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Abstract: The ING3 candidate tumour suppressor belongs to a family of histone modifying proteins
involved in regulating cell proliferation, senescence, apoptosis, chromatin remodeling, and DNA
repair. It is a stoichiometric member of the minimal NuA4 histone acetyl transferase (HAT) complex
consisting of EAF6, EPC1, ING3, and TIP60. This complex is responsible for the transcription
of an essential cascade of genes involved in embryonic development and in tumour suppression.
ING3 has been linked to head and neck and hepatocellular cancers, although its status as a tumour
suppressor has not been well established. Recent studies suggest a pro-metastasis role in prostate
cancer progression. Here, we describe a transgenic mouse strain with insertional mutation of an
UbC-mCherry expression cassette into the endogenous Ing3 locus, resulting in the disruption of
ING3 protein expression. Homozygous mutants are embryonically lethal, display growth retardation,
and severe developmental disorders. At embryonic day (E) 10.5, the last time point viable homozygous
embryos were found, they were approximately half the size of heterozygous mice that develop
normally. µCT analysis revealed a developmental defect in neural tube closure, resulting in the
failure of formation of closed primary brain vesicles in homozygous mid-gestation embryos. This is
consistent with high ING3 expression levels in the embryonic brains of heterozygous and wild type
mice and its lack in homozygous mutant embryos that show a lack of ectodermal differentiation.
Our data provide direct evidence that ING3 is an essential factor for normal embryonic development
and that it plays a fundamental role in prenatal brain formation.
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1. Introduction

The Inhibitor of Growth, member 3 (ING3), belongs to a family of proteins involved in regulating
cell proliferation, senescence, apoptosis, chromatin remodeling, and DNA-repair. The family members
are stoichiometric components of different histone acetyl transferase (HAT) and histone deacetylase
(HDAC) complexes and function as regulators of cell growth through altering gene transcription as
well as their ability to modify TP53 and NFKB1 activity [1]. ING3 is part of the NuA4/TIP60 HAT
complex, specifically of the minimal NuA4 HAT complex consisting of EAF6, EPC1, ING3, and TIP60.
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Loss of TIP60 protein expression in mice results in embryonic death [2,3], whereas disruption of Epc1
is controversial, resulting in a viable or embryonic lethal phenotype under homozygous conditions
depending on the deleted or disrupted exons [4,5]. EAF6 has been attributed to a critical function in
genomic regulation [6,7], yet no mutant mouse model has been described.

The tumour suppressor roles of ING1 and ING2 have been well established whereas candidate
tumour suppressor status remains for ING3, ING4, and ING5. Mice lacking ING1 or ING2 develop
spontaneous tumours including lymphomas [8–10] and soft tissue sarcomas, respectively [11].
Furthermore, male mice lacking ING2 are infertile suggesting an important role in chromatin
modification during germ cell development [11]. Mice deficient for ING4 are hypersensitive
to lipopolysaccharide (LPS) treatment and display elevated cytokine responses, but fail to form
spontaneous tumours [12]. Nevertheless, ING4 is downregulated or lost in multiple cancers and
malignancies [13]. For the candidate tumour suppressor genes ING3 and ING5, no mutant mouse
models have been described so far to support or weaken their tumour suppressor gene status and to
further investigate their function in vivo.

ING3 was initially discovered performing a computational search and further analysis showed
that it modulated TP53 mediated transcription, cell cycle control, and apoptosis [14]. Furthermore,
ING3 protein expression profiling in normal human tissues revealed high expression in cells undergoing
rapid proliferation and renewal, which suggested a possible role in cellular growth and self-renewal [15].
It is frequently downregulated in human head and neck squamous cell carcinomas [16,17]. Loss of
heterozygosity (LOH) of the ING3 locus was also found in ameloblastoma [18], hepatocellular
carcinoma [19,20], and colorectal cancer [21], supporting its tumour suppressor candidate gene status.

In contrast to its putative role as a tumour suppressor, a correlation study showed that
strong nuclear staining for ING3 was associated with significantly worse five-year disease-survival
compared with negative-to-moderate nuclear ING3 staining in malignant melanoma [22]. Furthermore,
downregulation of ING3 in prostate cancer cell lines resulted in reduced growth along with upregulation
in a cohort of prostate cancer tissues suggesting an oncogenic role in progression of prostate cancer
metastases [23].

During experimental use of a previously generated fluorescence reporter mouse with ubiquitous
expression of mCherry [24], we noticed an absence of homozygous transgenic offspring. With the
exception of red fluorescence emission, hemizygous transgenic mice of this line are without any
phenotypic changes and toxicity of mCherry was excluded as a reason for the absence of homozygous
mutants. The mouse line was generated by lentiviral transgenesis and because the integration of
viral vectors do not induce substantial sequence alterations at the integration site [25], the missing
homozygous genotype among the offspring raised the suspicion of insertion of the viral vector into a
vital endogenous gene. Within this work, we identified and characterized an insertional Ing3 mutant
mouse line that shows reduced embryonic growth and results in prenatal death of homozygous mutant
embryos lacking ING3 expression. No differences between heterozygous mutants and wild type mice
were detected. Due to the embryonic lethal phenotype of homozygous embryos, the tumour suppressor
status of ING3 during the postnatal period could not be strengthened or weakened. Nevertheless,
the findings suggest an important role of ING3 in embryonic development.

2. Materials and Methods

2.1. Animal Husbandry, Breeding, Embryo Production, and Quantitation of Fluorescence

Animals were kept specific pathogen free according to FELASA [26] recommendations under
controlled environmental conditions (temperature 22 ◦C± 1 ◦C, relative humidity of 40–60%) in a facility
for laboratory rodents. Food (regular mouse diet, ssniff Spezialitäten GmbH, Soest, Germany) and water
were provided ad libitum. Mice were maintained in small groups in individually ventilated cages (Type
IIL, Tecniplast, Buguggiate, Italy) lined with bedding material (Lignocel®, heat treated, Rettenmaier
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KG, Vienna, Austria) and enriched with nesting material (Pur-Zellin 4 × 5 cm; Paul Hartmann GmbH,
Wiener Neudorf, Austria).

Experimental procedures were discussed and approved by the institutional ethics and animal
welfare committee in accordance with good scientific practice guidelines and national legislation
(animal breeding license number: BMWFW-68.205/0049-WF/V/3b/2015 and animal experiment license
number: BMWF-68.205/0023-II/3b/2014 and BMWFW-68.205/0087-WF/V/3b/2015).

The Ing3 insertional mutation was detected by chance in a breeding colony of the UbC-mCherry
transgenic line B6(Cg)-Tyrc-2J Tg(UBC-mCherry)1Phbs/J, described as phenotypic inconspicuous at
hemizygous conditions previously [24] (Jackson lab, Stock No. 017614). Due to the identification of
the mutated endogenous gene, we suggest a renaming of the line according to the MGI Guidelines
for Nomenclature for insertional mutations as B6(Cg)-Tyrc-2J Ing3Tg(UBC-mCherry)1Phbs/J. A second
red fluorescence reporter mouse line, which was used as a control for quantification of mCherry
expression, designated as C57BL/6NCrl-Tg(CAG-mCherry)690Biat, was also described previously [27].
For reconstitution of the Ing3 mutation, an Ing3-P2A-eGFP expressing transgenic mouse line, designated
C57BL/6N-TgTn(sb-CAG-Ing3-P2A-eGFP)774.1Biat was produced by transposon technology [28] and
subsequent Cre mediated excision of a stop cassette (described in detail in Fink et al., manuscript
in preparation).

For harvesting embryonic day (E) 3.5 and E10.5 embryos, UbC-mCherry transgenic mice were
mated in the afternoon and female mice were checked for vaginal plugs the next morning and separated
from the stud male. For reconstitution of ING3 expression, we bred hemizygous UbC-mCherry
mutants with CAG-Ing3-P2A-eGFP transgenic mice and double transgenic offspring were backcrossed
to UbC-mCherry mutants.

Quantification of overall fluorescence of UbC-mCherry and CAG-mCherry transgenic mice
(five to seven weeks of age) was performed on a Xenogen IVIS 50 (PerkinElmer, Waltham, MA,
USA) (fluorescence readout: “efficiency”) according to [27]. Potential double transgenic neonatal
UbC-mCherry / CAG-Ing3-P2A-eGFP offspring were imaged on an IVIS Lumina S5 (PerkinElmer) (field
of view 10, binning 16, exposure time 500 ms, fluorescence readout: “radiant efficiency”). “Efficiency”
and “radiant efficiency” are instrument specific and illustrate relative fluorescence levels.

All animal numbers are indicated in the figure or figure legends.

2.2. Identification of Integration Locus of UbC-mCherry Transgenic Mice

The integration site of the transgene in UbC-mCherry transgenic mice was identified
using linker mediated PCR (LM-PCR) [29]. Briefly, genomic DNA of UbC-mCherry
mice was digested with MseI and resulting fragments were ligated to the linker
oligos LMPCR-Linker (+): 5′-GTAATACGACTCACTATAGGGCTCCGCTTAAGGGAC-3′ and
LMPCR-Linker (−): 5′-TAGTCCCTTAAGCGGAG-3′-NH2. A first round of PCR was performed
using the primers FUW-3LTR-Out-For (5′-AGTGCTTCAAGTAGTGTGTGCC-3′) and Linker-Primer
(5′-GTAATACGACTCACTATAGGGC-3′). The product of this amplification was then subjected to
a nested PCR using the primers FUW-3LTR-Inn-For (5′-GTCTGTTGTGTGACTCTGGTAAC-3′) and
Nested-Primer (5′-AGGGCTCCGCTTAAGGGAC-3′). PCR products were purified by gel extraction
and sequenced using the FUW-3LTR-Inn-For primer. Sequences were blasted using the UCSC genome
browser (http://genome.ucsc.edu) to determine integration sites.

The UbC-mCherry transgenic line was generated by lentiviral mediated transgenesis,
and we found that the primers FUW_3LTR-For-Out and FUW_3LTR-For-Inn primers are
located within the 3′ LTR, and therefore also present in the 5′ LTR after integration of the
lentiviral vector. Thus, a new primer FUW_3For-Out for confirmation of the integration
sites was designed upstream of the 3′ LTR for this purpose. Additionally, genomic primers
upstream (mC-L1_5Gen-For-Out, 5′-ACAAAAGCCTGCCAGATCATATA-3′) and downstream
(mC-L1_3Gen-Rev-Out, 5′-CTCACGGTGGACACTTGG-3′) of the insertion site of the Ing3 locus
were designed to amplify a 351 bp wild type fragment. The primer pair mC-L1_5Gen-For-Out
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and FUW_5LTR-Rev-Out (5′-CTCTCGCACCCATCTCTCTC-3′) amplifies an 859 bp fragment at the
5′ junction, whereas the primer pair FUW_3-For-Out (5′-GGTGGGTTTTCCAGTCACAC-3′) and
mC-L1_3Gen-Rev-Out amplifies a 764 bp transgenic fragment at the 3′ junction. PCR reactions were
performed according to the manufacturer’s recommendation.

PCR cycling conditions were as follows: initial denaturation at 95 ◦C for 2 min followed by
35 cycles of 95 ◦C for 15 s, 62 ◦C for 30 s, and 72 ◦C for 2 min, and a final extension at 72 ◦C for 7 min.

2.3. PCR Genotyping of Pre-Implantation Stage Embryos

For genotyping of preimplantation stages, blastocysts were flushed at E3.5 from uterus horns
of superovulated females. Harvested blastocysts were washed once in PBS and separately placed in
microtubes with homogenization buffer. Further preparation and analysis was performed according
to the protocol 3 of tissue lysates for PCR [30]. The primers and PCR conditions were the same as
described below for UbC-mCherry genotyping.

2.4. PCR Genotyping of Ear Biopsies and Amnion of E10.5 Embryos

Genomic DNA from ear biopsies and amnion was extracted using the Tris-NaCl-EDTA-SDS
(TNES) extraction protocol. Briefly, the tissue was incubated in 100 µL TNES buffer (10 mM Tris-Cl,
400 mM NaCl, 100 mM EDTA, 0.6% SDS) supplemented with proteinase K (98 µL buffer + 2 µL
proteinase K (Thermo Fisher Scientific GmbH, Dreieich, Germany; cat# EO0491)). It was then incubated
at 55 ◦C overnight, then 35 µL of salt solution (5 M NaCl) were added, vortexed, and centrifuged at
13,000 rpm on a table top centrifuge. The supernatant (100 µL) was transferred to a new tube, 100 µL ice
cold 100% ethanol were added, and centrifuged at 13,000 rpm to precipitate the DNA. The supernatant
was removed and the precipitate was washed with 500 µL 70% ethanol and centrifuged again at
13,000 rpm. The pellet was dissolved in 50–100 µL of Tris-EDTA buffer (10 mM Tris-Cl, 1 mM EDTA,
pH 8.0).

A sample of 0.5 µL of DNA was subjected for PCR reactions in a total volume of 15 µL per reaction
according to the OneTaq Quick-Load protocol (New England Biolabs GmbH, Frankfurt am Main,
Germany; cat# M0486L).

For UbC-mCherry genotyping, a three primer PCR (mC-L1_5Gen-For:
5′-AGGCTGTCAGTCTACTCCCTCT-3′, mC-L1_3Gen-Rev: 5′-CACAGGTGAGGAGCAAAGTCTC-3′,
FUW-5LTR-Rev: 5′-AGAGAGCTCCTCTGGTTTCCCT-3′) will amplify a 306 bp wild type and/or a
631 bp transgenic fragment. PCR conditions were as follows: initial denaturation at 95 ◦C for 2 min
followed by 35 cycles of 95 ◦C for 30 s, 60 ◦C for 30 s, and 68 ◦C for 30 s, and a final extension at 68 ◦C
for 5 min.

For CAG-Ing3-P2A-eGFP genotyping, the primers LSL-CAG-For
(5′-GCCTCTGCTAAACCATGTTCATGC-3′) and LSL-ING3-Rev (5′-GCATTCTGCACCTGCAGATCC-3′)
will amplify a 337 bp transgenic fragment. PCR conditions were as follows: initial denaturation at
95 ◦C for 2 min followed by 35 cycles of 95 ◦C for 30 s, 62 ◦C for 30 s, and 68 ◦C for 30 s, and a final
extension at 68 ◦C for 5 min.

2.5. Western Blot Analysis

E10.5 embryos were harvested and snap frozen in liquid nitrogen and lysed in Laemmli buffer
without bromphenol blue and β-mercaptoethanol. The samples were diluted tenfold for protein
concentration determination using the BCA protein assay kit according to the manufacturer’s protocol
(PierceTM BCA Protein Assay Kit, Thermo Fisher Scientific GmbH, Dreieich, Germany; cat# 23227).
Afterwards, bromphenol blue and β-mercaptoethanol were added to the samples, heated to 95 ◦C,
and 20 µg of total protein were loaded and separated on a 12% SDS polyacrylamide gel. It was
then transferred onto Immobilon-P PVDF membranes (Merck KGaA, Darmstadt, Germany; cat#
IPVH00010) by semidry electro-blotting (Hoefer, Inc., Holliston, MA, USA;). After blocking for 2 h
with 5% skim milk (Bio-Rad Laboratories Ges.m.b.H., Vienna, Austria; cat# 1706404) in PBS with 0.05%
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Tween-20 (PBST) (Sigma-Aldrich Handels GmbH, Vienna, Austria; cat# P9416), the membranes were
cut and incubated with primary goat anti-ING3 antibody, dilution 1:800 (Abcam, Cambridge, UK; cat#
ab115470), and mouse anti-α-tubulin antibody, with a dilution of 1:5000 (Merck KGaA, Darmstadt,
Germany; cat# CP06) in 5% skim milk in PBST overnight at 4 ◦C. Membranes were washed twice
with PBST and incubated with HRP-conjugated secondary rabbit anti-goat antibody, dilution 1:10,000
(Bio-Rad, cat# 1721034) or goat anti-mouse antibody, with a dilution of 1:40,000 (Bio-Rad, cat# 1706516)
in 5% skim milk in PBST for 1 h at room temperature and washed three times with PBST. Protein signal
was visualized using the ECL detection system (PierceTM, cat# 32209) according to the manufacturer’s
instructions. A B16 mouse melanoma cell line (ATCC, LGC Standards GmbH, Wesel, Germany; cat#
CRL-6322) extract was used as control and processed the same way as the embryos. Densitometric
readings were performed using Adobe Photoshop. The whole western blot with molecular weight
marker is shown in Figure S1.

2.6. Histological Analysis

E10.5 embryos were harvested, placed in 10% neutral buffered formalin (VWR, cat# 9713.1000),
incubated at 4 ◦C overnight, and subsequently transferred to 70% ethanol. Tissues were paraffin
embedded and sectioned (6 µm) and slides were stored at −80 ◦C until staining.

For heat induced epitope retrieval (HIER) Epitope Retrieval Solution 1 (citrate based pH6; Leica,
cat# AR9961) was used on the Leica Bond Rx system (Leica, Concord, ON, Canada) at 95 ◦C for
10 min. Slides were put into the autostainer, treated with Peroxidase block, followed by 30 min
incubation at room temperature with anti-ING3 antibody clone 2A2 (1:100 dilution) [15] in Signal Stain
antibody diluent (Cell Signaling, Danvers, MA, USA; cat# 8112L). Expression of ING3 was visualized
by incubation for 30 min with LabeledPolymer-HRP anti-mouse (Dako, Agilent Technologies Canada
Inc., Mississauga, ON, Canada; cat# K4000) reagent and followed by a 10 min incubation with DAB+

substrate and chromogen (Dako, cat#K3468). Slides were counterstained with Mayer’s hematoxylin
(Dako, cat# S3309).

2.7. µCT analysis

Embryos were harvested at E10.5, fixed in formalin over night at 4 ◦C, and subsequently stored
in 70% ethanol. Embryos were stained with 0.1% phosphomolybdic acid hydrate (Sigma-Aldrich,
cat# 79560-100G) in 70% ethanol for six hours on a horizontal shaker. Subsequently, specimens were
washed in 70% ethanol and mounted in heat-sealed plastic pipette tips in 70% ethanol. In total, four
wild type, four hemizygous, and three homozygous embryos were subject to µCT analysis. µCT scans
were acquired with an XRadia MicroXCT-400 (Carl Zeiss X-ray Microscopy, Pleasanton, CA, USA) at
40 kVp source voltage and 200 µA current using the 4X detector assembly. Projection images (1014*1014
pixel, camera binning = 2) were recorded with an exposure time of 4 s per projection and an angular
increment of 0.2 ◦ between projections. Tomographic sections were exported as DICOM sequences.
Isotropic voxel size in the reconstructed image volumes was 3.56 µm. For visualization, image volumes
were imported into Amira 6.5. (FEI SAS, Mérignac, France (part of Thermo Scientific™)).

3. Results

After breeding and application of a previously established novel non-invasive genotyping
procedure for fluorescently labelled transgenic mice [27], we noticed the absence of viable homozygous
UbC-mCherry transgenic mice (first described in [24]) in the offspring of hemizygous × hemizygous
matings (see Figure 1A and Table 1). To eliminate any possibility of mCherry toxicity at high expression
levels, we compared the overall expression levels (fluorescence efficiency) to the viable CAG-mCherry
hemizygous and homozygous transgenic mice (first described in [27]) that is approximately 5-fold and
9-fold higher, respectively, compared to hemizygous UbC-mCherry transgenic mice (Figure 1A).



Cancers 2020, 12, 80 6 of 13

Cancers 2020, 12, 6 of 13 

 
Figure 1. Quantification of overall fluorescence, schematic view of UbC-mCherry integration site, 
and embryo size. (A) Overall fluorescence of wild type (+/+; n = 4) and hemizygous (+/T; n = 8) UbC-
mCherry mice, and hemizygous (+/T; n = 4) and homozygous (T/T; n = 4) CAG-mCherry mice. (B) 
Integration site of the UbC-mCherry cassette at 6qA3.1 disrupting the Ing3 locus. (C) Embryo size of 
wild type (+/+; n = 9), heterozygous (+/T; n = 19), and homozygous (T/T; n = 8) Ing3 insertional 
mutants at E10.5. 

Table 1. Genotypes of Ubc-mCherry born mice, female of male ratio, and genotype of blastocysts 
from hemizygous × hemizygous matings. 

Genotype +/+ +/T T/T 

Number of born mice 113(36%) 199(64%) - 

Female/Males 56/57 102/97 - 

Number of blastocysts 10(23%) 24(56%) 9(21%) 

100% refer to the total number born mice and total number of blastocysts. 

It has been reported that lentiviral vector-mediated transgenesis frequently leads to 
integrations in the middle of transcribed regions and thereby induces insertional mutations in 
endogenous genes [31]. The integration site of the UbC-mCherry cassette was detected at 6qA3.1 
disrupting the Ing3 locus by unknown mechanisms (Figure 1B). Possible explanations for silencing 
of an endogenous gene by insertion of a transgene into an intron are transcriptional interferences or 
transcription stop by retroviral poly(A) signal. 

Mapping the integration site of the UbC-mCherry cassette to the locus of the tumour 
suppressor candidate ING3 prompted us to further investigate the homozygous lethal phenotype. 
To analyze the impact of the insertional mutation on early development of homozygous embryos, 
genotyping of blastocysts obtained from hemizygous × hemizygous breeding revealed the presence 
of homozygous viable blastocysts with the expected frequency (Table 1). The latest time point 
during pregnancy at which viable homozygous embryos were detected was at E10.5. These 
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Figure 1. Quantification of overall fluorescence, schematic view of UbC-mCherry integration site,
and embryo size. (A) Overall fluorescence of wild type (+/+; n = 4) and hemizygous (+/T; n = 8)
UbC-mCherry mice, and hemizygous (+/T; n = 4) and homozygous (T/T; n = 4) CAG-mCherry mice.
(B) Integration site of the UbC-mCherry cassette at 6qA3.1 disrupting the Ing3 locus. (C) Embryo size
of wild type (+/+; n = 9), heterozygous (+/T; n = 19), and homozygous (T/T; n = 8) Ing3 insertional
mutants at E10.5.

Table 1. Genotypes of Ubc-mCherry born mice, female of male ratio, and genotype of blastocysts from
hemizygous × hemizygous matings.

Genotype +/+ +/T T/T

Number of born mice 113(36%) 199(64%) -

Female/Males 56/57 102/97 -

Number of blastocysts 10(23%) 24(56%) 9(21%)

100% refer to the total number born mice and total number of blastocysts.

It has been reported that lentiviral vector-mediated transgenesis frequently leads to integrations in
the middle of transcribed regions and thereby induces insertional mutations in endogenous genes [31].
The integration site of the UbC-mCherry cassette was detected at 6qA3.1 disrupting the Ing3 locus
by unknown mechanisms (Figure 1B). Possible explanations for silencing of an endogenous gene
by insertion of a transgene into an intron are transcriptional interferences or transcription stop by
retroviral poly(A) signal.

Mapping the integration site of the UbC-mCherry cassette to the locus of the tumour suppressor
candidate ING3 prompted us to further investigate the homozygous lethal phenotype. To analyze
the impact of the insertional mutation on early development of homozygous embryos, genotyping of
blastocysts obtained from hemizygous × hemizygous breeding revealed the presence of homozygous
viable blastocysts with the expected frequency (Table 1). The latest time point during pregnancy at
which viable homozygous embryos were detected was at E10.5. These embryos were approximately
half the size of hemizygous and wild type littermates (Figure 1C).

Western blot analysis and immunohistochemistry confirmed the absence of ING3 protein in
homozygous UbC-mCherry embryos at E10.5 (Figure 2A, B), confirming disruption of the ING3 locus.
Furthermore, immunohistochemistry revealed strong ING3 expression in the fetal brain of developing
wild type and heterozygous embryos at E10.5 (Figure 2B).
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Figure 2. Protein expression in whole E10.5 embryos and the developing brain of E10.5 embryos. (A) 

Western blot analysis for ING3 of wild type (+/+; n = 1), heterozygous (+/T; n = 1), and homozygous 

(T/T; n = 2) whole embryos and intensity ratio readings ING3/Tubulin. (B) Immunohistochemisty for 

ING3 of wild type (+/+; n = 2), heterozygous (+/T; n = 2), and homozygous (T/T; n = 1) embryos. A 

representative section of the developing brain is shown and indicated by arrows. Magnification 40×. 

To further investigate the anatomical developmental defects, µCT analysis of E10.5 embryos 

was performed. For morphological evaluation of wildtype, heterozygous, and homozygous 

embryos, we referred to the atlas of embryonic development of the house mouse [32]. Analyzed 

E10.5 wild type embryos showed typical Theiler stage 17 characteristics. Externally, branchial bars 

1–3 are visible, the forelimb buds (fb) are elongated, the hindlimb buds (hb) are bulged, and the tail 

bud is well developed (Figure 3A, Video S1). 30–35 somites were counted, which is slightly less 

than described for Theiler stage 17. Differences in somite count might be attributed to different 

specimen contrast in light microscopic and µCT evaluation, as during this stage the most cranial 

somites become more and more indistinct. In the head, the three primary brain vesicles already 

started to develop into the five secondary brain vesicles, which is obvious in the two distinctive 

telencephalon hemispheres of wild type and heterozygous embryos (Videos S1 and S2). In wild 

type embryos, the lens anlage (lens pit, lp) shows a deep indentation (Figure 3A, E), which is 

accompanied by a thickened retinal sheet (rs) and a well-developed optical stalk (os) (Figure 3E). 

The olfactory pits (op) are well visible (Figure 3A, D). In the developing mouth, the opening of 

Rathkes pouch (Rp) is not yet constricted (Figure 3F). The otic vesicle (ov) is closed, pear-shaped, 

and the anlage of the endolymphatic duct (ed) can be distinguished (Figure 3G). No differences 

between E10.5 wild type embryos and heterozygous embryos were found (Figure 3B, H–K, Video 

S2).  
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Figure 2. Protein expression in whole E10.5 embryos and the developing brain of E10.5 embryos.
(A) Western blot analysis for ING3 of wild type (+/+; n = 1), heterozygous (+/T; n = 1), and homozygous
(T/T; n = 2) whole embryos and intensity ratio readings ING3/Tubulin. (B) Immunohistochemisty
for ING3 of wild type (+/+; n = 2), heterozygous (+/T; n = 2), and homozygous (T/T; n = 1) embryos.
A representative section of the developing brain is shown and indicated by arrows. Magnification 40×.

To further investigate the anatomical developmental defects, µCT analysis of E10.5 embryos was
performed. For morphological evaluation of wildtype, heterozygous, and homozygous embryos,
we referred to the atlas of embryonic development of the house mouse [32]. Analyzed E10.5 wild type
embryos showed typical Theiler stage 17 characteristics. Externally, branchial bars 1–3 are visible,
the forelimb buds (fb) are elongated, the hindlimb buds (hb) are bulged, and the tail bud is well
developed (Figure 3A, Video S1). 30–35 somites were counted, which is slightly less than described
for Theiler stage 17. Differences in somite count might be attributed to different specimen contrast in
light microscopic and µCT evaluation, as during this stage the most cranial somites become more and
more indistinct. In the head, the three primary brain vesicles already started to develop into the five
secondary brain vesicles, which is obvious in the two distinctive telencephalon hemispheres of wild
type and heterozygous embryos (Videos S1 and S2). In wild type embryos, the lens anlage (lens pit, lp)
shows a deep indentation (Figure 3A,E), which is accompanied by a thickened retinal sheet (rs) and
a well-developed optical stalk (os) (Figure 3E). The olfactory pits (op) are well visible (Figure 3A,D).
In the developing mouth, the opening of Rathkes pouch (Rp) is not yet constricted (Figure 3F). The otic
vesicle (ov) is closed, pear-shaped, and the anlage of the endolymphatic duct (ed) can be distinguished
(Figure 3G). No differences between E10.5 wild type embryos and heterozygous embryos were found
(Figure 3B,H–K, Video S2).

In addition to the fact that homozygous mutant embryos are much smaller than their littermates
as already shown in Figure 1C, they display severe developmental defects. Externally, branchial bars
1–3 are visible, the forelimb buds (fb) are less elongated, and 29 somites were counted (Figure 3C,
Video S3). The hindlimb buds are just visible as a thickened ridge, and the tail bud is present in
homozygous embryos (Video S3). Slight differences in defects can also be observed between individual
embryos and are due to the technical setup of the timed mating. The developmental range at E10.5
depends on the actual fertilization time point and may vary up to several hours between pregnant
females if the female and stud male are paired overnight.



Cancers 2020, 12, 80 8 of 13

Cancers 2020, 12, 8 of 13 

 

Figure 3. µCT analysis of E10.5 embryos. Volume renderings show lateral view of (A) wild type 

(+/+; n = 4), (B) heterozygous (+/T; n = 4), and (C) homozygous (T/T; n = 3) embryos. Virtual µCT 

sections of (D, E, F, G) wild type, (H, I, J, K) heterozygous, and (L, M, N, O) homozygous embryos. 

Note that in (A) the tail bud was clipped unintentionally during specimen preparation and in (B) the 

hindlimb bud and tail bud are located behind the embryo head and thus are hidden in the image. (1, 

2, 3: branchial bars 1–3; bb: brain bulges; ed: endolymphatic duct; fb: forelimb bud; hb: hindlimb 

bud; he: heart; lp: lens pit; me: mesencephalon; oc: optical cup; op: olfactory pit; os: optic stalk; ov: 

otic vesicle; rh: rhombencephalon; Rp: Rathke’s pouch; rs: retinal sheet; te: telencephalon). 

In addition to the fact that homozygous mutant embryos are much smaller than their 

littermates as already shown in Figure 1C, they display severe developmental defects. Externally, 

branchial bars 1–3 are visible, the forelimb buds (fb) are less elongated, and 29 somites were 

counted (Figure 3C, Video S3). The hindlimb buds are just visible as a thickened ridge, and the tail 

bud is present in homozygous embryos (Video S3). Slight differences in defects can also be 

observed between individual embryos and are due to the technical setup of the timed mating. The 

developmental range at E10.5 depends on the actual fertilization time point and may vary up to 

several hours between pregnant females if the female and stud male are paired overnight. 

Figure 3. µCT analysis of E10.5 embryos. Volume renderings show lateral view of (A) wild type (+/+;
n = 4), (B) heterozygous (+/T; n = 4), and (C) homozygous (T/T; n = 3) embryos. Virtual µCT sections
of (D,E,F,G) wild type, (H,I,J,K) heterozygous, and (L,M,N,O) homozygous embryos. Note that in
(A) the tail bud was clipped unintentionally during specimen preparation and in (B) the hindlimb bud
and tail bud are located behind the embryo head and thus are hidden in the image. (1, 2, 3: branchial
bars 1–3; bb: brain bulges; ed: endolymphatic duct; fb: forelimb bud; hb: hindlimb bud; he: heart;
lp: lens pit; me: mesencephalon; oc: optical cup; op: olfactory pit; os: optic stalk; ov: otic vesicle;
rh: rhombencephalon; Rp: Rathke’s pouch; rs: retinal sheet; te: telencephalon).

Significant differences of the homozygous embryos compared to hemizygous and wild type
embryos were observed in the head region and central nervous system. The brain was not closed,
and instead the folding brain bulges (bb) were widely opened at the anterior neuropore (Figure 3C,
L–N, Video S3). The optical cups (oc) can be seen, yet no indentation of the lens anlage (lens pit, lp)
appears (Figure 3M). Olfactory pits (op) are absent (Figure 3C,L), the otic vesicles (ov) are closed and
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round (Figure 3O), and Rathkes pouch (Rp) is not visible (Figure 3N). The heart (he) is approximately
the same size in wild type, heterozygous, and homozygous animals (Figure 3A–C).

The mutant ING3 mouse model was identified as an insertional mutation and lack of ING3
expression was confirmed by western blot analysis and immunohistochemistry. Nevertheless,
to provide a final proof that ING3 is the only and definitive cause of this serious phenotype,
we reintroduced ING3 by ubiquitous expression. We therefore bred the insertional mutant
UbC-mCherry line to CAG-Ing3-P2A-eGFP transgenic line (schematic view of the vector construct
is shown in Figure 4A) and after backcrossing the hemizygous double mutants to hemizygous
UbC-mCherry mice we obtained for the first time homozygous viable UbC-mCherry transgenic mice
with physiologically normal appearance, suggesting successful reconstitution of the insertional Ing3
mutation. Homozygous UbC-mCherry animals were easily detected by in vivo imaging in neonates
showing increased fluorescence levels (almost 2-fold) compared to hemizygous neonates (Figure 4B,
C). To facilitate the in vivo imaging procedure, the ING3 in CAG-Ing3-P2A-eGFP transgenic mice is
linked to eGFP by P2A [33] and homozygous mutant mice also display green fluorescence (Figure 4B),
suggesting the expression of Ing3-P2A-eGFP from the transgenic construct.
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Figure 4. Reconstitution of ING3 by ubiquitous expression of Ing3-P2A-eGFP. (A) Schematic view
of the Ing3 transposon construct. (B) In vivo imaging showing mCherry expression of different
genotypes in a representative litter of a UbC-mCherry, CAG-Ing3-P2A-eGFP double mutant bred to a
hemizygous UbC-mCherry mouse. (C) mCherry and eGFP expression with corresponding genotypes
of UbC-mCherry and CAG-Ing3-P2A-eGFP transgenic pups (homozygous (T/T), hemizyous (+/T)
and wild type (+/+)). Total numbers of animals per genotype are indicated in the figure. Position of
genotyping primers are indicated by arrows.

4. Discussion

The results clearly show the developmental failure upon loss of ING3 expression. µCT analysis
revealed a general delay in growth in homozygous embryos with major growth restriction in the
closing of the brain buds and further formation of the three primary brain vesicles (prosencephalon,
mesencephalon, and rhombencephalon) seen in heterozygous and wild type embryos at E10.5 [34].
The brain is closed at Theiler stage 14 (E9.0, 13–20 somites) in normal development before limb buds
start to appear [32].

Neurulation starts with the folding of the neural tube around E6.5 from the ectoderm. Remarkably,
the most severe developmental malformations in homozygous mutants were found in structures
developing from the ectoderm, namely the delayed closure of the posterior neuropore and failure
of the closure of the anterior neuropore that is still widely open at E10.5. Also, we observed no
formation of the lens pit (lp), the olfactory pits (op), and the delayed development of the otic vesicles
(ov). Thus, we hypothesize that ING3 is an essential factor during ectoderm differentiation. However,
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since homozygous embryos die after E10.5, we cannot exclude the possibility that other defects in
tissues from a different origin are also affected at a later developmental stage.

ING3 activates the TP53 responsive promoter p21WAF1 and BAX, negatively controls cell growth,
and increases apoptosis in a TP53 dependent manner in colon cancer cells [14]. Furthermore,
overexpression of ING3 in gastric cancer cells resulted in apoptosis with increased BAX and CASPASE-3
expression and down-regulated expression of the anti-apoptotic protein BCL2. ING3 was also shown
to drastically inhibit the levels of p-PI3K and p-AKT that reduce cell proliferation [35]. PTEN, a tumour
suppressor gene that is embryonic lethal in knockout mice, counteracts the PIP3 phosphorylation
of p-PI3K and the proliferative effect of PI3K/AKT signaling by dephosphorylating PIP3 to PIP2.
Pten deficient embryos appear delayed at E7.5 with ectoderm development and morphologically
distinct mesoderm, but no headfold was visible. The embryo in general appeared compact and
less organized with severe overgrowths in the cephalic region in E8.5 embryos, leading to death at
E9.5 [36]. The involvement of ING proteins in cell cycle control and down regulation in of INGs and in
particular ING3 in multiple cancers review in [13] suggests that loss of ING3 can result in increased
proliferation and/or reduced apoptosis in vitro and supports its status as a putative candidate tumour
suppressor. However, our findings in vitro and in vivo have suggested ING3 is expressed in rapidly
growing cells [15,23] and our current study shows that loss of ING3 reduces growth in homozygous
mutant embryos while no gross phenotype was seen in heterozygous embryos, suggesting that lower
ING3 levels (Figure 2A) are sufficient for normal development. Reduced growth was also shown for
homozygous ING1 knockout mice with targeted deletion of the critical exon 2 (null for all isoforms) [8]
and in a gene trap knockout mouse with deletion of the long isoform ING1b [9]. Mouse embryonic
fibroblasts (MEFs) isolated from Ing1b-/- mice showed increased proliferation that is further increased
in ING1b-/-;Trp53-/- double knockout MEFs compared to wild type MEFs, which indicates a Trp53
independent mechanism. This increased proliferation in ING1b null MEFs is counterintuitive to the
reduced body weight of ING1b null mice. In contrast to our ING3 mutant, the ING1 null mutant
showed a slightly reduced number of homozygous mice born after heterozygous crosses as the expected
Mendelian distribution [8]. Negative control of the cell cycle after overexpression of ING1 or ING2 in
U2OS [37] or normal skin fibroblast [38] cells is consistent with the observations of overexpression
of ING3 in cancer cells [14,35] given their opposite involvements in HDAC and HAT complexes,
respectively. p33ING1 (ING1b) and p33ING2 (first identified as ING1L) share approximately 60% of
sequence homology, and one may substitute for another in some assays [39]. This may also be the case
for ING4 and ING5, as the phylogenetic analysis of the ING family suggests [40]. Due to the location
of ING1 and ING2 on the same chromosome in the mouse (chromosome 8), double mutants are hardly
obtained by standard breeding and may require the production of a new double knockout mouse.
This double mutant may then display a similar homozygous embryonic lethal phenotype, as seen in
the ING3 mutant mouse.

In summary, loss of ING1 protein expression shows reduced growth in homozygous live born mice
that might be amplified in ING1 and ING2 double mutants, whereas ING3 deficiency shows reduced
growth in embryos that leads to abortion latest at E11.5. This is caused by reduced proliferation,
increased apoptosis, or senescence related to the DNA damage response and including involvement of
ING3 in PI3K/AKT signaling [41,42].

To further investigate the role of ING3, we recently generated a conditional knockout mouse model
that will allow for detailed investigations of ING3 function during pre- and postnatal development
utilizing tissue and developmental stage specific Cre mouse lines. Additionally, the EUCOMM cell
line used for generation of the tm1a allele (knockout first) contains an artificial exon that is spliced
in frame with the N-terminal sequence of ING3, expressing the LacZ reporter. This will simplify the
expression analysis according to protein levels of ING3 in embryos, neonates, and in adult mice by
LacZ staining, and thus will not be dependent on antibody specificity.

Considering the tumour suppressor candidate status of ING3, we have not seen any abnormal
developments in ING3 mutant heterozygous animals compared to wild type mice as reported



Cancers 2020, 12, 80 11 of 13

previously [24]. Nevertheless, a conditional knockout mouse, together with the constitutive Ing3
insertional mutant and the conditional Ing3 transgenic mouse will provide valuable tools for further
analyzing the functions of ING3 in in vivo cancer models.

5. Conclusions

We here show that loss of ING3 expression in an insertional mutant mouse model of Ing3,
a candidate tumour suppressor of the ING family, leads to severe growth restriction and embryonic
death latest at E11.5. Since most developmental defects were detected in tissues derived from the
ectoderm, we hypothesize that ING3 is a major factor for ectoderm differentiation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/1/80/s1,
Figure S1: Western blot raw data, Video S1: µCT video of rotating wild type embryo, Video S2: µCT video of
rotating heterozygous embryo, Video S3: µCT video of rotating homozygous embryo.

Author Contributions: All authors have read and agree to the published version of the manuscript.
Conceptualization, Methodology, Data curation, and Writing—original draft & editing, D.F.; Investigation,
D.F., T.Y., A.N., B.W., C.W., S.M.H., V.L., S.H.; Resources, and Writing—review & editing K.R.; Supervision,
Data curation, and Writing—review & editing, T.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Acknowledgments: We want to thank Tina Bernthaler and Dalma Batkay for helping with blastocyst preparations.
Open Access Funding by the University of Veterinary Medicine Vienna.

Conflicts of Interest: The authors declare no conflict of interests.

References

1. Coles, A.H.; Jones, S.N. The ING gene family in the regulation of cell growth and tumorigenesis. J. Cell. Physiol.
2009, 218, 45–57. [CrossRef] [PubMed]

2. Gorrini, C.; Squatrito, M.; Luise, C.; Syed, N.; Perna, D.; Wark, L.; Martinato, F.; Sardella, D.; Verrecchia, A.;
Bennett, S.; et al. Tip60 is a haplo-insufficient tumour suppressor required for an oncogene-induced DNA
damage response. Nature 2007, 448, 1063–1067. [CrossRef] [PubMed]

3. Hu, Y.; Fisher, J.B.; Koprowski, S.; McAllister, D.; Kim, M.S.; Lough, J. Homozygous disruption of the Tip60
gene causes early embryonic lethality. Dev. Dyn. 2009, 238, 2912–2921. [CrossRef] [PubMed]

4. Kim, J.R.; Kee, H.J.; Kim, J.Y.; Joung, H.; Nam, K.I.; Eom, G.H.; Choe, N.; Kim, H.S.; Kim, J.C.; Kook, H.;
et al. Enhancer of polycomb1 acts on serum response factor to regulate skeletal muscle differentiation.
J. Biol. Chem. 2009, 284, 16308–16316. [CrossRef] [PubMed]

5. Dong, Y.; Isono, K.I.; Ohbo, K.; Endo, T.A.; Ohara, O.; Maekawa, M.; Toyama, Y.; Ito, C.; Toshimori, K.;
Helin, K.; et al. EPC1/TIP60-Mediated Histone Acetylation Facilitates Spermiogenesis in Mice. Mol. Cell. Biol.
2017, 37. [CrossRef] [PubMed]

6. Searle, N.E.; Torres-Machorro, A.L.; Pillus, L. Chromatin Regulation by the NuA4 Acetyltransferase Complex
Is Mediated by Essential Interactions Between Enhancer of Polycomb (Epl1) and Esa1. Genetics 2017,
205, 1125–1137. [CrossRef]

7. Searle, N.E.; Pillus, L. Critical genomic regulation mediated by Enhancer of Polycomb. Curr. Genet. 2018,
64, 147–154. [CrossRef]

8. 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]

9. Coles, A.H.; Liang, H.; Zhu, Z.; Marfella, C.G.; Kang, J.; Imbalzano, A.N.; Jones, S.N. Deletion of
p37Ing1 in mice reveals a p53-independent role for Ing1 in the suppression of cell proliferation, apoptosis,
and tumorigenesis. Cancer Res. 2007, 67, 2054–2061. [CrossRef]

10. Coles, A.H.; Marfella, C.G.; Imbalzano, A.N.; Steinman, H.A.; Garlick, D.S.; Gerstein, R.M.; Jones, S.N.
p37Ing1b regulates B-cell proliferation and cooperates with p53 to suppress diffuse large B-cell
lymphomagenesis. Cancer Res. 2008, 68, 8705–8714. [CrossRef]

http://www.mdpi.com/2072-6694/12/1/80/s1
http://dx.doi.org/10.1002/jcp.21583
http://www.ncbi.nlm.nih.gov/pubmed/18780289
http://dx.doi.org/10.1038/nature06055
http://www.ncbi.nlm.nih.gov/pubmed/17728759
http://dx.doi.org/10.1002/dvdy.22110
http://www.ncbi.nlm.nih.gov/pubmed/19842187
http://dx.doi.org/10.1074/jbc.M807725200
http://www.ncbi.nlm.nih.gov/pubmed/19359245
http://dx.doi.org/10.1128/MCB.00082-17
http://www.ncbi.nlm.nih.gov/pubmed/28694333
http://dx.doi.org/10.1534/genetics.116.197830
http://dx.doi.org/10.1007/s00294-017-0742-3
http://dx.doi.org/10.1038/sj.onc.1209118
http://dx.doi.org/10.1158/0008-5472.CAN-06-3558
http://dx.doi.org/10.1158/0008-5472.CAN-08-0923


Cancers 2020, 12, 80 12 of 13

11. Saito, M.; Kumamoto, K.; Robles, A.I.; Horikawa, I.; Furusato, B.; Okamura, S.; Goto, A.; Yamashita, T.;
Nagashima, M.; Lee, T.L.; et al. Targeted disruption of Ing2 results in defective spermatogenesis and
development of soft-tissue sarcomas. PLoS ONE 2010, 5, e15541. [CrossRef] [PubMed]

12. 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] [PubMed]

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

14. Nagashima, M.; Shiseki, M.; Pedeux, R.M.; Okamura, S.; Kitahama-Shiseki, M.; Miura, K.; Yokota, J.;
Harris, C.C. A novel PHD-finger motif protein, p47ING3, modulates p53-mediated transcription, cell cycle
control, and apoptosis. Oncogene 2003, 22, 343–350. [CrossRef] [PubMed]

15. Nabbi, A.; Almami, A.; Thakur, S.; Suzuki, K.; Boland, D.; Bismar, T.A.; Riabowol, K. ING3 protein expression
profiling in normal human tissues suggest its role in cellular growth and self-renewal. Eur. J. Cell Biol. 2015,
94, 214–222. [CrossRef] [PubMed]

16. Gunduz, M.; Beder, L.B.; Gunduz, E.; Nagatsuka, H.; Fukushima, K.; Pehlivan, D.; Cetin, E.; Yamanaka, N.;
Nishizaki, K.; Shimizu, K.; et al. Downregulation of ING3 mRNA expression predicts poor prognosis in
head and neck cancer. Cancer Sci. 2008, 99, 531–538. [CrossRef]

17. Gunduz, M.; Ouchida, M.; Fukushima, K.; Ito, S.; Jitsumori, Y.; Nakashima, T.; Nagai, N.; Nishizaki, K.;
Shimizu, K. Allelic loss and reduced expression of the ING3, a candidate tumor suppressor gene at 7q31,
in human head and neck cancers. Oncogene 2002, 21, 4462–4470. [CrossRef]

18. Borkosky, S.S.; Gunduz, M.; Beder, L.; Tsujigiwa, H.; Tamamura, R.; Gunduz, E.; Katase, N.; Rodriguez, A.P.;
Sasaki, A.; Nagai, N.; et al. Allelic loss of the ING gene family loci is a frequent event in ameloblastoma.
Oncol. Res. 2010, 18, 509–518. [CrossRef]

19. 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]

20. 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]

21. Gou, W.F.; Sun, H.Z.; Zhao, S.; Niu, Z.F.; Mao, X.Y.; Takano, Y.; Zheng, H.C. Downregulated inhibitor
of growth 3 (ING3) expression during colorectal carcinogenesis. Indian J. Med. Res. 2014, 139, 561–567.
[PubMed]

22. Wang, Y.; Dai, D.L.; Martinka, M.; Li, G. Prognostic significance of nuclear ING3 expression in human
cutaneous melanoma. Clin. Cancer Res. 2007, 13, 4111–4116. [CrossRef] [PubMed]

23. 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, 103.
[CrossRef]

24. Fink, D.; Wohrer, S.; Pfeffer, M.; Tombe, T.; Ong, C.J.; Sorensen, P.H. Ubiquitous expression of the monomeric
red fluorescent protein mCherry in transgenic mice. Genesis 2010, 48, 723–729. [CrossRef] [PubMed]

25. Coffin, J.M. Molecular mechanisms of nucleic acid integration. J. Med. Virol. 1990, 31, 43–49. [CrossRef]
26. Mahler Convenor, M.; Berard, M.; Feinstein, R.; Gallagher, A.; Illgen-Wilcke, B.; Pritchett-Corning, K.;

Raspa, M. FELASA recommendations for the health monitoring of mouse, rat, hamster, guinea pig and rabbit
colonies in breeding and experimental units. Lab. Anim. 2014, 48, 178–192. [CrossRef]

27. Fink, D.; Yau, T.Y.; Kolbe, T.; Rulicke, T. Non-invasive instant genotyping of fluorescently labelled transgenic
mice. ALTEX 2015, 32, 222–227. [CrossRef]

28. Ivics, Z.; Mates, L.; Yau, T.Y.; Landa, V.; Zidek, V.; Bashir, S.; Hoffmann, O.I.; Hiripi, L.; Garrels, W.; Kues, W.A.;
et al. Germline transgenesis in rodents by pronuclear microinjection of Sleeping Beauty transposons.
Nat. Protoc. 2014, 9, 773–793. [CrossRef]

29. Bressan, F.F.; Dos Santos Miranda, M.; Perecin, F.; De Bem, T.H.; Pereira, F.T.; Russo-Carbolante, E.M.;
Alves, D.; Strauss, B.; Bajgelman, M.; Krieger, J.E.; et al. Improved production of genetically modified fetuses
with homogeneous transgene expression after transgene integration site analysis and recloning in cattle.
Cell. Reprogram. 2011, 13, 29–36. [CrossRef]

30. Behringer, R.; Gertsenstein, M.; Vintersten Nagy, K.; Nagy, A. Manipulating the Mouse Embryo: A Laboratory
Manual, 4th ed.; CSH Press: Cold Spring Harbor, NY, USA, 2014.

http://dx.doi.org/10.1371/journal.pone.0015541
http://www.ncbi.nlm.nih.gov/pubmed/21124965
http://dx.doi.org/10.1073/pnas.0912116107
http://www.ncbi.nlm.nih.gov/pubmed/20534538
http://dx.doi.org/10.1016/j.febslet.2014.03.011
http://www.ncbi.nlm.nih.gov/pubmed/24632289
http://dx.doi.org/10.1038/sj.onc.1206115
http://www.ncbi.nlm.nih.gov/pubmed/12545155
http://dx.doi.org/10.1016/j.ejcb.2015.03.002
http://www.ncbi.nlm.nih.gov/pubmed/25819753
http://dx.doi.org/10.1111/j.1349-7006.2007.00708.x
http://dx.doi.org/10.1038/sj.onc.1205540
http://dx.doi.org/10.3727/096504010X12704916124864
http://dx.doi.org/10.3892/ol.2012.685
http://dx.doi.org/10.1258/ebm.2011.011346
http://www.ncbi.nlm.nih.gov/pubmed/24927342
http://dx.doi.org/10.1158/1078-0432.CCR-07-0408
http://www.ncbi.nlm.nih.gov/pubmed/17634537
http://dx.doi.org/10.1186/s12916-017-0854-0
http://dx.doi.org/10.1002/dvg.20677
http://www.ncbi.nlm.nih.gov/pubmed/20853428
http://dx.doi.org/10.1002/jmv.1890310109
http://dx.doi.org/10.1177/0023677213516312
http://dx.doi.org/10.14573/altex.1502181
http://dx.doi.org/10.1038/nprot.2014.008
http://dx.doi.org/10.1089/cell.2010.0022


Cancers 2020, 12, 80 13 of 13

31. Sauvain, M.O.; Dorr, A.P.; Stevenson, B.; Quazzola, A.; Naef, F.; Wiznerowicz, M.; Schutz, F.; Jongeneel, V.;
Duboule, D.; Spitz, F.; et al. Genotypic features of lentivirus transgenic mice. J. Virol. 2008, 82, 7111–7119.
[CrossRef]

32. Theiler, K. The House Mouse—Atlas of Embryonic Development; Springer Verlag: New York, NY, USA, 1989;
p. 178.

33. Kim, J.H.; Lee, S.R.; Li, L.H.; Park, H.J.; Park, J.H.; Lee, K.Y.; Kim, M.K.; Shin, B.A.; Choi, S.Y. High cleavage
efficiency of a 2A peptide derived from porcine teschovirus-1 in human cell lines, zebrafish and mice.
PLoS ONE 2011, 6, e18556. [CrossRef]

34. Chen, V.S.; Morrison, J.P.; Southwell, M.F.; Foley, J.F.; Bolon, B.; Elmore, S.A. Histology Atlas of the Developing
Prenatal and Postnatal Mouse Central Nervous System, with Emphasis on Prenatal Days E7.5 to E18.5.
Toxicol. Pathol. 2017, 45, 705–744. [CrossRef] [PubMed]

35. 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] [PubMed]

36. Suzuki, A.; de la Pompa, J.L.; Stambolic, V.; Elia, A.J.; Sasaki, T.; del Barco Barrantes, I.; Ho, A.; Wakeham, A.;
Itie, A.; Khoo, W.; et al. High cancer susceptibility and embryonic lethality associated with mutation of the
PTEN tumor suppressor gene in mice. Curr. Biol. 1998, 8, 1169–1178. [CrossRef]

37. Larrieu, D.; Ythier, D.; Brambilla, C.; Pedeux, R. ING2 controls the G1 to S-phase transition by regulating p21
expression. Cell Cycle 2010, 9, 3984–3990. [CrossRef] [PubMed]

38. Soliman, M.A.; Berardi, P.; Pastyryeva, S.; Bonnefin, P.; Feng, X.; Colina, A.; Young, D.; Riabowol, K. ING1a
expression increases during replicative senescence and induces a senescent phenotype. Aging Cell 2008,
7, 783–794. [CrossRef] [PubMed]

39. 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, 232–235. [CrossRef]

40. He, G.H.; Helbing, C.C.; Wagner, M.J.; Sensen, C.W.; Riabowol, K. Phylogenetic analysis of the ING family of
PHD finger proteins. Mol. Biol. Evol. 2005, 22, 104–116. [CrossRef]

41. Masuda, Y.; Takahashi, H.; Sato, S.; Tomomori-Sato, C.; Saraf, A.; Washburn, M.P.; Florens, L.; Conaway, R.C.;
Conaway, J.W.; Hatakeyama, S. TRIM29 regulates the assembly of DNA repair proteins into damaged
chromatin. Nat. Commun. 2015, 6, 7299. [CrossRef]

42. 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]

© 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/10.1128/JVI.00623-08
http://dx.doi.org/10.1371/journal.pone.0018556
http://dx.doi.org/10.1177/0192623317728134
http://www.ncbi.nlm.nih.gov/pubmed/28891434
http://dx.doi.org/10.1038/s41417-018-0023-4
http://www.ncbi.nlm.nih.gov/pubmed/29855536
http://dx.doi.org/10.1016/S0960-9822(07)00488-5
http://dx.doi.org/10.4161/cc.9.19.13208
http://www.ncbi.nlm.nih.gov/pubmed/20890119
http://dx.doi.org/10.1111/j.1474-9726.2008.00427.x
http://www.ncbi.nlm.nih.gov/pubmed/18691180
http://dx.doi.org/10.1159/000015188
http://dx.doi.org/10.1093/molbev/msh256
http://dx.doi.org/10.1038/ncomms8299
http://dx.doi.org/10.1038/s41418-019-0305-x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animal Husbandry, Breeding, Embryo Production, and Quantitation of Fluorescence 
	Identification of Integration Locus of UbC-mCherry Transgenic Mice 
	PCR Genotyping of Pre-Implantation Stage Embryos 
	PCR Genotyping of Ear Biopsies and Amnion of E10.5 Embryos 
	Western Blot Analysis 
	Histological Analysis 
	CT analysis 

	Results 
	Discussion 
	Conclusions 
	References

