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Abstract
Members of the INhibitor of Growth protein family (ING1-5) function as epigenetic regulators by targeting different histone 
acetyltransferase (HAT) and histone deacetylase (HDAC) complexes to the H3K4Me3 mark of active transcription. The INGs 
recognize H3K4Me3 by specific interaction with their well-conserved plant homeodomains, and affinity can be increased by 
interactions between DNA and disordered regions within the ING proteins. They are classified as type II tumor suppressors 
since they are downregulated in numerous cancer types and knockout of ING family members results in tumorigenesis. 
ING4 targets the HBO1 HAT complex, which is known to affect acetylation of the H4 core nucleosomal histone, to affect 
local chromatin structure and knockout results in deficient innate immunity. Reports indicating roles in cell cycle regulation, 
tumor suppression, and apoptosis suggest that ING4 may be a promising target for cancer treatment by targeting pathways 
of innate immunity. Given the relatedness between ING4 and the closely related ING5 proteins, we have developed and 
characterized two mouse monoclonal antibodies to specifically recognize human and mouse ING4, but not ING5, to more 
accurately characterize ING4 levels by western, immunofluorescence and immunohistochemical assays. Using them, we 
show that ING4 differentially partitions between the nucleus and cytoplasm in different tissues and localizes largely to the 
cytoplasm of cells having a secretory role in different tissue types.
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Introduction

Antibodies are produced by B-lymphocytes and usually 
have very high specificity and selectivity for their target 
molecules, making them useful for numerous applications. 
Although monoclonal antibodies generally recognize a sin-
gle epitope, it has become evident that a significant propor-
tion of commercially available antibodies frequently do not 
recognize the expected epitope (Couchman 2009; Kalyuzhny 
2009). In fact, even monoclonal antibodies that do recog-
nize an epitope of interest can recognize the same epitope 
in different antigens/proteins, and some monoclonals can 
express additional functional variable regions and so rec-
ognize numerous epitopes (Bradbury et al. 2018). We have 
found that a proportion of antibodies advertised to recognize 

members of a family of epigenetic regulatory proteins called 
the INhibitors of Growth (INGs) do not actually recognize 
the protein of interest (Nabbi et al. 2015). This can result 
in artifactual results, especially in protocols where anti-
body specificity needs to be particularly specific, such as in 
ChIP-seq (Krebs et al. 2014) and DNA-immunoprecipita-
tion-based genomic profiling (Lentini et al. 2018). In some 
extreme cases, numerous antibodies against the same protein 
have been shown, upon proper characterization, to be non-
specific (Jensen et al. 2009). To make our analyses of the 
INGs more accurate, we have produced multiple monoclo-
nals to different ING family members and have character-
ized them extensively before use (Boland et al. 2000; Suzuki 
et al. 2011; Nabbi et al. 2015). Here, we present the charac-
terization and use of monoclonal antibodies to determine the 
expression patterns and subcellular localization of the ING4 
epigenetic regulator, which affects chromatin structure to 
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modify innate immunity (Mathema and Koh 2012; Dantas 
et al. 2019).

Our group discovered the first member of the INhibitor 
of Growth (ING) family of type II tumor suppressors using 
a combination of PCR-mediated subtractive hybridization 
between normal and cancerous breast epithelial cells fol-
lowed by screening of a senescent mesenchymal expression 
library (Garkavtsev et al. 1996). ING2-5s were later iden-
tified through sequence homology and found in all verte-
brates examined (He et al. 2005; Jacquet and Binda 2021). 
All ING family members contain a highly conserved plant 
homeodomain (PHD) that interacts with trimethylated lysine 
residue 4 in core histone H3 (H3K4Me3) (Pena et al. 2006), 
which targets different histone acetyltransferase (HAT) or 
histone deacetylase (HDAC) complexes to alter local chro-
matin acetylation levels. These domains and the proteins 
and HAT complexes with which they directly interact are 
shown for the related ING4 and ING5 proteins in Fig. 1. 
While all ING proteins contain nuclear localization signals 
including nucleolar targeting sequences (Scott et al. 2001; 
He et al. 2005), various types of cancer cells frequently show 
decreased levels of ING proteins and relocation of INGs 
from the nucleus to cytoplasm (Toyama et al. 1999; Nou-
man et al. 2002), and an allele of ING1 (p.Pro319Leu) has 
been identified as predisposing to breast cancer (Kuligina 

et al. 2020). ING1 has been reported to act together with p53 
to activate or repress specific DNA damage response path-
ways, and p33ING1b, p33ING2, p29ING4, and p28ING5 
promote induction of G1-phase cell cycle arrest or apoptosis 
after DNA damage in a p53-dependent manner (Thalappilly 
et al. 2011; Archambeau et al. 2019). The major isoform 
of ING1, called p33ING1b, was also reported to direct the 
Growth Arrest after DNA Damage 45 (GADD45) protein to 
the H3K4Me3 mark, thus affecting DNA demethylation in 
addition to histone acetylation (Schäfer et al. 2013).

Like other ING proteins, ING4 binds the H3K4Me3 
epigenetic mark and shares the ability to target HBO1 
HAT activity with ING5 (Doyon et al. 2006). Like ING5, 
which has been shown to promote stemness in normal 
(Mulder et al. 2012) and cancer (Wang et al. 2018) stem 
cells, ING4 also regulates normal hematopoietic stem 
cell homeostasis (Thompson et al. 2024) and cancer cell 
stemness. By binding liprin-α1, which is necessary for focal 
adhesion at lamellipodia in the cytoplasm, ING4 also plays 
an extranuclear role affecting cell migration, potentially 
inhibiting cancer cell invasion and metastasis (Shen et al. 
2007).

Knockout revealed that ING4 regulates innate immunity 
by regulating NF-κB (Nozell et al. 2008; Coles et al. 2010), 
and in vitro studies indicate it suppresses hypoxia-inducible 

Fig. 1   Domains of the ING4 
and related ING5 proteins. 
ING4 and ING5 contain 
similarly located domains, bind 
the H3K4Me3 histone mark 
through their plant homeodo-
main (PHD) form of zinc finger, 
bind p53 in their unstructured 
nuclear localization sequences 
(NLS) and bind lamin A 
through the lamin interaction 
domain (LID), a sequence 
unique to the ING proteins in 
the human proteome. They are 
transported into the nucleus by 
the alpha and beta karyopherins 
(Kα and Kβ) and encode leucine 
zipper-like (LZL) regions 
through which they form homo-
and hetero-dimers. ING4 targets 
the HBO1 histone H4 HAT 
complex to H3K4Me3, while 
ING5 can target either HB01 
or the MOZ/MORF histone H3 
HAT complex to H3K4Me3
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factor-1 (HIF-1α) (Ozer et al. 2005; Colla et al. 2007) and 
regulates angiogenesis (Garkavtsev et al. 2004). NF-κB is 
a transcription factor with major roles in apoptosis, angio-
genesis and innate and adaptive immune responses. Consist-
ent with these observations, ING4 knockout mice showed 
higher levels of the RelA-p50 protein in macrophages, 
resulting in increased NF-κB activity and higher levels of 
cytokines (Coles et al. 2010). The suppressive nature of 
ING1 on certain κB promoters helps to explain the increase 
in NF-κB activity in tumor cells and the role of ING4 as 
a tumor suppressor. To gain a better understanding of the 
roles undertaken by ING4 in different cell types under dif-
ferent conditions of growth and metabolism, we generated 
and characterized ING4 monoclonal antibodies with which 
to unambiguously determine the subcellular localization of 
endogenous ING4.

Materials and methods

Monoclonal antibody production

ING4 antigen production and purification from bacteria, 
mouse immunization and screening for titer, hybridoma 
fusion and screening of clones by enzyme-linked 
immunosorbent assay (ELISA) were done as described 
(Boland et al. 2000). In brief, a dilution series of purified 
bacterial recombinant ING4 (1–1000 ng/ml) was bound 
to 96-well enzyme-linked immunosorbent assay (ELISA) 
plates (catalog no. 77589-184, VWR, Radnor, PA, USA) 
at pH 9.0 for 2 h at 37 °C. After non-specific binding was 
blocked by incubation with 1% BSA in t-TBS (catalog no. 
10791-790, VWR), ING4-coated plates were incubated 
with each candidate monoclonal IgG at a concentration of 
10 μg/ml for 1 h at 37 °C. The plates were then washed 
with t-TBS followed by incubation with goat anti-mouse 
IgG-HRP (catalog no. AP124P, MilliporeSigma, Oakville, 
ON, Canada) for 20 min at 37 °C. After washing, ABTS 
peroxidase substrate system (catalog no. 11684302001, 
MilliporeSigma) was used for substrate development and 
OD 405 was measured. Three individual wells for each 
condition were measured each time, and the experiments 
were repeated two to four times for each of the candidate 
ING4 monoclonals. For production of hybridoma 
supernatants, cell lines were maintained in either serum-free 
medium (catalog no. 12045084, Thermo Fisher Scientific 
Canada, Edmonton, Canada) or Dulbecco’s modified Eagle’s 
medium (Thermo Fisher Scientific Canada) supplemented 
with 100 U/ml penicillin, 100 mg/ml streptomycin (catalog 
no. 15140122, Gibco, Thermo Fisher Scientific Canada, 
Edmonton, Canada), and 8% fetal bovine serum (catalog 
no. 12483020, Gibco, Thermo Fisher Scientific Canada) in 
a Steri-Cycle C100 CO2 incubator (Thermo Fisher Scientific 

Canada) at 37 °C and 5% CO2. The serum-free culture media 
were collected every 3–4 days and prepared for antibody 
purification. Antibodies from each hybridoma were purified 
using HiTrap Protein G HP columns (catalog no. 45-000-
053, Cytiva, Thermo Fisher Scientific Canada, Edmonton, 
Canada) following the company’s protocol. The culture 
media containing fetal bovine serum were also collected 
every 3–4 days and directly used for western blot analysis.

Expression construct subcloning

ING1-5 and FLAG-tagged versions of ING4 were subcloned 
into pCI (Clonetech, 1290 Terra Bella Avenue, Mountain 
View, CA, USA). Tagged ING4 deletions were generated 
by one-step-PCR. Transient transfections of plasmids were 
performed using a modified calcium phosphate method for 
HEK293 cells (CRL-1573, ATCC, Manassas, VA, USA) 
growing in log phase.

ING4 knockdown

ING4 was knocked down in growing HEK293 cells by 
transfection of a SMARTpool siRNA mixture (Dharmacon™ 
ON-TARGETplus™ SMARTpool siRNA, Horizon 
Discovery Biosciences Limited, Cambridge, UK) following 
the manufacturer’s suggestions.

Cell culture and cell transfection

HEK293 cells were grown in Dulbecco’s modified Eagles 
medium (DMEM, D6429-500ML, Sigma-Aldrich, 
Burlington, MA, USA) containing 10% FBS plus 100 U/
ml of penicillin and 100 mg/ml of streptomycin. Cells were 
maintained at 37 °C in 95% air and 5% CO2. Cells were 
tested weekly for mycoplasma, and all tested negative.

Bacterial protein expression

Production of full-length GST-ING4 protein was cloned 
in the pGEX4 T3 expression vector (Clonetech, Mountain 
View, CA, USA), expressed and purified from bacteria as 
described (Suzuki et al. 2011).

Western blotting

The samples obtained from either  Escherichia coli  or 
HEK293 cells overexpressing different fragments of ING4 
or different whole ING family proteins were run on 10% 
sodium dodecylsulfate polyacrylamide gels (SDS-PAGE) 
and transferred onto nitrocellulose or nylon membranes 
(catalog no. GE10600007, Millipore-Sigma, Oakville, 
ON, Canada). After non-specific binding was blocked 
by incubating in a solution containing 3% BSA and 0.1% 
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Tween-20 in 20 mM Tris-buffered saline (t-TBS, pH 8.0) 
for 1 h at room temperature (RT), the membranes were 
incubated with ING4 hybridoma culture supernatant diluted 
1:9 (tenfold) in PBS containing 0.5% BSA. Rabbit anti-GST, 
-ING1, -ING2, -ING3, -ING4 and -ING5 (all produced by 
SACRI Antibody Services, University of Calgary, Calgary, 
Alberta, Canada) were used to visualize all potential target 
proteins to confirm expression levels in sample lysates 
(data not shown). After washing membranes with t-TBS, 
membranes were incubated with HRP-conjugated goat 
α-mouse IgG (catalog no. AP124P, Millipore-Sigma) for 
20 min at RT and then washed with t-TBS three times for 
10 min. Signals were subsequently detected using ECL 
reagent (Clarity Western ECL Substrate, #1705061, Bio-
Rad, Hercules, CA, USA) on X-Omat x-ray films (Kodak, 
Rochester, NY, USA).

Indirect immunofluorescence

HEK293 cells were seeded on acid-washed glass coverslips 
and 24 h later were transfected with ING4 plasmids using 
Lipofectamine 2000 (Invitrogen™, catalog no. 11668027, 
Thermo Fisher Scientific Canada). After another 24 h, 
cells were washed with ice-cold PBS and then fixed using 
3.7% paraformaldehyde in PBS and permeabilized with 
0.1% Triton-X100 in PBS. Cells were incubated in PBS 
containing 5% BSA to block non-specific binding, rinsed 
in PBS and then incubated at 37 °C for 1 h with purified 
4F4, 6C6 or anti-FLAG antibody diluted 1:50 or 1:100 with 
PBS containing 1% BSA in a humidified chamber. After 
incubation and three washes in PBS containing 0.1% Triton 
X-100, coverslips were incubated with goat a-mouse Alexa 
568 or goat a-mouse Alexa Fluor 488 secondary antibodies 
(catalog nos. ab175473 and ab150113, Abcam, Waltham, 
MA, USA). Images were captured using a Zeiss Axiovert 
200 using Axioset software or an Axio Observer.Z1 using 
an EC Plan-Neofluar 40x/0.72 M27 objective with a working 
distance of 0.71 mm (Zeiss Canada, Toronto, Canada). 
Image acquisition was carried out using a Zeiss AxioCam 
MRm (1388 × 1040 pixels) using Zen blue 2.6 software. 
Scaling per pixel was 0.161 mM × 0.161 mM with a scaled 
image size of 223.82 mM × 167.7 mM with a 12-bit bit 
depth.

Immunohistochemistry

For mouse samples, tissues were harvested from C57BL/6 
mice (Health Sciences Animal Resource Centre, University 
of Calgary, Alberta, Canada) and snap frozen in Clear 
Frozen Section Compound (catalog no. 95057–838, VWR, 
Radnor, PA, USA). Frozen tissue blocks were sectioned at 
5 μm thickness and were loaded onto Superfrost plus slides 
[catalog no. CA48311-703, Avantor (VWR), Radnor, PA, 

USA] and stored at −80 °C. Slides were fixed in ice cold 
acetone prior to staining. For human samples, multiple tissue 
microarray (TMA) slides were used (catalog no. BN1002a, 
US Biomax, Inc., Derwood, MD, USA). The TMA samples 
were initially formalin fixed and paraffin embedded and were 
subsequently deparaffinized and rehydrated. The slides were 
heated in a 1000-Watt microwave (GE®, catalog no. JE635 
WW, GE Appliances, Louisville, KY, USA) for 2 min at 
100% power followed by 20 min at 20% power using Rodent 
Decloaker AR buffer (catalog no. 50–832-71, Biocare 
Medical, LLC, Fisher Scientific, Edmonton, Canada) for 
antigen retrieval. Slides were treated with peroxidase block 
and then incubated for 15 min with 1% BSA in TBST wash 
buffer at room temperature. Samples were then incubated 
with 1:50 dilutions of concentrated 4F4 ING4 monoclonal 
antibody in Signal Stain® antibody diluent [catalog no. 
8112L, NEB Canada (CST), Ontario, Canada] overnight at 
4 °C. Analysis of ING4 expression was made by Labeled 
Polymer-HRP anti-mouse reagent for 1 h at RT and a 5-min 
incubation with DAB + substrate and chromogen (catalog 
no. K346711-2, Agilent Technologies, Santa Clara, CA, 
USA). Lastly, slides were counterstained with Mayer’s 
hematoxylin (catalog no. S330930-2, Agilent Technologies, 
Santa Clara, CA, USA).

Results and discussion

Two mouse monoclonal antibodies (4F4, 6C6) that recog-
nize human and mouse ING4 were identified by ELISA and 
were tested to determine the region of the ING4 protein that 
they recognized. As shown in Fig. 2a, constructs encoding 
fragments of ING4 encompassing increasing lengths of the 
ING4 protein tagged with the FLAG epitope were trans-
fected into HEK293 cells. Lysates from cells harvested 24 h 
after transfection were electrophoresed and probed with the 
ING4 monoclonals (Fig. 2b) and, after stripping, sequen-
tially with a commercial α-FLAG antibody (Fig. 2c) to con-
firm expression. Both monoclonals recognized fragments 
containing the nuclear localization signal (NLS) but not one 
missing it, although all fragments were expressed at similar 
levels (Fig. 2c). While the monoclonals robustly recognized 
fragments of overexpressed ING4, we next asked whether 
they could specifically recognize endogenous ING4 protein. 
Lysates from untransfected HEK293 cells or from HEK293 
s transfected with 50 or 100 pico-moles of ING4-specific 
siRNA were harvested 48 h after transfection, and lysates 
were electrophoresed, blotted and probed with both the 4F4 
and 6C6 monoclonals. As seen in Fig. 2d, two endogenous 
isoforms of ING4 (p28 and p29) (Unoki et al. 2006) are rec-
ognized by both monoclonals, and these are knocked down 
by the ING4 siRNA, confirming that the monoclonals rec-
ognize ING4. We also asked whether the 4F4 monoclonal 
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would recognize ING4 in immunoprecipitation experiments. 
As shown in Supplementary Fig. 1, although recognizing 
ING4 robustly in western blot loading controls, it did not 
immunoprecipitate ING4.

Since all the ING proteins contain several well-conserved 
domains, we next asked whether the ING4 monoclonals 
would cross-react with other ING proteins. Constructs 
encoding all ING proteins were individually transfected into 
HEK293 cells, and lysates from cells were electrophoresed 
and probed with different ING4 monoclonals. As seen in 
Fig. 3a, the monoclonals all recognized overexpressed ING4. 
Given the much greater similarity between ING4 and ING5 
compared to the rest of the ING proteins (He et al. 2005), it 
was important to confirm robust expression of ING5. There-
fore, in the rightmost panel of Fig. 3a, the blot shows that 
ING5 was indeed expressed and recognized by a commercial 
ING5 antibody, but no signal was evident when probing only 
with the ING4 monoclonals.

We next asked whether the ING4 monoclonals 
would recognize the largely native form of ING4 in 

immunofluorescence assays. HEK293 cells were transfected 
with a pCI-FLAG-ING4 construct and fixed in formalin 24 
h later. Immunofluorescence was carried out using 4F4 and 
6C6 antibodies in two dilutions (1:50 and 1:100), and stain-
ing using an α-FLAG antibody was included as a positive 
control. As shown in Fig. 4a, both monoclonals detected 
overexpressed ING4 with intensities approaching that seen 
for the α-FLAG antibody. As anticipated for a chromatin 
reader that recognizes the H3K4Me3 mark of active tran-
scription (Pena et al. 2006), staining was largely nuclear in 
HEK293 cells, although some signal was seen in the cyto-
plasm of transfected cells. This is likely due to alterations in 
karyopherin-induced shuttling between the cytoplasm and 
nucleus as described for the related ING1 protein (Russell 
et al. 2008). We next tested whether the 4F4 monoclonal 
was able to visualize endogenous levels of ING4. As seen 
in Fig. 4b in fields exposed tenfold longer than cells in panel 
a, transfected cells showed intense staining, and it is possi-
ble to also detect weak, nuclear and cytoplasmic staining in 
untransfected cells. Since yellow-green cell autofluorescence 

Fig. 2   Domain recognition and 
specificity of 4F4 and 6C6 mon-
oclonal antibodies. a FLAG-
tagged ING4 fragments gener-
ated by PCR-based sub-cloning. 
b Plasmids expressing the ING4 
fragments shown in a were 
transfected into HEK293 cells, 
and cell lysates were prepared 
after 24 h. Western blots using 
the 4F4 and 6C6 antibodies 
identify fragments detected by 
these antibodies. c Blots were 
stripped and re-probed with 
anti-FLAG antibody to confirm 
expression of FLAG-tagged 
ING4 fragment. d The specific-
ity of anti-ING antibodies for 
endogenous ING4 was tested 
using untransfected (control) 
HEK cell lysates and lysates 
from cells in which ING4 levels 
were knocked down for 48 h 
using ING4-specific Smartpool 
siRNAs at the amount indicated. 
The arrowheads indicate the two 
major isoforms (p28 and p29) 
of ING4 and actin was used as a 
loading control
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due to the accumulation of lipofuscins occurs in aging and 
stressed cells and tissues (Jung et al. 2010) and secondary 
antibodies can sometimes produce spurious signals due to 
nonspecific binding, we omitted the primary antibody in the 
lowermost panels of Fig. 4b and noted that no staining was 
evident, confirming that the monoclonals were specifically 
recognizing ING4.

Antibodies that work well in blotting, where proteins are 
denatured, and in immunofluorescence after fixation with 
mild bifunctional crosslinkers like formalin, where proteins 
remain largely nondenatured, frequently also work well in 
immunohistochemistry. To test our monoclonals, we first 
fixed, sectioned and stained different mouse tissues. As 
shown in Fig. 5a–f, the 4F4 monoclonal stained ependymal 
cells surrounding the lateral ventricles of the brain (Fig. 5a, 
b), the interior of villi in the small intestine (Fig. 5d) and 
follicle-like regions of the spleen (Fig. 5e), all of which act 
as secretory cells, while the cerebellum (Fig. 5c) and liver 
(Fig. 5f) showed very infrequent and low levels of staining. 
Magnification of images of the brain (Fig. 5g) and intestine 
(Fig. 5h) indicated both nuclear and cytoplasmic localiza-
tion of ING4. Examination of a commercial panel of human 
tissue samples showed similar results in which pancreatic 
acinar cells (Fig. 5i) and stomach parietal and/or chief cells 
(Fig. 5j) also showed significant levels of staining. However, 
in contrast to the largely nuclear staining seen in HEK293 

cells by immunofluorescence, secretory cells of various 
types showed cytoplasmic staining. Low levels of diffuse 
cytoplasmic staining were also seen in human liver hepato-
cytes (Fig. 5k). The reason for the cytoplasmic localization 
in fixed tissue versus the largely nuclear localization seen 
in cultured HEK293 cells is unknown, but one possibility 
could be related to whether cells are actively growing since 
HEK293 cells in culture would all be actively traversing the 
cell cycle whereas most cells in the tissue sections would 
be expected to be quiescent and in the G0 phase of the cell 
cycle despite being metabolically active. Another potential 
explanation may be related to the ability of ING4 to interact 
with liprin-α1 at lamellipodia (Shen et al. 2007), suggesting 
a cytoplasmic, membrane-associated role, perhaps contribut-
ing to cell secretion. Finally, it should be noted that mouse 
tissues were snap frozen and fixed with ice-cold acetone 
that precipitates proteins, whereas human tissues were 
formalin-fixed, so nuclear ING4 could be cross-linked in 
the HBO1 HAT complex, possibly blocking recognition by 
the antibodies. A small subset (1–2%) of cells in the uterus 
(Fig. 5l), breast (Fig. 5m) and prostate (Fig. 5n) tissue dis-
played intense staining that appeared both cytoplasmic and 
nuclear, but in these cases, staining was likely non-specific 
because of the presence of mast cells (Schiltz et al. 1993). 
Staining of all human tissue samples was done using the 

Fig. 3   ING4 mococlonal anti-
bodies recognize ING4 but not 
other ING proteins. a Expres-
sion constructs encoding INGS 
1–3 and FLAG-tagged ING4 
and ING5 were expressed in 
HEK293 cells that were lysed 
24 h after transfection, and cell 
lysates were electrophoresed, 
transferred to nylon membranes 
and probed in western blots 
with the indicated monoclonal 
antibodies. The rightmost panel 
was also probed with a com-
mercial rabbit ING5 polyclonal 
to confirm expression of ING5. 
b The 4F4 and 6C6 antibodies 
were further tested for recogni-
tion of ING4 but not ING5. 
Cells were co-transfected with 
expression constructs contain-
ing GFP as transfection controls 
and bacterially expressed ING4 
protein as an additional positive 
control and blotted for actin as a 
loading control
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Fig. 4   Detection of ING4 
expression by immunofluores-
cence. a HEK293 cells were 
transfected with pCl-FLAG-
ING4 construct and fixed 24 h 
later, and immunofluorescence 
was carried out using 4F4 and 
6C6 antibodies at the dilutions 
of hybridoma supernatant noted 
followed by a Texas Red-
conjugated secondary antibody. 
Immunofluorescence using 
anti-FLAG antibody serves as 
a positive control. b Untrans-
fected HEK293 cells and cells 
transfected with pCl-ING4 with 
no tag were stained with 4F4 
monoclonal followed by Alexa 
488-conjugated secondary 
antibody. Cells were exposed 
for tenfold longer than in panel 
a, and cells stained with second-
ary antibody only (no primary 
antibody) served as a control 
for endogenous fluorescence. 
Most ING4 staining is seen in 
the nuclei, except in the case of 
cells stained with α-FLAG
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Fig. 5   ING4 staining in murine tissues by immunohistochemistry 
using a mixture of 4F4 and 6C6 ING4 monoclonals. A tissue array 
containing the samples noted was stained using a 1:100 dilution of 
4F4 hybridoma supernatant followed by horseradish peroxidase-con-
jugated rabbit α-mouse IgG. Strong staining was seen in the ependy-
mal cells of the lateral ventricles of the brain (a, b) responsible for 
production of cerebrospinal fluid as well as in the interior of villi 
of the small intestine (d) and follicle-like regions of the spleen (e), 
but very few cells of the cerebellum (c) or liver (f) showed staining. 
Scale bar = 100 µM. Higher magnification of g the right brain verticle 

and h the small intestine stained using a 1:100 dilution of 4F4 hybri-
doma supernatant followed by horseradish peroxidase-conjugated 
rabbit α-mouse IgG. Scale bar = 100 µM. Strong staining was seen in 
the cytoplasm of pancreatic acinar cells (i) and in stomach parietal 
and/or chief cells of the lamina propria (j). A subset of hepatocytes 
weakly stained in the liver (k). Occasional staining was seen in uter-
ine (I), breast (m) and prostate (n) samples and probably represents 
non-specific staining of mast cells. Staining patterns suggest that cell 
types with strong secretory functions appear to express higher levels 
of ING4. Scale = 100 µM
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Fig. 5   (continued)
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same experimental method on a single membrane so relative 
levels of expression are shown.

In summary, production and rigorous quality control 
and specificity testing allowed us to identify two mouse 
monoclonal antibodies that recognize the relatively 

unstructured nuclear localization sequence (NLS) of ING4 
but not any of the related NLS regions of other ING proteins, 
including the closely related ING5. The monoclonals 
recognize two similarly sized splicing variants of ING4 that 
are 28 and 29 kDa but not several others that have been 

Fig. 5   (continued)



Histochemistry and Cell Biology          (2025) 163:56 	 Page 11 of 13     56 

reported to be produced from the ING4 locus (Raho et al. 
2007). This is likely due to expression of only these isoforms 
in the cells examined since, if other variants were expressed, 
the majority should also encode the NLS that is recognized 
by the monoclonals. Knockdown of ING4 using a Smartpool 
mixture of siRNA further demonstrated that the antibodies 
recognized the two ING4 isoforms, while both endogenous 
and overexpressed ING4 was detected by the monoclonals 
in HEK293 cells by immunofluorescence. Using the 
monoclonals to stain various mouse and human tissues by 
immunohistochemistry indicated that only a relatively small 
subset of cells expressed ING4 and that cells associated 
with high levels of secretion, such as ependymal cells of 
the brain ventricles, cells within intestinal villi, follicular 
cells of the spleen, pancreatic acinar cells and stomach 
parietal and/or chief cells all express significant levels of 
ING4 that appears to largely or exclusively localize to the 
cytoplasm. This suggests that ING4 may play a function 
that is distinct from affecting chromatin structure through 
histone modification by the HBO1 HAT complex, which has 
been proposed as the major function of ING4 in regulating 
transcription. This may be related to regulating cell secretion 
since ING proteins were previously shown to alter the cell 
secretory phenotype, in particular the secretion of cytokines 
and metalloproteases (Thakur et al. 2015). There are some 
examples of ING proteins having cellular effects that do 
not involve chromatin modification for epigenetic tuning of 
transcription. For example, ING1 and ING2 have both been 
implicated in regulating the activity of p53 by regulating 
its acetylation (Nagashima et al. 2001; Kataoka et al. 2003; 
Pedeux et  al. 2005). For ING1, this occurs by physical 
interaction with hSIR2 to induce acetylation of p53 residues 
Lys373 and Lys382 (Kataoka et al. 2003). ING2 also appears 
to promote p300-dependent acetylation of p53, and ING1 
can stabilize p53 by blocking the polyubiquitination of p53 
on the six lysine residues known to affect p53 turnover by 
the proteosome (Thalappilly et al. 2011). Furthermore, ING3 
has been shown to also act independently of chromatin 
through its ability to target the TIP60 HAT complex 
directly to the cytoplasmic androgen receptor, promoting 
nuclear localization and androgen receptor activation as a 
transcription factor (Nabbi et al. 2017). It will be interesting 
to further examine non-nuclear roles of the ING proteins, 
including those associated with mitochondria as reported 
for both ING1 (Bose et  al. 2013) and ING2 (Ma et  al. 
2020; Ricordel et al. 2021), possibly in association with 
the p15 PCNA-associated factor p15-PAF (Simpson et al. 
2006), which associates with ING1 and localizes to both 
the mitochondria and nucleus. For ING4, production of 
these specific monoclonals will allow further examination 
of ING4 in the cytoplasm, where it appears to be expressed 
selectively in cells with potential roles in secretion.
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tary material available at https://​doi.​org/​10.​1007/​s00418-​025-​02385-2.
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