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Abstract 

ING genes belong to family of tumor suppressor genes with regulatory functions on cell proliferation, apoptosis, and 
cellular senescence. These include a family of proteins with 5 members (ING1-5), which are downregulated in human 
malignancies and/or affected by pathogenic mutations. ING proteins are highly evolutionarily conserved proteins 
containing several domains through which bind to chromatin structures by exerting their effects as readers of histone 
modification marks, and also binding to proteins like p53 involved in biological processes such as cell cycle regulation. 
Further, they are known as subunits of histone acetylation as well as deacetylation complexes and so exert their regu‑
latory roles through epigenetic mechanisms. Playing role in restriction of proliferative but also invasive potentials of 
normal cells, INGs are particularly involved in cancer development and progression. However, additional studies and 
experimental confirmation are required for these models. This paper highlights the potential impact that INGs may 
have on the development of human cancer and explores what new information has recently arise on the functions of 
ING genes.
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Introduction
The family of tumor suppressors known as the Inhibitor 
of Growth (ING) proteins has five conserved genes in 
humans and mice, with the majority of these genes gen-
erating several proteins via alternative splicing [1]. The 
key factors encouraging cancer formation and progres-
sion are the inactivation of some genes and the activation 
of others [2, 3]. Notably, 3 categories of gene sets playing 
role in critical cellular functions are known to be affected 

by accumulating mutations and involved in human 
malignancies.

Accumulating evidence shows that pathogenic muta-
tions damage these groups and turn them into sequences 
with changed/inactivated functionality. Firstly, "proto-
oncogenes" play a role in cellular processes related to 
proliferation and differentiation. When influenced by 
activating or "gain-of-function" mutations, they become 
"oncogenes" able to promote or develop cancer [4]. Based 
on structure and functions, proto-oncogenes classify into 
tyrosine protein kinase, kinase-related, GTP-binding pro-
teins, growth factor, growth factor receptor, and nuclear 
proteins [5].

The second group of genes, called TSGs, effectively 
limit cell growth, differentiation, and apoptosis. This 
makes sure that cell growth only happens when it needs 
to and is controlled, which inhibit cancer development 
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[6]. Unlike proto-oncogenes, "loss-of-function" muta-
tions reduce TSG expression in human cancers. Inac-
tive TSGs promote cancer formation and progression by 
speeding cell proliferation and suppressing apoptosis.

The Inhibitor of Growth (ING) genes are members of 
TSG family which initially were identified in human cells. 
Homologs to ING genes have been identified in different 
eukaryotic species from plants to rats such as Yng iso-
forms in Saccharomyces cerevisiae sequences [7], while 
their sequences are known to be well conserved during 
evolution proposing their substantial functions [8]. They 
all have been categorized as type-II or gatekeeper TSGs 
[9]. Based on the “two-hit hypothesis” by Alfred Knud-
son, two alleles of a TSG are required to be inactivated 
to allow a cell for tumorigenic excess proliferation [10]. 
TSGs are classified into five types according to the func-
tion of encoded proteins: 1- regulating cell cycle pro-
gression, 2- repressing cell proliferation, 3-checkpoint 
proteins responding to DNA damages, 4- promoting 
apoptosis, and 5- playing role in DNA mismatch repair 
[11]. The second class, which a majority of TSGs belongs 
to, are translated into receptor proteins or signal trans-
ducers responding to hormones and stimuli which sup-
press the cell growth [11]. The best-known example for 
these is the cytokine TGF-β which acts as a TSG via sup-
pressing the cell proliferation and promoting apoptosis 
[12]. Other examples are well studied in human malig-
nancies such as APC, BRCA1, p53, and Rb [6].

The first member of the ING gene family was reported 
for the first time by Garkavtsev et al. in 1996 [13]. They 
employed subtractive hybridization based on a polymer-
ase chain reaction (PCR) technique and then screening 
the tumor suppressor genes, cloned a newly discovered 
gene they termed ING1 with a 33 kDa-encoded protein. 
ING1 overexpression caused suppression of Hs578T 
human breast cancer cell lines, while its inhibition 
enhanced malignant phenotype of cells and so ING1 was 
introduced as a tumor suppressor gene.

Several members of the ING family have been identi-
fied with regulatory roles in cell migration, angiogenesis, 
inflammatory responses, and spermatogenesis. However, 
these models need to be studied more and verified by 
experiments. This study discusses what is recently known 
about ING  gene functions and highlight the potential 
impact of INGs on the development of human cancer.

Figure 1 illustrates an overview of ING proteins partici-
pate in the regulation of chromatin through epigenetic 
marks.

Structure and functions of ING proteins
The ING proteins multidomain proteins, which are 
mainly conserved among all members and required 
for their regulatory functions on the cellular growth 

(Fig.  2) [16]. Through these domains, the ING pro-
teins emerge as binding structures connecting the 
enzymatic activities to chromatin [17]. Through these 
interactions, INGs are able to affect pro-proliferative or 
growth-inhibitory behaviors via epigenetic regulations. 
Several homologs to human ING proteins have been 
reported in animals and plants and they all possess 
N-terminal domains with unique amino acid sequences 
[16] in addition to a plant homeodomain (PHD) at the 
C-terminus with conserved sequence between eukary-
otic cells [18].

The main domain found in ING proteins is the PHD 
domain encoding a zinc finger, which is already identified 
with essential role for the function of many epigenetic 
regulatory proteins known as chromatin remodeling fac-
tors playing role in gene expression [19]. PHD domains 
act in controlling gene expression via gathering several 
epigenetic regulatory proteins and transcription factors 
to the target sequences. Through the PHD, they particu-
larly bind to the histone H3 with 3 methyl groups added 
at lysine 4 (H3K4me3). H3K4me3 is a mark for active 
transcription located preferentially near the gene pro-
moters and start sites of loci being actively transcribed 
[20, 21] and so, ING proteins can impact the expression 
of several target genes required for activation or inhibi-
tion of cellular growth [22]. This is partially conducted 
through recruiting the “Gadd 45a” factor, which is acti-
vated in response to DNA damage and consequently 
changing the acetylation/methylation of histone residues 
[23]. In addition to regulation of gene transcription, ING 
proteins can exert their cell growth-regulatory functions 
through binding to and altering the activity of TSG p53 
and nuclear factor-kappa B (NF-κB) proteins [24].

Sequence conservation of PHD zinc finger domains 
have helped identification of various ING genes among 
different organisms via phylogenic analyses [16]. On the 
other side, N-terminal domains of the ING proteins bind 
to histone modification enzymes such as deacetylase 
and acetyltransferase (HDAC, and HAT, respectively) 
proteins, which their balance in adding/removing acetyl 
groups on the histones play role in epigenetic regulation 
[25]. Accordingly, ING proteins were initially identi-
fied as components of HDAC and HAT complexes [26]. 
Today, first two ING proteins (ING1, and 2) are consid-
ered the subunits of HDAC complex and the latter ING3, 
4, and 5 of HAT enzyme. The N-terminal domain is also 
responsible for a shared potential of all ING proteins in 
binding to lamin A located in the nuclear envelope [26]. 
Adjacent to protein-binding domains, ING proteins also 
have a nuclear localization signal (NLS) or more, which 
is responsible for their transport to and localization at 
the nucleus [16]. Additionally, nucleolar translocation 
sequences (NTS) help translocation of ING proteins 
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stimulated by DNA damage and mutated NTS signals 
cause decreased apoptotic levels [27].

In the early years of this century, four other members 
of the ING family (ING2-5) were found using homology-
finding methods on their C-terminal domains [28–30]. 
Their sequences are all very similar to the first member’s, 
which shows that they are all related. Among them, ING1 
and ING2 recruit mSin3A/HDAC1/2, and mSin3A/
HDAC1, respectively while others demonstrate interac-
tion with various HATs [14]. There are more than 15 dif-
ferent splicing isoforms encoded by the five ING genes. 
They are all known to have significance in a variety of bio-
logical processes, including cell proliferation, apoptosis 
and senescence, carcinogenesis, DNA repair, and sper-
matogenesis [31–34]. Accordingly, loss of these genes has 
been associated with a number of human diseases such 
as cancers, inflammation, and aging. Furthermore, they 

have been identified as having dysregulation or inactivat-
ing mutations in a variety of human cancers [24].

ING1
ING1 was the founding member of the family initially 
identified in breast cancer cells as a potential TSG and 
further studied compared to other genes in the past two 
decades. It is located on the long arm of chromosome 13 
near the telomere at 13q34 [35], and its sequence is more 
similar to ING2 than to other isoforms. This suggests that 
ING2 and other isoforms came from the same ancestor 
[16]. Their functions are also more similar [32]. There are 
4 variants that are known to be encoded by ING1, and 
the majority of their expression is found in the p33ING1b 
and p47ING1a variants [33].

Structurally, ING1 possesses 4 exons including 1a, 1b 
(the most common isoform), 1c, and 2 which eventually 

Fig. 1  A schematic diagram of the ING protein family members involved in chromatin remodeling. Chromatin compaction is modulated via 
posttranslational modifications including histone methylation (silent chromatin) as well as histone acetylation (active chromatin). By binding to the 
histone mark H3K4me3, ING1b recruits the HDAC mSin3A/HDAC1/2 complex or Gadd45a, for local histone deacetylation. ING2a, in complex with 
HDAC1/2, SAP30 and mSin3A can bind either H3K4me3 or H3K9me3. ING3 can acetylate the N-terminal tails of histones H4 and H2A. Moreover, 
ING4 and ING5 are in complex with MYST-HB01-JADE-hEAF6-HAT. ING5 is also a component of another HAT complex (MOZ/MORF-MYST-HAT) [14, 
15]
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4 mRNA variants are developed in transcription via 
alternative splicing and produced from various pro-
moter regions [32]. These isoforms, which were formerly 
known as p24ING1, p47 ING1, p32 ING1, and p27 ING1 [36], 
differ in their N-terminal sequences [14], and found to 
be widely expressed for ING1a and ING1b [37] particu-
larly in high levels of expression in testes for ING1a, and 
3 others mainly expressed in thymus and other internal 
organs [38]. In addition to common ING domains includ-
ing the PHD, NTS, and NLS, ING1 also possesses a motif 
mediating the damaged DNA to bind to proliferating cell 
nuclear antigen (PCNA) [37].

ING1 was first identified as having tumor suppressor 
acivity by Garkavtsev et al. [13] who also introduced the 
founding member of ING genes family being expressed 
in mammary epithelial cells acting as anti-proliferative 
agents, while not expressed in breast cancer cell lines. 
The authors demonstrated that p32 ING1 suppresses cell 
proliferation, and conversely its inhibition using anti-
sense RNA showed opposite effect on cell growth of 
breast cancer cells [13]. In addition to acting as a TSG 
with growth-suppressive properties, ING1 can also trig-
ger apoptosis and participate in cellular senescence [39, 
40]. In normal neurons, ING1 plays a role in regulating 
activity-dependent gene expression [41]. Furthermore, 
upregulation of ING1 increases Bax activity and modifies 

mitochondrial membrane potential through a process 
that requires p53 in the cell [42].

In addition to its involvement in controlling cell devel-
opment in non-cancerous cells, ING1 regulates a number 
of  pathways in malignant cells. Recent studies showed 
that ING1 gene expression has been found to be lost in a 
variety of human malignancies, either alone or in combi-
nation with protein expression, showing that it is down-
regulated in cancer tissues compared to healthy tissues. 
Some studies even reported that its expression in breast 
cancer cell lines has decreased by 100% [43]. The absence 
of ING1 protein may result from a decrease in either its 
expression or the stability of its mRNA [9]. However, 
ING1 loss of expression without its alterations in human 
malignancies has not been observed [14, 44].

ING1’s role as a tumor suppressor gene (TSG) has been 
demonstrated in a variety of human cancers including 
lung cancer [45], colorectal cancer [46], prostate cancer 
[38], and astrocytoma [47]. Further study has found that 
ING1a regulates cell senescence while ING1b triggers 
apoptosis [48, 49]. In PCa cells, ING1b silencing has also 
increased cellular senescence and induced expression 
of the effective cell cycle inhibitor p16INK4a [50].Con-
versely, upregulation of ING1 has been shown to inhibit 
cell growth and metastasis in breast cancer in vitro and 
in vivo [51].

Fig. 2  Structural features of ING proteins in Homo sapiens. All ING proteins include three conserved regions, a PHD, NLS, and NCR from C-terminal 
region to N-terminal region. Moreover, p33ING1b has a PIP, PBD, and LID domains
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Interestingly, ING1 expression is regulated by sev-
eral mechanisms including epigenetic regulation such 
as methylation [38, 52], effect of microRNAs [53], and 
post-translational modifications [54]. Besides that, ING1 
itself plays a role in tumor suppression by affecting sev-
eral cancer hallmarks, such as sustained cell prolifera-
tion, growth and metastasis, evading cell apoptosis, and 
angiogenesis, through epigenetic regulatory mechanisms 
and interactions with other TSGs such as p53 [14]. For 
instance, based on experiments with overexpression, 
ING1 can regulate wild-type p53 but not mutant p53 in 
MDM2-independent. Knocking down endogenous ING1 
lowered p53 levels in a transcription-independent man-
ner [55].

ING2
Similar to ING1, ING2 is also located near the telomeric 
region but on chromosome 4q35.1. As stated for ING1, 
these two have a high level of homology in their amino 
acid composition [28], which suggests that they share a 
common ancestor [16] and have a close evolutionary and 
functional relationship [26].

ING2 protein has two isoforms of ING2a (mainly 
referred as ING2) and ING2b resulted from alternative 
splicing between 2 exons of 1a, and 1b among 3 exons 
of its encoding gene (1a, 1b, and 2). ING2 was initially 
identified in human fetal brain termed ING1 homolo-
gous (INGL) [56]. It has another domain in addition to 
other common ING domains which is reported for other 
isoforms except ING1. This domain is leucine zipper-
like (LZL) which possesses 4–5 conserved leucine/ iso-
leucine amino acids which form a hydrophobic patch at 
the N-terminal end of protein [18]. LZL is specifically 
required for proper functions of ING2 including apop-
tosis, nucleotide excision repair, and chromatic remod-
eling in exposure to UV light [57]. It is thought that the 
p53 tumor suppressor is responsible for these effects. In 
response to DNA damage, ING2 acts as a nuclear phos-
phoinositide receptor [58]. This suggests that ING2 
has a direct role in DNA damage response. Through its 
PHD domain, ING2 interacts with phosphatidylinositol 
5-phosphate, which activates p53 and leads to apoptosis 
[58]. ING2 is a subunit of mSin3A-HDAC corepressor 
complexes and it controls gene expression by binding to 
H3K4me3.

In addition to characteristic growth-inhibitory effects, 
ING2 is known to be involved in several other processes 
like spermatogenesis and muscle differentiation [59, 60]. 
Saito et  al. [59] demonstrated that ING2-deficient male 
mice were infertile and had defect spermatogenesis with 
significantly decreased sperm number and testicular 
structural abnormalities. These results were seen con-
comitant lack of p53, and the authors concluded that 

ING2 in an axis of chromatin regulation via HDAC1/
ING2/H3K4me3 plays role in spermatogenesis. Accord-
ingly, lack of ING2 expression has been reported with 
loss of function in a variety of cancers such as lung can-
cer and head and neck squamous cell carcinoma [61, 62]. 
Same to ING1, ING2 affects cancer development via epi-
genetic mechanisms.

ING3
ING3 possesses the most distinctive sequence compared 
to other ING family members since ING1 and ING2 and 
also ING4 and ING5 demonstrate high similarity, while 
ING3 shows the lowest amount of similarity to other 
[16]. Additionally, unlike others, ING3 gene is not located 
at the telomeric region [63]. It is located at chromosome 
7q31.3, possesses 12 exons encoding a protein with 418 
amino acids [64]. Doyon et  al. [63] reported that ING3 
is an essential subunit of NuA4-Tip60 MYST-HAT pro-
tein complex acting in chromatic regulation. ING3 shows 
extensive expression in a wide variety of mammalian tis-
sues such as human heart, spleen, and muscles and mice 
kidney, cardiomyocyte, and skeletal muscles; however, 
highest levels have been reported in oocytes [64–66]. It is 
found to regulate cell growth, control cell cycle, modulate 
p53 transcription, and induce apoptosis [64].

Accordingly, ING3 loss of expression has been 
reported in a number of human cancers, such as gyneco-
logical malignancies [66], where its high expression at 
the nucleus of cancer cells is reported to be associated 
with good prognosis in breast cancer patients and down-
regulation of its mRNA correlates with poor prognosis in 
head and neck malignancies [67, 68]. Li et al. [69] dem-
onstrated that ING3 overexpression inhibits cell migra-
tion and invasion in breast cancer cells regulating cancer 
behaviors through tumor-associated pathways. Addition-
ally, Melekhova et  al. [69] showed that knocking down 
ING3 in a variant without a PHD domain leads to more 
epithelial-to-mesenchymal transition (EMT) and cellular 
senescence in the LNCaP prostate cancer cell line. This 
means that this TSG decreases the ability of cancer cells 
to spread.

Almost all in  vitro studies show that ING3 is a TSG 
with a growth-inhibiting function. However, in prostate 
cancer, Nabbi et al. found that ING3 works as a co-activa-
tor of androgen receptor (AR) [70]. Thus, ING3 acts also 
as a coactivator being distinct from ING1 and ING2. It 
was reported that each ING1b and ING2a functions as 
corepressor of AR in prostate cancer cells, cross-talk and 
compensate their activity if one is downregulated. Inter-
estingly, each is able to induce cellular senescence in can-
cer cells [71].

Overall, ING1 and 2 are identified as AR-corepressors 
inhibiting androgen signaling, while ING3 is known 
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to act as AR-coactivator playing role in prostate cancer 
pathogenesis [72, 73]. In addition to growth-regulatory 
roles, ING3 is found to play role in embryonic growth 
and its loss associated with disturbance in neural tube 
development, ectodermal differentiation, and death in 
mice embryos [74]. This suggests that it is involved in cell 
migration and differentiation in brain development.

ING4
ING4 was initially reported using homology studies and 
Shiseki et  al. characterized it in human placenta [75]. It 
is located near the telomeric region, on chromosome 
12p13.31, and the gene encoding this protein has 1380 
nucleotides and 8 exons [37]. ING4 protein contains 
249 amino acids forming a 29-KDa protein with several 
domains like PHD, LZL, and NLS and high homology 
in sequence compared to the last family member; ING5 
[76].

ING4 has been found to be expressed in all tissues 
of the mammalian body. It is also a member of HB01-
JADE-hEAF6 MYST-ING HAT protein complex sensing 
histone marks and playing role in chromatin remod-
eling [26]. These effects are exerted through binding to 
H3K4me3 and HBO1-JADE via its PHD domains [77]. 
ING4 also binds to p53 via its NLS domain, thus it is sug-
gested to play role in tumor suppression partly through 
interacting with p53 tumor suppressor [77].

Furthermore, ING4 is known to regulate several other 
processes like apoptosis, autophagy, angiogenesis, DNA 
repair, and malignant phenotype of cancer cells [78]. 
Accordingly, loss of ING4 expression and pathogenic 
mutations have been reported in various types of human 
cancer cells, which support its role as a TSG regulat-
ing cell growth playing role in avoiding cancer develop-
ment [79–82]. Low expression of ING4 in the cancer 
cells is accompanied cycle cell arrest at the G2/M phase 
demonstrating its role in regulation of cell cycle [26]. 
Additionally, Yang et al. [83] reported that ING4 acts as 
an anti-inflammatory factor through affecting NF-κB 
pathway via having interaction with Sirtuin1 (SIRT1) in 
lipopolysaccharide-induced sepsis. Consistent with this 
finding, Qian et  al. [84] demonstrated that ING4 sup-
presses hepatocellular carcinoma (HCC) via repressing 
transcriptional activity of NF-κB, upregulation of miR-
155 targeting FOXO3a in MHCC97H human HCC cells.

ING5
ING5 is located at chromosome 2q37.3 encoding a pro-
tein composed of 240 residues forming a 28-kDa protein 
[85]. ING5 is the last member of ING protein family as 
TSGs with inhibitory roles in tumor development and 
progression. In addition to growth-inhibitory effects, 
ING5 is shown to regulate differentiation of stem cells 

such as epidermal stem cells and cancer stem cells [86, 
87]. ING5 also was initially identified through homol-
ogy searching approaches [26]. In addition to several 
other domains like LZL, and NLS, ING5 possesses a 
PHD domain associates with HAT complexes and dem-
onstrates controversial effects as a TSG or oncogene [14, 
88].

In several cancer tissues acute myeloid leukemia (AML) 
and head and neck cancer, ING5 is reported to be down-
regulated suggesting it with anti-tumor effects. However, 
in a few studies changes of ING5 at mRNA and protein 
levels are reported inconsistently or being upregulated 
in cancer tissues [89–91]. Importantly, ING5 is known 
to affect several cell processes like cell proliferation, 
autophagy, and apoptosis. It also has a negative effect on 
the malignant phenotype of cancer cells [92], which sug-
gests that it controls a lot of different growth-controlling 
pathways within the cells.  In an interesting study,  ING5 
changes the way miRNAs work. Cui et  al. [90] showed 
that miR-24 acts as an upstream oncogenic miRNA that 
suppresses ING5 expression and has the opposite effect 
on cell proliferation, invasion, and apoptosis in breast 
cancer cell lines compared to ING5. ING5 is particularly 
associated with p53 and through activating this tumor 
suppressor can fight against malignancies as a TSG [93]. 
Furthermore, ING5 is known to regulate signaling path-
ways like AKT and inflammatory pathways playing role 
in development and progression of cancers [94, 95].

INGs have interactions with p53. For instance, two p53 
binding sites have been identified in ING2a promoter 
possesses. Moreover, Nutlin-3-mediated activation of 
p53 could suppress ING2a transcription [96]. ING2 has 
also been shown to negatively regulate cell proliferation 
via inducing acetylation of p53 [97]. Another study has 
shown induction of apoptosis in ING2 − / − germinal 
cells and enhancement in their p53 protein levels possibly 
due to induction of testicular degeneration in the absence 
of ING2 or presence of a regulatory interaction between 
ING2 and p53. Further experiments have shown that 
ING2 deficiency in testis stimulates both p53-dependent 
and independent apoptotic pathways [59]. Both ING1b 
and ING2a can regulate acetylation of p53 to control 
cell cycle transition, cell apoptosis, and senescence [32]. 
Figure 3 demonstrates the regulation of p53 function by 
ING family members in inhibition of tumor initiation 
and development.

Concluding remarks
ING family including 5 members (ING1-5) have been 
known as candidate TSGs with growth-inhibitory effects 
in addition to other restrictive influences on malignant 
phenotype of cancer cells. They are also known to act 
in several other cellular processes like spermatogenesis, 
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differentiation of stem cells, and cell senescence. INGs 
are subunits of HAT/HDAC protein complexes involved 
in chromatin regulation through which they are believed 
to exert their regulatory functions. Particularly, they 
are known to be downregulated in human malignan-
cies, while their overexpression can provide therapeutic 
potential for cancer treatment. Based on their sequence 
similarities and protein domains structures it suggests 
ING family members have overlapping and redundant 
activities. The knock-out or knockdown of one mem-
ber might be compensated by another family member. 
Thus, double knock-out or knock-down experiments may 
shed further light into their biological roles in health and 
disease.

In brief, INGs represent a group of proteins with sub-
stantial roles in the carcinogenesis. These proteins can be 
used as potential targets in desing of anticancer modali-
ties. Yet, there is still limited data about application of 

INGs in therapeutic options. Future in vitro and in vivo 
studies are needed to elaborate the exact mechanisms of 
participation of INGs in the carcinogenesis, their inter-
actions with other tumor suppressors or oncogenes and 
functional consequences of their ablation. High through-
put sequencing methods would help in indentification of 
specific targets of INGs and recognition of the underlying 
mechanisms of their participation in the carcinogenesis.

Abbreviations
ING: Inhibitor of growth; TSGs: Tumor suppressor genes; PCR: Polymerase 
chain reaction; PHD: Plant homeodomain; H3K4me3: H3 with 3 methyl groups 
added at lysine 4; NF-κB: Nuclear factor-kappa B; NLS: Nuclear localization 
signal; NTS: Nucleolar translocation sequences; LZL: Leucine zipper-like; EMT: 
Epithelial–mesenchymal transition; AR: Androgen receptor; SIRT1: Sirtuin1; 
HCC: Hepatocellular carcinoma; AML: Acute myeloid leukemia.

Acknowledgements
Not applicable.

Fig. 3  A schematic illustration of the ING proteins activating the p53 cascade. All members of the ING family (INGs 1–5) have been detected to 
associate with enhancing p53 activity via inducing its acetylation or increasing its stability. ING proteins differentially impinge upon the main tumor 
suppressive cascades of apoptosis, anti-proliferation, cell cycle arrest as well as senescence [32, 98, 99]



Page 8 of 10Taheri et al. Cancer Cell International          (2022) 22:272 

Author contributions
MT and SN wrote the draft and revised it. AB designed and supervised the 
study. MS, SGF, BMH and AA collected the data and designed the figures and 
tables. All the authors read the submitted version and approved it. All authors 
read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials
The analyzed data sets generated during the study are available from the cor‑
responding author on reasonable request.

Declarations

Ethics approval and consent to participant
Not applicable.

Consent of publication
Not applicable.

Competing interests
The authors declare they have no conflict of interest.

Author details
1 Institute of Human Genetics, Jena University Hospital, Jena, Germany. 2 Urol‑
ogy and Nephrology Research Center, Shahid Beheshti University of Medical 
Sciences, Tehran, Iran. 3 Department of Pharmacognosy, College of Pharmacy, 
Hawler Medical University, Kurdistan Region, Erbil, Iraq. 4 Center of Research 
and Strategic Studies, Lebanese French University, Erbil, Kurdistan Region, 
Iraq. 5 Department of Medical Biotechnology, School of Advanced Technolo‑
gies in Medicine, Shahid Beheshti University of Medical Sciences, Tehran, 
Iran. 6 Skull Base Research Center, Loghman Hakim Hospital, Shahid Beheshti 
University of Medical Sciences, Tehran, Iran. 7 Department of Medical Genetics, 
School of Medicine, Shahid Beheshti University of Medical Sciences, Tehran, 
Iran. 8 Cancer Research Center, Shahid Beheshti University of Medical Sciences, 
Tehran, Iran. 

Received: 9 May 2022   Accepted: 22 August 2022

References
	1.	 Coles AH, Jones SN. The ING gene family in the regulation of cell growth 

and tumorigenesis. J Cell Physiol. 2009;218(1):45–57.
	2.	 Bowden GT, Schneider B, Domann R, Kulesz-Martin M. Oncogene activa‑

tion and tumor suppressor gene inactivation during multistage mouse 
skin carcinogenesis. Can Res. 1994;54(7):1882s-s1885.

	3.	 Ghafouri-Fard S, Taheri M, Baniahmad A. Inhibitor of growth factors regu‑
late cellular senescence. Cancers (Basel). 2022. https://​doi.​org/​10.​3390/​
cance​rs141​33107.

	4.	 Cline MJ. The role of proto-oncogenes in human cancer: implica‑
tions for diagnosis and treatment. Int J Radiat Oncol Biol Phys. 
1987;13(9):1297–301.

	5.	 Haschek WM, Rousseaux CG, Wallig MA. Chapter 2 - manifestations 
of toxic cell injury: cell injury/death and chemical carcinogenesis. In: 
Haschek WM, Rousseaux CG, Wallig MA, editors. Fundamentals of toxico‑
logic pathology. 2nd ed. San Diego: Academic Press; 2010. p. 9–42.

	6.	 Iwasa Y, Michor F, Komarova NL, Nowak MA. Population genetics of tumor 
suppressor genes. J Theor Biol. 2005;233(1):15–23.

	7.	 Loewith R, Meijer M, Lees-Miller SP, Riabowol K, Young D. Three yeast 
proteins related to the human candidate tumor suppressor p33(ING1) 
are associated with histone acetyltransferase activities. Mol Cell Biol. 
2000;20(11):3807–16.

	8.	 He GH, Helbing CC, Wagner MJ, Sensen CW, Riabowol K. Phyloge‑
netic analysis of the ING family of PHD finger proteins. Mol Biol Evol. 
2005;22(1):104–16.

	9.	 Ythier D, Larrieu D, Brambilla C, Brambilla E, Pedeux R. The new tumor 
suppressor genes ING: genomic structure and status in cancer. Int J 
Cancer. 2008;123(7):1483–90.

	10.	 Plank TL, Henske EP. Tumor suppressor genes. In: Kruh GD, Tew KD, edi‑
tors. Basic science of cancer. London: Current Medicine Group; 2000. p. 
65–74.

	11.	 Wang LH, Wu CF, Rajasekaran N, Shin YK. Loss of tumor suppressor 
gene function in human cancer: an overview. Cell Physiol Biochem. 
2018;51(6):2647–93.

	12.	 Smith AL, Robin TP, Ford HL. Molecular pathways: targeting the tgf-β 
pathway for cancer therapy. Clin Cancer Res. 2012;18(17):4514–21.

	13.	 Garkavtsev I, Kazarov A, Gudkov A, Riabowol K. Suppression of the 
novel growth inhibitor p33ING1 promotes neoplastic transformation. 
Nat Genet. 1996;14(4):415–20.

	14.	 Tallen G, Riabowol K. Keep-ING balance: tumor suppression by epige‑
netic regulation. FEBS Lett. 2014;588(16):2728–42.

	15.	 Archambeau J, Blondel A, Pedeux R. Focus-ING on DNA integrity: 
Implication of ING proteins in cell cycle regulation and DNA repair 
modulation. Cancers. 2020;12(1):58.

	16.	 He GHY, Helbing CC, Wagner MJ, Sensen CW, Riabowol K. Phyloge‑
netic analysis of the ING family of PHD finger proteins. Mol Biol Evol. 
2004;22(1):104–16.

	17.	 Champagne KS, Kutateladze TG. Structural insight into histone recogni‑
tion by the ING PHD fingers. Curr Drug Targets. 2009;10(5):432–41.

	18.	 Soliman MA, Riabowol K. After a decade of study-ING, a PHD for a 
versatile family of proteins. Trends Biochem Sci. 2007;32(11):509–19.

	19.	 Sanchez R, Zhou M-M. The PHD finger: a versatile epigenome reader. 
Trends Biochem Sci. 2011;36(7):364–72.

	20.	 Matthews AG, Kuo AJ, Ramón-Maiques S, Han S, Champagne KS, 
Ivanov D, et al. RAG2 PHD finger couples histone H3 lysine 4 trimeth‑
ylation with V (D) J recombination. Nature. 2007;450(7172):1106–10.

	21.	 Vermeulen M, Mulder KW, Denissov S, Pijnappel WP, van Schaik FM, 
Varier RA, et al. Selective anchoring of TFIID to nucleosomes by tri‑
methylation of histone H3 lysine 4. Cell. 2007;131(1):58–69.

	22.	 Bertschmann J, Thalappilly S, Riabowol K. The ING1a model of rapid cell 
senescence. Mech Ageing Dev. 2019;177:109–17.

	23.	 Pena PV, Davrazou F, Shi X, Walter KL, Verkhusha VV, Gozani O, et al. 
Molecular mechanism of histone H3K4me3 recognition by plant 
homeodomain of ING2. Nature. 2006;442(7098):100–3.

	24.	 Coles AH, Jones SN. The ING gene family in the regulation of cell 
growth and tumorigenesis. J Cell Physiol. 2009;218(1):45–57.

	25.	 Peserico A, Simone C. Physical and functional HAT/HDAC interplay 
regulates protein acetylation balance. J Biomed Biotechnol. 2011. 
https://​doi.​org/​10.​1155/​2011/​371832.

	26.	 Doyon Y, Cayrou C, Ullah M, Landry AJ, Côté V, Selleck W, et al. ING 
tumor suppressor proteins are critical regulators of chromatin acetyla‑
tion required for genome expression and perpetuation. Mol Cell. 
2006;21(1):51–64.

	27.	 Scott M, Boisvert F-M, Vieyra D, Johnston RN, Bazett-Jones DP, Riabowol 
K. UV induces nucleolar translocation of ING1 through two distinct 
nucleolar targeting sequences. Nucleic Acids Res. 2001;29(10):2052–8.

	28.	 Nagashima M, Shiseki M, Miura K, Hagiwara K, Linke SP, Pedeux R, 
et al. DNA damage-inducible gene p33ING2 negatively regulates 
cell proliferation through acetylation of p53. Proc Natl Acad Sci USA. 
2001;98(17):9671–6.

	29.	 Nagashima M, Shiseki M, Pedeux RM, Okamura S, Kitahama-Shiseki M, 
Miura K, et al. A novel PHD-finger motif protein, p47ING3, modulates 
p53-mediated transcription, cell cycle control, and apoptosis. Onco‑
gene. 2003;22(3):343–50.

	30.	 Shiseki M, Nagashima M, Pedeux RM, Kitahama-Shiseki M, Miura K, 
Okamura S, et al. p29ING4 and p28ING5 bind to p53 and p300, and 
enhance p53 activity. Cancer Res. 2003;63(10):2373–8.

	31.	 Satpathy S, Nabbi A, Riabowol K. RegulatING chromatin regulators: 
post-translational modification of the ING family of epigenetic regula‑
tors. Biochemical Journal. 2013;450(3):433–42.

	32.	 Guérillon C, Larrieu D, Pedeux R. ING1 and ING2: multifaceted tumor 
suppressor genes. Cell Mol Life Sci. 2013;70(20):3753–72.

	33.	 Dantas A, Al Shueili B, Yang Y, Nabbi A, Fink D, Riabowol K. Biological 
functions of the ING proteins. Cancers. 2019;11(11):1817.

https://doi.org/10.3390/cancers14133107
https://doi.org/10.3390/cancers14133107
https://doi.org/10.1155/2011/371832


Page 9 of 10Taheri et al. Cancer Cell International          (2022) 22:272 	

	34.	 Pungsrinont T, Baniahmad A. Cellular senescence by the epigenetic 
regulators inhibitor of growth. J Aging Sci. 2016. https://​doi.​org/​10.​
4172/​2329-​8847.​10001​45.

	35.	 Sanchez-Cespedes M, Okami K, Cairns P, Sidransky D. Molecular 
analysis of the candidate tumor suppressor gene ING1 in human 
head and neck tumors with 13q deletions. Genes Chromosom Cancer. 
2000;27(3):319–22.

	36.	 Cheung KJ, Li G. The tumor suppressor ING1: structure and function. 
Exp Cell Res. 2001;268(1):1–6.

	37.	 Feng X, Hara Y, Riabowol K. Different HATS of the ING1 gene family. 
Trends Cell Biol. 2002;12(11):532–8.

	38.	 Walzak AA, Veldhoen N, Feng X, Riabowol K, Helbing CC. Expression 
profiles of mRNA transcript variants encoding the human inhibitor of 
growth tumor suppressor gene family in normal and neoplastic tissues. 
Exp Cell Res. 2008;314(2):273–85.

	39.	 Shinoura N, Muramatsu Y, Nishimura M, Yoshida Y, Saito A, Yokoyama 
T, et al. Adenovirus-mediated transfer of p33ING1 with p53 drastically 
augments apoptosis in gliomas. Can Res. 1999;59(21):5521–8.

	40.	 Soliman MA, Berardi P, Pastyryeva S, Bonnefin P, Feng X, Colina A, et al. 
ING1a expression increases during replicative senescence and induces 
a senescent phenotype. Aging Cell. 2008;7(6):783–94.

	41.	 Leighton LJ, Zhao Q, Li X, Dai C, Marshall PR, Liu S, et al. A functional 
role for the epigenetic regulator ING1 in activity-induced gene expres‑
sion in primary cortical neurons. Neuroscience. 2018;369:248–60.

	42.	 Garkavtsev I, Grigorian IA, Ossovskaya VS, Chernov MV, Chumakov PM, 
Gudkov AV. The candidate tumour suppressor p33ING1cooperates 
with p53 in cell growth control. Nature. 1998;391(6664):295–8.

	43.	 Toyama T, Iwase H, Watson P, Muzik H, Saettler E, Magliocco A, et al. 
Suppression of ING1 expression in sporadic breast cancer. Oncogene. 
1999;18(37):5187–93.

	44.	 Takahashi M, Ozaki T, Todo S, Nakagawara A. Decreased expression of 
the candidate tumor suppressor gene ING1 is associated with poor 
prognosis in advanced neuroblastomas. Oncol Rep. 2004;12(4):811–6.

	45.	 Liu J, Lin Y, Yang H, Deng Q, Chen G, He J. The expression of p33ING1, 
p53, and autophagy-related gene Beclin1 in patients with non-small 
cell lung cancer. Tumor Biol. 2011;32(6):1113.

	46.	 Chen L-S, Wei J-B, Zhou Y-C, Zhang S, Liang J-L, Cao Y-F, et al. Genetic 
alterations and expression of inhibitor of growth 1 in human sporadic 
colorectal cancer. World J Gastroenterol. 2005;11(39):6120–4.

	47.	 Tallen G, Kaiser I, Krabbe S, Lass U, Hartmann C, Henze G, et al. No ING1 
mutations in human brain tumours but reduced expression in high 
malignancy grades of astrocytoma. Int J Cancer. 2004;109(3):476–9.

	48.	 Soliman MA, Berardi P, Pastyryeva S, Bonnefin P, Feng X, Colina A, et al. 
ING1a expression increases during replicative senescence and induces 
a senescent phenotype. Aging Cell. 2008;7(6):783–94.

	49.	 Gozani O, Karuman P, Jones DR, Ivanov D, Cha J, Lugovskoy AA, et al. 
The PHD finger of the chromatin-associated protein ING2 functions as 
a nuclear phosphoinositide receptor. Cell. 2003;114(1):99–111.

	50.	 Ghafouri-Fard S, Taheri M, Baniahmad A. Inhibitor of growth factors 
regulate cellular senescence. Cancers. 2022. https://​doi.​org/​10.​3390/​
cance​rs141​33107.

	51.	 Thakur S, Feng X, Qiao Shi Z, Ganapathy A, Kumar Mishra M, Atadja P, 
et al. ING1 and 5-azacytidine act synergistically to block breast cancer 
cell growth. PLoS ONE. 2012;7(8): e43671.

	52.	 Zhu X, Zeisel SH. Gene expression profiling in phosphatidyle‑
thanolamine N-methyltransferase knockout mice. Mol Brain Res. 
2005;134(2):239–55.

	53.	 Guo X-B, Jing C-Q, Li L-P, Zhang L, Shi Y-L, Wang J-S, et al. Down-
regulation of miR-622 in gastric cancer promotes cellular invasion 
and tumor metastasis by targeting ING1 gene. World J Gastroenterol. 
2011;17(14):1895–902.

	54.	 Yu L, Thakur S, Leong-Quong RYY, Suzuki K, Pang A, Bjorge JD, et al. 
Src regulates the activity of the ING1 tumor suppressor. PLoS ONE. 
2013;8(4): e60943.

	55.	 Thalappilly S, Feng X, Pastyryeva S, Suzuki K, Muruve D, Larocque D, 
et al. The p53 tumor suppressor is stabilized by inhibitor of growth 1 
(ING1) by blocking polyubiquitination. PLoS ONE. 2011;6(6): e21065.

	56.	 Shimada Y, Saito A, Suzuki M, Takahashi E, Horie M. Cloning of a novel 
gene (ING1L) homologous to ING1, a candidate tumor suppressor. 
Cytogenet Cell Genet. 1998;83(3–4):232–5.

	57.	 Wang Y, Wang J, Li G. Leucine zipper-like domain is required for tumor 
suppressor ING2-mediated nucleotide excision repair and apoptosis. 
FEBS Lett. 2006;580(16):3787–93.

	58.	 Gozani O, Karuman P, Jones DR, Ivanov D, Cha J, Lugovskoy AA, et al. 
The PHD finger of the chromatin-associated protein ING2 functions as a 
nuclear phosphoinositide receptor. Cell. 2003;114(1):99–111.

	59.	 Saito M, Kumamoto K, Robles AI, Horikawa I, Furusato B, Okamura S, et al. 
Targeted disruption of Ing2 results in defective spermatogenesis and 
development of soft-tissue sarcomas. PLoS ONE. 2010;5(11): e15541.

	60.	 Eapen SA, Netherton SJ, Sarker KP, Deng L, Chan A, Riabowol K, et al. 
Identification of a novel function for the chromatin remodeling protein 
ING2 in muscle differentiation. PLoS ONE. 2012;7(7): e40684.

	61.	 Ythier D, Binet R, Nissou D, Escales L, Gazzeri S, Brambilla C, et al. Involve‑
ment of the tumor suppressor ING2 gene in lung cancer. Cancer Res. 
2007;67(9):3688.

	62.	 Borkosky SS, Gunduz M, Nagatsuka H, Beder LB, Gunduz E, Al Sheikh 
Ali M, et al. Frequent deletion of ING2 locus at 4q35.1 associates with 
advanced tumor stage in head and neck squamous cell carcinoma. J 
Cancer Res Clin Oncol. 2009;135(5):703–13.

	63.	 Doyon Y, Selleck W, Lane WS, Tan S, Côté J. Structural and functional 
conservation of the NuA4 histone acetyltransferase complex from yeast 
to humans. Mol Cell Biol. 2004;24(5):1884–96.

	64.	 Nagashima M, Shiseki M, Pedeux RM, Okamura S, Kitahama-Shiseki M, 
Miura K, et al. A novel PHD-finger motif protein, p47ING3, modulates 
p53-mediated transcription, cell cycle control, and apoptosis. Oncogene. 
2003;22(3):343–50.

	65.	 Awe JP, Byrne JA. Identifying candidate oocyte reprogramming factors 
using cross-species global transcriptional analysis. Cell Reprogram. 
2013;15(2):126–33.

	66.	 Gou WF, Yang XF, Shen DF, Zhao S, Sun HZ, Luo JS, et al. Immunohisto‑
chemical profile of ING3 protein in normal and cancerous tissues. Oncol 
Lett. 2017;13(3):1631–6.

	67.	 Wu X, Chen C, Luo B, Yan D, Yan H, Chen F, et al. Nuclear ING3 expres‑
sion is correlated with a good prognosis of breast cancer. Front Oncol. 
2020;10: 589009.

	68.	 Gunduz M, Beder LB, Gunduz E, Nagatsuka H, Fukushima K, Pehlivan D, 
et al. Downregulation of ING3 mRNA expression predicts poor prognosis 
in head and neck cancer. Cancer Sci. 2008;99(3):531–8.

	69.	 Melekhova A, Leeder M, Pungsrinont T, Schmäche T, Kallenbach J, Ehsani 
M, et al. A novel splice variant of the inhibitor of growth 3 lacks the plant 
homeodomain and regulates epithelial-mesenchymal transition in pros‑
tate cancer cells. Biomolecules. 2021;11(8):1152.

	70.	 Nabbi A, McClurg UL, Thalappilly S, Almami A, Mobahat M, Bismar TA, 
et al. ING3 promotes prostate cancer growth by activating the androgen 
receptor. BMC Med. 2017;15(1):103.

	71.	 Esmaeili M, Jennek S, Ludwig S, Klitzsch A, Kraft F, Melle C, et al. The 
tumor suppressor ING1b is a novel corepressor for the androgen receptor 
and induces cellular senescence in prostate cancer cells. J Mol Cell Biol. 
2016;8(3):207–20.

	72.	 Melekhova A, Baniahmad A. ING tumour suppressors and ING splice 
variants as coregulators of the androgen receptor signalling in prostate 
cancer. Cells. 2021;10(10):2599.

	73.	 Esmaeili M, Pungsrinont T, Schaefer A, Baniahmad A. A novel crosstalk 
between the tumor suppressors ING1 and ING2 regulates androgen 
receptor signaling. J Mol Med. 2016;94(10):1167–79.

	74.	 Fink D, Yau T, Nabbi A, Wagner B, Wagner C, Hu SM, et al. Loss of Ing3 
expression results in growth retardation and embryonic death. Cancers. 
2019;12(1):80.

	75.	 Shiseki M, Nagashima M, Pedeux RM, Kitahama-Shiseki M, Miura K, Oka‑
mura S, et al. p29ING4 and p28ING5 bind to p53 and p300, and enhance 
p53 activity. Can Res. 2003;63(10):2373–8.

	76.	 Gunduz M, Nagatsuka H, Demircan K, Gunduz E, Cengiz B, Ouchida M, 
et al. Frequent deletion and down-regulation of ING4, a candidate tumor 
suppressor gene at 12p13, in head and neck squamous cell carcinomas. 
Gene. 2005;356:109–17.

	77.	 Shatnawi A, Abu Rabe DI, Frigo DE. Roles of the tumor suppressor 
inhibitor of growth family member 4 (ING4) in cancer. Adv Cancer Res. 
2021;152:225–62.

	78.	 Du Y, Cheng Y, Su G. The essential role of tumor suppressor gene ING4 in 
various human cancers and non-neoplastic disorders. 2019. Biosci Rep. 
https://​doi.​org/​10.​1042/​BSR20​180773.

https://doi.org/10.4172/2329-8847.1000145
https://doi.org/10.4172/2329-8847.1000145
https://doi.org/10.3390/cancers14133107
https://doi.org/10.3390/cancers14133107
https://doi.org/10.1042/BSR20180773


Page 10 of 10Taheri et al. Cancer Cell International          (2022) 22:272 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	79.	 Moreno A, Soleto I, García-Sanz P, Moreno-Bueno G, Palmero I. ING4 
regulates a secretory phenotype in primary fibroblasts with dual effects 
on cell proliferation and tumor growth. Oncogene. 2014;33(15):1945–53.

	80.	 Tzouvelekis A, Aidinis V, Harokopos V, Karameris A, Zacharis G, Mikroulis D, 
et al. Down-regulation of the inhibitor of growth family member 4 (ING4) 
in different forms of pulmonary fibrosis. Respir Res. 2009;10(1):14.

	81.	 Shatnawi A, Ayoub NM, Alkhalifa AE. ING4 Expression landscape and 
association with clinicopathologic characteristics in breast cancer. Clin 
Breast Cancer. 2021;21(4):e319–31.

	82.	 Kong L, Qi R, Zhou G, Ding S. Correlation analysis of survivin, ING4, 
CXCL8 and VEGF expression in prostate cancer tissue. Am J Transl Res. 
2021;13(12):13784–90.

	83.	 Yang Y, Liu Y, He X, Yang F, Han S, Qin A, et al. ING4 alleviated lipopolysac‑
charide-induced inflammation by regulating the NF-κB pathway via a 
direct interaction with SIRT1. Immunol Cell Biol. 2020;98(2):127–37.

	84.	 Qian F, Hu Q, Tian Y, Wu J, Li D, Tao M, et al. ING4 suppresses hepatocel‑
lular carcinoma via a NF-κB/miR-155/FOXO3a signaling axis. Int J Biol Sci. 
2019;15(2):369–85.

	85.	 Gunduz M, Gunduz E, Rivera RS, Nagatsuka H. The inhibitor of growth 
(ING) gene family: potential role in cancer therapy. Curr Cancer Drug 
Targets. 2008;8(4):275–84.

	86.	 Tanis SEJ, Jansen PWTC, Zhou H, van Heeringen SJ, Vermeulen M, Kretz M, 
et al. Splicing and chromatin factors jointly regulate epidermal differen‑
tiation. Cell Rep. 2018;25(5):1292-303.e5.

	87.	 Wang F, Wang AY, Chesnelong C, Yang Y, Nabbi A, Thalappilly S, et al. ING5 
activity in self-renewal of glioblastoma stem cells via calcium and follicle 
stimulating hormone pathways. Oncogene. 2018;37(3):286–301.

	88.	 Yang X-F, Shen D-F, Zhao S, Ren T-R, Gao Y, Shi S, et al. Expression pat‑
tern and level of ING5 protein in normal and cancer tissues. Oncol Lett. 
2019;17(1):63–8.

	89.	 Xing Y-n, Yang X, Xu X-y, Zheng Y, Xu H-m, Takano Y, et al. The altered 
expression of ING5 protein is involved in gastric carcinogenesis and 
subsequent progression. Human Pathol. 2011;42(1):25–35.

	90.	 Cui S, Liao X, Ye C, Yin X, Liu M, Hong Y, et al. ING5 suppresses breast 
cancer progression and is regulated by miR-24. Mol Cancer. 2017;16(1):89.

	91.	 Unoki M, Kumamoto K, Harris cC. ING proteins as potential anticancer 
drug targets. Curr Drug Targets. 2009;10(5):442–54.

	92.	 Gou WF, Shen DF, Yang XF, Zhao S, Liu YP, Sun HZ, et al. ING5 suppresses 
proliferation, apoptosis, migration and invasion, and induces autophagy 
and differentiation of gastric cancer cells: a good marker for carcinogen‑
esis and subsequent progression. Oncotarget. 2015;6(23):19552–79.

	93.	 Barlak N, Capik O, Sanli F, Kilic A, Aytatli A, Yazici A, et al. ING5 inhibits 
cancer aggressiveness by inhibiting Akt and activating p53 in prostate 
cancer. Cell Biol Int. 2019. https://​doi.​org/​10.​1002/​cbin.​11227.

	94.	 Wang Y, Tan J, Li J, Chen H, Wang W. ING5 inhibits migration and invasion 
of esophageal cancer cells by downregulating the IL-6/CXCL12 signaling 
pathway. Technol Cancer Res Treat. 2021. https://​doi.​org/​10.​1177/​15330​
33821​10399​40.

	95.	 Liu X-L, Zhang X-T, Meng J, Zhang H-F, Zhao Y, Li C, et al. ING5 knock‑
down enhances migration and invasion of lung cancer cells by inducing 
EMT via EGFR/PI3K/Akt and IL-6/STAT3 signaling pathways. Oncotarget. 
2017;8(33):54265–76.

	96.	 Kumamoto K, Spillare EA, Fujita K, Horikawa I, Yamashita T, Appella E, 
et al. 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. Can Res. 2008;68(9):3193–203.

	97.	 Nagashima M, Shiseki M, Miura K, Hagiwara K, Linke SP, Pedeux R, et al. 
DNA damage-inducible gene p33ING2 negatively regulates cell prolifera‑
tion through acetylation of p53. Proc Natl Acad Sci. 2001;98(17):9671–6.

	98.	 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(7):951–61.

	99.	 Zhang R, Jin J, Shi J, Hou Y. INGs are potential drug targets for cancer. J 
Cancer Res Clin Oncol. 2017;143(2):189–97.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1002/cbin.11227
https://doi.org/10.1177/15330338211039940
https://doi.org/10.1177/15330338211039940

	Molecular mechanisms of inhibitor of growth (ING) family members in health and malignancy
	Abstract 
	Introduction
	Structure and functions of ING proteins
	ING1
	ING2
	ING3
	ING4
	ING5

	Concluding remarks
	Acknowledgements
	References




