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Abstract: The proteins belonging to the inhibitor of growth (ING) family of proteins serve as
epigenetic readers of the H3K4Me3 histone mark of active gene transcription and target histone
acetyltransferase (HAT) or histone deacetylase (HDAC) protein complexes, in order to alter local
chromatin structure. These multidomain adaptor proteins interact with numerous other proteins to
facilitate their localization and the regulation of numerous biochemical pathways that impinge upon
biological functions. Knockout of some of the ING genes in murine models by various groups has
verified their status as tumor suppressors, with ING1 knockout resulting in the formation of large
clear-cell B-lymphomas and ING2 knockout increasing the frequency of ameloblastomas, among other
phenotypic effects. ING4 knockout strongly affects innate immunity and angiogenesis, and INGs1,
ING2, and ING4 have been reported to affect apoptosis in different cellular models. Although ING3
and ING5 knockouts have yet to be published, preliminary reports indicate that ING3 knockout
results in embryonic lethality and that ING5 knockout may have postpartum effects on stem cell
maintenance. In this review, we compile the known information on the domains of the INGs and the
effects of altering ING protein expression, to better understand the functions of this adaptor protein
family and its possible uses for targeted cancer therapy.
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1. Introduction

In the last decade, thanks largely to advancements in sequencing and array technologies,
there has been significant progress in understanding the role of the epigenome in human diseases,
including cancer [1-3]. The term epigenetics was first used and defined by Conrad Waddington in
1942. Although many definitions of epigenetics now exist, it is now most commonly used to describe
reversible alterations in chromatin. In particular, the term refers to chromatin-based events that can
serve to regulate DNA-directed processes without altering the primary sequence [4]. A more recently
coined definition for the term epigenetics that is widely used is as follows: “the study of phenomena
and mechanisms that cause chromosome-bound, heritable changes to gene expression that are not
dependent on changes to DNA sequence” [5]. The subject of this review is how the ING proteins
function primarily as epigenetic regulators.

The gene expression pattern of a cell is affected by unique and heritable chromatin modifications.
These modifications occur either on the histone octamers around which DNA wraps to form nucleosomes
to be organized into chromatin, or on the DNA itself [6-8]. There are several mechanisms which
can change gene expression by altering DNA structure. The most common epigenetic changes occur
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directly on DNA (DNA methylation) and on different core histones. The H2A, H2B, H3, and H4
histones are known to be modified by methylation, acetylation, ubiquitylation, sumoylation, and
biotinylation at lysine residues, in addition to phosphorylation, ADP-ribosylation, butyrylation,
propionylation, and other modifications [9,10]. For DNA methylation, methyl groups are deposited
by DNA methyltransferase enzymes on carbon five of a cytosine (forming 5-methylcytosine (5mC)),
mostly within CpG dinucleotides. These domains that are rich in modifiable cytosine residues are
named CpG islands. This process generally inhibits gene expression by preventing the binding of
transcriptional factors to specific areas, or by creating sites that are recognized by transcriptional
repressors [11,12].

Histone methylation is the transfer of a methyl group to a lysine or arginine on histone tails by
histone methyltransferases (HMT) proteins, with histone demethyltransferases (HDMTs) reversing
the process. Lysine residues show three levels of methylation states that include monomethylation,
dimethylation, or trimethylation, while arginine is capable of being monomethylated or dimethylated.
Methylation happens mostly on the tails of histone H3 and H4 that are accessible at the edges of
nucleosomes [13,14]. Lysine methylation has a wide range of possible effects on gene expression,
and it varies according to the residues being methylated. This modification can lead to either the
activation or repression of transcription. As an example, methylation at H3K4 and H3K36 residues
most often activates transcription, while methylation at H3K9, H3K27, H3K79, and H4K20 residues
usually reduces local transcription [15].

Another major histone modification is the acetylation of lysine residues. This process is coordinated
by lysine or histone acetyl transferase (KAT or HAT) and lysine or histone deacetylase (KDAC or
HDAC) proteins. The addition of an acetyl group to the histone tails, like methylation, helps to
neutralize the positive charge on lysine and loosens its interaction with DNA, opening up chromatin,
which allows for the recruitment of chromatin remodelers and transcription factors, and usually
increases gene expression [16]. In this review, we explore what is known regarding the functions of
the inhibitor of growth family of proteins (ING1-ING5), which plays key roles in regulating histone
acetylation through the recruitment of different HAT and HDAC complexes to lysine residues in
nucleosomes that are marked by methylation.

2. A PHD for RegulatING Histone Acetylation

The INGs contain multiple domains and motifs that target different chromatin domains,
through which they target associated multiprotein complexes to function as epigenetic regulators
(Figure 1). These proteins are considered type II tumor-suppressor proteins since they are frequently
downregulated in different cancers but are infrequently mutated [7,16]. They are also involved in
several different biological processes, such as cell growth, senescence, apoptosis, and differentiation,
due to their effects on chromatin remodeling [17-21].

INGs are core components and stoichiometric members of histone acetyl transferase (HAT) or
histone deacetylase (HDAC) complexes, among others [22,23]. Using their plant homeodomains
(PHDs), they bind to the histone H3K4me3 mark and direct HAT or HDAC enzymes to the chromatin
region in the mark’s proximity [24,25]. INGs 1 and 2 recruit the Sin3A HDAC complex, while INGs 3-5
recruit different HAT complexes [7,24-26]. All INGs encode a conserved plant-homeodomain (PHD)
form of zinc finger, located in their carboxyl regions (Figure 1). This domain binds to histone 3 lysine 4
(H3K4), and its affinity increases with increased methylation status of this amino acid: ING PHDs
bind H3K4Me3 with approximately 10-fold more avidity than to H3K4Me2, which is bound about
10-fold more avidly than monomethyl H3K4 [27]. The H3K4me3 mark of active transcription is most
frequently found near gene-promoter regions and downstream of transcription start sites. The binding
of ING proteins to this mark helps to define the acetylation status of histone tails, which subsequently
affects the activation or silencing of growth-inhibitory or pro-proliferative genes [19,28]. The PHD
domain encodes a zinc-finger that is highly conserved among the ING proteins, with 78% sequence
identity among its members [8,20].
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Figure 1. Domains of ING protein isoforms. ING proteins are well conserved throughout evolution.
The plant homeodomain (PHD) allows these proteins to bind to the H3K4me3 histone mark and is
present in all INGs. The lamin interacting domain (LID) is important so they can interact with lamin A
and, at least for ING1, maintain nuclear morphology. Located within the nuclear localization sequence
(NLS) that promotes translocation of the ING proteins to the nucleus by binding the karyopherin
proteins are small, basic nucleolar targeting sequences (NTS). These direct ING1 to the nucleoli under
conditions of stress, which promotes apoptosis. The NLS can also bind the p53 tumor suppressor.
Proliferating cell nuclear antigen protein (PCNA) has been shown to bind specifically to ING1b via the
PCNA-interacting protein (PIP) motif, and this interaction is also important for promoting apoptosis
in response DNA-damage-induced stress. The polybasic region (PBR) is present only in ING1 and
ING2. This motif can interact with both bioactive signaling phospholipids (PIs) and ubiquitin (Ub),
the latter of which might serve to stabilize multi-monoubiquitination p53. The function of the partial
bromodomain (PBD) has not been defined, but like the leucine zipper-like (LZL) region, may promote
ING protein multimerization and/or interaction with other members of the HAT and HDAC complexes
that ING proteins target to the H3K4Me3 histone mark.
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The ING proteins also contain a nuclear localization signal (NLS) domain, a lamin interaction
domain (LID), and, with the exception of ING1, a leucine zipper-like region (LZL). The LID is a unique
feature of the ING family within the human proteome and is responsible for allowing interaction
with the intermediate filaments formed by lamin-A within the nucleus [21,29,30]. ING1 protein
lacking the LID could not interact with lamin-A and also had a much lower capacity for inducing
apoptosis in HEK293 cells. The interaction of ING1 with lamin A is partly responsible for the nuclear
localization of ING1, and disruption of this interaction induces cellular phenotypes reminiscent of the
laminopathy called Hutchinson—Gilford progeria syndrome, in which the mutated lamin A protein
called progerin alters gene expression, causing a segmental premature-aging phenotype [31]. The LZL
domain, which is present in all INGs except ING1, is important for the interaction between ING2
and the Sin3A-HDAC1/2 complex. This interaction was shown to be important for regulating the
differentiation of C2C12 myoblast cells into myotubes [32].

INGs 1 and 2 contain some other domains not present in other family members. For example,
directly adjacent to the PHD, they have a polybasic region (PBR) that has the capacity to bind to
stress-inducible and highly bioactive phospholipids. The interaction between ING2 and the ephemeral
signaling lipid phosphatidylinositol 5-phosphate (PtdIns(5)P) strongly affects the ability of ING2 to
inhibit cell growth in a p53-sensitive manner [24,26,33]. The PBR also serves as a ubiquitin-interacting
motif or UIM, binding ubiquitin and perhaps serving to stabilize monoubiquitinated lysine residues in
different proteins, such as p53, with which INGI1 interacts and stabilizes to promote its activity as a
tumor suppressor [34].

Only ING1b of the ING family contains a proliferating-cell nuclear antigen (PCNA)-interacting
protein (PIP) motif that interacts with PCNA in response to UV-induced DNA damage. The interaction
occurs in a region of PCNA where the cyclin-dependent kinase inhibitors p16 and p21 and other
proteins interact competitively with the PIP [28].

The roles of the ING proteins in experimental cellular contexts have become much better defined
in the last decade. However, our understanding of how these translate to whole-organism biology
is not currently clear for ING family members, although several groups have reported the effects of
knocking out different ING proteins in mice. Here, we discuss the phenotype of ING family knockouts
and speculate on the possible phenotypes of those not yet reported, based upon preliminary data and
reports of their cellular phenotypes.

3. ING1: PreventING Abnormal Growth

INGI1 (inhibitor of growth 1) was the first member of the ING family to be described. It was
initially discovered through PCR-mediated subtractive hybridization as a gene that was downregulated
in transformed breast cancer cells compared to normal breast epithelial cells [35]. INGI is located near
the telomere of chromosome 13q34. The ING1 gene encodes four variants, although p33ING1b and
p47INGla are dominantly expressed (Figure 1). All isoforms share the domains noted in Figure 1,
but isoforms differ at their amino termini and show very distinct biochemical effects. While ING1a
rapidly inhibits growth and induces senescence by activating the retinoblastoma (Rb) tumor suppressor
pathway, ING1b has been reported to also induce senescence but has strong effects in regulating
apoptosis, hormonal effects, and the DNA damage response [36-38].

ING1 is a subunit of the Sin3A HDAC1/2 corepressor, a conserved protein complex that represses
actively transcribed genes through interaction with their promoter regions and removal of the
acetylation mark on the neighboring area [29]. ING1 also physically interacts with and regulates
other proteins and epigenetic modifiers, including ras, p300, p16, p53, and DNA methyltransferase
1 associated protein (DMAP1), as well as serving a role in directing Gadd45a DNA demethylation
function. As an example, ING1b and p300 can bind to the p16 promoter, upregulating its expression by
acetylating that region and consequently inducing cellular senescence [35,36,38]. Thus, besides the
recruitment of the HDAC1/2 complex and silencing of genes, ING1 can also function as an activator
by physically interacting with other proteins and altering their function. Due to the high degree of
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similarity between INGs 1 and 2 and the fact that they are capable of occupying the same HDAC
complex, there is evidence that in the depletion of one of them, the expression levels of the other
increases in a presumably compensatory mechanism to keep the Sin3A deacetylation machinery
working properly [30-33,39].

ING1 was isolated as a type-II tumor suppressor since its expression was downregulated in
a panel of breast cancers. This was also seen later in a variety of tumors including lymphoblastic
leukemia, neuroblastoma, melanoma, lung, ovarian, brain, gastric, colorectal, head and neck, pancreatic,
prostate, and breast cancer by man independent groups [7]. Low ING1 expression was not correlated
with mutations but rather with reduced protein production and/or increased protein degradation.
This suggests that ING1 expression may be modified via epigenetic alterations or by post-translational
modifications that lead to an alteration in its half-life as reported for ING2 [40]. Ectopic overexpression
of ING1 was found to cause cell cycle arrest, inhibition of metastasis and in vivo it reduced breast
cancer cell-induced mortality in murine models [36,41]. Consistent with function as a tumor suppressor,
INGI1 knockdown in vitro promoted neoplastic transformation [35,42].

ING1 deficient mice were first generated by targeted disruption of the exon that is common for
all INGI transcripts. The initial morphological, histopathological, and hematological examinations
showed no apparent abnormalities in homozygous knockouts compared to wild type, with the
exception of a reduction in body weight. They also showed a slight reduction in viable progeny,
suggesting that ING1 loss affects development [43]. Although ING1-deficient and wild-type mouse
embryo fibroblasts (MEFs) showed similar responses to acute exposure to UV-B, gamma radiation and
chemotherapeutic drugs, ING1-deficient animals did not survive daily low doses of gamma radiation
while the wild-type control animals did. Such sensitization suggests that a DNA repair function of
ING1 cannot be compensated for by other proteins. When the chronically exposed ING1-deficient mice
reached 15 months, they developed enlarged spleens and B-cell lymphoma localized to their lymph
nodes, lungs, livers, and kidneys [43].

An independent ING1 knockout deleting the exon encoding the ING1b isoform was obtained
and used to examine the function of ING1b and its relation to p53. That study showed that although
p37ING1Db deletion in MEFs increased cell growth, the effect was independent of p53, as MEFs lacking
p53 also increased proliferation in response to ING1b deletion [44]. Furthermore, ING1b deletion did
not rescue the p53-dependent embryonic lethality observed in Mdm2-null mice [44].

A later study done by the same group in which they generated p37ING1b and p53-double null mice
showed that the deletion of p53 accelerated large, clear-cell B-cell lymphoma formation and reduced
lifespan in ING1 null animals [45]. This suggested that p37ING1b and p53 cooperate to suppress
B-cell tumorigenesis and despite the mechanistic importance of p53 mutation in the formation of these
lymphomas, this role was independent of ING1b. Examination of the expression pattern of ING1
in early development by immunohistochemistry also suggested a role for ING1 in developmentally
regulated apoptosis, since areas known to undergo high rates of apoptosis also expressed high levels
of ING1 [46].

4. ING2: ControlING Spermatogenesis and Tumor Growth

The second member of the ING family, ING2, has the highest sequence identity (~70%), with ING1
among the different ING family members [47], which suggests that they were derived from a common
ancestor. ING2 has two splicing isoforms, ING2a and ING2b. ING2b lacks the N-terminal region that
is responsible for most of the reported ING2a functions (Figure 1). The degree of similarity between
INGI1 and ING2 led to ING2’s classification as a type-II-tumor-suppressor protein.

Like ING1, ING2 is also a part of the Sin3A HDAC1/2 complex [22]. It regulates the transcriptional
activity of p53 through the acetylation of p53 at Lys-382, possibly by the recruitment of HAT complexes,
such as p300, and affects histone deacetylation through recruiting the HDAC1 complex and specifically
binding to the histone H3K4Me3 histone mark via its conserved PHD domain [48]. ING2 binding
recruits the associated Sin3A HDAC complex to nearby histones in the same and adjacent nucleosomes,



Cancers 2019, 11, 1817 60of 17

promoting the deacetylation of lysine residues [22]. Like ING1, ING2 also appears to be linked to
P53 activity, since p53 binds directly to the promoter region of ING2, perhaps explaining the altered
levels of ING2 in various malignancies [49]. However, ING2 expression profiles in cancers might be
cancer- type-specific, as it is highly expressed in Burkitt’s lymphoma, cervical cancer, and colorectal
cancer [7,50], suggesting a role as a candidate oncogene. Recently, it was reported that ING2 is the
major cellular target of the HDAC inhibitor (HDACi) Vorinostat, also known as SAHA, which is
the first HDAC] to be approved for treatment in various type of malignancies [51]. In human
gastric cancer, the depletion of ING2 caused G0/G1 cell cycle arrest and reduced invasive behavior
of cells, suggesting that it acts also as an oncogene for gastric cancers [52]. Furthermore, ING2
can ablate the expression of the candidate proto-oncogene CIP2A, whereas transcription of matrix
metalloproteinase 13 (MMP13) can be activated or repressed by ING2, depending on the cancer type
analyzed, thereby regulating tumor invasiveness [7,50]. These observations and others lead to the
conclusion that ING2 can act both as a tumor suppressor or oncogene, depending on the species and
biological context.

Mice lacking ING2 as a consequence of targeted germline disruption were found to be viable,
with no visible abnormalities. The percentage of ING2—/— progeny in a heterozygous cross was
approximately 17%, showing a decrease from the expected Mendelian ratio of 25%. Thus, ING2
deficiency appears to slightly compromise embryonic and/or prenatal development. In addition,
ING2-deficient males were found to be infertile, which correlated with significantly smaller testes.
Further analyses showed that the loss of ING2 caused spermatogenesis defects, where spermatocytes
in the seminiferous tubules of ING2-deficient males underwent meiotic arrest, resulting in quantitative
and qualitative defects in mature spermatozoa [53]. It was suggested that the spermatogenesis defect
caused by ING2 deficiency could be due to the disruption of stage-specific histone modifications,
similar to what happens to SIRT1 knockout animals. Both SIRT1 and ING2 are proteins involved in
regulating the HDAC1 transcriptional repressive activity [53,54]. These modifications are coordinated
by the H3K4me3-ING2-HDAC1 complex. Moreover, ING2 deficiency activated apoptosis mechanisms
in the testes in a p53-dependent and -independent manner for the animals with a double KO ING2/p53.
Furthermore, the abnormalities detected for p53/ING2 knockout males were not as pronounced as
those in males deficient in ING2 only. The authors concluded that p53 deficiency could partially rescue
the pathological changes caused by deletion of ING2. Overall, it was suggested that ING2 function on
spermatogenesis is dependent on both its regulatory effect on chromatin and its functional interaction
with p53 [53].

Unlike INGI knockout mice that had reduced body size [43], ING2 knockouts grew at normal rates.
While ING1-deficient mice had elevated incidences of B-cell lymphomas, histopathological analysis of
two-year-old ING2 knockouts showed a higher incidence of soft tissue sarcomas that preferentially
increased in males for currently unknown reasons [53].

5. ING3: A distINGuished Member of the ING Family

Among the five ING proteins, ING3 has the most distinctive amino acid sequence and can be
thought of as the most primordial member of the family. ING1/2 and ING4/5 show higher degrees of
similarity, while ING3 not only features exclusive long uncharacterized amino acid regions, but it is also
the only ING gene that is not located near the ends of chromosomes near telomeric DNA regions [22,30].
ING3 is a core member of the NuA4-Tip60 MYST-HAT complex [29]. This complex is responsible for
the acetylation of histones H2A and H4 [55]. Considering the fact that histone acetylation, along with
the recognition of the H3K4me3 mark, is generally associated with the activation of transcription,
ING3 likely acts as a transcriptional activator, differing from INGs 1 and 2, which are highly involved
with transcriptional suppression.
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The expression of ING3 was found to be silenced and/or downregulated in a number of tumors,
such as hepatocellular carcinoma, head and neck squamous cell carcinoma, and melanoma. It is
considered a strong tumor-suppressor candidate gene due to its role in ATM signaling and DNA
repair, preventing cancer initiation and progression [56], in addition to promoting cell cycle arrest and
apoptosis by blocking the PI3K/AKT pathway in gastric cancer [57]. In contrast, other studies have
reported that ING3 acts as an oncoprotein, stimulating tumor growth and activating the androgen
receptor in prostate cancer [58,59]. A role in monocyte to dendritic cell differentiation was also reported
due to targeting of ING3 by miR-21 [60].

ING3 mutant mice were generated by insertional mutagenesis, using a UbC-mCherry expression
cassette that disrupted expression of the endogenous ING3 gene. Homozygous ING3 knockout
embryos display severe growth retardation and are half the size of heterozygous and wild-type
embryos, which culminates in early embryonic lethality. A uCT analysis of E10.5 embryos showed
developmental defects in the closure of the prosencephalon in mid-gestation of homozygous
knockouts [61]. Preliminary data showed that ectopic expression of ING3 can rescue the homozygous
lethal phenotype observed in embryos at the age of 10.5 days, providing strong evidence of ING3’s
role in maintaining normal embryonic development, especially concerning the growth of the fetal
brain. The ING3-knockout mice are the only knockouts to be found lethal among the other ING
family members, and there is a possibility that this might be due to its unique sequence and predicted
structural characteristics and/or the key role played by proper targeting of the Tip60 HAT complex that
INGS3 is thought to target to the H3K4Me3 histone mark [29].

6. ING4: SupressING NF-«B

ING4 and ING5 exhibit an amino acid identity of >67%, and they both associate with
the MYST-HBO1 histone acetyltransferase complex [62,63]. As the other INGs, ING4 is an
H3K4Me3-histone-mark sensor and a core member of the HBO1-JADE-hEAF6 complex [63-65].
This complex coordinates the acetylation of different lysine residues, as well as the activation of
transcription factors, such as p53 and/or repression in the case of NF-«kB [66-68]. Furthermore, because
ING4 binds to the HBO1 and JADE proteins, it activates the transcription of genes promoting erythroid
development by acetylation of H3K14 [28]. The same study also noted that an intact ING4-HBO1
complex was essential for cells to progress through the S phase of the cell cycle and that this requirement
is dependent on p53 physically interacting with, and inhibiting, HBO1 HAT activity [28].

INGH4 is post-transcriptionally regulated by miR-214 and miR-650 in a number of tumors; it is
downregulated or lost in leukemia, liver, lung, gastric, and pancreatic cancer [7]. In vivo and in vitro
studies have reported that ING4 functions in pathways important for cancer hallmarks, such as
cell-cycle arrest, apoptosis, autophagy, contact inhibition, hypoxic adaptation, tumor angiogenesis,
invasion, and metastasis [69,70]. Other studies have identified ING4 expression as a significant
biomarker in melanoma. In a clinical trial, the BRMS1 drug inhibited metastasis by suppressing NF-kB
activity and IL-6 expression, while inducing the expression of ING4, pointing to its possible role as a
tumor suppressor in melanomas [71]. ING4 was also reported to drive prostate luminal epithelial cell
differentiation by targeting Miz1 [72]. ING4 expression also correlated with lymph node metastasis
in lung [73], colorectal [74], ovarian [75], and clear-cell renal carcinomas [76] and was implicated in
prostate epithelial cell differentiation, where loss of ING4 increased the levels of myc-induced prostate
oncogenesis [77].

Interactions between ING4 and the NF-«B signaling pathway have been shown by several different
groups [67]. For example, coimmunoprecipitation experiments in a glioma cell line indicated a physical
interaction to occur between ING4 and RelA, the large subunit of NF-«B [78]. Consistent with this,
deletion of ING4 promoted tumor vascularization in SCID mice and reduced expression of several
NF-«B target genes involved in angiogenesis. It is believed, based on knockdown and overexpression
experiments in gliomas, that ING4 interacts with the NF-kB complex by binding to RelA, leading to
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the downregulation of NF-kB target genes, which reinforces the idea that ING4 shows characteristics
of a tumor suppressor [79].

Although several transcripts have been reported for human ING4, only one ING4 transcript is
observed in mice [63]. Using a retroviral trap insertion in the ING4 locus of mice, an ING4 null mouse
line was generated, and the mice were phenotypically indistinguishable from their wild-type littermates
and recovered within the expected Mendelian ratios. Thus, unlike the other INGs, ING4 does not
appear to contribute to development in mice [80]. In addition, ING4 knockouts were fully viable,
which contrasts to ING1 and ING2 knockout animals. Also, these mice did not form spontaneous
tumors upon aging, indicating that ING4 does not play an important role in suppressing spontaneous
tumorigenesis in mice.

After LPS (lipopolysaccharide) injection, which is known to activate the NF-«B signaling cascade via
the TLR4 receptor, culminating in an inflammatory cytokine production and lethal shock, ING4-deficient
mice were hypersensitive compared to their parental strain, with more than half showing morbidity at
lower doses of LPS. Several, but not all, cytokines that are regulated by the NF-«B pathway were also
significantly higher after treatment in ING4 null mice, indicating that NF-«B activity is upregulated
in these mice. Mice lacking ING4 also exhibited an increase in RelA-NF-«B binding to DNA in
macrophage nuclear extracts, and ChIP analysis also confirmed increased binding of RelA to relevant
NF-«kB target promoters in the knockout mice. Therefore, ING4 appears to inhibit nuclear RelA levels,
inhibiting NF-kB binding to responsive promoters, which was consistent with prior studies in vitro.
Furthermore, ChIP analysis showed that ING4 is not essential for acetylation of H4 located on the
promoters of cytokines like IL-6, which can be activated by increased RelA activity, even in the absence
of ING4. Thus, with the loss of ING4 in LPS-treated macrophages, there was increased NF-«kB-induced
IkB expression [80]. In summary, this knockout model highlights the importance of ING4 as a governor
of inflammatory response in mice to bacterial components such as LPS, and that this happens through
the ability of ING4 to suppress NF-«kB activation of cytokine genes in stimulated macrophages.

7. ING5: DifferentiatING Stem Cells

Stem cell differentiation and dedifferentiation are largely regulated by epigenetic processes. One of
the key factors that helps to define cell fate is chromatin reorganization and remodeling [81]. It has been
shown by our group and others that the ING proteins, as essential growth regulators and endogenous
epigenetic factors, are linked to different stem cell differentiation processes. For example, ING4 is
important in prostate epithelial cell differentiation; loss of ING4 in this process will increase levels of
myc-dependent prostate oncogenesis [77]. ING3 was also reported to be an oocyte-reprogramming
factor [82], while ING2 is connected to myogenic differentiation mediated by the Sin3A-HDAC1
complex [32].

The ING5 protein has been implicated in different stem cell differentiation mechanisms.
For example, in mesenchymal stem cells, INGS5 levels are regulated by miR-193, and this regulation
controls CDK2-mediated proliferation [83]. Along with four other proteins, ING5 was detected as
part of a network that controls differentiation of epidermal stem cells under physiological conditions,
using an unbiased screen [18,84]. These studies indicated that the spliceosome interactor ZMAT?2 is at
the center of a network and that it associates with and regulates levels of transcripts encoding proteins
involved in cell adhesion, with ING5 coregulating the epidermal stem cell differentiation process.

Our group has reported that ING5 levels in embryonic stem cell lines and in cancer stem cells
(CSCs) decrease as these cell types differentiate. We initially found that Ing5 is highly expressed in
ESCs and that it rapidly decreases as cells differentiate. We also conducted studies to understand
the influence of ING5 on brain tumor initiating cell (BTIC) differentiation and self-renewal. BTICs
are primary cultures of cancer stem cells derived from glioblastoma patients. In a recent study [85],
we reported that the INGS5 levels in BTICs show the same behavior as in the ESCs tested previously,
dropping rapidly as these cells differentiate. ING5 appears causal in this process, since we noted
that, if ING5 is overexpressed, these cells form larger spheres and maintain their ability to self-renew,
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suggesting an increase in their stem-cell-like characteristics, while knockdown of this protein results in
a higher percentage of differentiated cells that lose stem cell properties.

INGS interacts with the MOZ/Morf and the HBO1 HAT complexes, which can lead to the acetylation
of histones H3 or H4, depending on which complex is recruited [86]. Both these complexes have been
implicated in different stem cell regulatory mechanisms. Two independent knockout mouse lines
generated for the monocytic leukemia zinc finger (MOZ) protein showed that knockout mice for this
gene could not finish development and would die on embryonic day 15 (E15). The knockout embryos
exhibited numerous defects in their hematopoietic stem cell (HSC) lineage. The lineage-committed
progenitors and B lineage cells were severely reduced in number and showed an arrest of erythroid
maturation. Fetal liver cells deficient in MOZ were incapable of reconstituting hematopoiesis after
being transplanted, suggesting that MOZ is crucial for fundamental growth properties of hematopoietic
stem cells (HSCs) [87,88].

Key functions for MOZ were also identified in neural stem cells (NSCs), where it was needed for
controlling proliferation of both HSCs and NSCs. This appeared to occur through MOZ regulating
repression of the p16ING4a cyclin-dependent kinase inhibitor. In the absence of MOZ, the stem and
progenitor cell populations underwent premature replicative senescence consistent with the MOZ-HAT
complex silencing expression of p16INK4a and blocking the induction of senescence [89].

In leukemia, it is known that the MOZ locus can be rearranged by an inversion that generates
fusion proteins with TIF2 (transcription intermediary factor 2), a known partner of the p300/CBP
HAT complex [90,91]. This fusion was subsequently shown to be responsible for maintaining the
self-renewal of leukemic stem cells as long as the MYST domain of the MOZ protein was intact [92,93].

There are also reports indicating that the MOZ-related factor (MORF) protein independently
impacts stem cells. MOREF is highly expressed in neurogenic regions of the developing and adult
brain [94] and may serve as a marker for NSCs. For example, 10% of cells with the highest protein levels
of MOREF in the subventricular zone in mice showed long-term self-renewal, multipotency, and the
expression of other characteristic markers for NSCs, such as NESTIN and CD133 [95]. The HBO1
protein is another possible HAT that can interact with ING5 [96,97]. In a knockout animal model,
this protein has been described as essential for maintaining H3K14 acetylation during development.
The changing of acetylation patterns of several “housekeeping” genes (i.e., SOX1, SOX2, NOTCH1,
and Tbx) led to the arrest of development at the 10-somite stage, when blood vessels, mesenchyme,
and somites were disorganized [97].

To date, there has been no murine knockout reported for ING5. However, based on the data
that our lab and others have provided regarding ING5 activity in different stem cell populations and
studies showing how important the MOZ/MORF and HBO1 complex are for embryonic development
and in different stem cells, we expect a knockout model for ING5 to show stem cell deficiencies.
The phenotype might not be lethal, since ING4 can also interact with the HBO1 complex 88 and might
be able to partially compensate by exerting some INGS5 functions. This type of mechanism is not
uncommon in the ING family and has been seen between INGs 1 and 2, which can both target the
Sin3a HDAC1 complex [7,22]. In a recent study, it was also shown that ING4 and ING5 can form
dimers, indicating that these proteins might exhibit crosstalk at the pathway level to make some of
their functions redundant [96].

INGS interacts with both MOZ/MORF and HBO1, while ING4 was only detected binding to the
HBO1 complex [63,64,86]. Therefore, for the ING5 knockout we expect a phenotype that would affect
different stem cell populations, such as epidermal stem cells, NSCs, or HSCs, because these populations
were noted to be affected by the knockout of the MOZ/MOREF proteins that interact with ING5, but not
ING4 proteins.
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8. Discussion and Conclusions

After a little over two decades of studying the ING proteins, we have now developed a much
broader understanding of this protein family’s function and activity in mammals and those of its
homologs in other organisms [46]. As with other epigenetic readers, ING protein activities vary
according to cell and organ type, affecting a wide range of systems, such as the immune system,
spermatogenesis, and stem cell differentiation in epithelial tissue. ING3 appears to play a most central
role, being essential for embryonic development in mice (Table 1 and Figure 2). We now know that the
INGs can be targeted for the purpose of cancer therapy, as is the case for ING2 and Vorinostat, and the
development of new drugs capable of interfering with epigenetic pathways regulated by the INGs
appears to be promising targets for future studies. Given that the ING proteins impinge upon many
essential and nonessential biochemical pathways, it seems likely that additional compounds capable of
altering the activity of protein complexes targeted by the INGs may show efficacy for treating different
cancer types.

Enlarged spleen;

Multiple B cell ymphomas
Ing1 KO

Embryonically lethal

Spermatogenesis defects

Hypersensitivity to LPS injection
and high levels of morbidity
from hyperactivation of NF- kB
pathway

t
Expected defects in
Ing5 KO? | different stem cell

populations

Figure 2. Schematic figure showing the major phenotypes involved in the knockout animals for
all the Ing proteins. Even though Ing proteins are relatively similar, their knockout phenotypes
varied widely according to the protein deleted. ING1 knockout mice presented with reduced body
sized, enlarged spleens and multiple B cells lymphomas. ING2 defective animals had deficient
spermatogenesis. ING3 is the only Ing protein that was embryonically lethal, possibly because it is
the most primordial of the family. ING4 mice were hypersensitive to LPS injection and presented
problems with innate immunity. Lastly, there are still no knockouts for ING5, but based on the recent
studies made in vitro that implicate ING5 in different stem cells processes, we expect to encounter
some type of stem cell defect in these animals, possibly presenting as early age stem cell depletion or
organogenesis defects.
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Table 1. A summary of the most important ING protein functions from in vitro cell studies and known knockout (KO) phenotypes in mice. Knockouts for ING1,
ING2, and ING4 have been reported. Knockouts for ING3 and ING5 have been produced but not yet reported. The ING3 knockout is the only one to prove to be
embryonic lethal.

ING Protein

Cellular Functions

Knockout Phenotype

ING1

ING2

ING3

ING4

ING5

ING1b: Activation of apoptosis via interaction with p53 or via intrinsic apoptosis pathway 90
Downregulated in several cancers (leukemia, ovarian, gastric, colorectal, etc.) [7]

Interaction with lamin-A to maintain nuclear morphology [98]

Overexpression of human INGI causes cell-cycle arrest in the G1 and S-phase [35,99]

Regulates miRNA expression signatures [98,100]

Acts at early stages of the DNA damage response activating a variety of repair mechanisms [38,101]
Recruitment of the HDAC1 complex to the H3K4me3 mark [26]

ING1a: Expression induced by stress-response, leads to senescence induction via Rb tumor
suppressor pathway [36]

Downregulated in several cancers (hepatocellular carcinoma, lung cancer, and head and neck
squamous cell carcinoma) [7]

Upregulated in colon cancer and Burkitt lymphoma [7,50]

Downregulation is caused by p53 binding to its promoter [47]

Recruitment of the HDAC1 complex to the H3K4me3 mark [22]

Important to muscle differentiation 24

Required for the initial DNA damage sensing and chromatin regulation in the nucleotide excision
repair process [102,103]

Member of the NuA4-Tip60 HAT Complex [29]

Silenced in some cancers like ovarian and head and neck squamous cell carcinoma [7,104,105]
Upregulated in prostate cancer, important for the signaling of the androgen receptor pathway [59]
Required for ATM signaling in double strand breaks response [56]

Downregulated in several tumor (breast, gastrointestinal, lung, etc.) [64,106]
Member of the HB01-JADE-hEAF6 complex [63]

Induces p53 mediated apoptosis [66]

Required for cells to progress through the S phase [107]

Disruption of ING4 caused prostate epithelial differentiation and oncogenesis [72,77]
Downregulated in several tumors (HNSCC, acute myeloid leukemia) [7,108]
Upregulated in gastric and colon cancers [108,109]

Component of both the HBO1-MYST and the MOZ/MOREF [22,107]

Induces cell cycle arrest and apoptosis when overexpressed in some cancer cells [110]
Essential for epithelial stem cells differentiation [18,84]

Regulates brain-tumor-initiating cell differentiation [85]

Reduction in body weight and size

Reduction in progeny that did not follow the mendelian ratios, indicating
possible role in development [43]

Problems in DNA damage response

Enlarged spleen with multiple B-cell lymphomas [45]

Deletion of p53 along with ING1 KO greatly accelerated tumor formation
and reduced lifespan [44]

Adult mice had no visible abnormalities

Slight deviation from the mendelian ratio

Spermatogenesis defects

Activation of p53-dependent and independent mechanisms of apoptosis in
the testes

Males showed higher incidences of soft tissue sarcomas [53]

KO is embryonically lethal at day 10.5, most likely due to abnormal brain
development [61]

Severe growth retardation and are half the size of heterozygous and wild
type embryos

Ectopic expression was able to rescue WT normal phenotype [61]
Increased tumor vascularization in transplanted SCID mice

No visible phenotype, and the Mendelian ratio was observed

Do not form spontaneous tumors upon aging

Hypersensitivity to LPS injection exhibiting high levels of morbidity
through hyperactivation of the NF-kB pathway [80]

There are no knockout animals for ING5 yet

We speculate that a KO animal for ING5 would present defects on different
stem cell populations

Due to the known activities of ING5 on epithelial stem cells and its
associated complexes on different stem cell types




Cancers 2019, 11, 1817 12 of 17

Author Contributions: Providing the initial draft, A.D. and B.A.S.; writing the manuscript, A.D., B.A.S,, Y.Y,,
AN., D.F, and K.R; providing Figure 1, Y.Y,; providing Figure 2, B.A.S.; providing knockout information before
publication, A.N. and D.F.

Funding: This work was supported by a grant to KR from the Canadian Institutes of Health Research (MOP-133646).

Acknowledgments: We thank Remy Pedeux for editorial advice and assistance. Yang Yang is a cotoutelle student
affiliated with both the Depart of Biochemistry and Molecular Biology at the University of Calgary in Calgary,
Canada and the Department of Obstetrics and Gynecology of The First Affiliated Hospital of Harbin Medical
University, Harbin, Heilongjiang, China.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Toh, T.B.; Lim, J.J.; Chow, E.K.H. Epigenetics in cancer stem cells. Mol. Cancer 2017, 16, 1-20. [CrossRef]
[PubMed]

2. Qureshi, LA.; Mehler, M.F. Advances in epigenetics and epigenomics for neurodegenerative diseases.
Curr. Neurol. Neurosci. Rep. 2011, 11, 464-473. [CrossRef] [PubMed]

3. Rosenquist, R.; Esteller, M.; Plass, C. Introduction: Epigenetics in cancer. Semin. Cancer Biol. 2018, 51, iv—v.
[CrossRef] [PubMed]

4. Nicoglou, A.; Merlin, F. Epigenetics: A way to bridge the gap between biological fields. Stud. Hist. Philos.
Biol. Biomed. Sci. 2017, 66, 73-82. [CrossRef] [PubMed]

5. Dawson, M.A.; Kouzarides, T. Review Cancer Epigenetics: From Mechanism to Therapy. Cell 2012, 150,
12-27. [CrossRef]

6. Jones, PA.; Baylin, S.B. The fundamental role of epigenetic events in cancer. Nat. Rev. Genet. 2002, 3, 415-428.
[CrossRef]

7. Tallen, G.; Riabowol, K. Keep-ING balance: Tumor suppression by epigenetic regulation. FEBS Lett. 2014,
588,2728-2742. [CrossRef]

8. Turner, B.M. Defining an epigenetic code. Nat. Cell Biol. 2007, 9, 2—6. [CrossRef]

9.  Perrera, V.; Martello, G. How Does Reprogramming to Pluripotency Affect Genomic Imprinting? Front. Cell
Dev. Biol. 2019, 7, 1-16. [CrossRef]

10. Bostick, M.; Kin, ] K,; Esteve, P.--O.; Clark, A.; Pradhan, S.; Jacobsen, S. UHRF1 plays a role in maintaining
DNA methylation in mammalian cells. Science 2007, 317, 1760-1765. [CrossRef]

11. Kaneda, M.; Okano, M.; Hata, K,; Sado, T.; Tsujimoto, H.; Li, E.; Sasaki, H. Essential role for de novo DNA
methyltransferase Dnmt3a in paternal and maternal imprinting. Nature 2004, 429, 900-903. [CrossRef]
[PubMed]

12.  Di Lorenzo, A.; Bedford, M.T. Histone arginine methylation. FEBS Lett. 2011, 585, 2024-2031. [CrossRef]
[PubMed]

13.  Qin, J.; Wen, B; Liang, Y.; Yu, W,; Li, H. Histone Modifications and their Role in Colorectal Cancer (Review).
Pathol. Oncol. Res. 2019. [CrossRef] [PubMed]

14. Berger, S.L. The complex language of chromatin regulation during transcription. Nature 2007, 447, 407—412.
[CrossRef] [PubMed]

15.  Trisciuoglio, D.; Di Martile, M.; Del Bufalo, D. Emerging Role of Histone Acetyltransferase in Stem Cells and
Cancer. Stem Cells Int. 2018, 2018, 1-11. [CrossRef]

16. Guérillon, C.; Larrieu, D.; Pedeux, R. ING1 and ING2: Multifaceted tumor suppressor genes. Cell. Mol. Life
Sci. 2013, 70, 3753-3772. [CrossRef]

17.  Feng, X.; Bonni, S.; Riabowol, K. HSP70 Induction by ING Proteins Sensitizes Cells to Tumor Necrosis Factor
Alpha Receptor-Mediated Apoptosis. Mol. Cell. Biol. 2006, 26, 9244-9255. [CrossRef]

18.  Mulder, KW.; Wang, X.; Escriu, C.; Ito, Y.; Schwarz, R.F,; Gillis, J.; Sirokmany, G.; Donati, G.; Uribe-lewis, S.;
Pavlidis, P; et al. Diverse epigenetic strategies interact to control epidermal differentiation. Nat. Cell Biol.
2012, 14, 753-763. [CrossRef]

19. Bertschmann, J.; Thalappilly, S.; Riabowol, K. The ING1a model of rapid cell senescence. Mech. Ageing Dev.
2019, 177,109-117. [CrossRef]

20. Chen, ].; Tran, U.M.; Rajarajacholan, U.; Thalappilly, S.; Riabowol, K. ING1b-inducible microRNA203 inhibits
cell proliferation. Br. J. Cancer 2013, 108, 1143-1148. [CrossRef]


http://dx.doi.org/10.1186/s12943-017-0596-9
http://www.ncbi.nlm.nih.gov/pubmed/28148257
http://dx.doi.org/10.1007/s11910-011-0210-2
http://www.ncbi.nlm.nih.gov/pubmed/21671162
http://dx.doi.org/10.1016/j.semcancer.2018.07.002
http://www.ncbi.nlm.nih.gov/pubmed/29990621
http://dx.doi.org/10.1016/j.shpsc.2017.10.002
http://www.ncbi.nlm.nih.gov/pubmed/29033228
http://dx.doi.org/10.1016/j.cell.2012.06.013
http://dx.doi.org/10.1038/nrg816
http://dx.doi.org/10.1016/j.febslet.2014.03.011
http://dx.doi.org/10.1038/ncb0107-2
http://dx.doi.org/10.3389/fcell.2019.00076
http://dx.doi.org/10.1126/science.1147939
http://dx.doi.org/10.1038/nature02633
http://www.ncbi.nlm.nih.gov/pubmed/15215868
http://dx.doi.org/10.1016/j.febslet.2010.11.010
http://www.ncbi.nlm.nih.gov/pubmed/21074527
http://dx.doi.org/10.1007/s12253-019-00663-8
http://www.ncbi.nlm.nih.gov/pubmed/31055775
http://dx.doi.org/10.1038/nature05915
http://www.ncbi.nlm.nih.gov/pubmed/17522673
http://dx.doi.org/10.1155/2018/8908751
http://dx.doi.org/10.1007/s00018-013-1270-z
http://dx.doi.org/10.1128/MCB.01538-06
http://dx.doi.org/10.1038/ncb2520
http://dx.doi.org/10.1016/j.mad.2018.06.004
http://dx.doi.org/10.1038/bjc.2013.50

Cancers 2019, 11, 1817 13 of 17

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Gournay, M.; Paineau, M.; Archambeau, J.; Pedeux, R. Regulat-INGs in tumors and diseases: Focus on
ncRNAs. Cancer Lett. 2019, 447, 66-74. [CrossRef] [PubMed]

Doyon, Y.; Cayrou, C.; Ullah, M.; Landry, A.-J.; Co6té, V.; Selleck, W.; Lane, W.S.; Tan, S.; Yang, X.-].; Coté, . ING
tumor suppressor proteins are critical regulators of chromatin acetylation required for genome expression
and perpetuation. Mol. Cell 2006, 21, 51-64. [CrossRef] [PubMed]

Bose, P; Thakur, S.; Thalappilly, S.; Ahn, B.Y.; Satpathy, S.; Feng, X.; Suzuki, K.; Kim, SW.; Riabowol, K.
ING1 induces apoptosis through direct effects at the mitochondria. Cell Death Dis. 2013, 4, €788. [CrossRef]
[PubMed]

Taverna, S.D.; Ilin, S.; Rogers, R.S.; Tanny, ].C.; Lavender, H.; Li, H.; Baker, L.; Boyle, J.; Blair, L.P.; Chait, B.T.T.;
et al. Yngl PHD Finger Binding to H3 Trimethylated at K4 Promotes NuA3 HAT Activity at K14 of H3 and
Transcription at a Subset of Targeted ORFs. Mol. Cell 2006, 24, 785-796. [CrossRef]

Penia, P.V,; Davrazou, F.; Shi, X.; Walter, K.L.; Verkhusha, V.V.; Gozani, O.; Zhao, R.; Kutateladze, T.G.
Molecular mechanism of histone H3K4me3 recognition by plant homeodomain of ING2. Nature 2006, 442,
100-103. [CrossRef]

Kuzmichev, A.; Zhang, Y.; Erdjument-Bromage, H.; Tempst, P.; Reinberg, D. Role of the Sin3-histone
deacetylase complex in growth regulation by the candidate tumor suppressor p33(ING1). Mol. Cell. Biol.
2002, 22, 835-848. [CrossRef]

Li, H.; Ilin, S.; Wang, W.; Duncan, E.M.; Wysocka, J.; Allis, C.D.; Patel, D.]. Molecular basis for site-specific
read-out of histone H3K4me3 by the BPTF PHD finger of NURFE. Nature 2006, 442, 91-95. [CrossRef]
Mishima, Y.; Miyagi, S.; Saraya, A.; Negishi, M.; Endoh, M.; Endo, T.A.; Toyoda, T.; Shinga, J.; Katsumoto, T.;
Chiba, T.; et al. The Hbo1-Brd1/Brpf2 complex is responsible for global acetylation of H3K14 and required
for fetal liver erythropoiesis. Blood 2011, 118, 2443-2453. [CrossRef]

Doyon, Y.; Selleck, W.; Lane, W.S.; Tan, S.; C6té, J.; Co, J. Structural and Functional Conservation of the NuA4
Histone Acetyltransferase Complex from Yeast to Humans. Mol. Cell. Biol. 2004, 24, 1884-1896. [CrossRef]
He, G.H.Y,; Helbing, C.C.; Wagner, M.].; Sensen, C.W.; Riabowol, K. Phylogenetic analysis of the ING family
of PHD finger proteins. Mol. Biol. Evol. 2005, 22, 104-116. [CrossRef]

Han, X.; Feng, X.; Rattner, ].B.; Smith, H.; Bose, P.; Suzuki, K.; Soliman, M.A.; Scott, M.S.; Burke, B.E.;
Riabowol, K. Tethering by lamin A stabilizes and targets the ING1 tumour suppressor. Nat. Cell Biol. 2008,
10, 1333-1340. [CrossRef] [PubMed]

Eapen, S.A.; Netherton, S.J.; Sarker, K.P.; Deng, L.; Chan, A.; Riabowol, K.; Bonni, S. Identification of a novel
function for the chromatin remodeling protein ING2 in muscle differentiation. PLoS ONE 2012, 7, e40684.
[CrossRef] [PubMed]

Kaadige, M.R.; Ayer, D.E. The Polybasic Region That Follows the Plant Homeodomain Zinc Finger 1 of Pf1
Is Necessary and Sufficient for Specific Phosphoinositide Binding. J. Biol. Chem. 2006, 281, 28831-28836.
[CrossRef] [PubMed]

Satpathy, S.; Nabbi, A.; Riabowol, K. RegulatING chromatin regulators: Post-translational modification of
the ING family of epigenetic regulators. Biochem. J. 2013, 450, 433-442. [CrossRef]

Garkavtsev, I.; Kazarov, A.; Gudkov, A.; Riabowol, K. Suppression of the novel growth inhibitor p33ING1
promotes neoplastic transformation. Nat. Genet. 1996, 14, 415-420. [CrossRef]

Soliman, M.A.; Berardi, P; Pastyryeva, S.; Bonnefin, P; Feng, X.; Colina, A.; Young, D.; Riabowol, K. ING1la
expression increases during replicative senescence and induces a senescent phenotype. Aging Cell 2008, 7,
783-794. [CrossRef]

Soliman, M.A.; Riabowol, K. After a decade of study-ING, a PHD for a versatile family of proteins.
Trends Biochem. Sci. 2007, 32, 509-519. [CrossRef]

Scott, M.; Bonnefin, P; Vieyra, D.; Boisvert, EM.; Young, D.; Bazett-Jones, D.P.; Riabowol, K. UV-induced
binding of ING1 to PCNA regulates the induction of apoptosis. J. Cell Sci. 2001, 114, 3455-3462.

Russell, M.; Berardi, P.; Gong, W.; Riabowol, K. Grow-ING, Age-ING and Die-ING: ING proteins link cancer,
senescence and apoptosis. Exp. Cell Res. 2006, 312, 951-961. [CrossRef]

Gozani, O.; Karuman, P; Jones, D.R.; Ivanov, D.; Cha, J.; Lugovskoy, A.A.; Baird, C.L.; Zhu, H,; Field, S.J.;
Lessnick, S.L.; et al. The PHD Finger of the Chromatin-Associated Protein ING2 Functions as a Nuclear
Phosphoinositide Receptor. Cell 2003, 114, 99-111. [CrossRef]


http://dx.doi.org/10.1016/j.canlet.2019.01.006
http://www.ncbi.nlm.nih.gov/pubmed/30673590
http://dx.doi.org/10.1016/j.molcel.2005.12.007
http://www.ncbi.nlm.nih.gov/pubmed/16387653
http://dx.doi.org/10.1038/cddis.2013.321
http://www.ncbi.nlm.nih.gov/pubmed/24008732
http://dx.doi.org/10.1016/j.molcel.2006.10.026
http://dx.doi.org/10.1038/nature04814
http://dx.doi.org/10.1128/MCB.22.3.835-848.2002
http://dx.doi.org/10.1038/nature04802
http://dx.doi.org/10.1182/blood-2011-01-331892
http://dx.doi.org/10.1128/MCB.24.5.1884-1896.2004
http://dx.doi.org/10.1093/molbev/msh256
http://dx.doi.org/10.1038/ncb1792
http://www.ncbi.nlm.nih.gov/pubmed/18836436
http://dx.doi.org/10.1371/journal.pone.0040684
http://www.ncbi.nlm.nih.gov/pubmed/22808232
http://dx.doi.org/10.1074/jbc.M605624200
http://www.ncbi.nlm.nih.gov/pubmed/16893883
http://dx.doi.org/10.1042/BJ20121632
http://dx.doi.org/10.1038/ng1296-415
http://dx.doi.org/10.1111/j.1474-9726.2008.00427.x
http://dx.doi.org/10.1016/j.tibs.2007.08.006
http://dx.doi.org/10.1016/j.yexcr.2006.01.020
http://dx.doi.org/10.1016/S0092-8674(03)00480-X

Cancers 2019, 11, 1817 14 of 17

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Thakur, S.; Feng, X.; Qiao Shi, Z.; Ganapathy, A.; Kumar Mishra, M.; Atadja, P.; Morris, D.; Riabowol, K. ING1
and 5-azacytidine act synergistically to block breast cancer cell growth. PLoS ONE 2012, 7, 1-12. [CrossRef]
[PubMed]

Goeman, F,; Thormeyer, D.; Abad, M.; Serrano, M.; Schmidt, O.; Palmero, I.; Baniahmad, A. Growth Inhibition
by the Tumor Suppressor p33INGI in Immortalized and Primary Cells: Involvement of Two Silencing
Domains and Effect of Ras. Mol. Cell. Biol. 2005, 25, 422-431. [CrossRef] [PubMed]

Kichina, J.V.,; Zeremski, M.; Aris, L.; Gurova, K.V,; Walker, E.; Franks, R.; Nikitin, A.Y.; Kiyokawa, H.;
Gudkov, A.V. Targeted disruption of the mouse ing1 locus results in reduced body size, hypersensitivity to
radiation and elevated incidence of lymphomas. Oncogene 2006, 25, 857-866. [CrossRef] [PubMed]

Coles, A.H.; Liang, H.; Zhu, Z.; Marfella, C.G.A.; Kang, ].; Imbalzano, A.N.; Jones, S.N. Deletion of p37Ing1
in mice reveals a p53-independent role for Ingl in the suppression of cell proliferation, apoptosis, and
tumorigenesis. Cancer Res. 2007, 67, 2054-2061. [CrossRef]

Coles, A.H.; Marfella, C.G.A.; Imbalzano, A.N.; Steinman, H.A.; Garlick, D.S.; Gerstein, R.M.; Jones, S.N.
p37Inglb regulates B-cell proliferation and cooperates with p53 to suppress diffuse large B-cell
lymphomagenesis. Cancer Res. 2008, 68, 8705-8714. [CrossRef]

Shah, S.; Smith, H.; Feng, X.; Rancourt, D.E.; Riabowol, K. ING function in apoptosis in diverse model
systemsThis paper is one of a selection of papers published in this Special Issue, entitled CSBMCB’s 51st
Annual Meeting-Epigenetics and Chromatin Dynamics, and has undergone the Journal’s usual peer review
pro. Biochem. Cell Biol. 2009, 87, 117-125. [CrossRef]

Nagashima, M.; Shiseki, M.; Miura, K.; Hagiwara, K.; Linke, S.P.; Pedeux, R.; Wang, X.W.; Yokota, J.;
Riabowol, K.; Harris, C.C. DNA damage-inducible gene p33ING2 negatively regulates cell proliferation
through acetylation of p53. Proc. Natl. Acad. Sci. USA 2001, 98, 9671-9676. [CrossRef]

Pedeux, R.; Sengupta, S.; Shen, J.C.; Demidov, O.N.; Saito, S.; Onogi, H.; Kumamoto, K.; Wincovitch, S.;
Garfield, S.H.; McMenamin, M.; et al. ING2 Regulates the Onset of Replicative Senescence by Induction of
p300-Dependent p53 Acetylation. Mol. Cell. Biol. 2005, 25, 6639-6648. [CrossRef]

Kumamoto, K.; Spillare, E.A.; Fujita, K.; Horikawa, I; Yamashita, T.; Appella, E.; Nagashima, M.;
Takenoshita, S.; Yokota, J.; Harris, C.C. Nutlin-3a activates p53 to both down-regulate inhibitor of growth
2 and up-regulate mir-34a, mir-34b, and mir-34c expression, and induce senescence. Carncer Res. 2008, 68,
3193-3203. [CrossRef]

Kumamoto, K.; Fujita, K.; Kurotani, R.; Saito, M.; Unoki, M.; Hagiwara, N.; Shiga, H.; Bowman, E.D.;
Yanaihara, N.; Okamura, S.; et al. ING2 is upregulated in colon cancer and increases invasion by enhanced
MMP13 expression. Int. ]. Cancer 2009, 125, 1306-1315. [CrossRef]

Smith, K.T.; Martin-Brown, S.A.; Florens, L.; Washburn, M.P.; Workman, J.L. Deacetylase Inhibitors Dissociate
the Histone-Targeting ING2 Subunit from the Sin3 Complex. Chem. Biol. 2010, 17, 65-74. [CrossRef]
Zhong, J.; Yang, L.; Liu, N.; Zheng, J.; Lin, C.Y. Knockdown of inhibitor of growth protein 2 inhibits cell
invasion and enhances chemosensitivity to 5-fu in human gastric cancer cells. Dig. Dis. Sci. 2013, 58,
3189-3197. [CrossRef] [PubMed]

Saito, M.; Kumamoto, K.; Robles, A.l.; Horikawa, I.; Furusato, B.; Okamura, S.; Goto, A.; Yamashita, T.;
Nagashima, M.; Lee, T.L.; et al. Targeted disruption of ing?2 results in defective spermatogenesis and
development of soft-tissue sarcomas. PLoS ONE 2010, 5, e15541. [CrossRef] [PubMed]

Binda, O.; Nassif, C.; Branton, PE. SIRT1 negatively regulates HDAC1-dependent transcriptional repression
by the RBP1 family of proteins. Oncogene 2008, 27, 3384-3392. [CrossRef] [PubMed]

Squatrito, M.; Gorrini, C.; Amati, B. Tip60 in DNA damage response and growth control: Many tricks in one
HAT. Trends Cell Biol. 2006, 16, 433-442. [CrossRef] [PubMed]

Mouche, A.; Archambeau, J.; Ricordel, C.; Chaillot, L.; Bigot, N.; Guillaudeux, T.; Grenon, M.; Pedeux, R.
ING3 is required for ATM signaling and DNA repair in response to DNA double strand breaks. Cell Death
Differ. 2019, 26, 2344-2357. [CrossRef]

Zhao, S.; Wang, L.; Zhang, C.; Deng, Y.; Zhao, B.; Ren, Y.; Fu, Y.; Meng, X. Inhibitor of growth 3 induces cell
death by regulating cell proliferation, apoptosis and cell cycle arrest by blocking the PI3K/AKT pathway.
Cancer Gene Ther. 2018, 25, 240-247. [CrossRef]

McClurg, U.L.; Nabbi, A.; Ricordel, C.; Korolchuk, S.; McCracken, S.; Heer, R.; Wilson, L.; Butler, L.M.;
Irving-Hooper, B.K.; Pedeux, R.; et al. Human ex vivo prostate tissue model system identifies ING3 as an
oncoprotein. Br. J. Cancer 2018, 118, 713-726. [CrossRef]


http://dx.doi.org/10.1371/journal.pone.0043671
http://www.ncbi.nlm.nih.gov/pubmed/22916295
http://dx.doi.org/10.1128/MCB.25.1.422-431.2005
http://www.ncbi.nlm.nih.gov/pubmed/15601862
http://dx.doi.org/10.1038/sj.onc.1209118
http://www.ncbi.nlm.nih.gov/pubmed/16170338
http://dx.doi.org/10.1158/0008-5472.CAN-06-3558
http://dx.doi.org/10.1158/0008-5472.CAN-08-0923
http://dx.doi.org/10.1139/O08-107
http://dx.doi.org/10.1073/pnas.161151798
http://dx.doi.org/10.1128/MCB.25.15.6639-6648.2005
http://dx.doi.org/10.1158/0008-5472.CAN-07-2780
http://dx.doi.org/10.1002/ijc.24437
http://dx.doi.org/10.1016/j.chembiol.2009.12.010
http://dx.doi.org/10.1007/s10620-013-2796-5
http://www.ncbi.nlm.nih.gov/pubmed/23864195
http://dx.doi.org/10.1371/journal.pone.0015541
http://www.ncbi.nlm.nih.gov/pubmed/21124965
http://dx.doi.org/10.1038/sj.onc.1211014
http://www.ncbi.nlm.nih.gov/pubmed/18193082
http://dx.doi.org/10.1016/j.tcb.2006.07.007
http://www.ncbi.nlm.nih.gov/pubmed/16904321
http://dx.doi.org/10.1038/s41418-019-0305-x
http://dx.doi.org/10.1038/s41417-018-0023-4
http://dx.doi.org/10.1038/bjc.2017.447

Cancers 2019, 11, 1817 15 0f 17

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Nabbi, A.; McClurg, U.L.; Thalappilly, S.; Almami, A.; Mobahat, M.; Bismar, T.A.; Binda, O.; Riabowol, K.T.
ING3 promotes prostate cancer growth by activating the androgen receptor. BMC Med. 2017, 15, 1-14.
[CrossRef]

Cekaite, L.; Clancy, T.; Sioud, M. Increased miR-21 expression during human monocyte differentiation into
DCs. Front. Biosci. 2010, E2, 818-828. [CrossRef]

Fink, D.; Yau, TY.; Nabbi, A.; Wagner, B.; Wagner, C.; Misa Hu, S.T.; Lang, V.; Handschuh, S.; Riabowol, K.;
Riilicke, T. Loss of Ing3 expression results in growth retardation and embryonic death. In Proceedings of the
ECAR Meeting, VetMeduni, Vienna, Austria, 4-6 July 2019.

Feng, X.; Hara, Y.; Riabowol, K. Different HATS of the ING1 gene family. Trends Cell Biol. 2002, 12, 532-538.
[CrossRef]

Palacios, A.; Moreno, A.; Oliveira, B.L.; Rivera, T.; Prieto, J.; Garcia, P.; Fernandez-Fernandez, M.R.;
Bernado, P.; Palmero, I.; Blanco, EJ. The dimeric structure and the bivalent recognition of H3K4me3 by the
tumor suppressor ING4 suggests a mechanism for enhanced targeting of the HBO1 complex to chromatin.
J. Mol. Biol. 2010, 396, 1117-1127. [CrossRef] [PubMed]

Du, Y,; Cheng, Y.; Su, G. The essential role of tumor suppressor gene ING4 in various human cancers and
non-neoplastic disorders. Biosci. Rep. 2019, 39, BSR20180773. [CrossRef] [PubMed]

Saksouk, N.; Avvakumov, N.; Champagne, K.S.; Hung, T.; Doyon, Y.; Cayrou, C.; Paquet, E.; Ullah, M.;
Landry, A.J.; Coté, V.; et al. HBO1 HAT Complexes Target Chromatin throughout Gene Coding Regions via
Multiple PHD Finger Interactions with Histone H3 Tail. Mol. Cell 2009, 33, 257-265. [CrossRef] [PubMed]
Wright, D.G.; Marchal, C.; Hoang, K.; Ankney, J.A.; Nguyen, S.T.; Rushing, A.W.; Polakowski, N.; Miotto, B.;
Lemasson, I. Human T-cell leukemia virus type-1-encoded protein HBZ represses p53 function by inhibiting
the acetyltransferase activity of p300/CBP and HBO1. Oncotarget 2016, 7, 1687-1706. [CrossRef]

lizuka, M.; Sarmento, O.F,; Sekiya, T.; Scrable, H.; Allis, C.D.; Smith, M.M. Hbol Links p53-Dependent Stress
Signaling to DNA Replication Licensing. Mol. Cell. Biol. 2008, 28, 140-153. [CrossRef]

Contzler, R.; Regamey, A.; Favre, B.; Roger, T.; Hohl, D.; Huber, M. Histone acetyltransferase HBO1 inhibits
NF-«B activity by coactivator sequestration. Biochem. Biophys. Res. Commun. 2006, 350, 208-213. [CrossRef]
Lu, L.; Li, J.; Le, Y;; Jiang, H. Inhibitor of growth 4 (ING4) inhibits hypoxia-induced EMT by decreasing
HIF-1x and snail in HK2 cells. Acta Histochem. 2019, 121, 695-703. [CrossRef]

Kuphal, S.; Bosserhoff, A. Reduced expression and novel splice variants of ING4 in human gastric
adenocarcinoma. J. Pathol. 2009, 219, 400-409. [CrossRef]

Li, J.; Li, G. Cell cycle regulator ING4 is a suppressor of melanoma angiogenesis that is regulated by the
metastasis suppressor BRMS1. Cancer Res. 2010, 70, 10445-10453. [CrossRef]

Berger, P.L.; Winn, M.E.; Miranti, C.K. Miz1, a Novel Target of ING4, Can Drive Prostate Luminal Epithelial
Cell Differentiation. Prostate 2017, 59, 49-59. [CrossRef] [PubMed]

Xie, Y.; Zhang, H.; Sheng, W.; Xiang, ]. Adenovirus-mediated ING4 expression suppresses lung carcinoma cell
growth via induction of cell cycle alteration and apoptosis and inhibition of tumor invasion and angiogenesis.
Cancer Lett. 2008, 271, 105-116. [CrossRef] [PubMed]

Lou, C; Jiang, S.; Guo, X. ING4 is negatively correlated with microvessel density in colon cancer. Tumor Biol.
2012, 33, 2357-2364. [CrossRef] [PubMed]

Liu, Y.; Yu, L.; Wang, Y. Expression of tumor suppressor gene ING4 in ovarian carcinoma is correlated with
microvessel density. J. Cancer Res. Clin. Oncol. 2012, 138, 647-655. [CrossRef]

Ren, Y;; Zhao, S.; Chen, H.; Fu, YM.; Zhao, B. Association between the expression of inhibitor of growth family
member 4 and the progression of clear cell renal carcinoma. Oncol. Lett. 2017, 14, 2453-2457. [CrossRef]
Berger, PL.; Frank, S.B.; Schulz, V.V,; Eric, A.N.; Edick, M.].; Holly, B.; Chang, T.-T.A.; Hostetter, G.; Kim, S.;
Miranti, C.K. Transient Induction of ING4 by MYC Drives Prostate Epithelial Cell Differentiation and its
Disruption Drives Prostate Tumorigenesis. Cancer Res. 2014, 74, 3357-3368. [CrossRef]

Garkavtsev, I.; Kozin, S.V.; Chernova, O.; Xu, L. The candidate tumour suppressor protein ING4 regulates
brain tumour growth and angiogenesis. Nature 2004, 428, 328-332. [CrossRef]

Nozell, S.; Laver, T.; Moseley, D.; Nowoslawski, L.; Devos, M.; Atkinson, G.P.; Harrison, K.; Nabors, L.B.;
Benveniste, E.N. The ING4 Tumor Suppressor Attenuates NF- KB Activity at the Promoters of Target Genes.
Mol. Cell. Biol. 2008, 28, 6632—-6645. [CrossRef]


http://dx.doi.org/10.1186/s12916-017-0854-0
http://dx.doi.org/10.2741/e143
http://dx.doi.org/10.1016/S0962-8924(02)02391-7
http://dx.doi.org/10.1016/j.jmb.2009.12.049
http://www.ncbi.nlm.nih.gov/pubmed/20053357
http://dx.doi.org/10.1042/BSR20180773
http://www.ncbi.nlm.nih.gov/pubmed/30643005
http://dx.doi.org/10.1016/j.molcel.2009.01.007
http://www.ncbi.nlm.nih.gov/pubmed/19187766
http://dx.doi.org/10.18632/oncotarget.6424
http://dx.doi.org/10.1128/MCB.00662-07
http://dx.doi.org/10.1016/j.bbrc.2006.09.030
http://dx.doi.org/10.1016/j.acthis.2019.06.005
http://dx.doi.org/10.1002/path.2617
http://dx.doi.org/10.1158/0008-5472.CAN-10-3040
http://dx.doi.org/10.1002/pros.23249
http://www.ncbi.nlm.nih.gov/pubmed/27527891
http://dx.doi.org/10.1016/j.canlet.2008.05.050
http://www.ncbi.nlm.nih.gov/pubmed/18789575
http://dx.doi.org/10.1007/s13277-012-0498-9
http://www.ncbi.nlm.nih.gov/pubmed/23055189
http://dx.doi.org/10.1007/s00432-011-1099-5
http://dx.doi.org/10.3892/ol.2017.6450
http://dx.doi.org/10.1158/0008-5472.CAN-13-3076
http://dx.doi.org/10.1038/nature02329
http://dx.doi.org/10.1128/MCB.00697-08

Cancers 2019, 11, 1817 16 of 17

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Coles, A.H.; Gannon, H.; Cerny, A.; Kurt-Jones, E.; Jones, S.N. Inhibitor of growth-4 promotes IkappaB
promoter activation to suppress NF-kappaB signaling and innate immunity. Proc. Natl. Acad. Sci. USA 2010,
107,11423-11428. [CrossRef]

Nashun, B.; Hill, PW.; Hajkova, P. Reprogramming of cell fate: Epigenetic memory and the erasure of
memories past. Embo . 2015, 34, 1296-1308. [CrossRef]

Awe, J.P; Byrne, J.A. Identifying candidate oocyte reprogramming factors using cross-species global
transcriptional analysis. Cell. Reprogram. 2013, 15, 126-133. [CrossRef] [PubMed]

Wang, J.; Huang, W.; Wu, Y,; Hou, J.; Nie, Y.; Gu, H.; Li, J.; Hu, S.; Zhang, H. MicroRNA-193 Pro-Proliferation
Effects for Bone Mesenchymal Stem Cells After Low-Level Laser Irradiation Treatment Through Inhibitor of
Growth Family, Member 5. Stem Cells Dev. 2012, 21, 2508-2519. [CrossRef] [PubMed]

Tanis, S.E.J.; Jansen, PW.T.C.; Zhou, H.; van Heeringen, S.J.; Vermeulen, M.; Kretz, M.; Mulder, K.W. Splicing
and Chromatin Factors Jointly Regulate Epidermal Differentiation. Cell Rep. 2018, 25, 1292-1303. [CrossRef]
[PubMed]

Wang, F.; Wang, A.Y.; Chesnelong, C.; Yang, Y.; Nabbi, A.; Thalappilly, S.; Alekseev, V.; Riabowol, K. ING5
activity in self-renewal of glioblastoma stem cells via calcium and follicle stimulating hormone pathways.
Oncogene 2017, 37, 286-301. [CrossRef] [PubMed]

Ullah, M.; Pelletier, N.; Xiao, L.; Zhao, S.P.; Wang, K.; Degerny, C.; Tahmasebi, S.; Cayrou, C.; Doyon, Y,;
Goh, S.; et al. Molecular Architecture of Quartet MOZ/MORF Histone Acetyltransferase Complexes. Mol.
Cell. Biol. 2008, 28, 6828-6843. [CrossRef] [PubMed]

Katsumoto, T.; Aikawa, Y.; Iwama, A.; Ueda, S.; Ichikawa, H.; Ochiya, T.; Kitabayashi, I. MOZ is essential for
maintenance of hematopoietic stem cells. Genes Dev. 2006, 20, 1321-1330. [CrossRef]

Thomas, T.; Corcoran, L.M.; Gugasyan, R.; Dixon, M.P,; Brodnicki, T.; Nutt, S.L.; Metcalf, D.; Voss, A.K.
Monocytic leukemia zinc finger protein is essential for the development of long-term reconstituting
hematopoietic stem cells. Genes Dev. 2006, 20, 1175-1186. [CrossRef]

Perez-Campo, EM.; Costa, G.; Lie-a-Ling, M.; Stifani, S.; Kouskoff, V.; Lacaud, G. MOZ-mediated repression
of p16(INK) is critical for the self-renewal of neural and hematopoietic stem cells. Stem Cells 2014, 32,
1591-1601. [CrossRef]

Blanchard, K.L.; Liang, J.; Prouty, L.; Williams, B.].; Dayton, M.A. Acute mixed lineage leukemia with an
inv(8)(p11q13) resulting in fusion of the genes for MOZ and TIF2. Blood 1998, 92, 2118-2122.

Cross, N.C.P,; Carapeti, M.; Aguiar, R.C.T.; Goldman, ].M. A novel fusion between MOZ and the nuclear
receptor coactivator TIF2 in acute myeloid leukemia. Blood 1998, 91, 3127-3133.

Huntly, B.J.P; Deguchi, K.; Lee, B.H.; Duclos, N.; Rowan, R.; Amaral, S.; Curley, D.; Gilliland, D.G;
Shigematsu, H.; Mizuno, S.; et al. MOZ-TIF2, but not BCR-ABL, confers properties of leukemic stem cells to
committed murine hematopoietic progenitors. Cancer Cell 2004, 6, 587-596. [CrossRef] [PubMed]

Deguchi, K.; Ayton, PM.; Carapeti, M.; Kutok, J.L.; Snyder, C.S.; Williams, I.R.; Cross, N.C.P,; Glass, C.K;
Cleary, M.L.; Gilliland, D.G. MOZ-TIF2-induced acute myeloid leukemia requires the MOZ nucleosome
binding motif and TIF2-mediated recruitment of CBP. Cancer Cell 2003, 3, 259-271. [CrossRef]

Thomas, T.; Voss, A.K.; Chowdhury, K.; Gruss, P. Querkopf, a MYST family histone acetyltransferase, is
required for normal cerebral cortex development. Development 2000, 127, 2537-2548. [PubMed]

Sheikh, B.N.; Dixon, M.P.,; Thomas, T.; Voss, A.K. Querkopf is a key marker of self-renewal and multipotency
of adult neural stem cells. J. Cell Sci. 2012, 125, 295-309. [CrossRef]

Ormaza, G.; Rodriguez, J.A.; Ibafiez de Opakua, A.; Merino, N.; Villate, M.; Gorrofio, I.; Rabano, M.;
Palmero, I.; Vilaseca, M.; Kypta, R.; et al. The Tumor Suppressor ING5 Is a Dimeric, Bivalent Recognition
Molecule of the Histone H3K4me3 Mark. J. Mol. Biol. 2019, 431, 2298-2319. [CrossRef]

Kueh, AJ.; Dixon, M.P.;; Voss, A.K.; Thomas, T. HBO1 Is Required for H3K14 Acetylation and Normal
Transcriptional Activity during Embryonic Development. Mol. Cell. Biol. 2011, 31, 845-860. [CrossRef]
Rajarajacholan, U.K.; Thalappilly, S.; Riabowol, K. ING1 regulates rRNA levels by altering nucleolar
chromatin structure and mTOR localization. Nucleic Acids Res. 2017, 45, 1776-1792. [CrossRef]

Li, N.; Li, Q.; Cao, X.; Zhao, G.; Xue, L.; Tong, T. The tumor suppressor p33 ING1b upregulates p16 INK4a
expression and induces cellular senescence. FEBS Lett. 2011, 585, 3106-3112. [CrossRef]

Goémez-Cabello, D.; Callejas, S.; Benguria, A.; Moreno, A.; Alonso, J.; Palmero, I. Regulation of the MicroRNA
Processor DGCRS by the Tumor Suppressor ING1. Mol. Cell. Pathobiol. Regul. 2010, 70, 1866-1875. [CrossRef]


http://dx.doi.org/10.1073/pnas.0912116107
http://dx.doi.org/10.15252/embj.201490649
http://dx.doi.org/10.1089/cell.2012.0060
http://www.ncbi.nlm.nih.gov/pubmed/23458164
http://dx.doi.org/10.1089/scd.2011.0695
http://www.ncbi.nlm.nih.gov/pubmed/22384930
http://dx.doi.org/10.1016/j.celrep.2018.10.017
http://www.ncbi.nlm.nih.gov/pubmed/30380419
http://dx.doi.org/10.1038/onc.2017.324
http://www.ncbi.nlm.nih.gov/pubmed/28925404
http://dx.doi.org/10.1128/MCB.01297-08
http://www.ncbi.nlm.nih.gov/pubmed/18794358
http://dx.doi.org/10.1101/gad.1393106
http://dx.doi.org/10.1101/gad.1382606
http://dx.doi.org/10.1002/stem.1606
http://dx.doi.org/10.1016/j.ccr.2004.10.015
http://www.ncbi.nlm.nih.gov/pubmed/15607963
http://dx.doi.org/10.1016/S1535-6108(03)00051-5
http://www.ncbi.nlm.nih.gov/pubmed/10821753
http://dx.doi.org/10.1242/jcs.077271
http://dx.doi.org/10.1016/j.jmb.2019.04.018
http://dx.doi.org/10.1128/MCB.00159-10
http://dx.doi.org/10.1093/nar/gkw1161
http://dx.doi.org/10.1016/j.febslet.2011.08.044
http://dx.doi.org/10.1158/0008-5472.CAN-09-2088

Cancers 2019, 11, 1817 17 of 17

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Thalappilly, S.; Feng, X.; Pastyryeva, S.; Suzuki, K.; Muruve, D.; Larocque, D.; Richard, S.; Truss, M.;
von Deimling, A.; Riabowol, K.; et al. The p53 tumor suppressor is stabilized by inhibitor of growth 1 (ING1)
by blocking polyubiquitination. PLoS ONE 2011, 6, €21065. [CrossRef]

Wang, J.; Chin, M.Y; Li, G. The novel tumor suppressor p33ING2 enhances nucleotide excision repair via
inducement of histone H4 acetylation and chromatin relaxation. Cancer Res. 2006, 66, 1906-1911. [CrossRef]
[PubMed]

Bua, D.J.; Martin, G.M.; Binda, O.; Gozani, O. Nuclear phosphatidylinositol-5-phosphate regulates ING2
stability at discrete chromatin targets in response to DNA damage. Sci. Rep. 2013, 3, 2137. [CrossRef]
[PubMed]

Lu, M,; Chen, F,; Wang, Q.; Wang, K.; Pan, Q.; Zhang, X. Downregulation of inhibitor of growth 3 is correlated
with tumorigenesis and progression of hepatocellular carcinoma. Oncol. Lett. 2012, 4, 47-52. [CrossRef]
[PubMed]

Yang, H.Y,; Liu, H.L,; Tian, L.T.; Song, R.P; Song, X; Yin, D.L.; Liang, Y.J.; Qu, L.D,; Jiang, H.C.; Liu, J.R.; et al.
Expression and prognostic value of ING3 in human primary hepatocellular carcinoma. Exp. Biol. Med. 2012,
237,352-361. [CrossRef] [PubMed]

Raho, G.; Miranda, C.; Tamborini, E.; Pierotti, M.A.; Greco, A. Detection of novel mRNA splice variants of
human ING4 tumor suppressor gene. Oncogene 2007, 26, 5247-5257. [CrossRef]

Shiseki, M.; Nagashima, M.; Pedeux, R.M.; Kitahama-Shiseki, M.; Miura, K.; Okamura, S.; Onogi, H.;
Higashimoto, Y.; Appella, E.; Yokota, ].; et al. p29ING4 and p28INGS5 bind to p53 and p300, and enhance p53
activity. Cancer Res. 2003, 63, 2373-2378.

Li, X,; Kikuchi, K.; Takano, Y. ING Genes Work as Tumor Suppressor Genes in the Carcinogenesis of Head
and Neck Squamous Cell Carcinoma. J. Oncol. 2011. [CrossRef]

Xing, Y.N.; Yang, X.; Xu, X.Y.; Zheng, Y.; Xu, H.M.; Takano, Y.; Zheng, H.C. The altered expression of ING5
protein is involved in gastric carcinogenesis and subsequent progression. Hum. Pathol. 2011, 42, 25-35.
[CrossRef]

Zhang, F.; Biumer, N.; Rode, M.; Ji, P.,; Zhang, T.; Berdel, W.E.; Miiller-Tidow, C. The inhibitor of growth
protein 5 (ING5) depends on INCA1 as a co-factor for its antiproliferative effects. PLoS ONE 2011, 6, e21505.
[CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1371/journal.pone.0021065
http://dx.doi.org/10.1158/0008-5472.CAN-05-3444
http://www.ncbi.nlm.nih.gov/pubmed/16488987
http://dx.doi.org/10.1038/srep02137
http://www.ncbi.nlm.nih.gov/pubmed/23823870
http://dx.doi.org/10.3892/ol.2012.685
http://www.ncbi.nlm.nih.gov/pubmed/22807958
http://dx.doi.org/10.1258/ebm.2011.011346
http://www.ncbi.nlm.nih.gov/pubmed/22550337
http://dx.doi.org/10.1038/sj.onc.1210335
http://dx.doi.org/10.1155/2011/963614
http://dx.doi.org/10.1016/j.humpath.2010.05.024
http://dx.doi.org/10.1371/journal.pone.0021505
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	A PHD for RegulatING Histone Acetylation 
	ING1: PreventING Abnormal Growth 
	ING2: ControlING Spermatogenesis and Tumor Growth 
	ING3: A distINGuished Member of the ING Family 
	ING4: SupressING NF-B 
	ING5: DifferentiatING Stem Cells 
	Discussion and Conclusions 
	References

