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Abstract The inhibitor of growth (ING) family of tumor
suppressors has five members and is implicated in the
control of apoptosis, senescence, DNA repair, and cancer
progression. However, little is known about ING activity in
the regulation of cancer progression. ING members and
splice variants seem to behave differently with respect to
cancer invasion and metastasis. Interaction with histone
trimethylated at lysine 4 (H3K4me3), hypoxia inducible
factor-1 (HIF-1), p53, and nuclear factor kappa-B (NF-xkB)
are potential mechanisms by which ING members exert
effects on invasion and metastasis. Subcellular mislocal-
ization, rapid protein degradation, and to a lesser extent
ING gene mutation are among the mechanisms responsible
for inappropriate ING levels in cancer cells. The aim of this
review is to summarize the different roles of ING family
tumor suppressors in cancer progression and the molecular
mechanisms involved.
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Introduction

Members of the inhibitor of growth (ING) family of pro-
teins are thought to be type II tumor suppressors. There are
five members, including ING1-5, as well as a number of
splice variants within the member groups, and differences
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in their biological functions with respect to control of
cancer initiation and progression are apparent among
groups and splice variants [1]. All ING members have a
highly conserved C-terminal PHD finger that interacts with
methylated histones [2, 3]. The PHD finger is composed of
approximately 60 amino acids that are zinc-binding, and
this domain is often implicated in chromatin remodeling
[4]. On the other hand, each member has a unique N-ter-
minal domain. For example, the ING1 N-terminus binds to
part of the Sin3-HDAC complex [5]. Also, ING members
have a domain with an unknown function called the novel
conserved region (NCR) [4]. Members also possess a
nuclear localization signal (NLS) or multiple nuclear
localization signals, which are important with respect to the
subcellular localization and subsequent potential for loss of
function of ING proteins [2, 4]. The leucine zipper-like
(LZL) region is also present in a number of the ING
members forming a hydrophobic N-terminal structure [4].

ING proteins have a number of biological functions
related to apoptosis, senescence, cell growth, DNA repair
and replication, and cancer progression including the reg-
ulation of invasion and metastasis [2, 6, 7]. For example,
INGI increases the transcription of p21Wafl via p53, and
p21Wafl is known to inhibit cyclin-dependent kinase
resulting in cell cycle arrest at the G,/S transition [6, 8].
ING1 is also involved in the regulation of the G,/M
checkpoint, and other ING members may have similar
activity [6, 9]. A number of ING members have also been
found to mediate cellular apoptotic responses [10-13].
They have also been linked to DNA repair in response to
UV-induced DNA damage. p33ING1b enhances the repair
of UV-damaged DNA in a p53-dependent manner by
inducing histone H4 acetylation, chromatin relaxation, and
by recruiting xeroderma pigmentosum A (XPA) to photo-
lesion sites [14, 15]. ING2 is involved in DNA repair as
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well and mediates p53—p300 interaction [16, 17], and also
regulates DNA replication in the absence of UV-induced
DNA damage [7].

ING family members either increase or decrease histone
acetylation levels, which regulate chromatin structure.
They modify the activity of both histone acetyltransferase
(HAT) and histone deacetylase (HDAC) complexes, and
are components of these complexes [2, 5, 6]. ING proteins
bind to methylated histones, recruiting HAT or HDAC to
specific histone regions, modifying chromatin structure and
subsequent gene expression. ING1 and ING2 present the
mSin3a-HDAC1/2 complex; ING3 is part of the Tip60/
NuA4 complex; ING4 is a subunit of the HBO1 complex;
and INGS is found as a component of both HBO1 and
MOZ/MOREF [18, 19].

The detailed roles of ING proteins in cell senescence
and apoptosis have been summarized in recent reviews
[20, 21]. Although many studies have investigated the role
of ING proteins in cancer cell migration, invasion and
angiogenesis in vitro, and cancer progression and metas-
tasis in vivo, there is no review article available on this
topic. The purpose of this review is to gain a better
understanding of the molecular mechanisms behind the
action of ING proteins in cancer progression.

INGI in cancer progression

ING1, the founding member of the ING family, is mapped
to chromosome 13q33-34 [2]. The INGI gene contains
three exons and two introns, and encodes three isoforms
based on alternative splicing, p47INGla, p33ING1b, and
p24INGlc [3]. ING1b is the most abundant isoform [3, 22],
and most of the tumor suppressive functions are attributed
to this isoform. ING1 expression is reduced in a number of
cancers, including colorectal, astrocytoma, breast, stomach,
hepatocellular carcinoma (HCC), acute lymphoblastic
leukaemia (ALL), and gastric cancer [23-30]. Also, ING1
variants have been shown to have unique and sometimes
opposing functions. p33INGlb and p24INGlc but not
p47INGla were reduced in HCC [31]. p33INGI1b and
p24INGlc activated p21Wafl and Bax, while p47INGla
inactivated the p21Waf promoter [31]. Overexpression of
p33ING1b but not p47INGla results in increased acetyla-
tion of H3 and H4, and p47ING1a inhibits this acetylation
[32]. p33INGI1b has been shown to affect proliferating cell
nuclear antigen (PCNA)-p300 interaction by binding to
PCNA via its PCNA-interacting protein (PIP) domain [33].
Furthermore, p33ING1b but not p24INGlc associates with
Sin3, HDACI1, SAP30, and RbAp48, and p33INGlb
expression is associated with transcriptional repression via
HDACI [34]. Moreover, the mouse ing/ gene codes for
two variants of the protein, and these variants have oppo-
site functions with respect to p53 suppressing/activating

activity [35]. With respect to the mutational status of the
INGI gene, a number of studies have revealed that INGI
mutation is relatively infrequent [2]. Additionally, muta-
tion of the INGI gene is not the main cause of INGI
inactivation, and other mechanisms of ING1 inactivation
including mislocalization and reduced mRNA stability are
probably more important [2].

A number of in vivo investigations have shown that
ING1 expression is related to both lymph node and distant
metastasis [23, 36], whereas another study provided evi-
dence against the involvement of INGI in cancer
progression [37]. Toyama et al. [36] found that 58% of
breast cancers with low ING1 mRNA expression had
metastasized to local lymph nodes, whereas only 9% of the
high ING1 expressing cancers did so. Ding et al. [23] found
that p33INGI1 expression was lower in stomach cancer
biopsies compared to precarcinomatous tissues, and its
expression was related to tumor growth, distant metastasis,
and tumor differentiation in 103 stomach cancers.

In contrast, no correlation between p33ING1b nuclear
protein expression and metastasis-free survival in colo-
rectal cancer patients was found [37]. Samples from 41
patients with Dukes’ C colorectal cancer were examined to
determine whether p53 mutation status and p33INGb
expression could be used to predict which colorectal cancer
patients might respond to chemotherapy following curative
surgical resection of the primary tumor. Although out of
the 28 patients with positive nuclear p33ING1b expression,
39% developed metastases, whereas 46.1% of the patients
with negative nuclear p33INGlb expression developed
metastases; no significant correlation was found between
p33ING1b nuclear expression and metastasis-free survival
following surgical resection and chemotherapy. A trend
was observed, however, as patients with low p33INGl1b
expression had shorter overall survival times compared to
patients with higher p33ING1b expression (P = 0.27). In
addition, the time to develop metastasis did not differ
between patients with positive or negative p33INGlb
nuclear expression. Despite these results, it is possible that
ING1 nuclear expression is related to metastasis since the
small sample size (n = 41) may have contributed to
the insignificant findings [37]. However, nuclear ING1
expression might not be the optimal prognostic marker
following surgery and chemotherapy in colon cancer
patients.

Studies by Nouman et al. [38] and Zhang et al. [39]
examined the relationships between subcellular localization
of ING1 protein and cancer progression. In 67 melanocytic
lesions ranging from benign to invasive, the expression of
nuclear ING1 was determined using immunohistochemistry
[38]. Malignant melanoma samples had a loss of nuclear
p33ING1b protein compared to normal melanocytes or
melanocytes from benign nevi. Among benign nevi, no case
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had complete loss of nuclear ING1, whereas 47.06% of
cases with invasive melanoma showed complete nuclear
loss of ING1. Additionally, strong or intermediate ING1
cytoplasmic staining was observed in 35.29% of invasive
malignant melanomas, while none of the benign nevi had
this much cytoplasmic expression. Since ING1 has a
nuclear localization signal, it most likely exerts its tumor-
suppressive effects within the nucleus, and a shift into the
cytoplasm might reduce its activity [38].

In the other study examining the role of ING1 subcel-
lular localization in cancer invasion and metastasis,
immunohistochemistry was used to determine p33INGI1b
nuclear and cytoplasmic expression in 49 oral squamous
cell carcinomas and 20 normal mucosa [39]. Ninety percent
of the normal specimens showed nuclear expression, and
none of the normal specimens showed cytoplasmic
expression. On the other hand, 24% of the carcinoma
specimens showed cytoplasmic expression of p33INGI1b,
and 76% of the carcinoma specimens showed no
p33ING1b expression at all. With respect to metastasis,
positive cytoplasmic expression was related to increased
lymph node metastasis. Interestingly, cancer cases positive
for both p33INGI1b and particularly interesting new cys-
teine-histidine rich protein (PINCH) in the cytoplasm had
lymph node metastasis the most often, cases that were
negative for both PINCH and p33ING1b in the cytoplasm
had lymph node metastasis the least often, and cancer cases
positive for only one protein or the other in the cytoplasm
had an intermediate level of lymph node metastasis. This
suggests that p33ING1b may cooperate with PINCH to
exert effects on cancer invasion and metastasis. This
interaction may occur at the site of cellular adhesion during
cancer progression [39]. In general, the literature suggests
that transportation of ING1 from the nucleus into the
cytoplasm enhances metastasis, at least in melanoma and
oral squamous cell carcinoma, although the mechanism
behind the shift is currently unknown. However, Gong
et al. suggested that 14-3-3, a family of proteins implicated
in cell cycle regulation, may mediate the subcellular mis-
localization of ING1 [40]. 14-3-3 binds to p33INGlb, and
there is a potential 14-3-3 binding site on INGI1. Also,
p33ING1b phosphorylation is required for the binding of
14-3-3 to p33INGI1b and 14-3-3 directs ING1lb to the
cytoplasm. Finally, 14-3-35 prevents the upregulation of
p21Wafl by p33INGIlb, suggesting that the nuclear
to cytoplasmic ING1 shift mediated by 14-3-3 affects
INGI transcriptional regulation activity related to cancer
development.

Despite the mounting evidence that the ING1 tumor
suppressor reduces cancer progression, ING1 does not
seem to inhibit MMP expression. We examined matrix
metalloproteinase (MMP) levels in melanoma cells trans-
fected with vector, p33ING1b or antisense p33ING1b, and

no difference in the protein levels of MMP1, MMP2, and
MMP9 was found among the groups [41]. However, it is
not known if p33ING1b affects the activity of MMPs.

ING?2 in cancer progression

The second member of the ING family of tumor suppres-
sors, ING2, is mapped to chromosome 4q35.1 [2] and also
interacts with p53. Overexpression of ING2 has been
linked to apoptosis induction and cell cycle arrest in mel-
anoma and colon carcinoma cell lines [42, 43]. On the
other hand, simultaneous knockdown of ING2a and b
isoforms induces cell cycle arrest and apoptosis in lung
adenocarcinoma, osteosarcoma, and glioma cell lines [44].
It seems that ING2 activity is dependent on the specific
cellular environment as it has opposite functions in various
cancers.

We have shown that p33ING2 enhances nucleotide
excision repair of UV-induced DNA damage in melanoma
cells and that ING2 is necessary for the recruitment of XPA
to photolesions, for chromatin relaxation, and for histone
H4 acetylation induced by UV [17]. The leucine zipper-like
(LZL) motif is required for ING2 DNA repair activity [16].
ING2 also promotes genomic stability and DNA replica-
tion in the absence of UV since bromodeoxyuridine
incorporation was reduced in ING2 knockdown U20S
osteosarcoma cells [7]. The decreased DNA replication rate
observed in ING2 knockdown cells was likely due to slo-
wed replication fork progression (Fig. la). Additionally,
there was less chromatin-bound PCNA in ING2 knock-
down cells, and ING2 interacted with PCNA, allowing for
continued DNA replication. ING knockdown cells also had
greater sister chromatid exchange [7]. This promotion of
genomic instability and the possible effects on progression-
related genes brought about by loss of ING2 may be one
explanation for how reduced ING2 levels seem to promote
early cancer progression in some cases. Ythier et al. also
found that a large proportion of non-small cell carcinoma
samples lost ING2 expression at stage 1. This suggests that
ING2 expression may play an early role in cancer deve-
lopment [45].

ING2 expression is upregulated in colorectal cancer
[46], but is decreased in melanoma, hepatocellular carci-
noma, and non-small cell lung carcinoma [45, 47, 48], and
in the majority of lung cancer cell lines with a p53 muta-
tion [49]. Frequent deletion of ING2 locus was found in
head and neck squamous cell carcinoma (HNSCC) and
basal cell carcinoma (BCC) [47, 50, 51]. In addition, allelic
loss of ING2 in HNSCC was associated with advanced
tumor stage [47]. Other studies have provided evidence for
ING?2 as a tumor suppressor, although its expression may
be more related to cancer initiation rather than invasion and
metastasis [48]. Both primary and metastatic melanomas
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Fig. 1 Potential mechanisms for ING transcriptional regulation of
genes involved in cancer progression. a ING2 interacts with PCNA
during DNA replication, allowing normal cell proliferation to
maintain genomic stability. b In colon cancer, NF-«xB binds to the
ING2 promoter regulatory region, increasing the expression of ING2.
ING2 recruits mSin3a to the MMP-13 promoter and binds to
H3K4me3 resulting in MMP-13 transcriptional activation. ¢ ING4

have reduced nuclear ING2 expression compared to dys-
plastic nevi. However, no relationships have been observed
between ING2 nuclear expression and AJCC stage in
melanomas as well as between ING2 nuclear expression
and survival in metastatic melanomas [48]. This suggests
that ING2 may play a greater role in cell cycle regulation
and DNA repair since these events are central to the
initiation of cancer rather than to cancer progression.
Although ING2 functions as a tumor suppressor in
melanoma, HNSCC and BCC, it seems to act as an onco-
gene in colon cancer [46]. ING2 has a greater ability (than
other ING family members) to bind to trimethylated his-
tone H3 at lysine 4 (H3K4me3), and methylation at lysine
4 is associated with transcriptional activation, whereas
methylation at other histone residues is associated with
transcriptional suppression. In colon cancer, ING2 mRNA
was higher in cancerous tissue compared to nonmalignant
mucosa, and ING2 protein was found predominantly in the
nucleus of colon cancer cells [46]. An NF-kB binding
sequence was also found in the ING2 promoter regulatory
region and NF-xB binds to ING2. After treatment with
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binds to NF-xB at the promoter of NF-xB-regulated genes and
suppresses NF-«xB activity via reducing H3K4me3 and inhibiting
NF-«B p65 phosphorylation. ING4 decreases p65—-p300 interaction in
favor of HDAC-1 recruitment. d During hypoxia, ING4 interacts with
the prolyl hydroxylase and recruits chromatin-remodeling factors to
HIF target gene promoters, suppressing HIF-1-regulated gene
expression

NF-xB inhibitors, RKO and SW837 cells had decreased
ING2 expression, whereas when HCT116 and WiDr cells
were treated with NF-xB activators, ING2 levels were
upregulated. ING2 was also found to upregulate MMP-13
as determined by a microarray analysis and confirmed by
RT-PCR, which would enhance cancer invasion and
metastasis. To further elucidate the mechanism by which
ING?2 interacts with MMP-13, relationships between ING2,
HDACI1, MMP-13, and mSin3A were considered since it
has been shown that ING2 interacts with HDACI and
mSin3A during chromatin remodeling [52]. HDACI1 and
ING2 overexpression increased MMP-13 expression,
whereas mSin3A overexpression had no effect. However,
cells with both ING2 and mSin3A overexpression had
increased levels of MMP-13, greater than the increase
observed with ING2 overexpression alone. Furthermore,
invasion ability was greater for ING2 overexpressing cells
compared to controls and this increased ability was lost
with the addition of MMP-13 inhibitor. Overall, these
results do not support the role of ING2 as a tumor sup-
pressor in colorectal cancer, and instead suggest that ING2
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increases MMP expression via chromatin modification
allowing for increased invasion capability.

INGS3 in cancer progression

Mapped to chromosome 7q31.3 [2, 39], family member
ING3 has also been found to regulate the cell cycle and
programmed cell death [1]. Overexpression of p47ING3
reduced the number of RKO cells in S phase and induced
apoptosis, and these effects were dependent on p53 [12].
Decreased expression of the Caenorhabditis elegans
homolog of ING3 is also linked to inhibition of
p53-dependent, radiation-induced germ cell apoptosis in
C. elegans [53]. In melanoma cells, ING3 promotes
UV-induced apoptosis through activation of the Fas/
caspase-8 pathway [54].

Using clinical samples, we and others have found that
ING3 is a tumor suppressor in melanoma and HNSCC. We
found that nuclear ING3 expression is significantly reduced
in primary melanoma compared to dysplastic nevi
(P < 0.001) and further reduced in metastatic melanoma
(P < 0.001) [55]. This confirms that decreased expression
of ING3 in the nucleus is not only implicated in cancer
initiation, but also in tumor progression. Furthermore,
reduced nuclear ING3 expression is significantly correlated
with poorer 5-year disease-specific survival of melanoma
patients. Additionally, reduced nuclear ING3 expression
was related to increased cytoplasmic expression in many of
the primary and metastatic melanomas, implying that
nuclear-to-cytoplasmic translocation may be partially
responsible for the decreased nuclear expression observed.

However, nuclear-to-cytoplasmic shift of ING3 may not
be the only mechanism responsible for its decreased
expression in cancer and subsequent increases in invasion
and metastasis potential. The Skp-2-dependent rapid deg-
radation of ING3 by the ubiquitin-proteasome pathway
may also be responsible for its decreased levels in mela-
noma [56], and this pathway has been implicated in the
control of cancer progression [57-71]. In the degradation
pathway, polyubiquitination of the substrate protein results
in protein degradation by the 26S proteasome. The E3
ligase provides protein specificity, and the SCF E3 ligase
complex (Skpl-Cullin-F-box protein complex) is respon-
sible for ING3 degradation in melanoma [56]. Skp2
knockdown in various melanoma cell lines reduced ING3
ubiquitination, and we found an inverse relationship
between Skp2 and ING3 expression in melanoma cell
lines [56].

ING3 mRNA expression is decreased in HNSCCs [72].
Although the exact mechanism is unknown, deletion of the
ING3 locus may be responsible for reduced ING3 expres-
sion in HNSCC. In one study, 49 specimens of HNSCC
were screened for loss of heterozygosity (LOH) at the

chromosome 7q31 region and two regions, D7S643 and
D75486 had high levels of allelic deletion [73]. Since
INGS3 is found within 100 kb of D7S643, the group further
investigated the role of ING3 in HNSCC. Fifty percent of
tumors showed decreased or absent ING3 mRNA expres-
sion compared to controls. However, no relationships were
observed between ING3 expression level and metastasis-
related clinicopathological parameters including distant
and lymph node metastasis. Several years later, ING3 was
examined as a potential marker of tumor aggressiveness in
HNSCC [72]; 52.1% of primary tumors had either
decreased or no expression of ING3 compared to controls
(n = 71), and reduced ING3 expression was an indepen-
dent prognostic factor for poor overall survival. There was
a trend (although not statistically significant) between
ING3 mRNA expression and tumor-node-metastasis
(TNM) stage, with lower ING3 expression in more
advanced tumors. Thirty-nine percent of early TNM stage
tumors had low ING3 expression, whereas 60% of late
TNM stage tumors had low ING3 expression (P = 0.19).
However, no relationship was observed between lymph
node metastasis and ING3 expression. Curiously, ING3
expression was related to overall survival, but not to dis-
ease-free survival.

Since investigations into ING3 and cancer progression
have been largely in vivo, little is known about the
mechanistic detail surrounding the regulation of invasion
and metastasis by ING3. For example, even though cyto-
plasmic and nuclear ING3 expression were inversely
related [55], suggesting that ING3 is translocated from the
nucleus to the cytoplasm in cancer cells, the in vivo nature
of the study did not allow for the determination of the route
by which ING3 is lost from the nucleus. Also, the Skp2-
dependent degradation pathway may explain improper
ING3 expression in cancers, but no in vitro study has been
conducted to investigate how this degradation pathway
relates to cancer progression specifically. Another problem
with the in vivo analyses conducted is small samples sizes
resulting in insignificant findings as seen in HNSCC [73].
Further investigations should focus on ING3 overexpres-
sion and knockdown in cancer cell lines and subsequent
invasion and migration assays.

ING4 and cancer progression

Besides ING1, ING4 is the family member of the ING
proteins that is most well-studied [2]. It is mapped to
chromosome 12q13.3 [2] and has many variants due to
alternative splicing. ING4 expression is reduced in stomach
adenocarcinoma [74], glioma [75], melanoma [76, 77], and
HNSCC [78]. ING4 expression mediated the growth sup-
pression of US7MG glioma cells [75], M14 melanoma
cells [77], and A549 lung carcinoma cells [79, 80], and



1992

B. Piche, G. Li

decreased HepG2 cell growth via induction of G,/M arrest
[81]. Additionally, decreased ING4 expression was related
to poor prognosis in hepatocellular carcinoma [82]. Allelic
loss in the 12p12-13 region containing the ING4 locus was
found in 66% of informative HNSCC cases [78], and ING4
was deleted in 10-20% of breast cancer cell lines and
primary breast cancers [83].

By far, ING4 is the member of the ING family of tumor
suppressors most implicated in the regulation of cancer
invasion and metastasis. ING4 was identified in a screen
for potential genes that suppress the loss of contact inhi-
bition due to the overexpression of MYCN [83]. Ectopic
expression of ING4 also inhibited the growth of T47D
breast cancer cells in soft agar, but did not inhibit their
growth in standard culture conditions. The mechanism of
action is unknown, but it is possible that ING4 directly
inhibits the function of the MYC protein, or that ING4
exerts effects on downstream targets of MYC, altering
MYC’s transcriptional control. In addition, ING4 sup-
pressed spontaneous loss of contact inhibition in NIH3T3
cells [84].

ING#4 has also been shown to directly inhibit anchorage-
independent T47D cell growth which is related to tumor
invasiveness [85]. This is dependent on the interaction
between the ING4 PHD finger and H3K4me3 [85]. The
ING4 PHD finger preferentially binds with H3K4me3.
Hung et al. [85] conducted experiments to determine if the
interaction of ING4 with H3K4me3 is required for the
observed effects of ING4 on cell growth in soft agar. As
expected, HBO1 is required for acetylation on histone H4,
and ING4 is required for HBO1 to acetylate on H4 as well
as on H2A, so the complex of HBO1 and ING4 may be
responsible for histone acetylation and modification of
chromatin.

ING4 and HIF-1

Relationships between ING4 and other factors have eluci-
dated some of the mechanistic detail behind ING4 and
cancer progression. HIF-1 is responsible for sustaining
cellular proliferation under hypoxic conditions, including
in the hypoxic interior of tumors. Inappropriate expression
and activity have been linked to the induction of the
expression of genes promoting cancer invasion and
metastasis [86]. ING4 associates with the HIF prolyl
hydroxylase and has been found to affect the activity of
HIF-1 [87]. Under normoxic conditions, the von Hippel-
Lindau tumor suppressor gene (pVHL) contributes to the
degradation of the o-subunit of HIF-1, whereas during
hypoxia, this does not occur and HIF-1 levels build up [87].
pVHL causes degradation of HIF-la during normoxia
through the hydroxylation of proline residues, which are
modified by HIF prolyl hydroxylases. Ozer et al. [87] found

that Nip3 and adenylate kinase 3 (AK3) expression, two
genes regulated by HIF-1, increased under hypoxic con-
ditions, but increased to a greater extent when ING4 was
knocked down. ING4 affected HIF-1 activity since nuclear
HIF-1 levels did not differ between knockdowns and
controls. When ING4 and the HIF prolyl hydroxylase were
expressed in bacteria and incubated together, they migrated
through a size exclusion column in a complex. Also, they
compared the effect of ING4 siRNA knockdown in cells
either stably or transiently transfected with an HIF-
responsive luciferase reporter driven by HIF-responsive
elements. ING4 knockdown cells stably transfected with
the HIF-responsive luciferase reporter had increased
HIF-responsive luciferase reporter activity under hypoxic
conditions compared to controls, while no differences were
observed between ING4 knockdown cells and control cells
transiently transfected with the HIF-responsive luciferase
reporter. This suggests that ING4 may suppress HIF-1
activity by recruiting chromatin-remodeling factors since
chromatin-remodeling factors would not have any effect on
the transcription of transiently transfected DNA, but would
influence the transcription of stably transfected (chromo-
somal) DNA [87]. This was further confirmed by
chromatin immunoprecipitation (CHIP) assay and ING4,
the prolyl hydroxylase, and a HIF subunit associated with
the HIF-responsive luciferase reporter during hypoxia.
Additionally, ING family members are known to recruit
chromatin-remodeling factors for their transcriptional reg-
ulatory activity [5, 6]. Overall, during hypoxia, HIF prolyl
hydroxylases may recruit chromatin remodeling factors to
HIF target gene promoters through ING4 [87].

Similar results were found in a study examining the
effect of ING4 on proteins implicated in angiogenesis [88].
ING4 knockdown increased HIF-1o nuclear activity during
hypoxia and resulted in increased Nip3 expression, but did
not alter HIF-1o« mRNA expression or nuclear protein
levels. In HIF-10/ING4 double knockdowns, the previously
observed effects of increases in the expression of HIF-1o
target genes interleukin 8 (IL-8) and osteopontin (OPN)
upon ING4 knockdown during hypoxia were not observed.
This suggests that ING4 acts through HIF-1 to regulate the
expression of HIF-1 target genes. Similar to the findings by
Ozer and colleagues [86], Colla et al. [88] demonstrated
through co-immunoprecipitation that ING4 directly inter-
acts with the HIF prolyl hydroxylase in the nucleus. Thus,
ING4 has a suppressive effect on HIF-1 activity during
hypoxia by inducing chromatin modification via binding to
HIF prolyl hydroxylase. This is thought to be the potential
second function of the prolyl hydroxylase, which is also
involved in regulating HIF-1 degradation depending on
oxygen status. The HIF prolyl hydroxylase recruits ING4
to HIF-1. ING4 then recruits transcriptional repressors to
HIF-1, and these repressors exert effects during HIF-1
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regulation of HIF-1 target gene expression. Alternatively,
ING4-prolyl hydroxylase interaction might stabalize
HIF-1-prolyl hydroxylase interaction, physically blocking
recruitment of HIF-1 coactivators [86].

ING4, NF-kB, and MMPs

ING4 has been found to interact with proteins other than
HIF-1 that are involved in cancer invasion and metastasis
and the mechanism by which ING4 influences cancer
progression is likely dependent on the specific cellular
environment. ING4 directly interacts with the p65 subunit
of NF-«B in glioma cells [89]. Like HIF-1, NF-«xB regu-
lates a number of the key factors implicated in tumor
progression. Garkavtsev et al. found that reducing the
expression of ING4 in U87 glioma cells increased the
expression of IL-6, IL-8, Cox-2, and colony-stimulating
factor 3, which are responsive to NF-xB [89]. Furthermore,
NF-xB-responsive genes were overexpressed in ING4
knockdowns in vivo. Increased IL-8 protein was found in
tumor xenografts from mice injected with ING4 knock-
down U87 cells. ING4 was also found to physically interact
with NF-xB by co-immunoprecipitation [89], suggesting
that ING4 may act as a repressor for the transcriptional
factor NF-«B.

ING4-H3K4me3 binding may be responsible for this
transcriptional repression of NF-kB-responsive genes by
ING4 [90]. ING4 and NF-xB bind at the promoter sites of
NF-kB-regulated genes [90]. Moreover, this binding is
associated with decreased acetylated histones and
H3K4me3 in glioma cells. These results suggest that ING4
binds to, but does not affect the activation or DNA-binding
ability of NF-xB. By binding to NF-xB, ING4 decreases
the activity of NF-«xB, reducing the expression of NF-«xB
inducible genes responsible for cancer progression.
RT-PCR confirmed that ING4 inhibits Cox-2 and MMP-9
mRNA expression [90]. ING4 expression did not affect the
ability of NF-«xB p65 to bind to Cox-2 and MMP-9 pro-
moters, but increased ING4 expression reduced the amount
of phosphorylated p65 at the Cox-2 promoter and inhibited
p65—p300 interaction while promoting HDAC-1 recruit-
ment. ING4 is also present at the Cox-2 and MMP-9
promoters and reduces histone acetylation at both pro-
moters. Interestingly, this effect is opposite to what was
observed by Hung et al. [85] who found that ING4 stim-
ulated histone acetylation relating to the fact that ING4
seems to act as a transcriptional activator to inhibit
anchorage-independent growth in breast cancer cells while
it acts as a transcriptional repressor during NF-xB inter-
action in glioma cells [90]. In addition, ING4 inhibits RNA
Pol II phosphorylation most likely through a reduction of
pTef-b since expression of the two subunits of pTef-b,
cyclin T1 and CDK9, was inhibited by ING4 expression at

NF-kB-regulated promoters. CHIP assay confirmed that
ING4 was present at promoters containing H3K4me3 and
also, at the Cox-2 promoter, increased ING4 binding was
associated with decreased H3K4me3, and the extent of
histone methylation can regulate gene transcription. Taken
together, these results suggest that ING4 disrupts NF-xB
activity by modifying local chromatin through the reduc-
tion of histone acetylation via HDAC-1 recruitment and
also through the reduction of histone methylation via
decreased H3K4me3.

Two other groups provided evidence for the effect of
ING4 expression on MMP levels [76, 79]. Xie et al. [79]
examined the effect of adenovirus-mediated delivery of
ING4 in A549 human lung carcinoma cells as a potential
lung cancer therapy. Apart from ING4s effect of
downregulating CD34 expression and the expression of
proangiogenic cytokines IL-6 and IL-8, ING4 overexpres-
sion resulted in a reduction in the number of invasive A549
cells in a Transwell assay compared to control vector
expressing A549 cells. Furthermore, ING4-overexpressing
A549 cells had decreased MMP-2 and MMP-9 expression
compared to controls as determined by RT-PCR, implying
that cells with lower ING4 expression have a greater
capacity for degradation of the basement membrane and
subsequent metastasis. We also found that increased ING4
expression decreased the activity of MMP-2 and MMP-9 in
melanoma cells [76]. Zymography revealed that MMP-2
activity was reduced by 25% in ING4-overexpressing cells
and MMP-9 activity was reduced by 61%. Using the
Boyden chamber assay, we indeed found that cells with
high ING4 had a 43% reduction in invasion compared to
vector transfected controls.

Cell migration is a key step for cancer invasion and
metastasis. We found that ING4 inhibits melanoma cell
migration [76]. Using the wound healing assay, we found
that control MMRU melanoma cells healed the wound after
24 h, while ING4-overexpressing cells could not migrate to
heal the wound. ING4 overexpression decreased MMRU
cell migration by 63%. We also performed experiments to
elucidate mechanistic detail of the processes involved
through the examination of the RhoA-ROCK pathway,
implicated in stress fiber reorganization. Rho GTPases are
involved in controlling cellular protrusions during cell
migration [91]. As determined by the RhoA pull-down
assay, ING4 overexpressing cells had decreased RhoA
expression, and this was related to decreased stress fiber
formation. Also, treatment with a ROCK (Rho-associated
coil-containing protein kinase) inhibitor eliminated this
effect. Since we previously demonstrated that NF-«B p50
enhances melanoma cell migration by increasing RhoA
activity [92], it is reasonable to assume that ING4
may inhibit RhoA/ROCK-dependent cell migration by
suppressing NF-kB activity.
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ING4 and p53

ING4 may inhibit cancer invasion and metastasis by
interacting with p53 as it has been shown that ING4 binds
to p53 and enhances its activity [93]. pS3 inhibits cancer
cell migration by regulating the RhoA-ROCK pathway.
Gadea et al. [91] found that p53-deficient fibroblasts
displayed greater amoeboid-like motion, indicative of
enhanced RhoA activity, and GTP-bound RhoA expression
levels were increased in these cells. This was dependent on
the activity of ROCK, and p53-deficient cells lost the
ability to invade Matrigel upon either RhoA or ROCK
inhibition. Similar results were seen in melanoma. Since
ING4 increased p53 Lys-382 acetylation and interacted
with p53 in vivo [93], it is possible that ING4 may exert
effects on p53 to regulate cell migration via RhoA-ROCK
signaling. However, Kim et al. [83] found that ING4
inhibited T47D breast cancer cell growth in soft agar as
previously mentioned, and this cell line has non-functional
p53. Therefore, ING4 also acts independently of p53 with
respect to cancer progression.

INGS and cancer progression

Perhaps the least is known regarding the fifth member of
the ING family of tumor suppressors, mapped to chromo-
some 2q37.3 [2] in cancer invasion and metastasis. One
study found that ING5 is located within a preferentially
deleted region in oral cancer specimens [94]. Along with
ING4, Shiseki et al. [93] found that p28INGS5 physically
interacts with p53 and p300 and enhances p53 activity.
Since p53 regulates a number of proteins responsible for
aspects of invasion and metastasis, it is likely that INGS5
expression may also influence these factors through p53.
INGS enhanced p53 acetylation at Lys-382 and since post-
translational modifications are thought to modify p53
function, ING5 may modify p53 via Lys-382 acetylation.
INGS5 was found to bind to p300, part of the HAT com-
plexes that are responsible for both histone acetylation and
the acetylation of other proteins such as p53. Also, ING5
overexpression activated the p21Wafl promoter in RKO
cells expressing p53, but not in RKO-E6 cells. Since
p21Wafl is a pS53-regulated gene, ING5 expression influ-
ences pS53 activity.

Mechanisms of action

INGI behaves as a tumor suppressor in cancers of breast
[36], stomach [23], leukemia [25], liver [27], as well as
melanoma [38], although ING1 expression was not corre-
lated with overall and metastasis-free survival in patients
with Dukes’C colorectal cancer [37]. ING2 behaves as an
oncogene in colon cancer [46], but as a tumor suppressor in

HNSCC [47], melanoma [48] and BCC [51]. Investigations
in HNSCC and melanoma have revealed ING3 as a
potential invasion and metastasis suppressor [55, 72], and
ING4 was found to be a tumor progression suppressor in
myeloma, breast cancer, melanoma, glioma, lung carci-
noma, cervical cancer, and colon carcinoma [76, 79, 83,
87-89, 95]. Finally, INGS status in cancer invasion and
metastasis is less clear, and no study directly relates ING5
expression to cancer, although it has been linked to p53 in
colon carcinoma [93]. The role of each ING protein in
cancer progression is summarized in Table 1. It seems that
the status of ING proteins in cancer invasion and metastasis
is dependent on the type of malignancy, subcellular
localization, extent of degradation, interaction with other
proteins including HIF-1, NF-«B and p53, and to a lesser
extent, ING gene mutation.

ING interaction with H3K4me3, HIF-1,
NF-xB, and p53

ING family members exert effects on invasion and metas-
tasis both through interaction with nuclear proteins and
subsequent transcriptional regulation as well as through
interaction with cytoplasmic proteins. ING proteins regulate
transcription through H3K4me3 binding via NF-xB,
through HIF-1 during hypoxia, and by influencing p53/
RhoA-ROCK activity. NF-xB binds to the ING2 promoter
regulatory region, increasing ING2 expression. ING2 then
binds to H3K4me3 at the promoter sites of NF-xB-regulated
genes, recruiting chromatin remodeling factors to the pro-
moters, thus activating gene transcription (Fig. 1b) [46].
ING2 acts as an oncogene in this case, and MMP-13
expression as well as cellular capacity for invasion and
metastasis increases. This may be related to the physical
structure of ING2 as ING2 has a greater ability to bind
H3K4me3 which is associated with transcriptional activa-
tion. On the other hand, the PHD finger of ING4 is also
capable of binding to H3K4me3, but this tends to suppress
invasion and metastasis. ING4 binds to H3K4me3 and
HBOI resulting in H4 acetylation and subsequent inhibition
of anchorage-independent growth [85]. Surprisingly, ING4
seems to have the opposite effect during interaction with
NF-xB at NF-xB-regulated promoters. Interaction between
NF-xB and ING4 at the Cox-2 and MMP-9 promoters results
in decreased H3K4me3 and subsequent reduced Cox-2
and MMP-9 expression (Fig. 1c). ING4 decreases p300—
p65 interaction in favor of HDAC-1 recruitment and reduces
the amount of phosphorylated p65 at NF-xB-regulated
promoters resulting in a less metastatic cellular phenotype
[90]. Next, ING4 recruits chromatin-remodeling factors to
HIF-1 via the HIF prolyl hydroxylase during hypoxia
repressing transcription (Fig. 1d) [87]. Also, the p53/RhoA-
ROCK pathway implicated in stress fiber formation and
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Table 1 Summary of ING family effects on cancer progression
Member ING expression Progression implication Study type Cancer type Reference
ING1 Low Lymph node metastasis In vivo Breast [36]
Low Tumor progression In vivo Melanoma [38]
Low Distant metastasis In vivo Stomach [23]
High Lymph node metastasis In vivo OScC [39]
ING2 Low Metastasis In vivo Melanoma [48]
High Invasion In vitro Colorectal [46]
ING3 Low Metastasis In vivo Melanoma [55]
Low TNM stage In vivo HNSCC [72]
ING4 Low NF-kB activity In vitro/in vivo Glioma [89]
Low HIF-1 activity In vitro Cervical [87]
Low HIF-1 activity In vitro Myeloma [88]
Low Migration In vitro Colon [95]
Low Metastasis In vivo Melanoma [76]
High p53 Activity In vitro Colon [93]
High Metastasis In vitro Breast [83]
High Migration In vitro Colon [95]
High Invasion, migration In vitro Melanoma [76]
High Invasion In vitro Glioma [90]
High Invasion In vitro Lung [79]
ING5 High p53 Activity In vitro Colon [93]

OSCC oral squamous cell carcinoma, HNSCC head and neck squamous cell carcinoma

metastasis may be dependent on ING4 and INGS5 [93]. p53
inhibits RhoA-ROCK activity, which decreases stress fiber
formation, amoeboid motion, and ultimately cellular
migration. Since ING4 also inhibits RhoA-ROCK activity
[76] and ING4/INGS enhance p53 activity [93], these two
ING members may suppress cell migration via p53.

ING mutation, allelic loss, and degradation

Other potential mechanisms implicated in the control of
cancer progression include ING protein degradation and to
a lesser extent, ING gene mutation and allelic loss. ING1
mutations do not occur often and do not greatly contribute
to the loss of functional cellular ING1 [2]. Loss of an ING2
locus in HNSCC is associated with worse tumor stage [50],
relating ING2 gene alteration to cancer progression. Loss
of ING2 may also have an effect on genomic stability and
DNA repair [7], and there is the potential for disruption of
progression-related genes in cells poorly expressing ING2
(Fig. 1a). Also, frequent LOH in the ING3 gene region is
observed in HNSCC [73]. Allelic loss of ING4 is observed
in HNSCC biopsies, breast cancer cell lines, and primary
breast tumors [78, 83], and the ING5 locus may be pref-
erentially deleted in oral cancer biopsies [94].

The degradation of ING proteins may also be respon-
sible for the loss of ING protein observed in many cancers,
and this may be related to cancer progression. This is

especially true for ING3 as Skp2-dependent ING3 degra-
dation by the ubiquitin-proteasome pathway is responsible
for the loss of cellular ING3 in melanoma cells [56].

Subcellular localization and mislocalization

Since the physical structure of the ING family of tumor
suppressors suggests that their activity takes place in the
nucleus, increased nuclear expression of ING family
members would be expected to inhibit cancer invasion and
metastasis. Loss of nuclear ING1 and increased cytoplas-
mic INGI1 expression is related to increased metastasis,
suggesting that shuttling of ING1 from the nucleus to the
cytoplasm may be implicated in cancer progression [38,
39]. INGI interacts with PINCH in the cytoplasm at sites of
cellular adhesion [39]. This has the effect of increasing
invasion and metastasis potential. Additionally, loss of
nuclear ING2 and ING3 is associated with increased met-
astatic phenotype in melanoma and this was related to
increased cytoplasmic expression of ING3 suggesting the
shuttling of ING3 from the nucleus into the cytoplasm in
cancer cells [48, 55].

Despite the nature of the physical structures of ING
family members, not all of their cancer progression sup-
pressive actions are observed in the nucleus. It has been
found that increased cytoplasmic ING expression in certain
cancer types reduces cancer metastasis. Specifically, this is
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true for ING2 and ING4. ING4 splice variants without
complete NLSs may exert suppressive effects on cancer
progression in the cytoplasm [96]. Moreover, ING4 has
been found to interact with cytoplasmic proteins implicated
in cell motility and cancer metastasis including liprin a1,
and ING4 interacts with liprin «l in the cytoplasm to
decrease progression capacity [95]. In fact, liprin «1 may
play a role in shuttling nuclear ING1 into the cytoplasm,
although this is only speculation. ING2 was found pri-
marily in the nucleus in colon cancer and acts as an
oncogene involved in chromatin remodeling [46]. Overall,
it seems that increased nuclear expression of ING1, ING3,
and ING4 reduce cancer invasion and metastasis potential.
However, cytoplasmic expression of ING4 may also sup-
press cancer progression.

Conclusion

The role of the ING family of tumor suppressors in cancer
invasion and metastasis is important to consider in addition
to their role in cell cycle regulation, apoptosis, and DNA
repair, and has implications for novel cancer therapy
development. Although continued investigation is required,
especially for ING2, 3, and 5, significant differences do
exist among ING family members and among different
isoforms. The effect of ING proteins in cancer progression
depends on subcellular localization, extent of degradation,
cancer type, general mechanism of action including either
interaction with cytoplasmic proteins or proteins involved
in chromatin modification, and specific mechanism of
action including whether the member acts as a transcrip-
tional activator or suppressor.

Since many of the differences observed among ING
family members as well as the differential activity of a
number of the ING members in different cancer types are
unexplained, investigations examining the expression level
of ING proteins in large numbers of tumor biopsies, in vitro
studies dissecting the molecular pathways involved in
cancer cell migration and invasion, and in vivo animal
model investigations of cancer progression should be car-
ried out. These systemic approaches would give some
insight as to the exact role and the molecular mechanism of
ING proteins in cancer invasion and metastasis. Elucida-
tion of the mechanistic details behind the ING family of
proteins and cancer progression could potentially lead to
the design of enhanced cancer risk screening protocols and
treatment regimens.
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