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ING2 controls the progression of DNA replication
forks to maintain genome stability
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Inhibitor of growth 2 (ING2) is a candidate tumour suppressor
gene the expression of which is frequently lost in tumours. Here,
we identified a new function for ING2 in the control of DNA
replication and in the maintenance of genome stability. Global
replication rate was markedly reduced during normal S-phase in
small interfering RNA (siRNA) ING2 cells, as seen in a DNA fibre
spreading experiment. Accordingly, we found that ING2 interacts
with proliferating cell nuclear antigen and regulates its amount to
the chromatin fraction, allowing normal replication progression
and normal cell proliferation. Deregulation of DNA replication
has been previously associated with genome instability. Hence, a
high proportion of siRNA ING2 cells presented endoreduplication
of their genome as well as an increased frequency of sister
chromatid exchange. Thus, we propose for the first time that
ING2 might function as a tumour suppressor gene by directly
maintaining DNA integrity.
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INTRODUCTION

Inhibitor of growth 2 (ING2) belongs to the ING family of
candidate tumour suppressor genes (Garkavtsev et al, 1996). Its
expression is lost in human tumours (Ythier et al, 2008), but its
tumour suppressor functions remain unclear. ING2 has been
described as a stable component of the repressor complex mouse
SIN3A-histone deacetylase 1 (HDACT; Doyon et al, 2006).
Owing to a high affinity with the histone 3 trimethylated on
lysine 4 (H3K4me3), ING2 recruits SIN3A-HDACT to the
chromatin (Shi et al, 2006) to regulate the expression of genes
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involved in cell-cycle control. ING2 can also promote transform-
ing growth factor-B-induced transcription (Sarker et al, 2008) and
enhance the activation of p53 in response to genotoxic stress
(Gozani et al, 2003; Pedeux et al, 2005). Furthermore, ING2 has
been involved in DNA repair pathways in response to ultraviolet
irradiation (Wang et al, 2006). Most of the previous studies
examining the role of ING2 in cellular processes have resulted
from overexpression experiments. In this study, as ING2 is lost in
many human tumour types, we investigated the consequences of
its downregulation. Using this strategy, we characterized a new
function for ING2 in the control of DNA replication and in the
maintenance of genome stability. These results suggest, for the
first time to our knowledge, that ING2 might act as a caretaker
tumour suppressor gene by directly protecting DNA integrity,
particularly during normal replication of the genome.

RESULTS AND DISCUSSION

ING2 ensures normal DNA synthesis

To identify the effects of ING2 downregulation on global S-phase,
asynchronous populations of cells transfected with either a small
interfering RNA control (siCT) or a small interfering RNA (siRNA)
directed against ING2 (siING2#1) were analysed for bromodeoxy-
uridine (BrdU) incorporation. The efficiency of ING2 knockdown
was assessed by western blotting (data not shown). In comparison
with control cells, S-phase cells, downregulated for ING2, showed
a deficiency in BrdU incorporation, as indicated by a flattened
horseshoe when analysed by fluorescence-activated cell sorting
(FACS; Fig 1A). This phenotype was confirmed with a siRNA
directed against another part of ING2 (siING2#2, supplementary
Fig STA online) and was also observed in normal human
telomerase reverse transcriptase (hTERT)-immortalized MRC5
cells (data not shown). Thus, a population of cells in S-phase
incorporated more BrdU in the control cells than in the absence of
ING2. ING2 has high homology with ING1 and it has been
suggested that they might have redundant functions (He et al,
2005). However, the deficiency of BrdU incorporation was not
observed in siING1 cells (supplementary Fig S1C,D online),
showing that ING1 is not involved in the regulation of BrdU
incorporation during S-phase. To determine whether the
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Fig 1|ING2 ensures normal DNA synthesis. U20S cells were transfected with siCT or siING2. (A) FACS analysis showing BrdU incorporation.

(B) Representative immunofluorescence images of BrdU incorporation. Pictures were acquired with the same exposure time. (C) Graphic Image] (NIH)
representation of BrdU intensity measured for immunostained cells shown in (B). (D) Number of replication foci per nucleus counted on 10 nuclei for
each condition. BrdU, bromodeoxyuridine; FACS, fluorescence-activated cell sorting; ING2, inhibitor of growth 2; siCT, small interfering RNA control.

downregulation of ING2 affects the spatial organization and the
activation of replication sites at the single-cell level, microscopic
observations of cells immunostained with BrdU were carried
out. This experiment again showed low BrdU incorporation in
the nuclei of cells downregulated for ING2 using both siRNAs,
as observed by a significant decrease of the staining intensity
(Fig 1B,C; supplementary Fig STA,B online). However, the number
of replication foci was the same in siCT and siING2 cells (Fig 1D).
Within each focus, many replication forks are activated. Hence,
we hypothesized that the deficiency of BrdU incorporation was
not due to a defect in the establishment and activation of
replication foci but might be due to a slowdown of the progression
of the replication fork within each active focus.

ING2 controls replication progression rate

To investigate the speed of replication forks, we carried out a
DNA fibre spreading experiment (Fig 2) and studied the function
of ING2 on global replication fork progression rate during an
‘unperturbed’ S-phase. The experiment was carried out on
asynchronous cells (Fig 2A). The progression of the replication
forks was visualized by sequential incorporation of BrdU and
iododeoxyuridine (IdU, red) in siCT- and siING2-transfected cells
(Fig 2A). DNA fibres were spread onto microscopic slides, and
BrdU- and IdU-positive DNA fibres were visualized microscopi-
cally (green and red tracks, Fig 2A). The double BrdU and IdU
staining allowed us to distinguish between (i) ongoing forks
appearing as double-labelled tracks, (ii) newly initiated forks
appearing as red-only tracks, and (iii) terminated forks appearing
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as green-only tracks. Thus, to calculate specifically the speed of
the elongation of DNA replication, we measured the length of the
IdU tracks (red tracks, Fig 2B) on double-labelled forks only.
Single-strand DNA fibres were also immunostained (blue fibres,
Fig 2B) to avoid the measure of aborted red tracks, which might
appear because of broken fibres. Unlike control cells, siING2 cells
showed a high proportion of very short IdU tracks (Fig 2B;
supplementary Fig S2A online, white arrows), reflecting slowly
progressing replication forks. Fork length re-partition clearly
showed that most siING2 cells had shorter replication forks when
compared with control cells, with many forks progressing very
slowly (Fig 2C; supplementary Fig S2B online). Slow fork
progression might result in a longer S-phase. Accordingly,
U20S and hTERT MRC5 siING2 cells proliferate more slowly
(supplementary Fig S5A online). Global replication fork speed—
determined by measuring more than 500 forks for each condi-
tion—was reduced from 20% (siING2#1, Fig 2D) to 30%
(siING2#2, supplementary Fig 2SC online) when compared with
the control (P<0.0001). Overall, these experiments indicate that
ING?2 is required to ensure normal progression of replication forks,
suggesting a role in the elongation process.

ING2 interacts with PCNA

A decrease in the speed of the replication fork prompted us to study
whether ING2 regulates proteins of the replication machinery.
Indeed, DNA replication is a multi-step process, requiring efficient
coordination between DNA unwinding and DNA synthesis. The
synchronization of these events is crucial to maintain normal
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Fig 2| ING2 controls the progression of the replication fork. (A) U20S cells transfected with siCT or siING2 were pulsed sequentially with BrdU

and 1dU, as shown in the experimental protocol. DNA fibres were spread onto microscopic slides (Jackson & Pombo, 1998) and immunostained with
antibodies recognizing BrdU or IdU to distinguish between (i) ongoing forks, (ii) newly initiated forks, and (iii) terminated forks. (B) Representative
immunofluorescence images showing IdU-positive tracks (pink) on DNA fibres (blue). White arrows indicate short IdU-positive tracks. (C) Fork
length re-partition measured in micrometres (um) using Image] software (NIH) for siCT (n=520) and siING2#1 (n=601). (D) Boxplots represent
interquartile ranges and extreme values of fork lengths for siCT and siING2. Horizontal bar denotes the median. The P-value was measured using
analysis of a variance test followed by a Mann-Whitney test. AS, asynchronous; BrdU, bromodeoxyuridine; IdU, iododeoxyuridine; ING2, inhibitor

of growth 2; siCT, small interfering RNA control.

replication rate and subsequent genome stability. The firing of
new replication forks requires the regulated loading of many
proteins. In early G1-phase, the mini chromosome maintenance
2-7 (MCM2-7) helicase complex binds to the origin recognition
complex proteins at the replication forks (Bell & Dutta, 2002). The
MCM proteins are assembled in the pre-replicative complex and
are required for DNA unwinding. CDC45 protein is then recruited
to the pre-replicative complex during the G1-S transition to
initiate DNA replication (Pacek et al, 2006). The processing of
DNA synthesis at these forks then requires the loading of
proliferating cell nuclear antigen (PCNA), which acts during
elongation until the end of S-phase by increasing the processivity
of DNA polymerases (Hao et al, 2008). The level of these proteins
was assessed by western blotting in siCT- or siING2-transfected
cells in the whole-cell extract and in the chromatin-enriched
fraction (CEF; Fig 3A; supplementary Fig S3A online). In the
whole-cell extract, the amount of these proteins was not altered
after ING2 downregulation (Fig 3A). In the CEF, the same amount
of MCM6, CDC45 and origin recognition complex 2 proteins was
present in control or in siING2-transfected cells (CEF, Fig 3A).
By contrast, we saw a marked decrease in the chromatin-bound
fraction of PCNA in cells downregulated for ING2, also apparent
by immunofluorescence (supplementary Fig S3C online). Similar
results were obtained in normal human fibroblasts (supplementary
Fig S3B online). This is in accordance with the known ability of
ING?2 in recruiting or regulating proteins such as SIN3A-HDACT
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Fig 3| ING2 interacts with PCNA. (A) Western blotting analysis of the
WCE or the CEF proteins in U20S cells. Actin and histone H3 were used
as loading controls. (B) Immunoprecipitation (IP) of endogenous PCNA.
Actin and IgG were used as the loading control. CEF, chromatin-enriched
fraction; ING2, inhibitor of growth 2; PCNA, proliferating cell nuclear
antigen; WCE, whole-cell extract.

to the chromatin (Shi et al, 2006). To investigate whether the
regulation of PCNA by ING2 could occur through an interaction
between the two proteins, we carried out an immunoprecipitation
experiment. Indeed, we found that PCNA co-immunoprecipitated
endogenous ING2 (Fig 3B). The use of different truncated forms of
ING2, transfected in the cells, showed that the region located
between the leuzine zipper-like motif and the nuclear localization
sequence domains of ING2 is required for PCNA binding (Fig 4A).
The interaction between PCNA and ING2 was confirmed in vitro
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Fig 4| ING2 regulates the amount of PCNA in the chromatin fraction. (A) PCNA was immunoprecipitated in U20S cells transfected with the truncated

forms of ING2 (top panel). The proteins were detected using the indicated antibodies. MCM6 was used as a negative control of the IP. (B) GST

pull-down experiment of recombinant GST-PCNA with ING2 in vitro translated constructs. Actin and IgG were used as loading controls for the
Input and the IP, respectively. (C) Cells were collected from early (T0) to the end (T8h) of S-phase. (D) The total expression of ING2 and PCNA was
assessed in WCE. In parallel, the chromatin-bound proteins were detected in CEF. CEF, chromatin-enriched fraction; GST, glutathione S-transferase;

ING2, inhibitor of growth 2; IP, immunoprecipitation; MCM6, mini chromosome maintenance 6; PCNA, proliferating cell nuclear antigen,

WCE, whole-cell extract.

by a glutathione S-transferase pull-down experiment using
recombinant proteins (Fig 4B). It is interesting to point out that
ING1 has been previously described as interacting with PCNA.
However, this interaction was only seen in response to the
stress induced by ultraviolet irradiation and was involved in
DNA repair pathways (Scott et al, 2001). Furthermore, INGT1
interacts with PCNA through a PCNA-interacting protein motif,
whereas ING2 seems to interact with PCNA through another
motif—as is the case for the protein GADDA45, for example
(Vairapandi et al, 2000)—which has very low homology with
ING1 (He et al, 2005). This suggests that the ING1-PCNA and
ING2-PCNA interactions have different roles in the cells. The
ING2-PCNA interaction would occur during normal DNA
synthesis to regulate the amount of PCNA chromatin, enhancing
elongation complex processivity, whereas ING1 might interact
with PCNA in response to DNA damage. This is in accordance
with our observation that siING1 cells show a normal rate of
BrdU incorporation, compared with that in siING2 cells (supple-
mentary Fig S1 online). However, this does not rule out the
possibility that the ING2-PCNA interaction might also have a
function in DNA repair.

©2009 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

ING2 regulates the amount of PCNA to the chromatin

ING2 might be important for the presence of PCNA in the
chromatin fraction when the elongation complex is assembling
in early S-phase or, alternatively, ING2 might intervene later
during S-phase progression to stabilize PCNA at the chromatin
until replication is complete. To distinguish between these
two possibilities, cells transfected with siCT or siING2 were
synchronized in G1-S-phase and collected for 8h during
S-phase progression (TO-T8h), as previously established
(supplementary Fig S4A online). FACS analysis confirmed that
siCT and siING2 cells entered the cell cycle with the same
kinetics (Fig 4C), and presented the same amount of replication
protein A (a single-strand DNA binding protein) to the CEF
(data not shown), suggesting that initiation might occur properly
in siING2 cells. However, siCT cells reached late S-phase slightly
faster than siING2 cells, showing that completion of DNA
synthesis is delayed by ING2 downregulation (supplementary
Fig S4B online). The expression of ING2 and PCNA was
assessed by western blot in the whole-cell extract and in the
CEF (Fig 4D). In the whole-cell extract, we observed that ING2
downregulation had no consequence on the overall amount of

EMBO reports VOL 10 | NO 10| 2009 1171



scientificreport

A . C
Apoptosis=5.4%
128
—
o 103‘ itk =
< 102' p 2
g >4C=2.79% 101[ 2
€ £
0 1 023 00
020 wc 1,023
Apoptosis=15.89
128 poptosis=15.8%
8 >4C
Z 10° ol
< 10200
zZ >4C=18.9% 1ot}
o 100 i
1S - J S
00 1,023 00 g
2C 4G 8C 1023 2
Z
s
1S
B &V D
O
& g0
NN g 1
1
ING2 e g8
€0
S E
PARP » cmm w® £ 5
Cleaved PARP » — 5 uo.f
Caspase 3 »» - 50
— aw
Cleaved caspase 3 [I el g £
Z 3

Actin e =

O NWANONOOS LD

ING2 controls normal DNA replication
D. Larrieu et al

Normal chromosomes

P<0.0001 E
CEF
siNG2: - +
ING2 &we
T P-Chk1 e e
] YH2AX
] ‘? A1 Histone H3  s—

miRNA CT  miRNA ING2

Fig 5|ING2 protects DNA integrity. Stable U20S clones were established using miRNA. (A) Propidium iodide (left panels) and BrdU incorporation
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(B) Western blot analysis of caspase 3 and PARP in miRNA cells shown in (A). (C) Representative images of SCEs assessed in BrdU-labelled,
giemsa-stained chromosome spreads from miRNA CT and miRNA ING2 cells. (D) At least 45 metaphases were counted for each condition and

the number of SCE was normalized to the number of chromosomes per metaphase. The boxplots represent interquartile ranges and extreme values
of SCEs per cell. The horizontal bars denote the median. The P-value was measured using an analysis of variance test followed by a Mann-Whitney
U-test. (E) Western blot analysis of YH2AX and phospho-Chk1 (P-Chk1) in the CEF in siCT and siING2 cells. Histone H3 was used as a loading
control. BrdU, bromodeoxyuridine; FACS, fluorescence-activated cell sorting; PARP, poly(ADP-ribose) polymerase; miRNA, microRNA; SCE, sister

chromatid exchange; siCT, small interfering RNA control.

PCNA, regardless of S-phase progression. In the CEF of siCT cells,
a small amount of PCNA was present in the chromatin at TO. At
2 h after G1/S release, when cells entered S-phase, the amount of
PCNA to the chromatin had markedly increased and remained
high and stable throughout S-phase progression (from T2h to
T8 h). By contrast, in siING2 cells the amount of PCNA in the CEF
was barely detectable at TO. At T2h, the amount of PCNA
increased but remained markedly lower throughout S-phase until
T8 h. These results show that ING2 regulates the amount of PCNA
to the chromatin fraction from the moment the elongation
complex forms at the chromatin until replication is complete.
Altogether, these data show that the downregulation of ING2
leading to the decrease of chromatin-bound PCNA during S-phase
progression is associated with a defect in the elongation
process. To exclude any function of ING2 in the initiation
process, further investigations are necessary to determine whether
siING2 cells would present the same density of active forks as do
control cells.

1172 EMBO reports VOL 10 | NO 10 | 2009

ING2 maintains genome stability

PCNA has been shown previously to be involved in normal
S-phase progression and in the maintenance of genome stability
(Nedelcheva-Veleva et al, 2006; Urtishak et al, 2009). To
determine the consequences of the deregulated replication
observed in siING2 cells after several rounds of DNA replication,
we established stable clones downregulated for ING2. The cell-
cycle profiles of three different stable U20S clones maintained in
culture for two weeks were assessed and the representative cell-
cycle profile of one clone is presented in Fig 5A (micro RNA
(miRNA) ING2). FACS analysis of propidium iodide (left panel)
and BrdU incorporation (right panel) clearly showed that the
downregulation of Ing2 (see western blot, Fig 5B) markedly
increased the percentage of cells with more than 4C in DNA
content to almost 20% compared with only 3% in miRNA CT
cells. More specifically, we detected a distinct population of 8C
cells, which are indicators of genome endoreduplication. Endo-
reduplication of the genome can initiate chromosomal aberrations.

©2009 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION



ING2 controls normal DNA replication
D. Larrieu et al

This was assessed by a sister chromatid exchange (SCE) experiment
(Fig 5C), showing an increase in the number of SCE counted per
metaphase in miRNA ING2 cells with a mean of 5.4 SCE per cell
compared with a mean of 2.9 SCE per cell in miRNA CT cells
(Fig 5C,D). Furthermore, this genome instability can generate DNA
double-strand breaks. Indeed, in siING2 cells, we detected an
increase of H2AX phosphorylation (Fig 5E), a marker of DNA
double-strand breaks (Bonner et al, 2008), as well as the activation of
the DNA damage checkpoint Chk1, seen by its phosphorylation.
Activation of DNA damage checkpoint pathways can drive cells into
apoptosis or senescence, which are two mechanisms that protect
cells against neoplastic transformation; FACS analysis showed that
nearly 16% of cells downregulated for ING2 underwent apoptosis
(Fig 5A), and western blotting revealed the cleavage of poly(ADP-
ribose) polymerase and caspase 3 (Fig 5B). This 10% increase of cells
undergoing apoptosis might account, in part, for the 30% decrease in
proliferation (supplementary Fig S5A online). Senescence-associated
B-galactosidase assay showed that the occurrence of senescence was
almost double in these cells compared with control cells (supple-
mentary Fig S5B online), as previously described for another cell
line downregulated for ING2 (Kumamoto et al, 2008). Thus, ING2
downregulation enhances genome instability.

Our study shows, for the first time to our knowledge, that loss
of ING2, which occurs in human tumours, results in an impaired
DNA replication process and increased genome instability. Thus,
ING2 could function as a caretaker tumour suppressor protein to
prevent tumorigenesis. A previous study of ING5 has shown its
interaction with the MCM helicase complex (Doyon et al, 2006),
suggesting a potential model in which ING5 would be involved in
DNA unwinding, whereas ING2 would simultaneously enhance
the processivity of the elongation complex in association with
PCNA. As each ING protein associates with a specific histone
acetyltransferase or HDAC complex, we can hypothesize that
different ING proteins in complex with various histone acetyl-
transferases and HDACs might be required at different steps during
the initiation and progression of DNA replication.

METHODS

Cell lines. U20S osteosarcoma cells and hTERT MRC5 normal
lung fibroblasts were used.

RNA-mediated interference. Stealth RNA-mediated interference
(RNAI) (Invitrogen, Carlsbad, CA, USA) was used for ING2
downregulation (siING2). The universal RNAi negative control
(#12935-110, Invitrogen) was used (siCT). Transfections were carried
out using lipofectAMINE RNAimax (#13778-075, Invitrogen). For
stable clones downregulated for ING2, we used the BLOCK-iT
Pol II miR RNAi Expression Vector Kit (# K4936-00, Invitrogen).
The miRNA duplex was inserted into the pcDNA 6.2-GW miR.
Stable transfected clones were selected by the addition of 5 mg/ml
of blasticidin to the culture medium.

Western blotting of chromatin-enriched fraction. Nuclear fraction
was isolated using the NE-PER kit (#78833, Pierce, Rockford, IL,
USA). The CEF was then isolated by re-suspending cell nuclei in an
ice-cold hypotonic buffer (3 mM EDTA, 0.2 mM. EGTA and T mM
DTT (pH 7.85) with protease inhibitor cocktail). Soluble fraction was
removed and the pellet (CEF) was washed twice in the hypotonic
buffer. The CEF was re-suspended and sonicated in a sonication
buffer (10mM Tris, 10% sucrose, 10mM MgCl, (pH 7.4) with
protease inhibitor cocktail).

©2009 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION
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DNA fibre spreading. Asynchronous cells were pulsed sequen-
tially with 100 pM BrdU (Zymed Laboratories, San Francisco, CA,
USA) and 100 uM IdU (Sigma Aldrich, St Louis, MO, USA) for
20min each. Cells were collected and DNA fibres were spread
onto microscope slides as described by Jackson & Pombo (1998).
Immunofluorescence staining. Immunofluorescences were carried
out as described previously by Sengupta et al (2003). An Axiolmager
Apotome (Zeiss, Germany) microscope was used.

Sister chromatid exchange experiment. SCE was carried out on
stable U20S clones as described previously by Perry & Wolff
(1974). At least 45 metaphases were counted for each condition.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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