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Ahnak depletion accelerates liver regeneration by modulating
the TGF-/Smad signaling pathway
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Ahnak, a large protein first identified as an inhibitor of TGF-
signaling in human neuroblastoma, was recently shown to pro-
mote TGF-§ in some cancers. The TGF-B signaling pathway re-
gulates cell growth, various biological functions, and cancer
growth and metastasis. In this study, we used Ahnak knockout
(KO) mice that underwent a 70% partial hepatectomy (PH) to
investigate the function of Ahnak in TGF-B signaling during liver
regeneration. At the indicated time points after PH, we analyzed
the mRNA and protein expression of the TGF -B/Smad signaling
pathway and cell cycle-related factors, evaluated the cell cycle
through proliferating cell nuclear antigen (PCNA) immunostai-
ning, analyzed the mitotic index by hematoxylin and eosin
staining. We also measured the ratio of liver tissue weight to
body weight. Activation of TGF-f signaling was confirmed by
analyzing the levels of phospho-Smad 2 and 3 in the liver at
the indicated time points after PH and was lower in Ahnak KO
mice than in WT mice. The expression levels of cyclin B1, D1,
and E1; proteins in the Rb/E2F transcriptional pathway, which
regulates the cell cycle; and the numbers of PCNA-positive cells
were increased in Ahnak KO mice and showed tendencies op-
posite that of TGF-} expression. During postoperative regene-
ration, the liver weight to body weight ratio tended to increase
faster in Ahnak KO mice. However, 7 days after PH, both groups
of mice showed similar rates of regeneration, following which
their active regeneration stopped. Analysis of hepatocytes under-
going mitosis showed that there were more mitotic cells in
Ahnak KO mice, consistent with the weight ratio. Our findings
suggest that Ahnak enhances TGF- signaling during postoper-
ative liver regeneration, resulting in cell cycle disruption; this

*Corresponding author. Tel: +82-2-885-8395; Fax: +82-2-885-8397;
E-mail: snumouse @snu.ac.kr

“These authors contributed equally to this work.
https://doi.org/10.5483/BMBRep.2022.55.8.071

Received 20 April 2022, Revised 8 May 2022,
Accepted 30 June 2022

Keywords: 70% partial hepatectomy, Ahnak KO mice, Hepatocyte
proliferation, Liver regeneration, TGF-B/Smad signaling pathway

ISSN: 1976-670X (electronic edition)

Copyright (© 2022 by the The Korean Society for Biochemistry and Molecular Biology

highlights a novel role of Ahnak in liver regeneration. These
results provide new insight into liver regeneration and poten-
tial treatment targets for liver diseases that require surgical
treatment. [BMB Reports 2022; 55(8): 401-406]

INTRODUCTION

Ahnak, a large, 700 kDa protein that was first identified in human
neuroblastoma and skin epithelial cells, is a well-known inhibi-
tor of TGF-f3 signaling (1). Due to its large size, Ahnak can bind
multiple proteins and mediate signaling (2, 3). Ahnak has dis-
tinct roles in different cancers. For instance, Ahnak was down-
regulated in neuroblastoma but upregulated in glioma, mesothe-
lioma, fibrosarcoma, and prostate cancer (1, 4). Ahnak functions
as a tumor suppressor in lung tumors, breast tumors, and hepato-
cellular carcinoma (5, 6). Activation of TGF-B facilitates hepato-
cellular infiltration and metastasis. Ahnak functions as a tumor
suppressor by promoting TGF-/Smad3 signaling to arrest cell
growth (7, 8). These results suggest that Ahnak regulates the
growth of cells, including tumor cells, and that this activity is
related to TGF-B. TGF-B has a crucial role in inhibiting hepato-
cellular proliferation during the regeneration of acutely damaged
livers (8, 9). Immediately after acute damage, such as partial
hepatectomy, the liver actively regenerates, without necrosis or
inflammation. Within 7 days after surgery, the liver returns to its
pre-surgery size to maintain biological homeostasis (10). TGF-B
induces a reduction in DNA synthesis during liver regeneration,
which ultimately stops regeneration. TGF-B1 is the most important
form of TGF-B in this process (11, 12). Although it is known
that TGF-B1 is involved in liver regeneration, the termination
process is still poorly understood, thus, it is expected that Ahnak
participates in cell growth regulation, especially cessation of
liver regeneration (8, 10). Many studies have used genetic me-
thods to explore the process of liver regeneration (13). How-
ever, the role of Ahnak has not been explored. Therefore, we
used Ahnak KO mice that underwent a 70% PH to investigate
the role of Ahnak in liver regeneration (14, 15). TGF-B ex-
pression and the liver to body weight ratio were analyzed, cell
proliferation and mitosis were evaluated by proliferating cell
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nuclear antigen (PCNA) immunostaining and hematoxylin and
eosin (H&E) staining, and the expression of cell cycle-related
cyclins and transcription factors were evaluated. The findings
of this study are expected to improve our understanding of the
roles of Ahnak in cell growth and the molecular biology of
liver regeneration.

Furthermore, in the liver regeneration process induced by acute
injury, the function of cytokines such as TNF-o. and IL-6 that
promote regeneration and growth factors such as HGF, EGF,
TGF, insulin, and glucagon are relatively clear, but the mecha-
nisms of the termination process in liver regeneration remain
unclear (10, 16). Therefore, an investigation of Ahnak that regu-
lates TGF-B is required to understand the regeneration termi-
nation process that is not explained by both TGF- and Activin,
which are well-known anti-proliferative factors (16).

RESULTS

Ahnak depletion influences the TGF-f/Smad signaling
pathway in liver regeneration after 70% partial hepatectomy
To investigate the impact of Ahnak on liver regeneration, we
performed a 70% PH in WT mice and assessed Ahnak mRNA
expression by RT-PCR at the indicated time points after PH.
Immediately after surgery, Ahnak expression was lowest and was
lower than preoperative (Fig. 1A). Expression was increased from
24 h after PH and then gradually decreased from 72 h after PH
(Fig. 1A). The Ahnak expression pattern was the same as the
patterns of such molecule which HGF (hepatocellular growth
factor) known to regulate liver regeneration, which change in a
time-dependent manner after PH (Fig. 1B) (17).

To determine the role of Ahnak in liver regeneration, we also
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Fig. 1. Ahnak depletion influences the TGF-1/Smad signaling pathway
during liver regeneration after partial hepatectomy (PH). (A) Ahnak
mRNA expression in wild type (WT) mice at different time points
after PH (n = 3). (B) HGF mRNA expression in wild-type (WT) mice
at different time points after PH (n = 3). (O) TGF1 mRNA expres-
sion in Ahnak knockout (KO) and WT mice at the indicated time
points after PH (n = 3). (D) Representative western blots of SMAD2,
phospho-SMAD2, SMAD3, and phospho-SMAD3 at the indicated time
points. *P < 0.05; Error bars represent the mean + SD.

BMB Reports

performed a 70% PH in Ahnak KO mice and analyzed TCF-3
mRNA expression at the indicated time points after PH. TGF-8
is a mitosis-related inhibitor of cell growth that is involved in
the termination of liver regeneration (8). It is known that Ahnak-
mediated heighten of TGF-f signaling induces negative regula-
tion of cell growth (7). During liver regeneration, TGF-f expres-
sion was significantly lower in Ahnak KO mice than in WT mice
(Fig. 10).

TGF-B functions by binding to the TGF-§ type Il receptor,
which phosphorylates the type | receptor. Activated type | re-
ceptor phosphorylates the R-Smads (receptor-regulated Smads)
such as Smad2 and Smad3. Phosphorylated Smad2 and Smad3
combine with Smad4 (a co-Smad), which then moves into the
nucleus where it regulates the transcription of target genes (18).
Therefore, Smad expression is an indicator of TGF-§ activation;
therefore, we examined Smad2 and Smad3 in both WT and
Ahnak KO mice after PH. During liver regeneration, Smad acti-
vation was lower in Ahnak KO mice than in WT mice, and
Smad3 was downregulated earlier than Smad2 in the Ahnak
KO mice. (Fig. 1D). There was a notable difference in Smad
activation over the first 12-48 h after PH between Ahnak KO
mice and WT mice. These results suggest that Ahnak regulates
activation of the TGFf/Smad signaling pathway and may in-
fluence cell growth during liver regeneration after PH.

Ahnak knockout promotes cell cycle progression and
hepatocyte proliferation during liver regeneration after PH
in mice

To confirm the effect of Ahnak knockout on the cell cycle during
liver regeneration after PH, we examined the cell cycle-asso-
ciated cyclins D1, E1, and B1 and Rb/E2F pathway in both WT
and Ahnak KO mice (19). Cyclins are indicators of the regene-
rative activity of hepatocytes. Cyclin D1 plays a prominent role
in proliferation and growth and is the most reliable marker for
G1 progression in hepatocytes. CDK4, a cyclin-dependent kinase
and key regulator of the cell cycle, forms a complex with cyclin
D1. Cyclin E1 is associated with S phase progression, and cyclin
B1 is associated with M phase (9). Cyclin D1 and CDK4 levels
at 24-72 h after PH were higher in Ahnak KO mice than in WT
mice. Cyclin E1 and cyclin B1 expression patterns were similar
to that of cyclin D1 (Fig. 2A, B) (9, 20). As shown in Fig. 2A,
B, although the time-dependent changes in mRNA and protein
expression levels during liver regeneration do not exactly
overlap, the trends are similar.

To understand the influence of Ahnak on cell cycle progres-
sion, we next evaluated Rb and E2F expression. E2Fs are tran-
scription factors that regulate genes involved in DNA replica-
tion and cell cycle progression along with phosphorylated Rb
(19, 21). Activation of Rb, as evaluated by the levels of the
phosphorylated form, was higher in Ahnak KO mice than in
WT mice over the first 24-72 h after PH (Fig. 2C). The mRNA
expression levels of E2F1 and E2F2 were significantly higher in
Ahnak KO mice than in WT mice at 48 h after PH (Fig. 2D).
We then conducted an additional experiment to analyze the
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Fig. 2. Knockout of Ahnak upregulates the expression of cell cycle-
related genes in the liver after PH. (A) Cyclin and cell cycle-related
mRNA expression levels in the liver at the indicated time points
after PH. (B) Representative western blot of cyclins B1, D1, and
E1 and CDK4 protein levels in the liver at the indicated time points
after PH. (C) Representative western blot of Rb and phospho-Rb
levels in the liver at the indicated time points after PH. (D) E2F1
and E2F2 mRNA expression levels in the liver at the indicated time
points after PH (n = 3). *P < 0.05; Error bars represent the mean + SD.

effect of Ahnak on cell proliferation using immunostaining of
PCNA as a marker of cell cycle progression (Fig. 3B) (22). The
rate of PCNA-positive hepatocytes was significantly higher in
Ahnak KO mice than in WT mice at 48 h after PH (Fig. 3A).
These results suggest that Ahnak modulates the cell cycle and
cell proliferation during liver regeneration after PH.

Ahnak knockout upregulates mitosis and accelerates liver
regeneration

To evaluate hepatocyte mitosis during liver regeneration, we
analyzed the hepatocyte mitotic index using H&E staining (Fig.
4Q). The number of hepatocytes undergoing mitosis was drama-
tically increased in Ahnak KO mice compared to the number
in WT mice at 48 h after PH (Fig. 4B). The mitotic index was
calculated by counting the number of nuclei in each phase of
mitosis (prophase, metaphase, anaphase, and telophase) (see
yellow arrow in Fig. 4C).

Finally, we evaluated liver regeneration by calculating the ratio
of liver weight to body weight for 7 days after PH. Although
alterations in gene expression persist for up to 14 days after
PH, hepatic parenchymal growth is most active for the first
week after PH (16). The ratio was significantly higher in Ahnak
KO mice than in WT mice at 24 and 48 h after PH (Fig. 4A).
The ratio reached 83% of the pre-surgery liver mass within 7
days after PH in both Ahnak KO and WT mice.

DISCUSSION

The liver is the only organ with regenerative ability, and the
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Fig. 3. Knockout of Ahnak accelerates hepatocyte proliferation in
the liver after PH. (A) Quantification of proliferating cell nuclear
antigen (PCNA) staining in hepatocyte nuclei at the indicated time
points after PH (n = 3). (B) Representative immunohistochemical
images showing PCNA staining at the indicated time points after PH.
*P < 0.05; Error bars represent the mean + SD. Scale bar = 50 pum.
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Fig. 4. Ahnak knockout (KO) mice show increased mitosis in the
liver after PH. (A) Liver to body weight ratios at the indicated time
points after PH in WT and Ahnak KO mice (n = 3, each). (B) Quan-
tification of hepatocyte nuclei undergoing mitosis at the indicated
time points after PH (n = 3). (O) Representative hematoxylin-eosin
staining images and nuclei during mitosis (yellow arrow) in the liver
at the indicated time points after PH. (D) Graphical summary of
Ahnak expression in liver regeneration after PH. *P < 0.05; Error
bars represent the mean + SD; Scale bar = 10 pum.

liver-to-body weight ratio is maintained at the required level
(100%) for homeostasis (17, 23).

To study this crucial regenerative ability, a 70% partial he-
patectomy (PH) has been widely used as a model of acute liver
damage. This model has been used to reveal the extracellular
and intracellular signaling mechanisms involved in the process
of restoring the liver to its pre-surgery size and weight (16, 23).
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Many studies have revealed several pathways related to liver
regeneration. However, the detailed mechanisms have not yet
been determined. In particular, the mechanism of regeneration
termination is not well understood (10, 23). Therefore, we focused
on Ahnak, which is associated with the TGF-B signaling in-
volved in the termination phase of liver regeneration. First, we
analyzed the Ahnak mRNA expression pattern after PH in WT
mice, which showed that expression gradually increased and
then reversibly decreased to pre-surgery levels, and this pattern
was similar to those of genes that regulate liver regeneration,
suggesting that Ahnak may regulate liver regeneration (13, 24-26).
Next, we analyzed activation of the TGF-/Smad signaling path-
way by measuring the activation of SMAD2 and SMAD3 (27,
28). Smad activation was significantly reduced in Ahnak KO
mice when compared to WT mice. During recovery after acute
liver damage, TGF-§ inhibits the growth factor-induced signals
of cyclin D1 and E1, which are activators of G1 phase (29). As
expected, our results showed that a reduction in TGF-B1 sig-
naling influences these cell cycle-related genes in Ahnak KO
mice. In addition, the expression of transcription factor CDK4,
its complex partner cyclin D1, and cyclin E1, which promote
cell cycle progression, were also increased in Ahnak KO mice.
The levels of Rb protein, which stimulates the transcription factor
E2F in late G1 phase and regulates S phase of the cell cycle,
were also higher in Ahnak KO mice than in WT mice (30). Ex-
pression of cyclin B1, which promotes M phase, was also higher
in Ahnak KO mice. The increase in the PCNA-positive rate in
Ahnak KO mice after PH indicated active cell cycle progres-
sion. These results show that the loss of Ahnak promotes cell
proliferation. Finally, we observed that the ratios of liver to
body weight and hepatocytes in mitosis were higher at specific
time points after PH in Ahnak KO mice than in WT mice, sug-
gesting that the molecular mechanism of hepatocyte prolifera-
tion was activated in Ahnak KO mice. Although the liver-to-body
weight ratios in Ahnak KO and WT mice were similar at 48h
after PH (Fig. 4A), cell proliferation was more active in Ahnak
KO mice over the first 24-72 h after surgery (Fig. 3A and 4B).
DNA replication and hepatocyte hyperplasia achieve liver
mass restoration 24-96 h after PH in mice (17, 31). Although
some inconsistency between the experimental groups was ob-
served, the degree of the regeneration rate was evaluated based
on the trend in the regenerative process.

Our findings support those of a previous study showing that
Ahnak promotes the TGF-f/Smad signaling pathway, which in-
hibits cell cycle progression. One fascinating result is that Ahnak
activates TGF-B signaling during liver regeneration after PH (Fig.
4D). This is because the results are contrary to the effects found
in previous studies of hepatocellular carcinoma (6).

In a previous study using hepatocyte-specific TGF-B type I
receptor gene KO mice showed that an increase in regenera-
ting hepatocyte levels via the acceleration of G1-S phase cell
cycle transition was observed, but the liver repair rate on termi-
nation was normal (32, 33). We confirmed that the liver repair
rates in Ahnak KO and WT mice were similar and that liver
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regeneration was nearly complete at 7 days after PH. Contrary
to expectations, this finding indicates that Ahnak is not the
most critical gene in stopping liver regeneration. Our research
offers an additional information to understand liver regenera-
tion. Therefore, continued research on this termination pathway
in liver regeneration is necessary.

We found that systemic deletion of Ahnak affects liver regene-
ration and suggest that Ahnak may be useful for monitoring the
recovery progress of patients who undergo liver resection. Con-
sidering the impact of this study, we are planning to examine
the role of Ahnak after surgical resection for hepatic tumors.

MATERIALS AND METHODS

Animals

Ahnak KO mice were created by disrupting exon 5 of the Ahnak
gene, as described by Lee (34). Genotyping was performed using
genomic DNA isolated from the tail according to the methods
described by Lee (34). Ahnak KO mice were obtained by cross-
ing heterozygous breeders. Mice were maintained under a 12
h light-dark cycle and were supplied free access to water and a
regular chow diet in a specific pathogen free facility.

Partial hepatectomy

Male 8-10-week-old mice were subjected to 70% PH under iso-
flurane inhalation anesthesia according to a published protocol
(14, 15).

The left lateral lobe and median lobe of the liver with the
gall bladder were ligated and removed. The gall bladder was
removed during surgery to avoid damaging it. For post-oper-
ative care, all animals were administered ketoprofen (5 mg/kg
intraperitoneally; Daehan, Korea) to control pain. Mice were
sacrificed at the indicated time points. Remnant liver was mea-
sured by weight, fixed in 4% paraformaldehyde, and snap frozen
in liquid nitrogen immediately after extraction. Animal experi-
ments were performed in accordance with the “Guide for Ani-
mal Experiments” of the Korean Academy of Medical Sciences
and were approved by the Institutional Animal Care and Use
Committee of Seoul National University, Seoul, Korea (IACUC
approval no. SNU-160211).

Histology and immunohistochemistry

Liver tissues were fixed overnight in 4% paraformaldehyde,
embedded in paraffin, and used for H&E staining and immuno-
staining with antibodies against PCNA. The immunostaining was
developed with diaminobenzidine. To quantify hepatocyte pro-
liferation after immunostaining, 10 fields per slide were randomly
chosen under the microscope to count the PCNA-positive hepa-
tocytes and calculate the percentage of PCNA-positive hepato-
cytes among the total hepatocytes in each field.

Mitotic hepatocytes were counted in 10 fields per slide of
H&E-stained hepatocytes. Following the mitotic figures defined
by Baak, mitotic cells were counted based on nuclear morpho-
logy under a microscope. The mitotic index was defined as the
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mean number of mitotic cells in 10 fields (35).

Western blotting

Protein lysates prepared in RIPA buffer containing 0.5 mM phenyl
methane sulfonyl fluoride, 4 pug/ml leupeptin, 4 pug/ml aprotinin,
and 4 pg/ml pepstatin, were separated by sodium dodecy! sul-
fate-polyacrylamide gel electrophoresis and transferred to poly-
vinylidene fluoride membranes. The membranes were incubated
overnight with primary antibodies against the following proteins:
pSMAD2, SMAD2, pSMAD3, SMAD3, Cyclin B1, Cyclin D1,
Cyclin E1, CDK4, pRb, Rb, GAPDH, and o-tubulin. The mem-
branes were then incubated with a goat-anti-rabbit-HRP or
goat-anti-mouse-HRP secondary antibody for 1 h. Antibody bind-
ing was visualized using the Pierce TM ECL western blotting
detection system (GE Co.).

gRT- PCR

Total RNA was isolated from the liver using TRIzol (Ambion)
reagent. Real-time RT-PCR analysis of the isolated mRNA was
performed in a two-step reaction. The first strand complemen-
tary DNA was synthesized with the Acculower RT reverse tran-
scription kit (Bioneer), and the second step was performed on
a 7500 Real Time PCR System (Applied Biosystems) using SYBR
green (BIO-94020; Bioline) and specific primers for each of the
target genes. Every assay included the 36B4 gene as an endo-
genous reference. Results were analyzed with Student’s unpaired
t-test. Gene expression was calculated using the 2" method.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 4
(GraphPad Software, http://www.graphpad.com). Data are pre-
sented as mean + standard error of the mean (SEM). Statistical
significance among more than two groups was assessed using
Student’s t test. A P value less than 0.05 was considered statis-
tically significant.
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