 6 and 24 h after UV, respect-
ively, in HCT116 cells (Figure 3A), which indicates that
PCNA-UD is inhibited rather than delayed in INGIlb
KD cells. We also observed a reduction of PCNA-UD in
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Figure 3. ING1b regulates PCNA-Ub and Poln foci formation upon replication stress at S phase. (A) ING1b KD reduces PCNA-UDb after UV.
Control and ING1b KD HCT116 cells were irradiated with 10J/m~ UVC for indicated times. Chromatin fraction was isolated for WB. (B) INGI1b is
required for efficient PCNA-UDb at S phase. Control and ING1b KD HCT116 cells were synchronized at G1-S boundary as in Figure 2B, released
for 3h into S phase and irradiated with 10J/m> UVC. Chromatin fraction was isolated for WB. DNA content was analysed by FACS. (C) ING1b is
required for PCNA-Ub upon replication stress. Control and ING1b KD HCT116 cells were treated with 100 uM CP for 1h and replaced with fresh
media for Sh, 10mM HU for 6h; and 250 uM MMS, 0.25uM CPT or 20 uM EP for 4h. Chromatin fraction was isolated for WB. (D) INGIb is
required for Poln foci formation after UV. HCT116 cells transfected with Flag-tagged Poln were irradiated with 10J/m> UVC for 6h. Cells were
fixed and observed under confocal fluorescence microscope. (E) Quantification of number of cells displaying Poln foci. Fifty cells were counted on
each slide and the experiment was done in triplicate (**P <0.01). (F) Poln interaction with PCNA-Ub is reduced in ING1b KD cells. Control and
INGIb KD HCTI116 cells transfected with Flag-Poln were irradiated with 10J/m? UVC for 6h. IP for nuclear Flag-Poln were performed as
described in Supplementary Experimental Methods. Relative interaction of Poln with PCNA-Ub was calculated by quantifying the band intensity

of PCNA-UDb over that of Poln in the IP fraction (PCNA-Ub:Poln).

normal human fibroblasts and HEK 293 cells upon ING1b
depletion (Supplementary Figure S9A and B). To confirm
that inhibition of PCNA-UDb by ING1b KD was not due
to the off-target effect, we treated cells with another
ING1b siRNA and found that it also reduced PCNA-Ub
after UV (Supplementary Figure S9C). Furthermore,
inhibition of PCNA-Ub was also observed when cells
were irradiated with a much lower dose of UV (1J/m?)
(Supplementary Figure S10). Since PCNA-Ub occurs pre-
dominantly at S phase (35), we asked if ING1b affects
PCNA-UDb at S phase. We synchronized cells at G1-S
boundary and released them into S phase (Figure 3B,
bottom panel) followed by UV irradiation. We observed
a reduction of PCNA-UDb in INGl1b KD cells after UV
compared with the control (Figure 3B). PCNA-UD is
induced by various genotoxic agents, such as cisplatin,
hydroxyurea and methyl methanesulphonate, all of which
stall replication forks and lead to appearance of ssDNA
(5,6,9). We then treated control and ING1b KD cells with
these agents and found that INGIb KD inhibited
PCNA-UD induced by these agents, while PCNA-Ub was

not detected in cells treated with etoposide and
camptothecin which induce DSBs rather than stalling of
replication (Figure 3C). It was shown previously that
translesion DNA polymerase Poln preferentially interacts
with the monoubiquitinated form of PCNA (9). We asked
if ING1b is required for Poln foci formation after UV. We
found that Poln foci formation significantly increased after
UVR but was dramatically reduced in ING1b KD cells
(Figure 3D and E). In addition, Poln interaction with
monoubiquitinated PCNA (Figure 3F) and Poln binding
to chromatin (Supplementary Figure S11) after UV were
reduced in ING1b KD cells. Our data suggest that ING1b
regulates PCNA-UDb in S phase during replication fork
stalling and facilitates Poln-dependent lesion bypass to
avoid catastrophic consequence from replication fork
collapse.

INGI1b is required for Rad18-mediated PCNA-Ub

We further examined if ING1b is required for PCNA-Ub
mediated by the Radl8 E3 ligase. Ectopic expression
of Radl8 enhanced PCNA-Ub in control cells in a
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time-dependent manner after UV. Radl8-enhanced
PCNA-UDb was abrogated in ING1b KD cells at 1 h and
more dramatically at 6h (Figure 4A). Moreover, we
observed a corresponding reduction of Radl8 binding
to chromatin in ING1b KD cells when compared with
the control while the total Radl8 expression did not
change significantly (Figure 4A). We then knocked down
the expression of ING1b and Radl18 alone or in combin-
ation, and found that co-KD of INGIlb and Radl8
resulted in a further reduction in PCNA-Ub and sensitized
cells to UV compared to ING1b and Rad18 KD alone
(Supplementary Figure S12). We further asked how
INGI1b regulates Radl8 functions. Radl8 is known to
colocalize with sites of replication (8). We labelled sites
of replication by pulsing cells with BrdU prior to UV
and performed immunofluorescent staining for Radl8
and BrdU. We found that Radl8 formed punctate foci
which colocalized with BrdU in control cells after UV
(Figure 4B-D). Radl8 foci formation was abrogated in
INGI1b KD cells while BrdU foci could still be observed
in these cells (Figure 4B-D). Furthermore, UV induced
interaction between Radl8 with PCNA in control cells
while this association was dramatically reduced in
INGIb KD cells (Figure 4E). These data suggest that
INGI1b is required for the engagement of Radl8 on
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chromatin at the sites of replication during replication
blockage to mediate PCNA-Ub.

ING1b maintains histone H4 acetylation during S phase
and is required for Rad18-mediated PCNA-Ub

We further studied the mechanism by which ING1b regu-
lates PCNA-Ub. We previously showed that INGI1b is
required for histone H4 acetylation (AcH4) during the
repair of UV-damaged DNA (25). We asked whether
INGIDb affects histone H3 and H4 acetylation at S
phase. We synchronized cells at the G1-S boundary,
released them into S phase and irradiated the cells with
UV. We then examined the acetylation level of H3 and H4
and found that both AcH3 and AcH4 levels increased
moderately after UV in control cells. We observed a
dramatic decrease in AcH4 level in ING1b KD cells
when compared to control cells whereas only a slight
reduction was seen for AcH3 (Figure 5A and
Supplementary Figure S10). We postulated that ING1b-
regulated AcH4 might be important in PCNA-Ub. We
first studied the effect of histone hyperacetylation
induced by trichostatin A (TSA), a histone deacetylase
(HDAC) inhibitor. TSA treatment enhanced AcH4
and PCNA-UbD after UV (Figure 5B). Furthermore, TSA
treatment at various doses restored AcH4 and PCNA-Ub
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Figure 4. INGI1b is required for Radl8-mediated PCNA-Ub during stalled replication. (A) INGIb is required for Radl8-mediated PCNA-Ub.
Control and ING1b KD HCT116 cells were transfected with either vector control or Flag-Rad18 plasmid. Cells were irradiated with 10J/m* UVC
and whole cell extract (WCE) or chromatin bound proteins (Chr) were analysed by WB. Relative binding of Rad18 to chromatin is calculated as
Chr:WCE. (B) INGI1b is required for Radl8 foci formation at S phase after UV. Control and ING1b KD HCTI116 cells were transfected with
Flag-Rad18 plasmid. Cells were pulsed with 20 pM BrdU and irradiated with 10J/m? UVC for I h. Immunofluorescent staining was performed using
anti-BrdU and Flag antibodies. White box indicates the portion of nucleus displayed on the magnified panel. (C) Number of Radl8 foci was
quantified by Image J. (D) Weighted colocalization coefficient of BrdU staining with Rad18 staining was analysed with ZEN software. Thirty cells
were counted on each slide and the experiments were done in triplicate (**P <0.01). (E) ING1b is required for Rad18-PCNA interaction. Control
and ING1b KD HCTI116 cells were transfected with Flag-Rad18, irradiated with or without 10J/m?> UVC. Immunoprecipitation was performed
using anti-Flag antibody. Relative Rad18-PCNA interaction is calculated as PCNA:Rad18.
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Figure 5. ING1b maintains histone H4 acetylation during S phase and is required for Rad18-mediated PCNA-Ub. (A) ING1b maintains AcH4 at S
phase. Control and ING1b KD HCT116 cells were synchronized at G1-S boundary as in Figure 2B and irradiated with 10J/m*> UVC. (B) TSA
treatment enhances PCNA-Ub after UV. HCT116 cells pretreated with 50 ng/ml TSA for 1 h were irradiated with 10J/m> UVC and incubated with
TSA for 6h. (C) TSA treatment restores PCNA-Ub in INGI1b KD cells. Control and ING1b KD HCT116 cells were treated with various doses of
TSA and irradiated with 10J/m> UVC for 6h. (D) TSA and sodium butyrate (NaBu) but not nicotinamide (Nico) restores PCNA-Ub in ING1b KD
cells. Control and ING1b KD HCT116 cells were treated with 50 ng/ml TSA, 2.5mM NaBu or 5mM Nico and irradiated with 10J/m?> UVC for 6 h.
(E) TSA treatment restores Rad18 binding to chromatin after UV. Control and ING1b KD HCT116 cells were treated with various doses of TSA for
1h and irradiated with 10J/m* UVC for 6h. WCE and chromatin fraction were isolated for WB. Relative binding of Radl8 to chromatin is
calculated as Chr:WCE. (F) TSA treatment alleviates genomic instability in ING1b depleted cells. HCT116 control and ING1b KD cells were treated
with or without 5ng/ml TSA, irradiated with 10J/m? UVC for 24h. Cells were harvested for WB and FACS analysis. Data were presented as

mean = SEM from three independent experiments (¥**P < 0.01).

in ING1b KD cells (Figure 5C), indicating that histone
hyperacetylation bypasses the requirement of INGI1b in
PCNA-UDb. Moreover, we found that treatment of TSA
and NaBu, HDAC class I and II inhibitors, but not treat-
ment with nicotinamide, a NAD-dependent HDAC
inhibitor, restored PCNA-Ub in INGIb KD cells
(Figure 5D). We asked if INGIlb regulates Radl8
through histone acetylation. Rad18 binding to chromatin
was reduced in ING1b KD cells (Figures 4A and SE).
TSA treatment at various doses restored Radl8 binding
to chromatin while the overall Rad18 expression did not
change significantly (Figure SE). We determined whether
restoration of AcH4 in ING1b KD cells would rescue
genomic instability and cell survival. Since TSA treatment
was shown to induce apoptosis in HCT116 cells upon
prolonged treatment (36,37), we performed the experiment
at a reduced dose of TSA (5ng/ml) which did not cause
significant apoptosis, while AcH4 was restored in ING1b
KD cells at this dose (Figure 5F). We observed that
restoration of AcH4 by TSA alleviated UV-induced
vyH2AX and UV-induced apoptosis in INGIb KD cells
(Figure SF). This suggests that INGIlb regulates
PCNA-Ub and genomic stability through maintaining
H4 acetylation during S phase. These data suggest that
INGIbD is required for stabilization of the stalled replica-
tion fork through maintenance of histone H4 acetylation

to mediate PCNA-Ub and lesion bypass, maintaining
genomic stability (Figure 6).

DISCUSSION

In this study, we characterized the physiological role of
INGIb in the UV response. Although it was previously
shown that INGI1b-deficient cells were more sensitive to
UV irradiation (25,26), the mechanism by which INGI1b
status affects UV sensitivity is unknown. Consistent with
previous findings, we observed that ING1b depleted cells
were more sensitive to UV irradiation (Figure 1B). ING1b
KD cells showed defects in recovering from UV-induced
stalled replication and eventually became apoptotic
(Figure 1C and D). Furthermore, we observed that repli-
cation fork progression was inhibited in ING1b KD cells
after UVR (Figure 2B). As a result, there was an increased
formation of DSBs and elevated chromosomal aberrations
in ING1b KD cells (Figure 2C-E). We conclude that
INGIb is required for overcoming blocked replication
forks due to the presence of UV lesions during DNA rep-
lication. Therefore, in the absence of ING1b, stalled rep-
lication remains unresolved and prolonged replication
blockage leads to catastrophic events such as chromatid
breaks and chromosomal fusions.
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UV lesion

l Lesion bypass

Genomic Stability

Figure 6. Model of INGI1b in regulating histone H4 acetylation and
Rad18-mediated PCNA-Ub upon replication stalling to facilitate lesion
bypass and maintenance of genomic stability.

It has also been shown that INGIlb overexpression
increases stress-induced apoptosis including UV in a
p53-dependent manner (38,39). We reasoned that ING1b
may play a separate role in apoptosis and S phase
recovery. At 10J/m> UVC, cells were allowed to
progress throughout the cell cycle (Figure 1C) and there-
fore mechanisms involved in resolving stalled replication
due to UV lesions would be essential for cell survival. In
fact, we found that INGIb is required for
monoubiquitination of PCNA which is central in
regulating the lesion bypass mechanism to recover from
stalled replication (5,6). Replication could be stalled even
by the presence of very low levels of DNA lesions. We
observed that PCNA-Ub and AcH4 are reduced in
ING1b KD cells irradiated with a sub-lethal dose of UV
(1J/m?) (Supplementary Figure S10) suggesting a
specialized role of INGI1b in S phase recovery. In fact,
our observation in ING1b KD cells is comparable with
cells deficient in Rad18 E3 ligase, which is essential for
PCNA-Ub. Rad18-deficient cells were found to be hyper-
sensitive to DNA damaging agents and displayed
enhanced genomic instability (40.41). Although we
found that INGIb is required for Radl8-dependent
PCNA-UDb, we also observed that co-KD of INGI1b and
Rad18 further reduced PCNA-Ub and sensitized cells to
UV compared to INGIb and Radl8 KD alone
(Supplementary Figure S12). This can be explained by
the fact that Radl8 is not the only E3 ligase known to
monoubiquitinate PCNA. Recently, another E3 ligase,
CRL4(Cdt2), was found to monoubiquitinate PCNA in
a  Radl8-independent manner (42). Moreover,
PCNA-UDb was found to be negatively regulated by the
deubiquitinating enzyme, ubiquitin specific protease 1
(USP1) which removes ubiquitin from PCNA (43).
ING1b might regulate PCNA-Ub and cell survival upon
replication stress through these molecules. We observed
that ING1b is required for the translesion DNA polymer-
ase, Poln, to form foci which are required for TLS (9,44)
and for the interaction of Poln specifically with the

monoubiquitinated form of PCNA. The ability of Poln
to interact with PCNA through the Ub-binding zinc
finger (UBZ) and the newly identified PCNA interacting
domains are all required for full activation of TLS (45).
We postulate that INGI1b is required for efficient
PCNA-UD in initiating TLS to bypass the UV lesions at
stalled forks.

We further demonstrated that INGI1b is required for
histone H4 acetylation at S phase (Figure 5A) and that
TSA treatment which induces histone hyperacetylation
enhances PCNA-Ub (Figure 5B). During replication,
new histone H4 is acetylated at K5 and K12 prior to
assembly into chromatin and deacetylation occurs within
30-60 min. Inhibition of deacetylation may preserve AcH4
after chromatin assembly. This may explain why treat-
ment with HDAC inhibitors bypasses the requirement of
INGI1Db in PCNA-Ub (Figure 5C and D). Our results also
indicate that reduction of AcH4 in INGlb KD cells
during non-stress conditions does not lead to a significant
retardation in  normal S  phase  progression
(Supplementary Figure S4), suggesting that reduction of
AcH4 is not due to inhibition of DNA replication. Our
observation, in part, corresponds with work previously
done in yeast. Choy and Kron observed that cells deficient
in Yng2, the yeast homologue of ING proteins, are highly
sensitive to replication stress, including UV, hydroxyurea
and MMS. Moreover, yng2 mutants showed a reduction
in histone H4 acetylation and delayed S phase progression
upon MMS treatment. In addition, TSA treatment allevi-
ates the S phase delay in yng2 mutants after MMS treat-
ment (46) which concurs with our observation that
restoration of AcH4 in INGI1b depleted cells rescues
UV-induced DNA DSBs and apoptosis (Figure 5F). It
indicates that the regulation of histone H4 acetylation
and recovery from replication stress is conserved in eu-
karyotes. Other members of ING family proteins have
also been implicated in regulating DNA replication to
preserve genomic stability (47). The ING5 complex con-
taining HBO1 is required for normal DNA replication
(20). Recently, ING2 was also shown to be required for
normal DNA replication and is associated with PCNA
(24). In the same study, the authors observed that
INGI1b is not involved in normal DNA replication
which coincides with our observation (24). Our study
suggests that ING1 plays a unique role in DNA replica-
tion upon stress.

Why is histone acetylation required for PCNA-UbL?
Chromatin is a barrier for DNA replication and repair.
It has to be remodelled before these processes are possible
(48,49). We previously showed that INGI1b regulates
histone H4 acetylation and chromatin relaxation to
provide accessibility for XPA in nucleotide excision
repair (25). It is possible that ING1b remodels the chro-
matin structure through H4 acetylation to provide acces-
sibility for factors involved in lesion bypass. This is
supported by the observation that Radl8 and Poln
binding to chromatin was reduced in INGIb KD cells
(Figure 4A) and TSA treatment restores Radl8 binding
to chromatin in ING1b KD cells (Figure 5E). In fact,
chromatin remodelling enzymes are found to be important
for DNA replication upon stress. For instance, the



ATP-dependent chromatin remodelling enzyme Ino80 is
found to associate directly with replication forks and
is required for fork stability and restart upon stress
(50,51). More recently, Ino80 was also found to be
required for PCNA-Ub (52). Moreover, it has been
shown that alterations in chromatin structure affect
Poln dynamics in TLS (53). ING1b depletion did not
affect expression of the ATP-dependent chromatin
remodelling factors BRG1 and SNFS5 (Supplementary
Figure S13) which suggests a more direct and distinct
role of ING1b in regulation of lesion bypass. Therefore,
it is conceivable that ING1b may affect replication fork
stability in S phase recovery.

In conclusion, our data provide evidence for the physio-
logical role of ING1b in the recovery from replication
blockage through regulation of PCNA-Ub and histone
H4 acetylation. To our knowledge, this is the first study
linking histone acetylation to the PCNA-Ub pathway.
Our study provides a novel insight into the regulation of
lesion bypass mechanism and implicates the role of
ING1b in genomic stability and tumour suppression.
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