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Abstract: Background: Brahma-related gene 1 and brahma, which are catalytic components of the mammalian 
chromatin remodeling complex, express ubiquitously in mammalian tissues, including the liver. Although both are 
involved in numerous biological processes, including cell growth, proliferation, and tumorigenesis, their roles in liver 
regeneration are still unclear. Methods: We developed special knockout mice in which brahma-related gene 1 was 
deleted in the hepatocytes. After that, partial hepatectomy and chemical injury models were used to investigate the 
regulation process in liver regeneration. Results: Notably, brahma-related gene 1 increased in liver regeneration 
following hepatic injury; however, the loss of brahma-related gene 1 neither prominently disturbed the develop-
ment, growth, and metabolism of the liver nor impaired liver regeneration even after inducing tumorigenesis. In 
contrast, the brahma expression maintained at stable levels in the early phase of liver regeneration. Intriguingly, 
additional brahma silencing in albumin-Cre; brahma-related gene 1loxP/loxP mice through short-hairpin ribonucleic 
acid decreased the proliferation of hepatocytes, resulting in delayed liver regeneration. Conclusions: In contrast 
to the accepted notion that brahma could compensate the role of brahma-related gene 1 in liver regeneration by 
increasing its expression volume, the results of this study found that the deficiency of both brahma-related gene 1 
and brahma significantly delays liver regeneration.
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Introduction

Brahma-related gene 1 (Brg1) is a core subunit 
of the human switching or sucrose non-fer-
menting (SWI/SNF) complex that was first iden-
tified in yeast and is highly conserved among 
eukaryotes [1, 2]. The SWI/SNF complex com-
prises 7-11 components that assemble into 
distinct complexes containing either Brg1 or 
brahma (Brm) ATPase subunits. As a well-char-
acterized ATPase-dependent remodeling com-
plex, it disrupts histone-DNA interactions and 
increases the accessibility of specific DNA 
regions to the basal transcriptional machinery 
[3, 4].

Because Brg1 is predominantly expressed in 
cells that constantly undergo proliferation or 
self-renewal [5], it may be involved in biological 

processes that accelerate cell-cycle progres-
sion and cell proliferation [6]. Brg1 interacts 
with DNA-binding transcription factors and  
histone-modifying enzymes to activate/repress 
transcription as well as to regulate DNA replica-
tion, repair, and recombination [7]. Reportedly, 
Brg1 influences cell growth by interacting with 
the regulatory proteins involved in cellular pro-
liferation in in vitro studies [8]. In addition, Brg1 
is frequently silenced, deleted, or mutated in 
tumor cell lines, implicating Brg1’s suppression 
function in tumors [6]. Brg1 may exhibit onco-
genic properties in some tumors [9] because 
increased Brg1 expression has been shown to 
be associated with tumor growth and invasive-
ness in the lung [10, 11], melanocyte [12, 13], 
and prostate tumor [14] and higher metastatic 
behavior in gastric carcinoma [15, 16]. Although 
Brg1 heterozygotes have higher incidence of 
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tumors, it is noteworthy that they are mostly dif-
ferentiated into epithelial tumors [17]. Several 
studies have suggested that Brm and Brg1 are 
equivalent to or compensatory for each other in 
transcriptional activation and repression [18]. 
Despite an increase in Brg1 expression level in 
Brm knockout mice [19], the underlying mecha-
nisms remain largely unclear.

The phenomenon of liver regeneration after 
hepatic injury is unique [20, 21], and the liver 
rapidly regenerates in response to liver injury 
following chemical injury or partial hepatecto-
my [22, 23]. Several in vitro studies have 
reported that Brg1 interacts with the regulatory 
proteins involved in cellular proliferation and 
affects cell differentiation; however, the mech-
anism of its involvement in liver regeneration 
has not yet been investigated.

Methods

Mice and treatment

In this study, mice were maintained on an alter-
nating 12-hour light/dark cycle, fed regular 
chow, and given water ad libitum. All animal 
experiments, including procedures, sampling, 
and animal care, were conducted at the West 
China Hospital Animal Experimental Center, 
Sichuan University (Chengdu, China).

We selectively deleted Brg1 in hepatocytes by 
crossing Brg1loxP/loxP mice (kindly provided by Q. 
Richard Lu) with albumin-Cre mice (purchased 
from Cyagen Biosciences Inc., Guangzhou, 
China). Then, 8-week-old male mice were used 
to establish the liver regeneration models, mice 
were randomly divided into planned groups 
(n=6-8). We performed 70% PH on conditional 
knockout mice and their sex-matched wild-type 
(WT) littermate mice. In brief, mice were anes-
thetized by the inhalation of isoflurane. PH was 
then performed through a midline laparotomy 
by aseptically extirpating the left and right 
lobes completely, accounting for approximately 
70% of the original liver. Acute chemical liver 
injury was induced by an intraperitoneal injec-
tion of 10% solution of carbon tetrachloride 
(CCl4) with olive oil (10 mL/kg body weight). 
Sixty minutes before sacrifice, one dose of 
5-bromo-2-deoxyuridine (BrdU; Sigma-Aldrich, 
St. Louis, MO, USA) was intraperitoneally inject-
ed at 50 mg/kg body weight (10 mg/mL in 
PBS).

The animal procedures and care were conduct-
ed in accordance with the institutional guide-
lines and in compliance with international laws 
and policies. All animal experiments were 
approved by the Animal Ethics Committee of 
the Sichuan University.

Polymerase chain reaction procedure

Quantitative RT-PCR was performed using SY- 
BR Green PCR master mix (Applied Biosystems, 
CA). The optimal primer concentrations were 
determined according to the product manual. 
Data were analyzed during the linear phase  
of PCR, and the results were plotted using 
Microsoft Excel. All sequence details are avail-
able on request.

Western blotting

The liver tissues were homogenized for protein 
extraction. Sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and 
immunoblotting were performed, and an ECL 
reagent was used for chemiluminescence 
detection.

Tail vein injections of adenovirus-expressing 
vectors in mice

To construct the recombinant adenovirus to 
express shRNA targeting Brm, we selected the 
sequences of mice Brm shRNA as follows: the 
top strand sequence (5’-GTTCCAGGTTTTTTG- 
3’) and the bottom strand sequence (5’-TCATT- 
CATGTTCCAGGC-3’). The sequences were then 
annealed and subcloned into the pHBAd-
U6-Scramble-CMV shuttle vector, which was 
digested with EcoRI and BamHI. The Npffr2 
shRNA adenovirus vector was developed and 
constructed by Hanbio Biotechnology Co. Ltd. 
(Shanghai, China). Finally, the amplification of 
recombinant adenovirus was performed using 
DH5α cells, which was then purified.

To infect the mice with adenovirus, 200 µL of 
viruses containing 2 × 109 infective units were 
injected into the mice through the tail vein. The 
operations were performed 7-10 days after the 
Ad-shBrm virus injection.

Histologic and immunohistochemistry analysis

Hematoxylin and eosin staining and immuno-
histochemistry (IHC) staining of Ki67, Brg-1, 
and BrdU were performed to examine the cell 
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proliferation and protein expression (positive 
nuclei per 1000 cells were counted in conse- 
cutive high-power fields). To study steatosis 
degeneration, oil red O staining was performed 
on frozen sections fixed with formalin. 
Furthermore, periodic acid-Schiff (PAS) staining 
was performed on frozen sections fixed with 
Carnoy’s fixative for glycogen staining, and 
Masson’s trichrome staining was performed on 
paraffin sections for fibrosis examination. Three 
individual laboratory technicians assessed the 
results of this experiment.

Statistical analysis

The differences between the groups were test-
ed for significance using the Student t test. 

Albumin-Cre;Brg1loxP/loxP mice were born at the 
expected Mendelian ratio and survived to adult-
hood with no obvious growth phenotypes. An 
examination of albumin-Cre;Brg1loxP/loxP mice 
and their control littermates during young adult-
hood revealed no difference in the liver mor-
phology, color, or weight. The histological analy-
sis of 2-month-old mice confirmed the preser-
vation of normal liver architecture upon Brg1 
deficiency. While oil red O staining displayed 
barely detectable lipid accumulation, PAS stain-
ing showed equivalent glycogen storage in the 
liver of both genotypes. Furthermore, no obvi-
ous fibrosis was observed in both genotypic 
mice by Masson’s trichrome staining (Figure 
1D).

Figure 1. Confirmation of selective Brg1 knockout in hepatocytes. A. The sche-
matic diagram of the DNA insertion site of the loxP sequence and the design 
of PCR primers for genotyping. B. The electropherogram of tail DNA amplified 
with PCR. C. The relative expression levels of Brg1 RNA in two genotypes. D. 
Immunohistochemistry of Brg1 shows the negative Brg1 expression in CKO 
mouse liver. Hepatic histology of the albumin-Cre;Brg1loxP/loxP mice; No obvious 
abnormal is presented in Brg1 deficient liver stained by H&E, oil red O, PAS, and 
Masson trichrome. *P<0.05; CKO = Albumin-Cre;Brg1loxP/loxP mice.

Statistical significance was 
set at a P value of <0.05. 
Statistical analysis was 
performed using a comput-
er software program (SPSS 
Version 21.0; IBM Corp., 
USA).

Results

Efficient deletion of Brg1 
in albumin-Cre;Brg1loxP/loxP 
mice liver

Albumin-Cre transgenic mi- 
ce and Brg1loxP/loxP mice 
were crossed to achieve 
the hepatocyte-specific dis-
ruption of Brg1. We used 
the mice tail DNA for geno-
typic identification using 
PCR analysis (Figure 1A 
and 1B). Then, 2-month-old 
mice were used to eluci-
date the knockout efficien-
cy at which Brg1 is effi-
ciently eliminated. While 
the results of IHC reveal- 
ed that the hepatocytes  
of albumin-Cre;Brg1loxP/loxP 
mice displayed negative 
Brg1 expression, the quan-
titative RT-PCR analysis of 
liver samples demonstrat-
ed approximately 75% de- 
pression in the mRNA lev-
els of Brg1 (Figure 1C).
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Figure 2. The liver regeneration of mouse after PH and CCl4 treatment. A. Immunohistochemistry of both Ki67 and 
BrdU stain of the liver tissue following PH. Calculation of the ratio of LW/BW at different time points after PH. The 
ratio of Ki67- and BrdU-positive hepatocytes are calculated at indicated time point after PH. B. H&E, Ki67 and BrdU 
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Deletion of Brg1 does not impair liver regen-
eration following PH or CCl4 injection

As described earlier, Brg1 is closely associated 
with cell proliferation or cell-cycle regulation, 
making its role in liver regeneration intriguing. 
To investigate the function of Brg1 in the regen-
eration process, 70% hepatectomy (PH) and 
CCl4 administration were performed. The ratio 
of liver weight to body weight (LW:BW) was cal-
culated to demonstrate the regeneration of 
residual liver after PH. From 36 h to 5 days 
after PH, the LW:BW ratio was not found to be 
significantly different in albumin-Cre;Brg1loxP/loxP 
mice, and all livers were completely reconsti-
tuted 7 days after PH (Figure 2A). After that, we 
calculated the number of mitotic marker posi-
tive cells at the indicated time points after 70% 
PH. Notably, no difference was observed in  
the numbers of Ki67- or BrdU-positive cells 

expected, while Brg1 was transcribed at a very 
low level in albumin-Cre;Brg1loxP/loxP mice, Brm 
was notably increased throughout the process 
of liver regeneration, despite its stability at the 
early phase before 72 h after PH. Remarkably, 
the transcription of Brm in the WT mice liver 
was consistently at a very low level during the 
entire process of liver regeneration (Figure 3A 
and 3B).

Ad-shRNA/Brm impairs liver regeneration of 
albumin-Cre;Brg1loxP/loxP mice

To further elucidate the relationship between 
Brg1 and Brm in liver regeneration, we designed 
an in vivo approach. In this, 8-week-old albu-
min-Cre;Brg1loxP/loxP mice were injected with 
Ad-shRNA/Brm, Ad-shRNA/Scramble, or PBS 
via the tail vein, and the even-aged WT mice, 
the comparison group, were administered 
Ad-shRNA/Brm. Then, livers were harvested 

staining of the liver tissue shows liver repair was no significant different in Albumin-Cre;Brg1loxP/loxP mice. The necrotic 
zones are circled with black dotted lines. The ratio of the necrotic area in the liver tissue was calculated based on 
three random low-power fields. The ratio of Ki67- and BrdU-positive hepatocytes are calculated at indicated time 
point after CCl4 administration. *P<0.05; WT = wild-type mice; CKO = Albumin-Cre;Brg1loxP/loxP mice.

Figure 3. Relative transcription of Brm gene in regenerating liver. A. Relative 
transcription of Brg1 in hepatocytes in wild-type and Brg1 knockout mouse liver. 
The data obtained from wild-type liver at 0 h were considered as 1. B. Relative 
transcription of Brm in hepatocytes in wild-type and Brg1 knockout mouse liver. 
The data obtained from wild-type liver at 0 h were considered as 1. C. Immune-
blotting of Brm was performed. The filter was reprobed with an antibody against 
GAPDH. D. Relative transcription of Brm in hepatocytes in WT and albumin-
Cre;Brg1loxP/loxP mice at 48 hours after Ad-shRNA/Brm injection. *P<0.05. WT = 
wild-type mice; CKO = Albumin-Cre;Brg1loxP/loxP mice.

between the WT and al- 
bumin-Cre;Brg1loxP/loxP mice 
(Figure 2A).

At 24 h after CCl4 injury, 
hepatocytes around the 
portal areas exhibited eos- 
inophilic degeneration, but 
no obvious necrosis was 
observed. After 36 h, mas-
sive periportal necrosis 
was observed in all mice, 
and the livers were almost 
entirely repaired after 72 h 
(Figure 2B).

Brm transcription in-
creases in Brg1-deficient 
hepatocytes in regenerat-
ing liver

We hypothesized that Brg1 
and Brm might perform the 
same functions during liver 
regeneration. Accordingly, 
we tested Brm and Brg1 
relative expression levels 
of liver tissue at 0, 36, 48, 
and 72 h after PH. As 
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and analyzed using the Western blot assay 
after 2 weeks. As shown in Figure 3C and 3D, 
the Brm expression was significantly inhibited 

in the Ad-shRNA/Brm-injected groups (P<0.01); 
however, the Brm expression level was not 
reduced in the control groups.

Figure 4. The liver regeneration of mouse after Ad-shRNA/Brm injection. A. Immunohistochemistry of both Ki67 and 
BrdU stain of the liver tissue following PH. Calculation of the ratio of LW/BW at different time points after PH. The 
ratio of Ki67- and BrdU-positive hepatocytes are calculated at indicated time point after PH. *P<0.05; B. H&E, Ki67 
and BrdU staining of the liver tissue shows liver repair was no significant different in Albumin-Cre;Brg1loxP/loxP mice. 
The necrotic zones are circled with black dotted lines. The ratio of the necrotic area in the liver tissue was calculated 
based on three random low-power fields. The ratio of Ki67- and BrdU-positive hepatocytes are calculated at indi-
cated time point after CCl4 administration. *P<0.05; WT = wild-type mice; WT+Ad-shRNA/Brm = Brm-Adenovirus-
Injected wild-type mice; DKO = Albumin-Cre;Brg1loxP/loxP mice injected with Ad-shRNA/Brm.
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The Ad-shRNA/Brm injection did not noticeably 
exhibit any gross hepatic histological or func-
tional abnormalities. We next used mice to per-
form PH or CCl4 liver injury model. From 48 h to 
7 days after PH, the LW:BW ratio was signifi-
cantly lowest in the Brm-Adenovirus-injected 
albumin-Cre;Brg1loxP/loxP (DKO) mice. At 7 days, 
the livers of DKO mice were not completely 
repaired; however, the other gene type mice 
had almost completely recovered after CCl4 
injection (Figure 4A).

Active hepatocyte mitosis occurred in mice of 
all genotypes from 36 h and reached a peak at 
48 h after treatment. The rate of BrdU-positive 
hepatocytes was notably decreased in DKO 
mice compared with WT or Brm-Adenovirus-
injected WT mice at 36 and 48 h after treat-

ied the transcription of Brg1 in the WT mice 
liver in liver regeneration and found that the 
Brg1 expression level was remarkably upregu-
lated along with the activation of hepatocyte 
proliferation. Thus, Brg1 might play a crucial 
role in liver regeneration in WT mice.

Unexpectedly, in Brg1-deficient mice, reconsti-
tution of the injured livers was possible follow-
ing either PH or CCl4 administration. We consid-
ered that the role of Brg1 might be compensat-
ed by some other factors. In mammalian cells, 
Brg1 and Brm are exclusively expressed, and 
each SWI/SNF complex might contain either 
one of them [1, 24]. Earlier studies have 
revealed that either Brg1 or Brm may compen-
sate for each other [25]; however, the functions 
of SWI/SNF complexes containing Brg1 or Brm 

Figure 5. The examination of cyclins and CDKs in different gene types at the 
indicated time points after PH. GAPDH expression was used as a loading con-
trol. *P<0.05.

ment. In addition, Ki67, 
another mitotic marker 
normally expressed from 
mid-G1 phase to the end of 
mitosis, was significantly 
reduced in DKO mice at 
the indicated time point 
after PH or CCl4 treatment 
(Figure 4B).

Furthermore, we investi-
gated the cell-cycle marker 
expression at 24, 36, and 
48 h after PH. The protein 
representation varies dur-
ing certain phases of the 
cell cycle, such as cyclin 
D1, cyclin E, cyclin-depen-
dent kinase (CDK)1, CDK2, 
and CDK4, which was 
examined in three geno-
type groups at each indi-
cated time point. Although 
all cyclins and CDKs exam-
ined were notably decre- 
ased in DKO mice, they 
were unaltered in other 
gene types (Figure 5).

Discussion

Brg1 has been reported to 
affect cell growth and 
interacts with the regula-
tory proteins involved in 
cellular proliferation in in 
vitro studies [8]. We stud-
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might not be interchangeable in some cases 
[26, 27]. To elucidate whether the Brm expres-
sion would increase or remain stable after Brg1 
deletion, we examined the transcription of Brm, 
which is considered to compensate the func-
tions of Brg1. The results of this study found 
that the Brm relative expression dramatically 
increased in the process of albumin-Cre; 
Brg1loxP/loxP mice liver regeneration.

Furthermore, we utilized adenovirus-express-
ing vectors, which contained shRNA constructs 
targeting Brm, to investigate the role of Brm. 
AIbumin-Cre;Brg1loxP/loxP mice were adminis-
tered an intravenous injection of Ad-shRNA/
Brm or controls in the tail, and the hepatic his-
tological or functional abnormalities of the 
mice were observed. Although liver regenera-
tion was much slower in Brm/Brg1-knockout 
mice after 70% PH or the same dosage of CCl4, 
the entire process was eventually completed. 
Some possible reasons that might explain this 
are as follows. First, the albumin-Cre/LoxP sys-
tem and Ad-shRNA were unable to eliminate 
the target gene completely. Second, oval cells 
and other progenitor hepatocytes might be 
activated and differentiated into mature 
hepatocytes.

A previous study reported that upon knock out 
of Brm in mice, the Brg1 level was elevated 
[19]. Therefore, we speculated that Brm 
increase might replace the role of Brg1 in 
response to the loss of Brg1. Indeed, we 
observed that the transcription of Brm was  
significantly elevated in Brg1-deficient liver. 
Remarkably, Brm uniquely elevated in Brg1-
deficient mice, regenerating livers but at a very 
low and stable level in the livers of their litter-
mates. This finding indicates that Brg1 has pri-
ority to regulate liver regeneration, and Brm, as 
a substitution, could only be recruited in the 
lack of Brg1. In addition, previous studies have 
indicated that the inactivation of either one of 
them could be compensated by an increased 
expression of the other one [28]. Our findings 
suggested that Brg1 could be completely com-
pensated by Brm. However, if Brm/Brg1 were 
deleted, the progress of regeneration in hepa-
tocytes would be delayed.

Because Brg1 does involve both tumor sup-
pressors and oncogenes, it is a likely candidate 
for mutation in cancer [25]. Brg1 protein has 
been considered as a tumor suppressor be- 
cause of genetic mutation or downregulation in 

some types of human cancers or cell lines [1, 
24]. Bultman et al. suggested that the Brg1 pro-
tein expression levels might be the key for prop-
er function [14]. Previous experiments have 
reported that Brg1-null mice were embryonic 
lethal, and heterozygous Brg1-null mice were 
predisposed to tumor formation [17]. In addi-
tion, the propensity of Brg1 heterozygous mice 
to develop tumors also implies the involvement 
of Brg1 in cancer [29, 30]. However, in our 
observation period, which was more than 10 
months, all mice did not develop HCC 
spontaneously.

In summary, our study demonstrates that Brg1 
deletion does not impair liver regeneration. The 
increased Brm expression compensates Brg1 
deficiency. Inhibiting Brm expression would 
delay liver regeneration in albumin-Cre;Brg1loxP/

loxP mice.
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