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Original Article 
Loss of the epigenetic regulator Ash2l results  
in desintegration of hepatocytes and liver failure
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Abstract: Post-translational modifications of core histones are key to control gene expression. Tri-methylation of 
lysine 4 of histone H3 (H3K4me3) is associated with active promoters, a modification catalyzed by enzymes of the 
KMT2 class of lysine specific methyltransferases. These include the mixed lineage leukemia (MLL) and SET1 pro-
teins, which represent the catalytic subunits. These are associated with a core complex consisting of WDR5, RbBP5, 
ASH2L and DPY30. This core complex is thought to be essential for catalytic activity. In order to address the function 
of the KMT2 complexes in an organism, we have generated a conditional Ash2l knockout mouse. We have crossed 
these animals with Alb-Cre mice, which express the Cre recombinase under the control of the albumin promoter. 
This ensures liver specific expression of Cre. We observed efficient deletion of the target region in the Ash2l locus 
in the liver but not in the spleen. This resulted in a loss of Ash2l expression in hepatocytes and concomitantly a 
strong reduction in H3K4me3. As a consequence the animals lost weight and an increase of several liver enzymes 
was detected in the serum, including alkaline phosphatase and aspartate transaminase. The loss of Ash2l was also 
associated with an increase in Ki-67 positive cells in the liver. Moreover in the few animals that survived more than 
4 weeks, we observed an increase in Ceroid-storing macrophages, suggesting that dead hepatocytes are eliminated 
from the tissue. Together these findings demonstrate that Ash2l is essential for liver function, most likely through 
an impact on H3K4 methylation. 
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Introduction 

Gene transcription is controlled at multiple  
levels. One is the regulation of chromatin,  
which plays a key role. Nucleosomes are the 
smallest chromatin units that contain a protein-
aceous center of core histones with DNA 
wrapped around it. Post-translational modifica-
tions (PTMs) of core histones control their func-
tionality, e.g. by modulating the interaction with 
transcription factors [1-3]. One of the PTMs 
that has been recognized to be functionally  
relevant is methylation of lysine 4 of histone  
H3 (H3K4). This modification is associated  
with accessible chromatin. Mono- (H3K4me1) 
and di/tri-methylation (H3K4me2/3) serve as 
marks for enhancer regions and accessible 
promoters, respectively [4, 5]. The modifying 

enzymes include mixed-lineage leukemia (MLL) 
and SET1A/B methyltransferases (MTases), 
here referred to as KMT2 enzymes. These are 
organized in complexes that contain as core 
subunits WDR5, RbBP5, ASH2L and 2 copies of 
DPY30, the so-called WRAD complex, which is 
essential for efficient catalytic activity [6-8]. 

H3K4me3 is found primarily at promoters that 
possess open chromatin [5]. Frequently these 
are active promoters suggesting that this his-
tone mark is involved in positively regulating 
polymerase activity. The broad functional rele-
vance of H3K4me3 at promoters demands that 
KMT2 enzyme complexes are recruited selec-
tively to chromatin. As one might expect, sever-
al transcriptional regulators have been reported 
to perform such a recruitment function through 

http://www.ijcep.com


Ash2l knockout in the liver

5168 Int J Clin Exp Pathol 2016;9(5):5167-5175

interacting with different KMT2 complex sub-
units (e.g. [9-11]). In addition to recruitment  
by transcription factors, some complex sub-
units are able to interact with chromatin. WDR5 
is capable to bind to the N-terminal tail of his-
tone H3 [12, 13], while ASH2L has been sug-
gested to directly interact with DNA [14, 15]. 
Furthermore the catalytic subunits of KMT2 
complexes possess domains that can interact 
with DNA [6]. Thus multiple modes exist to tar-
get KMT2 complexes to chromatin.

The importance of the core complex compo-
nent Ash2l is documented by the finding that  
its deletion is early embryonal lethal, probably 
when maternal stores of Ash2l are depleted 
[16]. Importantly heterozygous animals did not 
show a phenotype. Our previous findings have 
identified ASH2L as an interaction partner of 
the oncoprotein MYC [17]. Moreover we found 
that ASH2L is overexpressed in the majority of 
human tumors [18, 19]. A potential role of 
ASH2L in cell transformation is further implied 
by the observation that it cooperates with acti-
vated Ha-RAS to transform primary rat embryo 
fibroblasts [18]. To address the functionality of 
Ash2l and of H3K4 methylation in more detail, 
we have established a mouse line with a tar-
geted Ash2l locus. We report that deletion of 
Ash2l in the liver has a severe phenotype result-
ing in liver failure and eventual death of the 
animals. 

Materials and methods 

Generation of conditional knockout (KO) mice 
targeting Ash2l

ES cells (C57BL/6N, substrain JM8.N4) were 
obtained from the EUCOMM gene targeting  
programm [20], harboring a loxP-flanked exon 4 
of Ash2l within a targeting cassette, which itself 
is flanked by FRT sites (EUCOMM ID 35610). 
The albino mouse strain B6N-Tyrc-Brd/BrdCrCrl 
(Charles River) was used to generate blasto-
cysts for microinjection. Chimeric offspring 
were bred to assess germ line transmission. 
Mice (C57BL/6N, JM8.F6) harboring an impro- 
ved FlpO transgene were then used for the 
deletion of the targeting cassette [21].

Generation of liver-specific Ash2l knockout 
mice

For the hepatocyte-specific disruption of Ash2l, 
Ash2lfl/fl animals were crossed with mice har-

boring a transgene for the expression of Cre re- 
combinase driven by the hepatocyte-specific 
serum albumin (Alb) promoter (Tg(Alb-cre) 21 
Mgn, Jackson Laboratory). Littermates were 
crossed to obtain the homozygous KO geno-
type Ash2lfl/flTg(AlbCre) and various control ani-
mals (Ash2lfl/fl, Ash2l+/fl, Ash2l+/flTg(AlbCre), 
Ash2l+/+, Ash2l+/+Tg(AlbCre)). All mice were bred 
in the in-house, specific pathogen-free animal 
facility (Institut für Versuchstierkunde, Medical 
School, RWTH Aachen University) and main-
tained on a 12 h light/dark cycle in cages with 
up to five mice and food and water provided ad 
libitum. All procedures were approved by the 
Institut für Versuchstierkunde and the local 
government (LANUV NRW, AZ 84-02.04. 2013. 
A182). All animal experiments were performed 
in accordance with German and EU legislation.

DNA isolation 

For genotyping DNA was isolated from tail biop-
sies by incubation with 25 mM NaOH/0.2 mM 
EDTA at 98°C for 30 min. and subsequent cool-
ing to 4°C for 15 min. 75 µl of Tris/HCl (pH 5.5) 
was added for neutralization and the samples 
were centrifuged at 1,500 rpm for 3 min at 
room temperature. The supernatant was used 
for PCR analysis with the indicated primers.  
For analyzing the knockout efficiency of Ash2l 
in liver and spleen, genomic DNA was isolated 
from the tissues using the High Pure PCR 
Template Preparation Kit (Roche) according to 
the manufacturer’s protocol. 

Protein isolation

Frozen tissues were mechanically disrupted 
(Tissue Tearor, BioSpec Products) in RIPA buf-
fer (10 mM Tris/HCl, pH 7.4, 150 mM NaCl, 1% 
Nonidet P-40, 1% deoxycholic acid, 0.1% SDS) 
containing a protease inhibitor cocktail (Sigma, 
P8340) and 10 mM sodium butyrate on ice. 
After centrifugation (10,000xg, 5 min, 4°C) the 
supernatants were sonified for 15 min with 30 
seconds on/off cycles in the cold and centri-
fuged again. After adjustment of the protein 
concentrations, relevant proteins were ana-
lyzed by western blotting using the indicated 
antibodies.

Serum analyses

After anesthesia with isoflurane, blood taken 
from the retro-orbital sinus was collected, cen-
trifuged (5,000xg, 5 min) and the indicated 
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serum parameters were determined by the 
Laboratory of Clinical Chemistry and Hema- 
tology, Institut für Versuchstierkunde, Medical 
School, RWTH Aachen University.

Polymerase Chain Reaction (PCR)

For determining the genotype and the deletion 
efficiency of the Ash2l exon 4, PCR analyses 
were performed using the following primers: 
loxP for (5’-CATCCACAGGTCATGTCTGC-3’), loxP 
rev (5’-AGCCGTGATGGAGTGTAACC-3’), Cre for 
(5’-CATTTGGGCCAGCTAAACAT-3’), Cre rev (5’- 
TAAGCAATCCCCAGAAATGC-3’), tm1d for (5’-A- 
GGCGCATAACGATACCACGAT-3’), tm1d rev (5’- 
ACTGATGGCGAGCTCAGACC-3’). All of the PCR 
reactions were performed for 30 cycles at 95°C 
for 30 s, 60°C for 30 s, and 72°C for 30 s or 45 
s using Go Taq® Green Master Mix (Promega). 

The predicted fragment sizes are noted in the 
lower part of Figure 1A.

Histology and immunohistochemistry

Livers were fixed in 4% PBS buffered formalde-
hyde, paraffin embedded, cut into 2 µm thick 
slices, deparaffinised with xylene and rehydrat-
ed with decreasing concentrations of ethanol 
(100% (v/v), 96% (v/v), 70% (v/v)) and dH2O. 
Sections were stained with hematoxylin and 
eosin (H&E), periodic acid-schiff (PAS) and 
modified Gomori’s staining using standard pro-
cedures. For immunohistochemistry (IHC) anti-
gen retrieval was performed by incubation with 
sodium citrate buffer (pH 6.0) at 98°C for 30 
min. After cooling for 20 min, sections were 
washed in dH2O and incubated in 3% H2O2 for 
10 min. Sections were then rinsed in Tris buff-
ered saline with 0.05% (v/v) tween (TBS-T) for  
5 min, blocked with 2.5% (v/v) normal horse 
serum in antibody diluent (Dako, S2022) for 30 
min, and incubated with primary antibody at 
room temperature for 1 h in a humidified cham-
ber. For detection a species-specific ImmPress 
Peroxidase kit (Vector) was used for 20 min, fol-
lowed by the incubation (10 min) with diamino-
benzidine (DAB) solution (Dako). Sections  
were washed with dH2O and counterstained 
with hematoxylin (Dako). For murine antibodies 
the MOM kit MP2400 (Vector) was used. 
Alternatively the Autostainer Plus (Dako) with 
the ImmPress peroxidase kit was employed. 
After dehydration the slides were embedded in 
Vitro-Clud (Langenbrinck) and visualized by 
bright field microscopy. For the quantification  
of stained cell nuclei the program ImageJ/Fiji 
was used.

Antibodies and TUNEL assay

Anti-Ash2l (D93F6, Cell Signaling 5019), anti-
actin (C4, MP Biomedicals 69100), anti-Histone 
H3K4me3 (Abcam 8580), anti-phospho-His-
tone H3 (Ser10) (Cell Signaling 9701), anti-His-
tone γH2A.X (Millipore 05-636), anti-Ki67 
(Thermo RM9106), anti-cleaved Caspase 3 
(Cell Signaling, 9664), TUNEL assay (terminal 
deoxynucleotidyltransferase UTP nick end 
labeling, Promega G7130).

Statistical analysis

Data were expressed as the means ± standard 
deviations (SD), and two-tailed Student’s t-test 

Figure 1. Targeting the Ash2l locus. A. Schematic rep-
resentation of the wild type (wt), the floxed exon 4 (fl) 
and the recombined Ash2l (∆fl) alleles. The positions 
of the primers used to analyze the different alleles 
are indicated. The expected sizes of the PCR prod-
ucts (in bp) are summarized at the bottom. Drawing 
not to scale. B. Mouse tail DNA was extracted and 
analyzed using loxP primers (left panel). The 368 bp 
and the 406 bp fragments indicate the wt and the fl 
Ash2l alleles, respectively. Cre sequences were visu-
alized using Cre-specific primers (right panel). 



Ash2l knockout in the liver

5170 Int J Clin Exp Pathol 2016;9(5):5167-5175

was used to compare the significance between 
two groups. P values ≤ 0.05 were considered 
statistically significant.

Results 

Ash2l knockout strategy

It was reported previously that in the mouse the 
conventional Ash2l KO is lethal early during 
embryonic development [16]. Therefore a con-
ditional Ash2l KO mouse was generated, in 
which exon 4 of Ash2l was flanked by loxP 
recombination sites (floxed). The wild type and 
the floxed Ash2l loci were assessed using loxP-
site-specific primers (Figure 1A and 1B). This 
allowed distinguishing between wild type 
Ash2l+/+, heterozygous Ash2l+/fl and homozy-
gous Ash2lfl/fl animals. Ash2lfl/fl animals were 
crossed with animals harboring an Alb-Cre 
transgene, ascertained by PCR applying Cre-
specific primers (Figure 1B). 

The expression of the Cre recombinase under 
control of the hepatocyte-specific albumin  
promoter is starting shortly after birth and 
leads to the recombination of the floxed allele. 
Genotyping of KO animals with the recombina-
tion specific tm1d primer pair (Figure 1A) 
revealed efficient recombination of the floxed 
Ash2l allele (Figure 2A). No recombination was 
measurable in the spleen. In addition the 
expression of Ash2l protein in the liver was 
assessed by Western blotting (Figure 2B). At 11 
and 15 days of age, a reduction of about 4-fold 
could be observed in KO animals. DNA as well 
as protein was extracted from total livers, which 
harbor a substantial amount of non-hepatic 
cells that do not express the Cre recombinase. 
Therefore it was expected that a signal from  
un-recombined alleles at the DNA level and an 
only moderate reduction of Ash2l protein in liv-
ers of KO animals would be observed in these 
analyses. The histological analyses revealed a 
more dramatic effect (see Figure 5 below) as 
the knockout could be ascertained at the single 
cell level. Taken together, these findings  
suggest that an efficient hepatocyte-specific 
recombination of the floxed Ash2l alleles and  
a concomitant loss of Ash2l protein were 
achieved.

Deletion of Ash2l results in liver damage

The effect of an Ash2l loss in hepatocytes was 
first apparent in the reduction of body weight in 
the KO animals compared to control mice 
(Figure 3). By day 30 after birth the large major-
ity of the animals were moribund and had to be 

Figure 2. Analysis of Ash2l DNA recombination and 
protein expression. A. Genomic DNA was extracted 
from livers and spleens of 20 day old floxed (c, con-
trol) animals and floxed animals expressing Cre re-
combinase under the liver-specific albumin promoter 
(KO, knockout). The position of the tm1d primers 
used to assess recombination of the floxed Ash2l 
alleles is indicated in Figure 1A. B. Proteins were 
extracted from livers of 11 and 15 day old animals 
and analyzed by western blotting using antibodies 
specific for Ash2l and actin as input control.

Figure 3. Growth retardation upon liver-specific dele-
tion of Ash2l. The body weight of control and KO ani-
mals was compared. Female and male animals were 
sacrificed at an average age of 24.48 ± 7.38 days 
(11 control and 12 KO animals) and 19.65 ± 5.47 
days (11 control and 9 KO animals), respectively.
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euthanized. This suggested that liver functions 
were impaired. Therefore we measured several 
liver enzymes as markers of liver damage 
(Figure 4). Alkaline phosphatase, alanine ami-
notransferase and aspartate transaminase 
were significantly increased in animals with 
Ash2l KO. Albeit increased total bilirubin levels 
were measured, this change did not reach sta-
tistical significance compared to Ash2l positive 
mice (Figure 4). Additionally icteric serum was 
observed in all KO animals as young as 11 days 
(data not shown). Thus the reduced growth in 
KO animals was paralleled by a mixed hepatic 
and cholestatic damage suggesting that Ash2l 
is essential for proper hepatocyte function  
and survival. Of note we observed no differ-
ence between Ash2l+/+, Ash2l+/fl and Ash2l+/

flTg(AlbCre) animals in live expectancy (up to 50 
weeks) and body weight.

Histologic evaluation

For a celltype-specific assessment of the extent 
and effects of the Ash2l KO in hepatocytes, 
various histological and immunohistochemical 
(IHC) stainings of serial liver sections from mice 
of different age were performed (day 11 to day 
24; Figure 5). Antibodies specific for Ash2l and 

H3K4me3 were used to ascertain the efficien-
cy of the knockout and the effect on histone 
methylation, respectively. In control mice nucle-
ar staining with both antibodies could be 
detected in all cells whereas in KO mice Ash2l 
staining was absent in hepatocytes but still 
present in other cell types, including Kupffer 
cells and endothelial cells. This indicated an 
efficient, cell-specific loss of Ash2l and a con-
comitant strong reduction in histone H3K4 tri-
methylation. H&E staining revealed a normal 
liver morphology of control mice. In the KO ani-
mals the liver sections exhibited ballooning and 
feathery degenerations of the hepatocytes. 
With increasing age an enhanced ductular 
reaction could be observed and PAS staining 
revealed a gain of Ceroid-storing macrophages 
suggesting elimination of dead hepatocytes by 
the reticuloendothelial system. In addition with 
advancing age, modified Gomori’s stain showed 
small areas of hepatocyte collapse and pro-
gressive portal-portal bridging fibrosis in KO 
animals. 

Further IHC were performed to assess potential 
consequences in response to the loss of Ash2l 
expression. Hepatocyte cell death is a possibil-
ity. Therefore we examined apoptosis using  
two methods detecting different characteris-
tics of the process. We stained for cleaved cas-
pase 3 and for DNA breaks using the TUNEL 
assay. No difference between the control sec-
tions and the sections from KO mice was evi-
dent, indicating that loss of Ash2l does not 
induce apoptosis per se (data not shown). A 
potential mitotic arrest with increase in the 
extent of chromosomal condensation during 
mitosis was assessed using an antibody detect-
ing the phosphorylation of Serine 10 of histone 
H3, a modification that accumulates in this 
phase of the cell cycle. Again no differences 
were detectable (data not shown). The phos-
phorylation of serin 139 of histone H2A.X 
(γH2A.X) is occuring in the vicinity of DNA dou-
ble strand breaks after exposure to certain 
DNA damaging agents and γ-irradiation [22].We 
observed a tendency for increased γH2A.X 
staining in the KO vs. control sections of litter-
mates in some but not all age-groups, however 
the differences were not significant (data not 
shown). 

IHC detecting the proliferation-specific antigen 
Ki-67 revealed a consistent albeit moderate 
increase in the amount of stained cells in mice 

Figure 4. Serum parameters upon liver-specific de-
letion of Ash2l. Liver enzymes were measured in 
the sera of control (21.3 ± 6.5 day) and KO animals 
(20.4 ± 5.9 days) (25 control and 22 KO animals). A. 
Alkaline phosphatase (ALP); B. Alanine aminotrans-
ferase (ALT); C. Aspartate transaminase (AST); D. 
Total bilirubin (TBIL). P-values were calculated using 
Student’s t-test (ns p>0.05; ***p<0.001). 
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older than 11 days. In general in the KO ani-
mals the hepatic cell nuclei were larger and 
stained more intensly with the anti-Ki-67 anti-
body compared to liver sections from control 
animals (Figure 5). 

Discussion

The modification of H3K4me3 is found at active 
promoters and is thought to participate in the 
orchestration of core promoter function and 
polymerase activity. KMT2 methyltransferase 
complexes are of key importance for this his-
tone modification. The core components of 
these complexes consists of WDR5, RbBP5, 
ASH2L and DPY30. We report a conditional 
knockout mouse with a targeted Ash2l locus. 
Upon Cre-induced recombination in hepato-
cytes, Ash2l and concomitantly H3K4me3  
were lost (Figures 1, 2 and 5). This resulted in 
the disintegration of liver functions and eventu-
ally in the death of the animals (Figures 3 and 
4). The effect of Ash2l and H3K4me3 loss in 
hepatocytes was associated with collapsed 
reticulin fibers and an accumulation of Ceroid-

storing macrophages (Figure 5). These findings 
indicated that at least some hepatocytes were 
lost. Because apoptotic markers were not 
observed in hepatocytes and because no 
necrotic areas could be seen in the liver, it 
remains unclear how the cells died. Never- 
theless this is consistent with a small increase 
in Ki-67 positive cells (Figure 5), which sug-
gests compensatory cell proliferation. This is 
consistent with our preliminary findings indicat-
ing that other cell types, including hematopoi-
etic stem cells and embryonic fibroblasts, are 
unable to proliferate after deleting Ash2l (our 
unpublished findings). This is also in agreement 
with previous studies reporting that the  
knockdown of ASH2L in human cells results  
in reduced proliferation [9, 18, 23]. Together 
these findings demonstrate an essential role of 
Ash2l for hepatocyte maintenance. 

Ash2l is essential for mouse development [16]. 
While at embryonic age E3.5 Ash2l-/- embryos 
could be found, none were detected at E8.5. In 
contrast heterozygous animals were present in 

Figure 5. Histology and immunohistochemistry of 
liver sections from control and Ash2l KO mice. A. 
Formaldehyde fixed and paraffin embedded liver 
sections from 11 day old mice were stained as in-
dicated (H&E, Ash2l, H3K4me3, modified Gomori’s 
stain, Ki-67). For PAS staining, sections from 37 
day old mice were used. Length of scalebars is 50 
µm. B. Ki-67 stained nuclei of three experiments 
were evaluated (40x magnifications) with ImageJ/
Fiji. 
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the expected numbers and did not have a phe-
notype. This is consistent with our findings that 
Ash2l+/flTg(AlbCre) animals did not have an 
apparent phenotype until the age of 50 weeks 
(data not shown). Similarly our crosses with 
other Cre transgenic animals resulting in effi-
cient heterozygosity of Ash2l in various target-
ed tissues were without phenotype (our unpub-
lished findings). This is consistent with our ear-
lier observation that ASH2L expression is regu-
lated at the post-translational level [18]. 
Together these findings provide evidence that 
Ash2l is not haploinsufficient. Transcription 
from one allele is apparently sufficient to pro-
vide cells with enough Ash2l protein to support 
all the relevant activities as a core subunit of 
KMT2 complexes and potentially other unrelat-
ed functions. 

The situation is more complex with the knock-
out of individual KMT2 genes. The loss of one 
of the KMT2 enzymes might be compensated 
to certain degrees by one or more of the other 
5 family members. In addition, while the loss of 
Ash2l results in a very strong reduction in 
H3K4me3 in the targeted cells, which appar-
ently cannot be compensated, the deletion of 
one KMT2 enzyme has gene specific effects. 
The functions of all 6 KMT2 genes have been 
studied in knockout mice. The results demon-
strate the importance of all individual KMT2 
enzymes as the animals have all severe pheno-
types. Interestingly these are distinct indicating 
unique functions of the 6 KMT2 enzymes. 
Homozygous deletion of Mll1 is embryonically 
lethal, whereas the Mll1 heterozygotes show 
retarded growth and a number of additional 
abnormalities, including a reduction of hemato-
poietic precursor cells [24, 25]. In light of the 
observations that Ash2l is not haploinsuffi-
cient, these findings suggest that Mll1 is a sub-
unit that is synthesized in limiting amounts. 
Together with its well-documented role in spe-
cific forms of leukemia in humans, Mll1 appears 
particularly relevant in hematopoietic stem and 
progenitor cells [26-29]. Mll2 is essential for 
early embryonic murine development [30]. 
Moreover Mll2 is required in oocytes and during 
spermatogenesis [31, 32]. Recently SET1A  
and B were also shown to be essential, again 
with different phenotypes [33]. These findings-
demonstrate functional differences between 
KMT2 enzymes. 

As pointed out above, H3K4me3 is found at 
active promoters. It is recognized by different 
readers, including TAF3, a subunit of the basal 
transcription factor complex TFIID. The binding 
of TFIID promotes preinitiation complex assem-
bly and gene transcription [34, 35]. Moreover 
H3K4me3 is also associated with poised pro-
moters [5], suggesting that additional determi-
nants are required to specify the expression of 
H3K4me3 marked genes. Indeed one critical 
histone mark that cooperates with H3K4me3 is 
acetylation of H3K27 (H3K27ac), for which the 
acetyltransferases CBP/p300 seem particular-
ly relevant (e.g. [36]). In contrast H3K4me3 in 
combination with H3K27me3 marks poised 
promoters. The latter is the result of polycomb 
repressive complex 2 (PRC2) activity, which 
contains EZH2 as an H3K27 selective methyl-
transferase [37]. Together these findings sup-
port a key role of H3K4me3 for gene transcrip-
tion and cell fate determination and thus pro-
vide an explanation for the essential role of 
Ash2l.
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