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Members of the ING (inhibitor of growth) family of chromatin
modifying proteins (ING1-ING5) have emerged as critical reg-
ulators of gene expression and cellular responses, suggesting
that the ING proteins may impinge on specific signal transduc-
tion pathways and their mediated effects. Here, we demonstrate
arole for the protein ING2 in mediating responses by the trans-
forming growth factor (TGF)-B-Smad signaling pathway. We
show that ING2 promotes TGF-f-induced transcription. Both
gain-of-function and RNA interference-mediated knockdown
of endogenous ING2 reveal that ING2 couples TGEF-f3 signals to
the induction of transcription and cell cycle arrest. We also find
that the Smad-interacting transcriptional modulator SnoN
interacts with ING2 and promotes the assembly of a protein
complex containing SnoN, ING2, and Smad2. Knockdown of
endogenous SnoN blocks the ability of ING2 to promote TGEF-
B-dependent transcription, and conversely expression of SnoN
augments ING2 enhancement of the TGF-f3 response. Collec-
tively, our data suggest that ING2 collaborates with SnoN to
mediate TGF-B-induced Smad-dependent transcription and
cellular responses.

The ING (inhibitor of growth) family of nuclear proteins,
consisting of ING1 to ING5, plays important roles in control-
ling gene expression and cellular functions. A key structural
feature of the ING proteins is a conserved plant homeodomain
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(PHD)® zinc finger domain that binds to histone H3 in a meth-
ylation-sensitive manner (1, 2). ING proteins also specifically
bind to phosphatidylinositol monophosphate stress signaling
lipids (3—5) via a polybasic basic region located downstream of
their PHD region (5). In addition, the ING proteins associate
with the histone acetyltransferase and histone deacetylase com-
plexes and thereby control gene expression by remodeling
chromatin (6-9). Not surprisingly, the ING proteins strongly
influence cellular behaviors including cell proliferation, apo-
ptosis, angiogenesis, and senescence (10). Frequent down-reg-
ulation of ING expression in lung, esophageal, and mammary
carcinomas suggests that these proteins have tumor-suppres-
sive properties (11-14). Although ING function in transcrip-
tion and cellular responses has received much attention, how
ING function intersects with growth factors and their associ-
ated signaling cascades remains poorly understood.

The transforming growth factor (TGF)- signaling pathways
regulate a wide array of biological responses in development
and homeostasis (15, 16). Dysfunctions of the TGF-f3 signaling
pathways have been implicated in cancer including mammary,
lung, esophageal, colorectal, and pancreatic carcinomas (17—
19). The TGF-B proteins act via specific transmembrane ser-
ine/threonine kinase receptors, which once activated stimulate
the Smad signaling pathway (20, 21). This involves the phos-
phorylation of the receptor-regulated Smad (R-Smad) proteins.
The phosphorylated R-Smad then forms a complex with the
copartner Smad4 and accumulates in the nucleus. In the
nucleus, the R-Smad-Smad4 complex binds to Smad-binding ele-
ments (SBEs) on promoters of TGF--responsive genes and regu-
lates target gene expression in collaboration with specific tran-
scriptional coregulators and associated histone acetyltransferases
or histone deacetylases (21-23).

The transcriptional protein SnoN has emerged as an impor-
tant modulator of TGEF-B-Smad signaling pathway and
responses. SnoN interacts with the R-Smads and co-Smad4 on
promoters of TGF-B-responsive genes (24). SnoN exerts a
biphasic effect on TGF-B-dependent transcription. At low
“physiological” concentrations SnoN acts as a coactivator, and
at higher amounts SnoN represses TGF-B-dependent tran-

¢ The abbreviations used are: PHD, plant homeodomain; TGF, transform-
ing growth factor; RNAi, RNA interference; R-Smad, receptor-regulated
Smad; SBE, Smad-binding element; GFP, green fluorescent protein;
CMV, cytomegalovirus; WT, wild type; PAI, plasminogen activator inhib-
itor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; BrdUrd,
bromodeoxyuridine.
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scription (25). SnoN recruitment of a histone deacetylase com-
plex to TGF- promoters may account for SnoN repression of
TGF-B-dependent transcription (26, 27). However, the mech-
anisms by which SnoN activates TGF-B-dependent transcrip-
tion and responses including cell cycle arrest have remained
unknown.

In this study, we show that the ING family member ING2 medi-
ates the ability of TGF-f3 to activate transcription and inhibit cell
proliferation. We find that SnoN associates with ING2 to promote
the assembly of a protein complex containing ING2, SnoN, and
R-Smad2. We also find that SnoN is required for ING2 up-regula-
tion of TGF-B-dependent transcription. Collectively, our data sug-
gest that SnoN collaborates with ING2 to mediate TGE-B-induced
Smad2-dependent responses.

EXPERIMENTAL PROCEDURES

Plasmid Construction—pC1l expression vectors encoding
human INGl1a, 1b, and 2 proteins were generated as described
elsewhere (28). Using pCI-ING2 as a template, ING2 was PCR-
amplified and subcloned into pPCMV5B/FLAG and pCMV5B/
Myc mammalian expression vectors to express N-terminal
FLAG and Myc epitope-tagged ING2 proteins, respectively.
The pCAGIP/FLAG/ING2 vector was generated by subcloning
the FLAG/ING2 c¢DNA insert into a digested pCAGIP/FLAG/
FoxH1 vector using convenient endonuclease restriction sites
(29). The pCAGIP/FLAG/ING2 plasmid allows the coexpres-
sion of FLAG-tagged ING2 and the puromycin resistance
marker proteins from an internal ribosomal entry site-contain-
ing bicistronic transcript. pPCMV5B-based constructs express-
ing Myc-tagged AN, AC, and APHD deletion mutant ING2
proteins lacking amino acid residues 1- 63, 199 -281, and 199 —
258, respectively, were generated using a PCR-based approach
to produce ING2 cDNA missing the corresponding nucleo-
tides. N-terminally FLAG-tagged SnoN, untagged Smad2-,
Gal4-, and Gal4-Smad2-expressing vectors have been
described before (24, 30, 31). The ING2 RNA interference
(RNAI) vector was generated to express ING2 hairpin RNAs
and enhanced green fluorescent protein (GFP) under the con-
trol of the U6 and CMV promoters, respectively (25, 32). The
ING2 RNAi vector was designed to specifically target the region
ATGGAGTTACACTCACAGTGT in ING2 mRNA. The
SnoN RNAIi expressing vector has been described elsewhere
(25). 3TP-luciferase, SBE4-luciferase, pG5-Elb-luciferase, and
B-galactosidase reporter constructs were described previously
(30, 31, 33, 34). All of the constructs were verified by restriction
digests and/or DNA sequencing analysis (University of Calgary
Core Sequencing Facility).

Cell Lines and Transfections—The mink lung epithelial
(Mv1Lu) and human hepatoma (HepG2) cell lines were cul-
tured in minimum essential medium (Invitrogen) containing
1% nonessential amino acids (Invitrogen) and 10% fetal bovine
serum (Invitrogen). The human kidney epithelial (293T) cell
line was maintained in Dulbecco’s modified Eagle’s medium
(Invitrogen) with high glucose and L-glutamine, supplemented
with 10% fetal bovine serum. The HepG2 and Mv1Lu cells were
transiently transfected using Lipofectamine (Invitrogen) and
FuGENE 6 (Roche Applied Science), respectively, according to
the manufacturer’s instructions. The 293T cells were tran-
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siently transfected using the calcium phosphate method. To
generate stable Mv1Lu cell lines expressing a puromycin-resis-
tant marker alone or together with FLAG/ING2, cells were
transfected with the pCAGIP-based vectors using Lipofectin
(Invitrogen) according to the manufacturer’s instructions, fol-
lowed by selection of stable transfectants using 0.45 ug/ml
puromycin (Invitrogen) in the growth medium.

Immunoprecipitation and Immunoblotting—Cell lysates
prepared in TNTE buffer containing 0.5% Triton X-100 with
protease and phosphatase inhibitors were centrifuged at
14,000 X g for 10 min at 4 °C as described previously (25). Spe-
cific protein expression in the cleared lysate was analyzed by
Western blotting of the total cell lysate. In protein-protein
interaction experiments, 90% of the supernatant was also sub-
jected to immunoprecipitation using mouse anti-FLAG (M2;
Sigma), mouse anti-Smad2 (BD Transduction Laboratories),
rabbit anti-SnoN (H317; Santa Cruz), rabbit anti-ING2 (South-
ern Alberta Cancer Research Institute Antibody Facility), or
rabbit IgG (Invitrogen) antibodies as described previously (35).
The protein composition of total cell lysate and immunopre-
cipitation samples were resolved by SDS-PAGE followed by
immunoblotting using mouse anti-Myc (9E10, Covance),
mouse anti-FLAG, rabbit anti-SnoN, mouse anti-Smad2, rabbit
ING2, mouse anti-HA (Covance), or rabbit anti-Actin (Sigma)
as primary antibodies and horseradish peroxidase-conjugated
anti-mouse or anti-rabbit antibody (Amersham Biosciences) as
the secondary antibodies as described before (25). ECL (Amer-
sham Biosciences)-generated signals were visualized and quan-
tified using a VersaDoc 5000 Imager together with Quantity
One software (Bio-Rad).

Luciferase Reporter Assays—HepG2 and MvlLu cells were
seeded in 12-well plates at 1.5 X 10° cells/well and in 24-well
plates at 2.5 X 10* cells/well, respectively. One day later cells
were cotransfected with the 3TP, SBE4, or pG5-Elb firefly
luciferase reporter construct, the pR-TK Renilla luciferase or
CMV-B-galactosidase internal control reporter vector, to-
gether with a control expression vector or one encoding the
TGE- type I receptor protein (a wild type (WT) version or a
constitutively active form in which threonine 204 is converted
to aspartate), an ING protein (INGla, ING1b, wild type, or
deletion mutant versions of ING2), SnoN protein, Gal4 (DNA-
binding domain, amino acids 1-147) protein, Gal4-Smad2
fusion protein, ING2 RNAi, or SnoN RNAIi as outlined in the
figure legends. In experiments where activation of the TGF-f3
signaling pathway was induced by coexpression of TBRI
(T204D), the cells were kept in 10% fetal bovine serum until cell
lysis. Otherwise, the cells were incubated 1 day post-transfec-
tion in 0.2% fetal bovine serum-containing medium in the pres-
ence or absence of 100 pm TGF- (R & D Systems, Minneapo-
lis, MN) for 16 —18 h at 37 °C. Two days post-transfection, the
cells were lysed and subjected to dual or regular luciferase activ-
ity assays as described previously (25, 28). Arbitrary firefly lucif-
erase activity, expressed in relative light units, was normalized
to Renilla luciferase or B-galactosidase activity, as indicated in
the figure legends, to control for variations in transfection effi-
ciency. Each experimental condition was carried out in tripli-
cate, and the data are presented as the means (£S.D.). The
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FIGURE 1. ING2 enhances TGF-B-dependent transcription. A, HepG2 cells were transfected with 3TP-lucif-
erase and pRL-TK reporter constructs together with an empty mammalian expression vector (—) or one encod-
ing a WT or a constitutively activated (act) TGF- type | receptor alone or with a pCl plasmid expressing the
ING1a, ING1b, or ING2 proteins. The lysates were subjected to the dual luciferase assay. The firefly luciferase
data were normalized to the corresponding Renilla luciferase activity as described under “Experimental Proce-
dures.” The normalized firefly luciferase activity for each transfection is expressed relative to the corresponding
values in lysates of cells transfected with empty vector control (fold induction). B, lysates of HepG2 cells,
transfected with the reporter constructs described for A together with an empty mammalian expression vector
alone, one encoding activated TGF-S type | receptor (act), ING2, alone or together, were processed and ana-
lyzed as described for A. C, HepG2 cells were transfected with SBE4-luciferase and pRL-TK reporter constructs
together with an empty expression vector, or one encoding activated TGF-B type | receptor, ING2, alone or
together. Luciferase assays were assayed and expressed as described for A. D, lysates of Mv1Lu cells transfected
with 3TP-luciferase and CMV-B-galactosidase constructs together with an empty expression vector or one
encoding Myc-tagged ING2 protein, and either left untreated (—TGF-B) or incubated for 16 h with TGF-3
(+TGF-B), were subjected to luciferase and B-galactosidase assays as described under “Experimental Proce-
dures.” For each sample, the luciferase data were normalized to the corresponding B-galactosidase values. The
B-galactosidase normalized luciferase data were then expressed relative to the corresponding value obtained
from lysates of TGF-B-untreated control cells. The data in each of A, B, and C are the means (+S.D.) of six
replicate measurements, and the datain D are the means (=S.D.) of triplicate measurements from a represent-
ative experiment that was repeated at least two times.

inhibitor 1 (PAI-1), ING2, and
GAPDH cDNA fragments were
PCR-amplified using the mink
poly(A)-cDNA as template and
gene-specific PAI-1 (sense, 5'-GCC-
TGGCCCTTGTCTTTGGTG-3/,
and antisense, 5'-TGAAGTAGA-
GGGCATTCACCAGC-3'), ING2
(sense, 5'-AGCGGAGCCGGCTGC-
TCACC-3', and antisense, 5'-TCC-
TGCTTGGCCTTGGAGCG-3'),
and GAPDH (sense, 5'-CGGAGT-
CAACGGATTTGGTCGTAT-3/,
and antisense, 5'-AGCCTTCTCC-
ATGGTGGTGAAGAC-3") oligo-
nucleotides as primers. PCR prod-
ucts of approximately 490, 530, and
300 bp were generated for PAI-1,
ING2, and GAPDH, respectively.
The PCR products were resolved
using 1.2% agarose gels and stained
with ethidium bromide. The ampli-
fied products were visualized using
the Versadoc 5000 Imager and
quantified using Quantity one soft-
ware (Bio-Rad). For each sample the
density of PAI-1 or ING2 was nor-
malized to the GAPDH value.
Bromodeoxyuridine  (BrdUrd)
Assay—Transfected or nontrans-
fected Mv1Lu cells plated in 96-well
dishes and preincubated for 3 h in
0.2% serum-containing medium
were treated for 18-20 h with or
without TGF-B at the concentra-
tions specified in Fig. 4. BrdUrd
incorporation and detection were
carried out using a BrdUrd assay kit
I (Roche Applied Science). Briefly,
during the last hour in culture, the
cells were incubated at 37 °C with 10
mM BrdUrd-containing medium.
The cells were fixed at —20 °C using
a glycine-ethanol based solution
according to the manufacturer’s
instructions. The cells were then
incubated with a mouse anti-Brd-
Urd antibody alone or together
with a rabbit anti-GFP antibody

experiments were repeated on independent batches of cells at
least two times.

Reverse Transcription-PCR—Mvl1Lu cells were lysed using
TRIzol lysis reagent (Invitrogen), followed by total RNA extrac-
tion and concentration using chloroform and isopropanol/eth-
anol, respectively. Poly(A)-cDNA was generated by subjecting
the mink RNA to reverse transcription using the reverse tran-
scriptase SuperScript II (Invitrogen) and oligo(dT),, ;5 (Amer-
sham Biosciences) as the primer. Mink plasminogen activator
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(Molecular Probes) for 1 h followed by several washes with
phosphate-buffered saline. The cells were then switched to a
solution containing Hoechst 33342 (Invitrogen) together with
fluorescein-conjugated anti-mouse secondary antibody (Roche
Applied Science) or cy5-anti-mouse and cy2-anti-rabbit anti-
bodies (Jackson Laboratories). A minimum of 200 cells/well
were scanned, and the data were generated using the Kinetic
Scan Reader (Cellomics, Inc., Pittsburgh, PA). The data were
analyzed using the accompanying Target Activation Bio-Appli-
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cation software (36). Each experimental condition was carried
out in three to five replicates. Each experiment was repeated at
least three independent times. The number of Hoechst-positive
cells that were BrdUrd- and/or GFP-positive was determined.
The number of BrdUrd-positive cells expressed as a percentage
of GFP- or Hoechst-labeled cells scanned per well was then
reported by the Bio-Application software. The average percent-
age of BrdUrd-positive cells of the replicates was calculated and
used to determine other parameters as described in legend of
Fig. 5. The data presented in Fig. 5 represent the means (*S.E.)
of the parameters obtained from three to four independent
experiments.

RESULTS

ING2 Acts via the PHD Domain to Stimulate TGF-B-depend-
ent Transcription—The transcriptional and biological func-
tions of the ING proteins suggest that these proteins may reg-
ulate specific growth factor-mediated signaling pathways and
their responses. The TGF-S family of growth factors has pleio-
tropic roles that are critical in normal development and home-
ostasis (15, 16). The Smad signal transducers play a major role
in transmitting the TGF-f signal from the cell surface to the
nucleus where the Smad proteins regulate gene expression (21).
A major focus of research in TGF- signaling is the elucidation
of the nuclear mechanisms by which the Smads mediate TGF-
B-dependent gene expression and consequent responses. Both
the TGF-B-Smad signaling pathway and the ING transcrip-
tional proteins inhibit cell proliferation and exert tumor-sup-
pressive effects, suggesting the hypothesis that the ING pro-
teins might play a role in TGF-B-dependent responses (10, 13,
17, 18). To test this idea, we first asked whether these proteins
modulate TGF-B-induced transcription. We determined the
effect of expression of different members of the ING family of
proteins on TGF-f induction of a reporter gene that contains
TGE-B-responsive promoter elements from the PAI-1 gene
driving luciferase enzyme expression (33). In these experi-
ments, the TGF-B pathway was stimulated by coexpressing a
constitutively activated form of the TGE- type I serine/threo-
nine kinase receptor (TBRI) in which threonine 204 is con-
verted to aspartate (Fig. 1A and Ref. 37). Interestingly, ING2
robustly increased TBRI-induced reporter gene expression
(Fig. 1A). The effect of ING2 and T BRI on reporter gene expres-
sion was synergistic (Fig. 1B). In contrast to ING2, the ING
family members ING1la and ING1b, which are the ING family
members most closely related to ING2, had less effect on the
TBRI-induced response (Fig. 14). Thus, among the ING pro-
teins, ING2 may be more efficient in inducing TGF-B-depend-
ent transcription. We also found that ING2 increased the ability
of the activated type I receptor to induce the SBE4-luciferase
reporter gene, which has four tandem repeats of SBEs driving
the expression of the luciferase construct (Fig. 1C and Ref. 34).
ING2 also promoted the expression of the reporter gene driven
by the PAI-1 promoter in HepG2 and the Mv1Lu lung epithelial
cell lines upon exposure to the TGF-f ligand (data not shown
and Fig. 1D). In other experiments, we found that ING2 expres-
sion significantly augmented the ability of TGF- to induce
endogenous PAI-1 gene expression in Mv1Lu cells (Fig. 2), fur-
ther supporting the idea that ING2 positively controls TGE-S-
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FIGURE 2. ING2 induces the expression of the TGF-B-responsive PAI-1
gene. RNA extracted from untreated or 1 h TGF-B-treated control or ING2-
overexpressing Mv1Lu cells was reverse transcribed using oligo(dT) followed
by PCR amplification of fragments of PAI-1, ING2, and GAPDH gene products
as described under “Reverse Transcription-PCR” under “Experimental Proce-
dures.” The PAI-1, ING2, and GAPDH amplified PCR fragments were resolved,
imaged, and quantified (see “Reverse Transcription-PCR” for details). The
PAI-1 value for each sample was normalized to its respective GAPDH control
and expressed relative to the untreated control. A, a scan of an ethidium
bromide-stained agarose gel showing the PAI-1, ING2, and GAPDH reverse
transcription-PCR-amplified fragment from a representative experiments
that was repeated three times. B, bar graph of the mean (£S.E.) of the
PAI-mRNA values from three independent experiments. The asterisk indicates
a statistically significant increase from the TGF-B-treated control as deter-
mined by Student’s t test (p = 0.06).

induced transcription. Collectively, these data indicate that
ING2 may function to up-regulate TGF-B-dependent tran-
scription and suggest that ING2 may act via Smad family pro-
teins to mediate the TGF-f3 response.

Using structure function analyses, we next determined the
domains in ING2 that are required for its enhancement of TGF-
B-dependent transcription. We compared the effect of wild
type ING2, an N-terminal deletion ING2 mutant (ING2 (AN)),
a C-terminal deletion ING2 mutant (ING2 (AC)), or a PHD
deletion ING2 mutant (ING2 (APHD)), on TGF-B-dependent
transcription in Mv1Lu cells (Fig. 3). We confirmed that the
different ING2 mutants were expressed at equivalent levels by
immunoblotting (Fig. 3B). The N-terminal region of ING2 con-
tains a leucine zipper-like protein-protein interaction motif
spanning amino acid residues 1-62 that is conserved in other
ING proteins (Fig. 34 and Ref. 38). The C-terminal region of the
ING2 mutant contains the PHD domain, which plays impor-
tant roles in chromatin remodeling, and a downstream short
C-terminal tail (Fig. 3A4) called the polybasic region that binds
stress-induced phospholipids (5). ING2 immunoblotting of
subcellular fractions and ING2 immunofluorescence of 293T
cells showed that wild type and mutant ING2 proteins localized
mainly to the nucleus (supplemental Fig. S1). In other experi-
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FIGURE 3. The PHD domain is required for ING2 enhancement of TGF--induced transcription. A, sche-
matic drawing of the WT, N-terminal (AN), C-terminal (AC), and PHD (APHD) deletion mutants of human ING2
protein encoded by expression vectors used in experiments described for Band C. The amino acids deleted in
the respective mutant ING2 relative to the full-length ING2 are indicated. The shaded and the hatched areas
depict the leucine zipper-like and PHD domains, respectively. B,immunoblotting of ING2 and actin in extract of
Mv1Lu cells transfected with an empty expression vector, wild type ING2 (ING2(WT)), N-terminal-deleted ING2
(ING2(AN)), C-terminal-deleted ING2 (IN2(AC)), or a PHD-deleted ING2 (ING2(APHD)). The data show that the
full-length and deletion mutant ING2 proteins are expressed at equivalent levels. C, lysates of untreated or
TGF-B-stimulated Mv1Lu cells transfected with the 3TP-luciferase and CMV-B-galactosidase together with an
empty mammalian expression vector (0), or an increasing concentration of plasmid encoding Myc-tagged wild
type or one of the deletion mutant ING2 described in A were processed as described for Fig. 1D. The data
presented in the graphs in C are the means (=S.D.) of triplicate measurements from a representative experi-

ment that was repeated three independent times.

ments, we found that deletion of the N-terminal leucine zipper-
like region had little effect on the ability of ING2 to up-regulate
TGEF-B-induced 3TP-luciferase activity, suggesting that the
leucine zipper-like motif is dispensable in ING2 enhancement
of TGF-B-dependent transcription (Fig. 3C). In contrast, dele-
tion of the PHD-containing C-terminal region or only the PHD
domain blocked the ability of ING2 to increase TGF-B-induced
transcription, indicating that the PHD region is required for
ING2 function in the TGF-B-induced response (Fig. 3C). In
addition, with higher amounts of ING2 mutants lacking the
PHD domain, TGF-B-induced reporter gene expression was
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mutated cDNA designed to encode
an RNAi-resistant form of ING2.
Expression of this RNAi-resistant
ING2 reversed the ability of ING2
RNAI to suppress TGF-B induction
of 3TP-lucifease reporter gene tran-
scription (Fig. 4C). These data sup-
port the conclusion that the effect of
ING2 RNAi on TGF-p signaling is
the result of specific knockdown of
endogenous ING2 rather than off
target effects of RNAi. Collectively,
the results show that endogenous ING2 promotes TGF-3-de-
pendent transcription.

ING2 Promotes the Ability of TGF-B to Inhibit Cell
Proliferation—Having shown that ING2 mediates TGF-S-de-
pendent transcription, we asked whether it contributes to TGF-
B-mediated biological responses. One of the most widely stud-
ied and important effects of TGEF-f3 is its ability to inhibit cell
proliferation. Thus, we investigated the role of ING2 in TGF-
B-induced cell cycle arrest in Mv1Lu cells. We first determined
the effect of a saturating concentration of TGF-8 on BrdUrd
incorporation into newly synthesized DNA in Mv1Lu cells that

APHD
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(Relative to Control)

3TP-lux luciferase activity

were stably expressing ING2 protein, in cells stably transfected
with the vector control, or in cells that were untransfected (Fig.
5A). Untransfected and vector control transfected cells had
similar percentages of proliferating cells in the absence of
TGE-B (Fig. 5B). Overnight incubation of these cells with
TGE-p also led to similar degrees of inhibition of proliferation
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between both control cells (Fig. 5B). However, ING2 expression
significantly enhanced the ability of TGF- to induce cell cycle
arrest as compared with controls (Fig. 5B). In other experi-
ments, we found that in the presence of ING2, a 2.5-3-fold
lower concentration of TGF-f induced a 50% reduction in cell
proliferation, suggesting that ING2 expression increases cell
sensitivity to TGF-B (Fig. 5C). We also determined the role of
endogenous ING2 in TGF-f inhibition of cell proliferation.
ING2 knockdown in Mv1Lu cells significantly reduced TGF-3
inhibition of cell proliferation (Fig. 5D). Together, these data
support the conclusion that ING2 promotes the ability of
TGE-f to inhibit cell proliferation.

ING2 and SnoN Collaborate to Induce TGF-B-dependent
Transcription—The identification of a function for ING2 in
TGE-B-dependent transcription and cell cycle arrest led us to
explore the mechanisms by which ING2 contributes to TGF-3
signaling. We first determined whether ING2 up-regulates the
transcriptional activity of TGF-B-regulated Smad2 by using the
Gal4-Smad2 fusion heterologous transcription assay as a meas-
ure of Smad2 transcriptional activity (30, 31). Expression of
ING2 dramatically enhanced the ability of Gal4-Smad2 to
mediate TGF-B-induced transcription (Fig. 6A4). Deletion of the
PHD-containing C-terminal region significantly reduced the
ability of ING2 to stimulate Smad2-dependent transcription
(Fig. 6B). These data indicate that the ING2 PHD domain plays
an important role in TGF-B-dependent transcription by reg-
ulating the transcriptional activity of TGEF-B-regulated
Smad2. In other experiments, we found that ING2 similarly
promotes TGF-B-induced Gal4-Smad3 transcriptional ac-
tivity (supplemental Fig. S3). Collectively, these data indicate
that ING2 acts via Smad2 and Smad3 to up-regulate TGF-3-
induced transcription.

We next investigated the mechanism by which ING2 pro-
motes TGF-B-Smad2 signaling leading to the induction of tran-
scription. In immunoblotting studies, we found that ING2
expression did not appreciably alter the degree of TGF-3-de-
pendent Smad2 phosphorylation (supplemental Fig. S4).
Because ING?2 is a nuclear protein that operates at the level of
chromatin remodeling, we next reasoned that ING2 might
form a physical complex with Smad2 and thereby couple the
TGE-p signal to the activation of transcription. Because ING2
associated only weakly with Smad2 (data not shown), we con-
sidered the possibility that Smad2 might interact with ING2 via
a third “adaptor” protein. The transcriptional modulator SnoN
robustly interacts with TGF-B-R-Smad2/3 and co-Smad4 (39).
In addition, SnoN at its endogenous levels mediates TGF-f-de-
pendent transcription in MvlLu cells, thus mimicking the
effect of ING2 on TGF-f signaling on transcription (25). We
therefore determined whether SnoN might collaborate with
ING2 to link Smad2 or Smad3 activity to transcription in these
cells. In these studies, we focused on Smad2. We tested the
effect of SnoN expression on the ability of endogenous or exog-
enously expressed Smad?2 to associate with ING2. In coimmu-
noprecipitation analyses, we found that expression of SnoN
enhanced the ability of Smad?2 to interact with ING2 (Fig. 74
and supplemental Fig. S5). We also found that when overex-
pressed, SnoN associated efficiently with ING2 (Fig. 7B).
Importantly, endogenous SnoN coimmunoprecipitated endog-
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enous Smad2 and ING2 in TGF-B-
treated Mv1Lu cells (Fig. 7C). Other
studies revealed that the ING2 PHD
domain is important for ING2 inter-
action with SnoN (Fig. 7D). Consist-
ent with these results, SnoN failed
to promote an interaction between
Smad2 and an ING2 lacking the
PHD domain (Fig. 7E). The results
of immunofluorescence studies
suggested that ING2, SnoN, and
Smad2 colocalize in the nucleus
(supplemental Fig. S6 and data
not shown). Altogether, these data
strongly suggest that SnoN pro-
motes formation of a protein com-
plex that contains SnoN, Smad?2,
and ING2, and that the PHD
domain is important for the forma-
tion of this complex.

The ability of SnoN to form a pro-
tein complex with ING2 and Smad2
suggested that SnoN may contrib-
ute to ING2 enhancement of TGF-f3
signaling in Mv1Lu cells. To test the
potential role of SnoN in ING2 up-
regulation of TGF-B transcription,
we determined the effect of SnoN
knockdown on ING2 up-regulation
of TGEF-B-induced 3TP-luciferase
activity in Mv1Lu cells. As expected,
SnoN knockdown, on its own,
inhibited TGF-B-induced expres-
sion of the 3TP-luciferase reporter
gene (25). Additionally, SnoN
knockdown also suppressed ING2
enhancement of TGF-B-induced
transcription, suggesting that SnoN
contributes to the ability of ING2 to
mediate TGF-B-dependent tran-
scription (Fig. 8A4). The effect of
SnoN RNAi was specific to knock-
down of endogenous SnoN and not
due to off target effect because we
found that expression of a SnoN res-
cue protein reversed SnoN RNAi
reduction of ING2 enhancement of
TGF-B-induced transcription (sup-
plemental Fig. S7 and Ref. 25). Con-
sistent with these results, in gain of
function experiments, low levels of
SnoN expression augmented ING2
enhancement of TGF-B-dependent
transcription (Fig. 8B and Ref. 25).
Finally, we found ING2 knockdown
suppressed the ability of low levels
of SnoN to activate transcription of
the 3TP-luciferase reporter gene in
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least two times.

TGE-B-treated Mv1Lu cells, suggesting that ING2 is required
for SnoN to mediate TGF-B-induced transcription (Fig. 8C).
Collectively, these data suggest that SnoN and ING2 collabo-
rate to mediate TGF-B-dependent transcription.
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FIGURE 7. The transcriptional protein SnoN interacts with ING2. A, SnoN
enhances ING2 association with Smad2. Lysates of 293T cells coexpressing
Myc-tagged ING2 (Myc/ING2), FLAG-tagged SnoN (FLAG/SnoN), and
untagged Smad2 (Smad2) were subjected to anti-Smad2 immunoprecipita-
tion (IP) followed by sequential anti-Myc (a-Myc), anti-SnoN («a-SnoN), and
anti-Smad2 (a-Smad2) immunoblotting (/B). Expression of ING2 and SnoN
were confirmed by immunoblotting the cell lysates with the indicated anti-
bodies. Equal protein loading was confirmed by anti-actin (a-actin) immuno-
blotting of the lysates. B, overexpressed SnoN and ING2 form a complex.
Lysates of 293T cells coexpressing FLAG-tagged SnoN and Myc-tagged ING2
were immunoprecipitated using an anti-FLAG antibody followed by sequen-
tial anti-Myc and anti-SnoN antibodies immunoblotting. C, endogenous
SnoN interacts with endogenous ING2 and Smad2 in TGF-B-treated Mv1Lu
cells. Lysates of Mv1Lu cells incubated in the absence or presence of 100 pm
TGF-B for 10 min at 37 °C were immunoprecipitated using a rabbit anti-SnoN
(SnoN) or a rabbit-lgG (IgG) antibody followed by sequential immunoblotting
with anti-ING2, anti-Smad2, and anti-SnoN antibodies. D, the PHD domain is
important for ING2 association with SnoN. Lysates of 293T cells coexpressing
FLAG-tagged SnoN and Myc-tagged ING2 were immunoprecipitated using
an anti-FLAG antibody followed by sequential anti-Myc and anti-SnoN anti-
bodies immunoblotting. E, deletion of the PHD domain blocks ING2 inter-
action with Smad2. Lysates of 293T cells coexpressing untagged Smad2,
FLAG-tagged SnoN, and Myc-tagged ING2 were immunoprecipitated
using an anti-Smad2 antibody followed by sequential anti-Myc, anti-
FLAG, and anti-Smad2 antibody immunoblotting. Expression and equal
protein loading in B-E were confirmed as described for A.

In summary, we have identified ING2 as a mediator of TGF-
B-dependent transcription and TGF- 3 inhibition of cell prolif-
eration. We show theSmad2-interacting protein SnoN associ-
ates with ING2 and thus assembles a protein complex that
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described for Fig. 1D. B, SnoN induces the ability of ING2 to promote TGF-3-
dependent transcription. Mv1Lu cells were transfected with the reporter con-
structs as in Fig. 84 and with an ING2 expressing vector alone or together with
a SnoN expressing plasmid. The cells were incubated with or without TGF-,
and the lysates were subjected to luciferase and B-galactosidase assays as
described for Fig. 1D. C, ING2 knockdown inhibits SnoN enhancement of TGF-
B-induced transcription. Lysates of Mv1Lu cells transfected with the reporter
constructs as described for A together with a control or ING2 RNAi vector and
an empty expression vector or one encoding SnoN and incubated in the
absence or presence of TGF- were subjected to luciferase and B-galactosid-
ase assays as described for Fig. 1D. In the transfections described in each of B
or C,alowamount (1-5 ng/well) of SnoN expressing vector was used (34). The
data shown in each of A-Crepresent the means (£S5.D.) of triplicate measure-
ments from a representative experiment that was repeated three times.
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includes Smad2, SnoN, and ING2. We also demonstrate that
ING2 PHD domain, shown to interact with methylated his-
tones (1, 2), is required for ING2 function in TGF-B-dependent
responses and for interaction with SnoN and hence Smad2.
Collectively, these data suggest that the Smad2/SnoN/ING2
complex may couple TGF-B-Smad signaling to chromatin
remodeling and transcription and consequent biological
responses.

DISCUSSION

In this study, we have discovered a novel function for the
chromatin remodeling protein ING2 in mediating TGF-
responses. Based on gain-of-function and inhibition of endog-
enous ING2 studies, we have found that ING2 promotes TGF-
B-induced transcription and cell cycle arrest. The PHD domain
of ING2 is required for ING2 function in TGF-f signaling. We
also identify a novel interaction between ING2 and the tran-
scriptional modulator SnoN that recruits ING2 to the TGF-f3-
regulated transcription factor Smad2 and thereby induces
TGEF-B-dependent transcription. We find that PHD domain of
ING2 is critical for the ability of ING2 to promote TGF-B-induced
transcription and to interact with SnoN and in turn Smad2. In
addition to implicating ING2 in TGEF-f signaling, this study
defines a novel mechanism by which SnoN activates TGF-£-de-
pendent transcription and responses (25). Collectively, our data
suggest that SnoN and ING2 collaborate to regulate TGF-£3-de-
pendent transcription and consequent biological responses.

SnoN is commonly thought to act as a transcriptional core-
pressor (26, 27). However, recent evidence supports the idea
that under certain conditions SnoN may also act as a transcrip-
tional coactivator (40). Thus, at “physiological” levels, SnoN
mediates TGF-B-induced transcription in MvlLu cells (25).
We have also found that knockdown of endogenous SnoN
inhibited the ability of TGF-f to induce transcription in TGE-
B-responsive epithelial Madin-Darby canine kidney cells (sup-
plemental Fig. S8). We have also found that SnoN may posi-
tively regulate TGF-B-dependent transcription in primary
mammalian neurons (supplemental Fig. S9). TGF-B-Smad2
signaling and SnoN play critical roles in the control of axonal
growth in primary neurons (41, 42). TGF-B-Smad?2 signaling is
constitutively active in neurons (42). Consistent with these
results, we found that knockdown of endogenous Smad?2 signif-
icantly reduces the activity of the TGF-B-responsive 3TP-lu-
cifearse reporter gene in primary rat cerebellar granule neurons
(supplemental Fig. S9A). In addition, knockdown of endoge-
nous SnoN suppressed, whereas expression of a constitutively
active SnoN enhances, the reporter gene in primary neurons
(supplemental Fig. 9). Together these data show that SnoN
stimulates TGF-B-dependent transcription in neurons. Dro-
sophila dSno was also shown recently to mediate the Drosoph-
ila TGF-B signaling pathway, suggesting that the ability of
SnoN to activate transcription is evolutionarily conserved (51).
In future studies, it will be important to investigate whether
ING2 or other ING family members play a role in SnoN ability
to positively regulate transcription in different cell types and
systems.

Recently, the mechanisms by which the ING proteins regu-
late cell proliferation, apoptosis, senescence, angiogenesis, and
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DNA repair has been the subject of intense investigation. The
ING proteins may function in part by regulating the p53 signal-
ing pathway. In particular, INGs associate with and thereby
control the acetylation status of p53 (28, 43). ING-dependent
acetylation of p53 is proposed to drive specific gene expression
leading to apoptosis and senescence (28, 43). However, INGs
also function in p53-independent manner. In support of this
idea, ING1 has been shown to induce apoptosis or inhibit cell
proliferation in wild type and p53 mutant cells types (44, 45). In
addition, INGs inhibit the nuclear factor kB signaling pathway
by at least two different mechanisms (46, 47). Our study places
ING2 in TGEF-B signaling and suggests that ING2 function may
be more generalized than previously believed.

TGEF-B is known to potently inhibit cell proliferation (48).
Loss of responsiveness to TGF- inhibition of cell proliferation
is a hallmark of many types of cancer (17, 48). Reduced ING
protein expression has also been reported in several forms of
tumors including mammary and lung carcinomas (49). Thus,
our findings suggest the hypothesis that loss of ING proteins
may allow cancer cells to evade the tumor-suppressive effects of
TGEF-B. It will be important in future studies to investigate this
hypothesis by concurrent analyses of ING protein levels and
responsiveness to TGF-f effects of cancer cells.

Our finding that ING2 plays a positive role in TGF-B-in-
duced transcription and inhibition of cell proliferation raises
the important question of whether ING2 contributes to other
TGE-B-regulated responses. If future investigations indicate
that ING2 mediates only a subset of TGF-B-regulated
responses, then this would support the idea that ING2 may
contribute to specifying distinct responses to the TGF-B3-Smad
signaling pathway.

According to several reports, ING2 can exist as a component
of histone acetyltransferase coactivator or histone deacetylase
corepressor complexes, suggesting that ING2 may activate or
repress gene expression (1, 2, 9, 43). Consistent with this idea,
ING2 can activate transcription of specific genes including p21
and HSP70 while suppressing that of other including a-feto-
protein and cyclin D (1, 28, 43, 47). Our findings are consistent
with ING2 acting as part of a histone acetyltransferase complex
to promote TGF-B-dependent transcription and responses.

The PHD-containing C terminus of ING proteins is believed
to play an important role in their function (10). This region has
been implicated in several ING2 actions including ING2 regu-
lation of p53-dependent responses (3). However, the N-termi-
nal region of the ING proteins can contribute to other ING
proteins actions. For example, ING1b protein acts through its
N terminus and not C terminus to induce HSP70 expression
and mediate TNF-a-induced apoptosis in fibroblasts (47). In
the current study, we find that the PHD-containing region in
ING2 is important for the ability of ING2 to interact with
SnoN and to up-regulate TGF-B-mediated transcription.
Thus, different structural domains of ING proteins appear to
endow these proteins with the ability to function in distinct
signaling pathways (reviewed in Ref. 50).

In conclusion, the results of this study reveal that the ING
proteins can function to mediate TGF-B signaling and
responses. In addition, our findings show that the transcrip-
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tional modulator SnoN is able to act via ING2 to mediate TGEF-
B-dependent transcription and responses.
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