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Abstract
Liver is a one of the largest tissues that performs a variety of complex functions which support body homeostasis 

including detoxification and providing essential molecules to the blood. Disorganization of liver functions is one of the 
main characteristics of several severe diseases including liver cancer and non-alcoholic fatty liver disease (NAFLD). 
Understanding the mechanisms which control functions of the healthy liver is highly important for development of 
approaches for treatments of liver diseases. Although the role of chromatin remodeling in liver biology has been 
documented by many reports, the precise mechanisms of this regulation are not well understood. We have recently 
determined these mechanisms using transgenic mice which express a dominant negative p300 molecule, dnp300 
mice. This animal model is an excellent tool for the examination of the role of p300 since activities of the endogenous 
p300 are inhibited in these mice. An examination of global changes in expression of genes in livers of dnp300 mice 
revealed that p300 regulates multiple pathways. These pathways include chromatin remodeling, DNA damage, 
fatty liver, oncogenes, apoptosis, cell cycle and translation. One of the key specific pathways of p300-dependent 
regulation of liver functions is the co-operation of p300 with C/EBP family proteins. Our long term studies of C/
EBPα-p300 complexes in biological processes of the liver included investigations in wild type mice and in genetically 
modified animal models with elevated or reduced amounts of C/EBPα-p300 complexes. Examination of these animal 
models elucidated mechanisms by which C/EBPα-p300 complexes are involved in development of NAFLD and in 
regulation of liver proliferation/regeneration and liver injury. This review summarizes the knowledge obtained in these 
genetically-modified animal models with altered chromatin structure.
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Introduction 
Biology of the liver and liver functions is regulated by extremely 

complex communications of different signaling pathways and layers 
of gene expression. Disorders of these communications lead to 
development of liver diseases such as hepatocellular carcinoma, HCC 
[1-4]. It has been also shown that biological pathways are changed 
in aged liver and that liver proliferation after surgery is impaired in 
aging mice [5]. Numerous studies from many groups found that key 
genes involved in liver function include CCAAT enhancer-binding 
protein (C/EBP) family, Rb family, histone deacetylases 1 (HDAC1), 
p300 [3,5-7] and RNA binding protein CUGBP1 [7]. A member of 
the C/EBP family, C/EBPα, inhibits liver proliferation and protects 
the liver from the development of tumors by direct interactions with 
cell cycle proteins and with chromatin remodelling proteins [3,8-10]. 
Our examination of effects of age on biology of the liver showed that 
aging phosphorylates C/EBPα at S193 resulting in inhibition of liver 
proliferation by promoting the formation of HDAC1 and C/EBPα 
complexes [5,7-10]. Generation of two knockin mouse models with a 
constitutively active C/EBPα–S193D and with C/EBPα-S193A mutant 
revealed that phospho-mimicking mutation (S193D) inhibits liver 
proliferation [8]; while mutation of S193 to Ala resulted in an increase of 
liver proliferation after partial hepatectomy and to a failure to stop liver 
regeneration [3]. Similar to C/EBPα, another C/EBP family member, 
C/EBPβ, is a key regulator of liver functions such as liver proliferation 
and differentiation. Although C/EBPβ is an intronless gene, a single 
C/EBPβ mRNA contains three-in-frame AUG codons and translates 
three isoforms, full-length (C/EBPβ-FL), liver activating protein (C/
EBPβ-LAP), and liver inhibitory protein (C/EBPβ-LIP) [11]. All 
three isoforms contain DNA binding domain, but possess differential 
activities because of differences in the activation domains. Among these 
isoforms, C/EBPβ-LIP completely lacks activation domains and works 
as a dominant negative molecule. It has been shown that C/EBPβ-LIP 
directly interacts with Rb and disrupts E2F-Rb complexes leading to 
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de-repression of E2F-dependent promoters and to proliferation [12]. 
Among several families of chromatin remodeling proteins, histone 
acetyl-transferase (HAT) p300 has been shown to be a critical regulator 
of liver biology. Alterations of levels of p300 have been documented 
for several liver diseases. For example, it was found that p300 is highly 
expressed in HCC [13,14]. Previous studies have also shown that the 
inhibition of HAT activity of p300 decreases hepatic steatosis [15]. In 
agreement with these observations, the deletion of CH1 domain of 
p300 resulted in resistance of mice to high fat diet-mediated elevation 
of triglycerides [16]. In addition to these functions of p300, generation 
of mice with hepatic-specific deletion of p300 and mice with knockin 
p300-G422S revealed that p300 also regulates glycogen synthesis 
through maintaining basal gluconeogenesis [17,18]. Despite these 
important observations, very little is known about mechanisms by 
which p300 regulates liver functions. 

Chromatin Structure, Liver Morphology and Liver 
Functions are Altered in Three Animal Models with Increased 
or Reduced Amounts of C/EBPα-P300 Complexes

Histone acetyl transferase p300 regulates chromatin structure 
through interactions with many transcription factors, TFs [19]. Our 
lab is investigating the role of C/EBP-p300 family complexes on the 
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epigenetic regulation of liver biology. Initially, the primary focus of 
our studies was C/EBPα and its interaction with chromatin remodeling 
proteins. Although C/EBPα-p300 complexes have been implicated 
in regulation of liver biology, there was no genetic evidence showing 
the co-operation of these molecules in biological process of the liver. 
The interaction of C/EBPα with p300 is controlled by cdk4-dependent 
phosphorylation of C/EBPα at Ser193 [2,3,8]. As we mentioned above, 
our lab generated three genetically modified animal models in which 
amounts of C/EBPα-p300 complexes are significantly increased: C/
EBPα-S193D mice (S193D) or dramatically reduced: C/EBPα-S193A 
mice (S193A) and dnp300 mice. Investigation of our first model, S193D, 
showed alterations of chromatin structure of the liver at young age that 
is typically observed in livers of old mice [9]. These changes included 
enlarged hepatocytes and abundant foci-liked structures of nuclei which 
contained markers of heterochromatin. Initial studies of this model 
revealed that this change of chromatin structure is associated with 
increase of complexes of C/EBPα with another chromatin remodeling 
protein, histone deacetylase-1, HDAC1 [9]; however later investigation 
found that amounts of C/EBPα-p300 complexes are also elevated in 
the S193D mice [2,3]. Consistent with the role of p300 and C/EBPα, 
chromatin structure is changed in livers of two other animal models 
S193A and dnp300 mice [1,3]. We next investigated the consequences 
of the alterations of C/EBPα-p300-dependent chromatin structure. 
Examination of blood parameters in S193A versus S193D mice revealed 
that the C/EBPα-p300 complexes are involved in the regulation of liver 
damage. While the overexpression of C/EBPα-p300 complexes in S193D 
mice causes elevation of alanine amino transaminase and aspartate 
amino transaminase (ALT/AST) in serum [8], S193A mice with low 
amounts of these complexes have reduced ALT/AST levels [3]. These 
alterations showed that C/EBPα-p300 complexes are involved in the 
regulation of the liver damage. In addition to that, levels of triglycerides 
(TG) and very low density lipoproteins (VLDL) are increased in the 
blood of S193D mice, but are reduced in the S193A mice. We also 
found that levels of glucose in the serum are under the control of C/
EBPα-p300 complexes and that glucose is reduced in the S193A mice. 
Chromatin immunoprecipitation, QRT-PCR and western blotting 
revealed that low levels of glucose in S193A mice are mediated by the 
reduction of the C/EBPα-p300 complexes on the promoters of enzymes 
of glucose synthesis PEPCK and G6Pase leading to subsequent decrease 
of corresponding mRNAs and proteins [3]. While livers of S193A and 
S193D mice showed mainly C/EBPα-p300-dependent alterations, 
dnp300 mice have several additional alterations of blood parameters 
because p300 interacts with many other transcription factors. These 
additional alterations include a dramatic reduction of creatinine and 
gamma glutamyltransferase [1]. Taken together, the morphological 
and biochemical analyses of animal models with altered C/EBPα-p300 
complexes and chromatin structures revealed an essential role of chromatin 
structure and these complexes in liver biology and liver functions. 

Role of p300-Dependent Chromatin Remodelling in 
Development of NAFLD

NAFLD is one of the most devastating diseases that affect many 
patients [20,21]. The development of NAFLD includes several steps. 
The first step of NAFLD is hepatic steatosis which is characterized by 
accumulation of TG’s in cytoplasm of hepatocytes. Hepatic steatosis 
can further progress to non-alcoholic steatohepatitis (NASH) which is 
characterized by more severe liver damage. NASH further progresses 
to cirrhosis and to hepatocellular carcinoma [20,21]. Dietary based 
animal models of non-alcoholic fatty liver disease provided significant 
information regarding liver damage and metabolic pathways of 
hepatic steatosis [21]. Despite numerous studies of hepatic steatosis 

in these animal models of non-alcoholic fatty liver disease, molecular 
mechanisms which cause hepatic steatosis are not well understood. 
Examination of fatty liver characteristics (fat droplets, Oil-Red-O 
staining and liver TG levels) revealed that S193D mice develop hepatic 
steatosis at age of 2 months [2]; while S193A and dnp300 mice do not 
have hepatic steatosis at this age and do not develop it even at age 18-
20 months [1,3]. Mouse models with reduced C/EBPα-p300 complexes 
have also reduced levels of TG; while S193D mice have elevated levels 
of serum TG. We have elucidated precise mechanisms by which C/
EBPα-p300 complexes increase levels of TG. These mechanisms 
include binding of C/EBPα-p300 complexes to promoters of 5 enzymes 
of TG synthesis and activation of their expression through chromatin 
remodeling pathway [2]. S193D and double S193D-dnp300 mice 
were used for examination of development of hepatic steatosis under 
conditions of high fat diet (HFD) which is the most common source 
of NAFLD in humans. These studies revealed that S193D mice develop 
hepatic steatosis much faster than WT mice and that the crossing 
of S193D mice with dnp300 mice reduces levels of C/EBPα-p300 
complexes and completely inhibit development of hepatic steatosis. In 
agreement with these observations, the inhibition of p300 by siRNA 
in mice with existing hepatic steatosis significantly reduces the hepatic 
steatosis [2]. The results with our three animal models are consistent with 
observations published by Shao’s group [22]. In this paper, the authors 
knocked down C/EBPα in livers of WT and in livers of diabetic db/db 
mice by adenoviral delivery of siRNA and found that the inhibition of 
C/EBPα in db/db mice leads to the reduced hepatic glucose production 
and to decrease of lipid accumulation and triglycerides levels through 
the reduction of lipogenic gene expression [22]. Although the authors 
did not examine a precise mechanism by which inhibition of C/EBPα 
causes these changes, it is very likely that, similar to data with our C/
EBPα-S193A mice [3], the C/EBPα-p300 complexes were reduced on 
the promoters of the PEPCK, G6Pase and hepatic lipogenic genes in 
livers of db/db mice leading to the reduction of corresponding mRNAs 
and proteins. Taking together our studies of genetically modified animal 
models with different levels of C/EBPα-p300 complexes and results with 
liver specific inhibition of C/EBPα [22], it is clear that the C/EBPα-p300 
pathway plays a critical role in regulation of gluconeogenesis and in 
development of NAFLD. 

p300-Dependent Pathways Regulate Liver Regeneration 
after Surgery

 The liver is a unique tissue which is able to regenerate after massive 
surgical resections [23]. Although mechanisms of liver regeneration after 
surgery are very well investigated [24], the role of epigenetic control and 
chromatin remodeling in this process is not understood. The generation 
of the three animal models with the alterations of chromatin structure 
allowed us to directly examine the role of chromatin structure in liver 
regeneration. Therefore, we have applied a 2/3 partial hepatectomy 
model (PH) of liver regeneration. In this approach, 70% of the liver is 
removed and the remaining portion starts proliferation and restores to 
the original size. The initial studies with C/EBPα-S193D mice clearly 
demonstrated that overexpression of C/EBPα-p300 complexes is in fact 
a growth inhibitory event. Several approaches including measuring 
DNA replication, mitotic figures and cell cycle proteins revealed that 
liver proliferation is almost completely inhibited in these mice [8]. On 
the contrary, S193A livers with low levels of C/EBPα-p300 complexes 
enter cell cycle early, proliferate faster and do not stop regeneration 
at the time when WT livers do [3]. The PH studies in S193A mice 
elucidated mechanisms by which liver stops proliferation after surgery 
and showed that proper amounts of C/EBPα-p300 complexes are 
required for the termination of liver regeneration. In addition to that, 
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this work revealed a complexity of chromatin remodeling regulation 
and showed that histone deacetylase-1, HDAC1, competes with p300 
for the interactions with C/EBPα and it is involved in the regulation of 
p300-dependent liver functions via this competition [3,8]. Our recent 
studies of dnp300 mice made a significant contribution to further 
understanding of the role of p300-dependent chromatin remodeling in 
liver regeneration. Consistent with observations in S193A mice which 
have low levels of C/EBPα-p300 complexes, the inhibition of p300 by 
dnp300 molecule dramatically increases liver regeneration after surgery 
and destroys the mechanisms of termination of liver proliferation after 
PH leading to the increase of liver proliferation after PH [1]. 

Role of p300 in Liver Injury and Recovery after Injury
The liver is the main organ which performs detoxification making 

it the primary target of chemically induced injury. As the result of 
this injury, the liver starts proliferating which further leads to the 
development of several diseases including fibrosis, cirrhosis and 
hepatocellular carcinoma. To determine the role of p300 and p300-C/
EBPα complexes in liver injury after chemical exposure, we performed 
a set of studies in which WT, S193D and dnp300 mice were treated 
with carbon tetrachloride (CCl4) and liver injury and recovery 
were examined. These studies revealed that animals overexpressing 
C/EBPα-p300 complexes (S193D mice) have increased rate of 
proliferation and are more sensitive to development of CCl4-mediated 
fibrosis [25]. This sensitivity is associated with alterations in expression 
of key regulators of liver biology such as TERT1, FXR and C/EBPβ 
[25]. On the contrary to mice overexpressing p300-C/EBPα complexes, 
mice with inhibited p300 and p300-C/EBPα complexes have blocked 
the response of the liver to CCl4-mediated injury, but have elevated 
liver proliferation [1]. Searching for the underlying mechanisms of the 
resistance of dnp300 mice to liver injury, we found that the inhibition 
of p300 affects several additional pathways of liver biology. The most 
important pathways include changes on the levels of post-translational 
modifications which lead to accumulation of translational repression 
complexes of RNA binding protein, CUGBP1 with inactive form 
of translation initiation factor eIF2, and subsequent translational 
inhibition of p53. It is interesting to note that previous studies showed 
that p53 recruits p300 to the promoter of tumor suppressor Foxo3 
gene and increases expression of Foxo3 in quiescent livers and that 
this regulation is disrupted after PH leading to the loss of Foxo3 
expression during the proliferative stage of liver regeneration [26]. 
Our studies of livers of dnp300 mice without challenges demonstrated 
that a portion of hepatocytes proliferates and they are on the stages 
of DNA replication and mitosis [1]. Moreover, livers of dnp300 mice 
have significantly increased proliferation after PH and CCl4 treatments. 
Given the reduction of p300 activity and reduction of p53 in livers of 
dnp300 mice, it is likely that a possible inhibition of Foxo3 is involved 
in the basic increase of liver proliferation and in acceleration of liver 
proliferation of dnp300 mice after PH and CCl4 treatments. 

Conclusions and Future Directions
Alterations of chromatin structure in our three animal models 

significantly change expression of genes at different levels. One 
additional alteration in gene expression in our animal models is the 
accumulation of a truncated C/EBPβ-isoform, C/EBPβ-LIP. Although 
we have not examined directly the role of this isoform in increased 
proliferation observed after PH in C/EBPα-S193A and dnp300 mice, it 
is likely that the elevation of C/EBPβ-LIP contributes to the increase of 
liver proliferation in these animal models. Figure 1 summarizes results 
presented in our recent paper [1] and in our other publications of long-

term studies of the role of p300-dependent chromatin remodeling in 
liver biology [1-3,8,9,25]. These studies demonstrated that p300 controls 
development of NAFLD and is a key protein which regulates liver 
response to surgery and injury. p300-dependent molecular pathways 
include C/EBPα, full-length (FL) C/EBPβ, C/EBPβ-LIP, CUGBP1 and 
p53 signaling. It is important to note that C/EBPα and FL-C/EBP-β 
proteins can form heterodimers and regulate expression of genes as 
triple complexes with p300. Identification of p300-C/EBP pathways as 
critical regulators of liver injury/proliferation and NAFLD generated 
a good background for examination if modulations of these pathways 
might correct/prevent development of liver diseases such as liver cancer 
and NAFLD. Particularly, we are currently investigating if the inhibition 
of C/EBPα-p300 pathway might protect/reverse development of 
NAFLD and correct liver functions. Because C/EBPα-p300 complexes 
are critical for the termination of liver proliferation [3], it would be 
also important to develop approaches to support these complexes and 
potentially prevent/treat liver cancer. 
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