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ABSTRACT

The ING1 candidate tumor suppressor is downregu-
lated in a variety of primary tumors and established
cancer cell lines. Blocking its expression experimentally
promotes unregulated growth in vitro and in vivo,
using cell and animal models. Alternative splicing
products encode proteins that localize to the
nucleus, inhibit cell cycle progression and affect
apoptosis in different model systems. Here we show
that ING1 proteins translocate to the nucleolus 1248 h
after UV-induced DNA damage. When a small 50 amino
acid portion of ING1 was fused to green fluorescent
protein, the fusion protein was efficiently targeted to
the nucleolus, indicating that ING1 possesses an
intrinsic nucleolar targeting sequence (NTS). We
mapped this activity to two distinct 4 amino acid
regions, which individually direct fused hetero-
logous proteins to the nucleolus. Overexpression of
ING1 induced apoptosis of primary fibroblasts in the
presence and absence of UV exposure. In contrast,
NTS mutants of ING1 that were not targeted to the
nucleolus did not efficiently induce apoptosis when
overexpressed and instead protected cells from
UV-induced apoptosis. Taken together, these results
indicate that UV induces ING1 to translocate to the
nucleolus and that this translocation may facilitate
apoptosis.

INTRODUCTION

The ING1 candidate tumor suppressor has been reported to be
downregulated in breast (1), gastric (2), lymphoid (3) and
squamous cell (4) malignancies. INGI encodes nuclear proteins
involved in cell growth control (5), as well as c-Myc-inducible,
p53-independent and -dependent apoptosis (6,7). Several tran-
scripts are generated by alternative splicing from the INGI
gene, all of which encode a common C-terminus (4,8). A yeast
ortholog of ING1 (Yng2) interacts with Tral, a yeast protein
with sequence similarity to human TRRAP, and Yng2 immuno-
complexes contain abundant histone acetyltransferase (HAT)
activity (9). TRRAP recruits at least one HAT, hGCNS, to a

protein complex containing both c-Myc and E2F-1 (10). These
observations, and our recent evidence of INGI1-associated
HAT activity in human cells (D.Vieyra, R.Loewith, M.Scott,
P.Bonnefin, F.-M.Boisvert, P.Cheema, M.Meijer, D.Bazett-
Jones, S.McMahone, M.D.Cole, D.Young and K.Riabowol,
manuscript submitted), support a role for ING1 as a modifier
of chromatin structure through the regulation of histone, and
possibly, transcription factor acetylation.

The nucleolus is a specialized region of the nucleus where
transcription and processing of rRNA and partial ribosome
assembly occurs. However, there is increasing evidence for the
presence of non-ribosomal proteins including growth factors
(11-13), death effector proteins (14), viral proteins (15,16) and
regulators of apoptosis such as MDM2 and p144RF (17,18) in
the nucleolus under certain conditions. These proteins are
involved in processes such as cell cycle and cellular growth
control, apoptosis events and viral infection, which implicate
the involvement of the nucleolus in diverse cellular processes.
Here, we begin the investigation of the role of the p33INGIb
candidate tumor suppressor protein in the nucleolus after DNA
damage.

The INGI1 proteins localize to the nucleoplasm (19), but
when overexpressed we noted that they also accumulate in the
nucleolus. Here we report that, under conditions that induce
cells to undergo DNA repair, INGI is efficiently targeted to the
nucleolus. ING1 possesses a nucleolar targeting sequence
(NTS) as previously defined (20), which can direct fused hetero-
logous proteins, such as green fluorescent protein (GFP), to the
nucleolus. However, another region of INGI1 previously
thought to be a nuclear localization signal (NLS) by comparison
to other nuclear proteins, can also cause the relocalization of
unrelated proteins to the nucleolus. When ING1 translocates to
the nucleolus after UV irradiation, we found that polymerase
I-mediated RNA transcription continues in the nucleolus but
transcription in the nucleoplasm is inhibited. This is consistent
with reports indicating a lack of rDNA transcription-coupled
repair after UV irradiation (21). While overexpression of
p33WG! efficiently induces apoptosis in different cell lines
(6,7), we find that mutants of p33™G6!® Jacking a functional
NTS do not, but instead have a protective effect following UV
exposure implying that nucleolar localization of INGI is
required for the efficient induction of apoptosis in primary
fibroblast cells.
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MATERIALS AND METHODS

Cells and DNA constructs

Primary normal human diploid fibroblasts (HDFs; Hs68,
ATCC CRL#1635) were used for all irradiation studies and
both SK-N-SH and Hs68 cells were transfected for overexpression
studies. All mutation and deletion constructs were cloned into
either pCI-neo vector (Promega) or pEGFP-N in frame with
the GFP (Clontech) and sequenced to verify reading frame.
The Tat expression construct used is FLAG-Tat-2-exons
cloned into pcDNA3.1.

Transfection, irradiation and transcription assays

Hs68 and SK-N-SH cells plated on glass coverslips were trans-
fected with different constructs using Lipofectamine 2000 as
recommended by the supplier (Gibco BRL) and were left to
recover 24 h before fixing and labeling. For the study of local-
ization of INGI and transcription after UV irradiation, cells
plated on glass coverslips were irradiated with several doses of
UV ranging from 10 to 100 J/m? in initial dose-response assays
and 60-70 J/m? was found to be optimal. Irradiation was
carried out in the absence of media and cells were left for 48 h
in complete medium at 37°C to recover. They were then
incubated with 2 mM S5-fluorouridine (5-FU) in complete
medium for 30 min at 37°C, fixed and labeled with antibodies
specific for ING1 protein or 5-FU as described below.

Inhibition of RNA polymerases

Cells plated on glass coverslips were UV irradiated as
described above and left to recover at 37°C for 45 h. Cells were
then treated with RNA polymerase inhibitors for 3 h before
fixation, as follows: 0.5 pg/ml of actinomycin D (from a 2 mg/ml
stock solution in methanol), 75 pug/ml of DRB (from a 25 mg/ml
stock solution in DMSO) or 3 pig/ml of oi-amanitin (from a 2 mg/ml
stock solution in water). After 2.5 h, 5-FU was added to the
media as described above, for 30 min before fixation.

Apoptosis assays

Cells were assayed for apoptosis by propidium iodide staining
followed by FACS and by detection of DNA breaks by
TUNEL as described (22) using a CMV-GFP plasmid as a
transfection control and normalizing to vector-transfected cells
assayed in parallel.

Indirect immunofluorescence and confocal microscopy

Hs68 HDFs were analyzed as described previously (23).
Briefly, cells were fixed for 5 min in 1.0% paraformaldehyde
in PBS pH 7.5 and then permeabilized for 5 min in 0.5% Triton
X-100 in PBS. ING1 proteins were labeled with a cocktail of
four mouse monoclonal antibodies (CAb1-4; 24) or a rabbit
polyclonal anti-ING1 antibody (19). Tat proteins were labeled
with a mouse monoclonal anti-FLAG or rabbit polyclonal anti-
FLAG antibody and 5-FU was visualized by incubating with a
mouse monoclonal anti-bromodeoxyuridine antibody (Sigma #
B-2531), for at least 30 min. Cells were then washed with 0.1%
Triton X-100 in PBS, followed by PBS and were then
incubated with secondary antibody (goat anti-rabbit Cy3, goat
anti-mouse Cy3 or goat anti-mouse Alexa 488 from
Chemicon) for 30 min. Cells were rinsed with 0.1% Triton
X-100 in PBS, in PBS alone and then mounted in 1 mg/ml
paraphenylenediamine in PBS/90% glycerol that also
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Figure 1. Hs68 fibroblasts were fixed and stained for ING1 (B, E and H) and
DNA (A, D and G). Endogenous ING1 (B) is found in the nucleus but not in
the nucleolus [which is shown in the differential interference contrast (DIC)
images (C, F and I)]. However, when these proteins are overexpressed, they
localize mainly to the nucleolus and can also be seen in the nucleoplasm (E).
Endogenous ING1 proteins translocate to, and localize within, the nucleolus
48 h after UV-induced DNA damage as shown in (H).

contained DAPI at 1 pg/ml. Digital imaging was performed
using a 14-bit cooled CCD camera (Princeton Instruments)
mounted on a Leica DMRE immunofluorescence microscope.

RESULTS

p33INGIb jg targeted to the nucleolus when overexpressed
and after UV irradiation

Visualization of endogenous ING1 using a cocktail of mono-
clonal antibodies shows staining of the nucleoplasm with no
staining of the nucleolus (Fig. 1 A—C). However, overexpression
in cells transfected with an expression construct of p33WNGIb
produces a nuclear as well as a very prominent nucleolar staining
pattern by immunofluorescence microscopy (Fig. 1D-F).

Since our studies and the studies of others (25) indicated that
the ING1 gene is inducible in response to some forms of DNA
damage, we tested whether UV irradiation could also alter
endogenous ING1 distribution. Normal diploid fibroblasts irra-
diated with relatively high doses of UV light (60-70 J/m?),
which causes DNA damage and leads to apoptosis in most cells
(26), showed nucleolar INGI staining from 12-48 h after UV
irradiation (Fig. 1G-I). Nucleolar targeting of ING1 did not
occur before 12 h after UV irradiation of cells, indicating that
further cellular events are necessary to allow this translocation.
p53, which has been reported by others to interact with p33INGlb
when ectopically overexpressed (27), did not translocate with
p33INGIb 1o the nucleolus under the same conditions (data not
shown).

p33INGIb contains a functional NTS

We next examined whether ING/ encoded a potential NTS.
Amino acid sequence analyses revealed the presence of a
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Figure 2. Examination of the amino acid sequence of p33!NG!b reveals the pres-
ence of a complete NTS in the second half of the protein. Several known cellular
and viral proteins, which can be found in the nucleolus, at least under certain
conditions, contain this targeting sequence (A). Cells were transfected with the
ING]1 deletion constructs shown in (B) and examined for subcellular distribu-
tion by indirect immunofluorescence, which confirmed a requirement for the
region between amino acids 142 and 194.

complete NTS as shown in Figure 2A, compared to previously
defined NTS sequences. To determine if it was responsible for
targeting p33™O!® to the nucleolus, a construct of 156 bp
(amino acids 142—194 of the protein) consisting of the putative
NTS as well as the NLS found in p33™NGIb was cloned into
pEGFP-N2 in frame with the cDNA encoding GFP (Fig. 2B).
An ATG codon was added 5" of the 156 bp sequence to allow
proper translation of the fusion protein. This fusion protein
localized almost exclusively in the nucleolus (data not shown)
and additional fusion proteins (Fig. 2B) confirmed the regions
of INGI required for nucleolar targeting.

Constructs encoding fusion proteins containing different
mutations in the NTS were transfected into cells, which were
fixed and stained for expression 24 h later by indirect immuno-
fluorescence. Since previous reports have indicated that some
nucleolar proteins do not contain an NTS or contain an NTS
but depend on other sequences for nucleolar targeting (28,29),
we also constructed additional fusions of p33™NG!b containing
other key residues. As shown in Figure 3, amino acids 142-159
(construct NIN2 containing the -RRQR- consensus) alone
could target GFP to the nucleolus. Surprisingly, amino acids
174-194 (construct N3N4), which was believed to contain a
unique NLS based upon sequence, could also target GFP to the
nucleolus. This result is similar to the finding that a putative
NLS (one of three found in the nucleolar protein Rpp38) is an

efficient NTS (29). Mutational analysis of p33™NG!Pb showed
that the targeting of this protein to the nucleolus requires either
the amino acids RRQR within the NTS or the amino acids
KKKK within the region previously believed to be an NLS
(Fig. 3A and B). Mutation of these 8 amino acids (mut3-4p)
completely abrogated the translocation of p33™G1b to the nucle-
olus. Mutation of other residues did not inhibit the nucleolar
targeting of p33™G6!b (Fig. 3A and data not shown). In addition,
mutation of the amino acids RRQR or KKKK separately
(mut3p and mutdp in Fig. 3A) did not prevent nucleolar local-
ization of the full-length GFP fusion protein. Mutation of
RRQR in a portion of the protein that does not contain KKKK
(mut3G) and vice versa (mut4G) did, however, block the
nucleolar targeting of these portions of p33INGIb although they
still localized to the nucleus. Interestingly, the amino acids
KEKK (which form the other half of the putative NLS with
amino acids KKKK) are not responsible for nucleolar targeting
(mut5G2 in Fig. 3A). Taken together, these results indicate that
this protein contains two regions of 4 amino acids that function
as NTSs. Each one is individually capable of localizing ING1
and heterologous fusion proteins to the nucleolus.

ING1 is not retained in the nucleoplasm by a limiting
factor that binds a consensus NTS

Since no detectable endogenous ING1 is present in the nucleolus
of untreated cells (Fig. 1), there may be a common mechanism
to retain proteins that contain NTSs in the nucleoplasm. For
example, ING1 might be bound in either the nucleoplasm or
nucleolus by a titratable factor. Alternatively, translocation
could occur as a result of ING1 undergoing a conformational
change. To address these possibilities, we transfected cells
with a construct encoding the viral protein Tat, which contains
an NTS very similar to one of the NTS elements present in
ING1 (Fig. 2A) and which has been shown previously to
localize to the nucleoplasm when present at low levels and to
the nucleolus when overexpressed (16). When Tat was over-
expressed, it localized mainly to the nucleolus but endogenous
ING1 remained in the nucleoplasm (Fig. 4A-D). This indi-
cated that ING1 was not retained in the nucleoplasm by a
limiting factor that is titratable by Tat in this experimental
system. If it were, the limiting factor would also bind the NTS
present on Tat and would not be present in amounts large
enough to keep all the INGI in the nucleoplasm. Also,
coexpression of ING1 and Tat resulted in targeting of both
proteins to the nucleolus to the same degree as observed when
only one of the proteins was transfected (Fig. 4E-H). This
implies that they do not compete for the binding of a limiting
factor in the nucleolus to remain in that organelle.

RNA polymerase I (RNA pol I) is not inhibited under
conditions of DNA damage that induce translocation of
p33INGIb g the nucleolus

Since the nucleolus is the site of rRNA transcription by RNA
pol I, we asked whether the higher concentrations of p33™Gib
found in some cells might influence transcription by RNA pol
I compared to transcription by RNA polymerases II and ITII. We
therefore exposed normal diploid fibroblasts to UV irradiation, let
them recover for 48 h and added 5-FU to the cells for 30 min.
Cells were then labeled with both polyclonal antibodies against
ING1 proteins and monoclonal antibodies against BrdU as
described previously (23). 5-FU is a uridine analog that is



Nucleic Acids Research, 2001, Vol. 29, No. 10 2055

1 142 159 174 194 M
e T
INGI1b [ I 1T 1
TR IS S RIORN NN RES ASSN HDHDDGASGTPFE EKKAK TSKKKKRSKAKA
GFP-N|IN4 MUEPNSKESHROBES NENREN ASSNHDHDDGASGTPKEKKAE SKKKKRSEAKA-GFP Nucleolar
GFP-N|MN2 MOEPRSKESRRORS S ES K- GFP Nucleolar
GFP-N3MN4 MIPKEKKAK TSKERKKRSEARA-GFP Nucleolar
mut3G MUKFNSKRSNNNSNNENR-GFP Nuglear
mutd MIPKEKKAK ISANSNRsRARA - GFP Nuelear
mul5G2 MITFRANS AR TSKEKKRSKARA- GFP Nucleolar
1 42 14 iT9
m|.||_jP [ WK PN KRN S NN NNENEENASSN BB ASCTPR EKKEARTSKK KK RSKARA_ ] Nucleolar
1 42 194 2T
Mutdp T IOKPNS KRS RRGRNNEN RIS ASSSH N DIGAS PR EKKAKTSN S RsRaka ] Nucleolar
1 42 194 T4
MuL3-4p T IORKINSKRSNN NSNS ENRENASSNUDHGASGTPK EKKAKTSSNNNRSEAKA ) Nuclear

p33ING1B N

N3N4  mut3-dp

J

e

Figure 3. Mutated versions of p33!NGIb (A) were generated and transfected into Hs68 fibroblasts. Cells were visualized (B) by staining for DNA (A, D, G and J),

ING1 proteins (B, E, H and K) and by DIC (C, F, I and L).

incorporated into nascent RNA transcribed by RNA polymer-
ases I, IT and III. The antibodies against BrdU also recognize
5-FU, which allows visualization of transcriptional activity by
immunofluorescence microscopy. As expected, in cells treated
with UV, INGI localized to the nucleolus (Fig. 5G), whereas
in untreated cells, ING1 was detected only in the nucleoplasm
(Fig. 5C). The large size of the nuclei of cells irradiated with
UV (Fig. 5E) and their DNA staining pattern is consistent at
this dose, with UV inducing apoptosis in these cells. Transcrip-
tion was detected throughout the nucleus of all untreated cells,
with higher amounts in the nucleolus (Fig. 5B). However, in
cells irradiated with UV, transcription was nearly exclusively
nucleolar (Fig. 5F). Treatment of cells with the RNA
polymerase inhibitors DRB, o-amanitin or actinomycin D
confirmed that RNA polymerases II and III are efficiently
inhibited after cells are UV-irradiated (data not shown). In
contrast, RNA pol I was not inhibited and continued to transcribe
RNA under conditions of DNA damage caused by UV irradiation,

during the same time period that the candidate tumor
suppressor ING1b translocates to the nucleolus. Causal links,
however, if they exist, remain to be established. The inhibition
of nucleoplasmic, but not nucleolar transcription is consistent
with studies demonstrating that rDNA in the nucleolus does
not undergo transcription-coupled repair (21) or repair of
cyclobutane pyrimidine dimers (30) after UV treatment.

NTS mutants that do not translocate to the nucleolus do
not efficiently induce apoptosis

Since exposure to UV caused endogenous ING1 to translocate
to the nucleolus and overexpression of p33™NG!b had been previ-
ously reported to induce apoptosis in different primary and
established cell types (6,7), we wished to determine if nucle-
olar translocation affected the induction of apoptosis in
primary human diploid fibroblasts. Plasmids containing empty
vector, wild-type p33MNGIb or p33INGIb Jacking functional NTSs
were transfected into cells and 24 h later one set of the transfected
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Figure 4. Hs68 fibroblasts were transfected with Tat (A-D) or with Tat and
GFP—ING1b (E—H). Cells were stained for DNA (A and E), Tat (B and F) and
INGI (C andG). When overexpressed, Tat localizes to the nucleolus (shown by
DIC in D) but does not cause relocation of ING1 to the nucleolus (C).

Table 1. Effects of wild-type and NTS mutant forms of p33NG!® on apoptosis

Treatment Percentage apoptosis

p33INGib p33NGIb NTS mutant
-Uv 27.8+3.1 14.1+£25
+UV 61.2+6.2 -75+12

Wild-type or an NTS mutant of p33™NCGIb in expression constructs driven by
cytomegalovirus (CMV) promoters were cotransfected with a CMV-GFP
expression construct into primary human Hs68 fibroblasts. After 48 h of incubation,
cells were harvested and stained using the TUNEL procedure. FACS analyses
were then performed to identify the percentage of cells expressing GFP that
also stained by TUNEL.

cells was exposed to 70 J/m? of UV. Forty-eight hours after
transfection, cells were analyzed for DNA content by FACS
analysis of propidium iodide-stained cells or for DNA strand
breaks by TUNEL. Results from three independent experi-
ments are shown in Table 1. Results were normalized to values
using vector, in the absence or presence of UV to control for
electroporation trauma and the accumulation of necrotic cells
that can contribute to measures of both sub-G1 DNA content
and DNA strand breaks. p33™N6! induced apoptosis when over-
expressed and this effect was more pronounced following

48 Hrs No UV

48 Hrs After UV

Figure 5. UV-irradiated HS68 cells were allowed to recover for 48 h and were
incubated for 30 min with 5-FU. In cells treated with UV (E-H), INGI local-
ized to the nucleolus (G) whereas in untreated cells (A—D), ING1 was detected
only in the nucleoplasm (C). Transcription was detected using anti-BrdU anti-
bodies throughout the nucleus of all untreated cells with higher amounts of
transcription found in the nucleolus (B). However, in cells treated with UV
irradiation, transcription was found nearly exclusively in the nucleolus (F).

exposure to UV. In contrast, overexpression of the NTS mutant
did not induce apoptosis as efficiently as wild-type p33™NC! in
the absence of UV. In populations of cells transfected with the
NTS mutant and exposed to UV light, the number of apoptotic
cells was reproducibly reduced compared to UV-exposed cells
harboring vector, suggesting that the translocation mutant was
capable of showing a dominant negative (protective) effect
following UV-induced DNA damage.

DISCUSSION

In this study, we have shown that overexpression of p33™NGIb
causes this protein to be highly enriched in the nucleolus and
that endogenous p33M™NGIb also translocates to the nucleolus in
response to UV exposure that causes DNA damage. The nucle-
olar translocation of p33™GIb depends upon two stretches of 4
amino acids each, which act as potent NTSs and which are also
capable of targeting heterologous fusion proteins to the nucle-
olus. p33™NGIb mytants of the NTS are less effective in inducing
apoptosis suggesting that such localization contributes to ING1
promoting programmed cell death. Unlike the case for ARF
[which impinges upon apoptosis through interacting with
MDM2 in the nucleolus, subsequently affecting pS3 activity
(17,18)], the mechanism by which INGI1 affects the apoptosis



of primary cells, which occurs in a protracted time frame (31),
is presently unknown. It is clear, however, that the NTS mutant
is capable of weakly inducing apoptosis in the absence of DNA
damage but that it has a protective effect following UV expo-
sure. These observations suggest that p33INGIb affects at least
two different cellular processes. It is also interesting to note
that the sequences responsible for the translocation of p33MNGIb
to the nucleolus are located in a region common to all splicing
isoforms of the INGI gene. This implies that the other two
known isoforms of the INGI gene, p47WNGla and p24INGle
(4,32,33), also possess the NTS and should be able to localize
to the nucleolus under some circumstances. Further studies
using isoform-specific reagents will be necessary to address
this question.

Other studies have shown that proteins that are non-nucle-
olar under normal cell growth conditions translocate to the
nucleolus under conditions of DNA damage and apoptosis. For
example, the death effector domain containing DNA-binding
protein (DEDD) is cytoplasmic but translocates to the nucleolus
when CD95 is stimulated in 293T cells. DEDD is thought to be
involved in the CD95 apoptotic pathway as an effector mole-
cule (14). Additionally, the parathyroid hormone-related
peptide (PTHrP) has been shown to be a secreted protein also
found in the cytoplasm of normal murine cells, but can be
present in the nucleolus of a subpopulation of these cells.
PTHrP can enhance the survival of chondrocytes undergoing
apoptosis, but only when the NTS of the protein is intact and
the protein is found in the nucleolus (20). Such inducibly
targeted proteins may specify a new functional class of
proteins that are involved in apoptotic events. Overexpression
of wild-type p33INGIb promotes apoptosis as shown by several
groups. The fact that nucleolar translocation mutants of
p33INGIb do not efficiently promote programmed cell death and
can protect against apoptosis under some circumstances
provides direct evidence for a nucleolus-sensitive function.
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