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Spatiotemporal expression

of HMGB?2 regulates cell
proliferation and hepatocyte size
during liver regeneration

KoichiYano'?, Narantsog Choijookhuu?, Makoto lkenoue?, Fidya?, Tomohiro Fukaya3,
Katsuaki Sato?, Deokcheol Lee*, Noboru Taniguchi®, Etsuo Chosa“, Atsushi Nanashima? &
Yoshitaka Hishikawa'™

Liver regeneration is an extraordinarily complex process involving a variety of factors; however,

the role of chromatin protein in hepatocyte proliferation is largely unknown. In this study, we
investigated the functional role of high-mobility group box 2 (HMGB2), a chromatin protein in liver
regeneration using wild-type and HMGB2-knockout (KO) mice. Liver tissues were sampled after
70% partial hepatectomy (PHx), and analyzed by immunohistochemistry, western blotting and
flow cytometry using various markers of cell proliferation. In WT mice, hepatocyte proliferation
was strongly correlated with the spatiotemporal expression of HMGB2; however, cell proliferation
was significantly delayed in hepatocytes of HMGB2-KO mice. Quantitative PCR demonstrated that
cyclin D1 and cyclin B1 mRNAs were significantly decreased in HMGB2-KO mice livers. Interestingly,
hepatocyte size was significantly larger in HMGB2-KO mice at 36-72 h after PHx, and these results
suggest that hepatocyte hypertrophy appeared in parallel with delayed cell proliferation. In vitro
experiments demonstrated that cell proliferation was significantly decreased in HMGB2-KO cells. A
significant delay in cell proliferation was also found in HMGB2-siRNA transfected cells. In summary,
spatiotemporal expression of HMGB2 is important for regulation of hepatocyte proliferation and cell
size during liver regeneration.

The liver is a unique organ with a high regenerative capacity. Understanding the molecular mechanisms of liver
regeneration is clinically important because partial hepatectomy (PHx) and liver transplantation are curative
treatments for hepatocellular carcinoma and severe liver diseases'*. After PHx, the liver mass returns to preopera-
tive size within 3 months in humans, a process that occurs in 7-10 days in rodents®. The remnant liver exhibits
different responses depending on the amount of resected liver. In rodents, both cell proliferation and hypertrophy
appear after 70% PHx, whereas only compensatory hypertrophy is observed after 30% PHx*. Therefore, 70% PHx
is the ideal model to investigate the role of cell number and size in liver regeneration.

Although liver tissue consists of several cell types, hepatocytes are the major cell type, representing 80% of
the liver by weight and 70% by cell number®. In normal liver, hepatocytes remain in a quiescent state; in contrast,
hepatocytes exhibit a massive, synchronized cell proliferation response to 70% PHx®. The cellular proliferation
process is extraordinarily complex process that involved variety of signaling pathways, cytokines, transcription
factors and chromatin associated proteins’. Among these factors, the role of chromatin proteins in the regulation
of cell proliferation remains poorly understood.

High-mobility group box 2 (HMGB2) is a chromatin protein that belongs to the HMG protein family and is
involved in gene transcription, recombination, and repair processes®. HMGB2 is involved in the fine-tuning of
gene transcription’, and can bend DNA by loosening wrapped DNA and enhance the accessibility of transcription
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factors and direct protein-protein interactions with specific transcription factors'®. HMGB2 is highly expressed
in all tissues during embryogenesis, but is preserved in only a few tissues in adults, such as testis, ovary and
lymphoid tissue'"'2. HMGB2 is overexpressed in highly proliferative tissues such as testis, ovary, various cancers,
and downregulated in senescent cells and aging tissues'*~'”. However, the role of HMGB2 in liver regeneration
is largely unknown.

In the present study, we first investigated the functional role of HMGB2 in wild-type (WT) and HMGB2-
knock-out (KO) mouse using a 70% PHx model. Immunohistochemistry studies demonstrated the spatiotem-
poral expression of HMGB2 during liver regeneration, as well as the role of HMGB?2 in hepatocyte proliferation
using various cell cycle specific markers. Compensatory hypertrophy of hepatocytes was detected by detailed
analysis of immunohistochemistry and liver mass measurement. Finally, the in vivo experimental findings were
confirmed by in vitro analysis of HMGB2-KO and knock-down mesenchymal stem cells (MSC).

Results

Expression of HMGB2 in WT mouse liver. First, we examined the presence of HMGB2 in mouse liver.
We performed double immunofluorescence using HNF-4a, F4/80 and desmin, which are markers for hepato-
cytes, macrophages and hepatic stellate cells (Fig. 1a). In normal liver, HMGB2 was co-localized with F4/80 and
desmin, but not with HNF-4a. We also examined the expression of HMGB?2 in livers at the single-cell level by
Flow cytometry. Non-parenchymal cells, such as Kupfter cells, Ito cells and T-cells were expressed HMGB2 com-
paring to hepatocytes (Fig. 1b). Red colors in histogram indicate the cells that co-expressing HMGB2 and HNF-
4a (hepatocyte), F4/80 (Kupffer cells), Desmin (Ito cells) and CD3 (T cells). These results indicate that HMGB2
is expressed in non-parenchymal cells, but not in parenchymal tissues. Moreover, microarray analysis was used
to screen for genes that are related to HMGB2 expression (Fig. 1c). The results showed that cell proliferation and
cell cycle related genes were downregulated in HMGB2-KO liver compared to WT littermates. Decreased gene
expression was observed for Tc1d8, cyclin B3, Rb1, cyclin A1, E2f2 and Bubl, which are crucial regulators of cell
cycle progression, especially in the G1/S and G2/M phases.

Spatiotemporal expression of HMGB?2 in hepatocytes during liver regeneration. We hypothe-
sized that HMGB?2 is an important regulator of liver regeneration. Therefore, 70% PHx was performed to induce
liver regeneration, and remnant liver tissues were sampled at various time-points. Double immunofluorescence
of HMGB2 and HNF-4a was performed to examine the expression of HMGB2 during liver regeneration (Fig. 2a).
Interestingly, HMGB2-positive hepatocytes appeared at 36 h, and reached in plateau at 72 h, and disappeared
at 168 h after PHx in WT livers. There were no HMGB2-positive cells in HMGB2-KO livers, demonstrating the
complete depletion of the target gene. Quantitative analysis of HMGB2 mRNA (Fig. 2b) and HMGB2-positive
cell numbers (Fig. 2c) was used to reveal the spatiotemporal expression of HMGB2 during liver regeneration.
Western blotting also confirmed the expression of HMGB2 in normal liver (0 h). The expression of HMGB2 was
increased during active cell proliferation and decreased at 120 h and 168 h after PHx (Fig. 2d,e). These results
demonstrate that HMGB?2 is essential for liver regeneration.

HMGB?2 is important for hepatocyte cell proliferation. We further analyzed the role of HMGB2 in
hepatocyte cell proliferation using specific cell cycle markers. Co-localization of HNF-4a and Ki-67, which is
a marker for dividing cells and is absent in the G, state, was examined (Fig. 3a). In WT livers, the number of
Ki-67-positive cells peaked at 48 h, whereas the peak was observed at 36 h in HMGB2-KO livers. Quantitative
analysis revealed that the number of proliferating cells was significantly higher in WT livers at 48 h than in
HMGB2-KO mice (Fig. 3c). EdU-staining was performed to examine cells in S-phase and the results revealed
higher proliferative activity in WT livers than in HMGB2-KO littermates (Fig. 3b, d).

In general, the G1/S and G2/M phases are crucial for normal cell cycle progression. Therefore, we examined
cyclin D1 and cyclin B1, which are specific markers of the G1/S and G2/M phases, respectively. gPCR results
revealed significantly decreased expression of cyclin DI and cyclin BI mRNA in HMGB2-KO liver (Fig. 4a, b).
Immunofluorescence results revealed that the number of cyclin D1-positive hepatocytes were significantly higher
in WT mice, especially at 48 h after PHx (Fig. 4c, e). Western blotting also confirmed the higher expression of
cyclin D1 in WT mouse livers comparing to HMGB2-KO mouse livers (Fig. 4g, h). Next, we analyzed the co-
localization of HMGB2 and cyclin B1 in hepatocytes during liver regeneration (Fig. 4d). Surprisingly, the majority
of cyclin Bl-positive cells were co-stained with HMGB2 in WT liver at 48 h after PHx. The number of cyclin
Bl1-positive cells was significantly fewer in HMGB2-KO livers (Fig. 4f). To confirm these findings, we evaluated
the expression of PCNA and Cyclin A2 additional markers of G1/S and G2/M-phase, respectively (Supplemen-
tary Fig. Sla-d). PCNA and Cyclin A2 staining resembled observations with cyclin D1 and cyclin B1 (Fig. 4).
Western blotting also confirmed the significantly higher expression of PCNA and cyclin A2 in WT mouse livers
(Supplementary Fig. Sle-g). pH3S10, a marker of M-phase was demonstrated by double immunofluorescence,
and pH3S10-positive cells were significantly higher in WT mouse during active cell proliferation (Supplementary
Fig. S2). Altogether, these results suggest that HMGB2 is important for hepatocyte cell proliferation and deple-
tion of HMGB2 leads to delayed cell proliferation.

Compensatory hypertrophy of hepatocytes in HMGB2-KO mice during liver regenera-
tion. The increase in liver mass during liver regeneration is closely related to cell proliferation®. Although a
significant delay in cell proliferation was found in HMGB2-KO liver, the observed liver mass was similar to WT
mice (Fig. 5a). To investigate this unexpected finding, we performed immunofluorescence for E-cadherin and
HNF-4a to examine hepatocyte cell size. Significantly enlarged hepatocytes were found at 36-72 h after PHx
in HMGB2-KO mouse liver, with cell size subsequently becoming similar to WT-littermates at 168 h after PHx
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Figure 1. Expression of HMGB2 in mouse liver. (a) Double immunofluorescence for HMGB?2 (green) and
HNF-4a (red staining in upper panel), F4/80 (red staining in middle panel) and desmin (red staining in

lower panel), DAPI (blue) in WT mouse liver. Scale bar 20 pm. (b) The expressions of HMGB2 and HNF-4a

on hepatocytes (CD45-HNF4a + cells) or non-parenchymal liver cells (CD45+CD3 +T cells, CD45 +,

F4/80 + Kupfter cells, CD45-desmin +Ito cells) obtained from WT mice were analyzed by flow cytometry. Gray
color indicates unstained cells, whereas, red color indicates double positive cells of HMGB2 and HNF-4a, F4/80,
Desmin, CD3. Data are presented by a histogram, and numbers represent mean fluorescence intensity (MFI).
(c) Heatmap of intact WT and HMGB2-KO mouse livers. Microarray results were analyzed in Transcriptome
Analysis Console software (Version 4.0.2.15, Thermo Fisher Scientific) https://www.thermofisher.com/jp/en/
home/global/forms/life-science/download-tac-software.html.
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Figure 2. Expression of HMGB2 in mouse liver during regeneration. (a) Double immunofluorescence for
HMGB2 (green) and HNF-4a (red) in WT and HMGB2-KO mouse livers after PHx. Arrows indicate HMGB2-
positive hepatocytes. Scale bar 20 um. (b) qPCR analysis of HMGB2 mRNA during liver regeneration. (c)

The number of HMGB2-positive hepatocytes was counted at each time-point after PHx. Data represent the
mean + SEM from 5-6 mice per group. (d) Western blotting of HMGB2 in WT and HMGB2-KO mouse livers
after PHx. (e) Densitometry analysis of HMGB2 expression. Data represent the mean + SEM from 3 mice per
group. Asterisks indicate statistically significant differences (*p <0.05).

(Fig. 5b, ). At 36 h after PHx, hepatocyte nuclei size was 50.1+2.5 ym? in WT and 79.2+2.9 um? in HMGB2-
KO, indicating that significantly larger (p <0.0001) nuclei were observed in HMGB2-KO hepatocytes. In con-
trast, the number of hepatocytes exhibited an opposite trend to cell size (Fig. 5d). Collectively, these results indi-
cate the occurrence of compensatory hepatocyte hypertrophy in HMGB2-KO mice during liver regeneration.

The importance of HMGB2 in cell proliferation. To verify the in vivo findings described above, we
examined the role of HMGB?2 in cell proliferation using in vitro experiments. The same number of WT and
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Figure 3. Expression of Ki-67 and EAU during liver regeneration. (a) Immunofluorescence for Ki-67 (red),
HMGB2 (green) and HNF-4a (blue) in WT and HMGB2-KO mouse livers after PHx. Arrows indicate HMGB2-
and Ki-67-positive hepatocytes. (b) EAU (green) and DAPI (blue) staining in WT and HMGB2-KO mouse
livers after PHx. Scale bar 20 um. Counting results of Ki-67-positive cells (c) and EdU-positive cells (d) in WT
and HMGB2-KO mouse livers. Data represent the mean + SEM from 5-6 mice per group. Asterisks indicate
statistically significant differences (*p <0.05).

HMGB2-KO MSCs were seeded and cell proliferation was examined at 1-3 days thereafter. The nuclei of WT-
MSCs were mostly positive for HMGB2, whereas HMGB2 was completely absent in HMGB2-KO MSCs, as
confirmed by immunocytochemistry and qPCR (Fig. 6a, c). Cellular counting revealed that cell proliferation
in HMGB2-KO MSCs was significantly decreased (Fig. 6d). Moreover, pH3S10-positive cells were significantly
decreased in cultured HMGB2-KO MSCs (Fig. 6b, e).

The role of HMGB2 in cell proliferation was further demonstrated by knockdown experiments. Control- and
HMGB2-siRNA were transfected into WT-MSCs, and cell proliferation was analyzed at 1-3 days thereafter.
Immunocytochemistry and qPCR experiments confirmed that efficient HMGB2-knockdown occurred in MSCs
(Fig. 7a, ¢). In comparison to control-siRNA transfected cells, the total number of cells was twofold fewer fol-
lowing HMGB2-knockdown cells at day 3 (Fig. 7d). Similarly, pH3S10-positive cells were significantly decreased
at day 2 and 3 (Fig. 7b, e). Taken together, the in vivo and in vitro experimental results suggest that HMGB2 is
essential for cell proliferation.
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Figure 4. Co-localization of HMGB2 and cyclin D1, cyclin B1 in mouse liver during regeneration. qPCR analysis of cyclin
DI (a) and cyclin B1 (b) mRNA in WT and HMGB2-KO mouse livers. (c¢) Immunofluorescence for cyclin D1 (red), HMGB2
(green) and HNF-4a (blue) in WT and HMGB2-KO mouse livers after PHx. (d) Double immunofluorescence for cyclin

B1 (red) and HMGB?2 (green) in WT and HMGB2-KO mouse livers. Arrows indicate HMGB2- and cyclin D1- or cyclin
B1-positive hepatocytes. Arrowheads indicate cyclin Bl-positive hepatocytes in HMGB2-KO mouse liver at 48 h. Scale

bar 20 pm. The number of cyclin D1- (e) and cyclin B1-positive (f) hepatocytes was counted at each time-point after PHx.
Data represent the mean + SEM from 5-6 mice per group. (g) Western blotting of cyclin D1 in WT and HMGB2-KO mouse
livers after PHx. (h) Densitometry analysis of cyclin D1 expression. Data represent the mean = SEM from 3 mice per group.
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Asterisks indicate statistically significant differences (*p <0.05).
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Figure 5. Compensatory hypertrophy during liver regeneration. (a) Ratio of mouse liver weight / body weight
in WT and HMGB2-KO mouse livers during regeneration. (b) Double immunofluorescence for E-Cadherin
(red) and HNF-4a (green) in WT and HMGB2-KO mouse livers after PHx. Arrows indicate hypertrophic
hepatocytes. Scale bars 20 pm. Dynamic changes of hepatocyte size (¢) and number (d) in WT and HMGB2-KO
mouse livers during regeneration. Data represent the mean + SEM from 5-6 mice per group. Asterisks indicate
statistically significant differences (*p <0.05).

Discussion

This is the first study to investigate the functional role of HMGB?2 in mouse liver regeneration. The main findings
in this study are the spatiotemporal expression of HMGB?2 in proliferating hepatocytes in WT mice, and that
the depletion of HMGB?2 induced delayed cell proliferation. Moreover, compensatory hepatocyte hypertrophy
occurred in HMGB2-KO mouse livers.

The present study revealed that the expression of HMGB2 was limited in non-parenchymal cells, such as
Kupffer and stellate cells, but not in hepatocytes under normal conditions. Indeed, hepatocytes are the major
parenchymal cells in the liver and play a crucial role in liver metabolism and protein synthesis'®. Our results
indicate that depletion of HMGB2 does not affect major liver function; however, microarray results suggested
that the expression of genes related to cell proliferation and the cell cycle were altered. Decreased expression of
Rb1, E2f, and cyclin A, cyclin B was found in HMGB2-KO mouse liver, which are pivotal transcription factors
in the G1 and G2/M checkpoints, respectively?. These findings indicate that cell cycle progression may be altered
in the absence of HMGB2. Therefore, we used the PHx mouse model to study liver regeneration and cell cycle
dynamics!®%.

In WT mouse livers, the spatiotemporal expression of HMGB2 was strongly correlated with active cell prolif-
eration, especially at 36-72 h after PHx. Our results also confirmed that hepatocytes are the first dividing cells,
followed by proliferation of cholangiocytes and endothelial cells?*%. The expression of Ki-67 is a reliable marker
of dividing cells, and it is not expressed in G, phase?. Our findings revealed that the number of Ki-67-positive
cells was significantly fewer in HMGB2-KO liver, and suggested that depletion of HMGB2 induced an altera-
tion in cell cycle progression. Interestingly, EdU-positive cells were higher than Ki-67-positive cells at 36 h after
PHx. These findings could be explained that Ki-67 protein expression is gradually increased from 36 h, and
peaked at 48 h, then gradually decreased in later time-points. However, EdU-positive cells corresponds with
S-phase of the cell cycle that peaked at 36 h after PHx. Cell cycle checkpoints are a major control mechanism
of proper cell cycle progression>?*. Although there are many checkpoints, the G1 and G2/M checkpoints play
pivotal roles in cell cycle progression, and are strictly regulated by cyclin dependent kinases and their regulatory
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Figure 6. Cell proliferation activity in MSC cells. Immunofluorescence for HMGB?2 (a) and pH3S10 (b) in WT
and HMGB2-KO MSCs at 1-3 days post-plating. Nuclei were counterstained with DAPI (blue). Scale bar 20 pum.
(c) qPCR analysis of HMGB2 mRNA in WT and HMGB2-KO MSCs. (d) Number of MSCs per field were
counted in WT and HMGB2-KO cells. (e) The percentage of pH3S10-positive cells in WT and HMGB2-KO
MSCs. Data represent the mean + SEM from 4 independent experiments. Asterisks indicate statistically
significant differences (*p <0.05, **p <0.01, **p <0.001).

cyclin subunits®. In our study, detailed analyses of cyclin D1, PCNA, EdU and cyclin B1 enabled the analysis of
progression through the G1/S and G2 phases, respectively. Cyclin D1 and cyclin B mRNAs were significantly
lower in HMGB2-KO mice during liver regeneration. The qPCR results were confirmed by immunofluorescence,
showing that the number of cyclin D1 and cyclin B1-positive cells were significantly fewer in HMGB2-KO liver,
indicating that cell cycle progression was delayed in HMGB2 depleted mouse livers after PHx. The expression
of pH3S10 represent M-phase of the cell cycle, and number of the pH3S10-positive cells were significantly fewer
in HMGB2-KO liver. In addition, partial hepatectomy triggers the activation of hepatic stellate cells and Kupffer
cells which are important to promote exit from G state of hepatocytes. Therefore, we are hypothesizing that the
absence of HMGB?2 in hepatic stellate cells and Kupffer cells may affect in delayed cell proliferation in HMGB2
KO mice after partial hepatectomy?®.

The number of Ki-67, cyclin D1, PCNA-positive cells was higher at 36 h after PHx, indicating that cell
proliferation seems to be initiated early in HMGB2-KO mice. However, the number of proliferating cells were
significantly higher in WT livers 48 h after PHx, which is the peak period for cell proliferation®”?. At 36 h after
PHX, the expression of PCNA and Cyclin D1 were higher in HMGB2 KO mouse liver by immunofluorescence,
whereas western blotting detected higher expression in WT mouse livers. This discrepancy may be explained by
that HNF-4a-positive hepatocytes were counted in immunofluorescence, while total tissue lysate is analyzed by
western blotting. In vitro experiments demonstrated that cell proliferation was significantly decreased in both
HMGB2-KO and knockdown cells. Our results were consistent with those of Bagherpoor et al*’, namely that
HMGB2-knockdown downregulates cell proliferation and the efficiency of differentiation in human embryonic
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Figure 7. The effect of HMGB2 knockdown on cell proliferation of MSC cells. Immunofluorescence for
HMGB2 (a) and pH3S10 in (b) in control siRNA and HMGB2 siRNA transfected MSCs at 1-3 days post-
transfection. Nuclei were counterstained with DAPI (blue). Scale bar 20 pm. (c) qPCR analysis of HMGB2
mRNA in control and HMGB2-knockdown cells. Number of MSCs (d) and pH3S10-positive cells (e) were
counted in control siRNA and HMGB2 knockdown cells. Data represent the mean + SEM from 4 independent
experiments. Asterisks indicate statistically significant differences (*p <0.05, **p <0.01, **p <0.001).

stem cells. Detailed cell cycle analysis suggested that the cell cycle is delayed, but not arrested in HMGB2-KO
mouse liver. Our results revealed that the cell proliferation was peaked at 48 h, whereas HMGB2 expression was
peaked at 72 h after PHx. Taken together, these results suggest that HMGB2 plays an essential role in hepatocyte
proliferation.

In general, hypertrophy is a compensatory response to partial loss of a tissue or organ. In various organs,
such as the kidney, compensatory hypertrophy is observed after partial and radical unilateral nephrectomy™.
Moreover, the grade of hypertrophy is strongly correlated with the amount of excised parenchymal volume of
the kidney?!. In addition, a similar finding was observed in skeletal muscle, namely that the rapid enlargement of
muscle occurs in response to removal of synergistic muscles®. Unlike other organs, the liver has extraordinary
potential to regenerate by means of both hypertrophy and cell proliferation®**. Although cell proliferation was
altered in HMGB2-KO mice, a greater extent of liver hypertrophy was observed at 36-72 h after PHx compared
to WT littermates. These results suggest that compensatory hypertrophy of hepatocytes occurs during liver
regeneration in HMGB?2 depleted mice. Similar findings of compensatory hypertrophy and altered cell prolifera-
tion were also observed in the Stat3, Skp2 and Separase-deficient mouse liver**=*¢. Thus, it seems that there is no
single protein or pathway that completely stops liver regeneration®.

In the present study, the hypertrophic hepatocytes contained significantly enlarged nuclei in HMGB2-KO liv-
ers compared to WT-littermates. This finding could be explained by the nucleoskeletal theory, where the amount
of DNA influences nuclear volume as well as affecting cell size*”*. Nuclear size is proportional to the amount of
DNA, and it has a pivotal role in gene expression and transcription®. We hypothesized that the enlarged nuclei
in hepatocytes may appear as a result of delayed cell cycle progression in HMGB2-KO liver. Our results suggest
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that enlarged hepatocyte nuclei is closely associated with the timing of most active cell proliferation. Miyaoka
et al.” also reported that enlarged nuclei in hypertrophic hepatocytes was observed during liver regeneration
after 70% PHx in mice.

In conclusion, the present study demonstrated that HMGB2 depletion causes delayed cell proliferation as
well as compensatory hypertrophy of hepatocytes during liver regeneration, suggesting that HMGB?2 is essential
for proper cell proliferation.

Materials and methods

Chemicals and biochemicals. Paraformaldehyde (PFA) was purchased from Merck (Darmstadt, Ger-
many). Trizma base, bovine serum albumin (BSA), 3-aminopropyl-triethoxysilane, Triton X-100, Tyramine
hydrochloride and Brij L23 were purchased from Sigma Chemical Co. (St Louis, MO, USA). Clariom S micro-
array chip for mouse, click-iT Cell Reaction Buffer Kit, FITC- and rhodamine-succinimidyl esters and Lipo-
fectamine RNA iMAX were purchased from Invitrogen (California, USA). 5-Ethynyl-2’-deoxyuridine (EdU)
was purchased from TCI chemicals (Tokyo, Japan). All other reagents used in this study were purchased from
Fujifilm Wako Pure Chemicals (Osaka, Japan).

Animals and tissue preparation. Male C57BL/6 WT and HMGB2-KO mice (8 weeks old) were used in
the present study. The derivation of genomic HMGB2-KO mouse has been described previously'*. Mice were
fed normal chow and allowed to drink water ad libitum. The experimental protocol was approved by the Animal
Ethics Review Committee of the University of Miyazaki (2018-510-7) and all experiments were performed in
accordance with institutional guidelines of the Animal Experiment Committee. The ARRIVE Essential 10 guide-
line was used to formulate study design, sample preparation, result observation and data analysis. Mice were
anesthetized by inhalation of isoflurane and 70% PHx was performed using a previously described technique**.
EdU was injected 2 h prior to sampling. After PHx, mice were sacrificed at 0, 24, 36, 48, 72, 120 and 168 h, and
tissues were sampled as described below. Liver tissue was cut into several small pieces and some were snap frozen
and kept at — 80 °C until use in microarray, quantitative-polymerase chain reaction (QPCR) and western blotting
analysis. The remaining pieces of liver tissue were fixed overnight in 4% PFA in phosphate-buffered saline (PBS)
at room temperature and subsequently embedded in paraffin using standard methods. Five to six mice were used
in each experimental group.

Immunohistochemistry. Paraffin-embedded tissues were cut into 3-um-thick sections and placed onto
silane-coated slide glasses. The sections were deparaffinized with toluene and rehydrated using a graded ethanol
series, then autoclaved at 120 °C for 15 min in 10 mM citrate buffer (pH 6.0). After inhibition of endogenous per-
oxidase activity with 3% H,0O, in methanol for 30 min, the sections were pre-incubated with 500 ug/ml normal
goat IgG and 1% BSA in PBS for 1 h to block non-specific binding of antibodies. The sections were then reacted
with the following primary antibodies for 16-17 h: anti-HMGB2 (Abcam, ab124670), anti-HNF-4a (Abcam,
ab181604), anti-F4/80 (Abcam, ab6640), anti-Desmin (Dako, IS606), anti-PCNA (Dako, M0879), anti-Ki-67
(Dako, M7248), anti-Cyclin D1 (Cell signaling, #2978), anti-Cyclin B1 (Abcam, ab181593), anti-phosphorylated
H3S10 (Cell Signaling, #9708) and anti-E-Cadherin (Novus Bio, NBP2-19051). After washing with 0.075% Brij
L23 in PBS, the sections were reacted with HRP-goat anti-mouse IgG or HRP-goat anti-rabbit IgG for 1 h. After
washing in 0.075% Brij L23 in PBS, the HRP-sites were visualized with FITC-conjugated tyramide, then micro-
waved at 95°C for 15 min in 10 mM citrate buffer (pH 6.0). Then, next primary antibody was reacted for over-
night and repeated its detection with rhodamine conjugated tyramide and then counterstained with DAPI'>#!. In
some experiments, HNF-4a was visualized by Alexa-633 conjugated goat anti-rabbit IgG. As a negative control,
normal mouse or rabbit IgG was used at the same concentration instead of the primary antibody in each experi-
ment. EAU was detected using the click-iT Cell Reaction Buffer Kit, according to manufacturer’s instruction.
EdU-positive hepatocytes were referred as cells with large round nuclei in DAPI staining. Microphotographs
were obtained using a laser scanning microscope (Zeiss LSM700) and a light microscope (Olympus BX53) with
a fluorescence camera (DP-74, Olympus, Japan).

Flow cytometry. Normal mouse livers (n=3) were perfused with PBS and then digested with 400 U/ml
collagenase type III (Worthington Biochemical) at 37 °C for 30 min. The digested cells were passed through a
100-pm cell strainer by forcing and washed with PBS. The cell suspension was centrifuged at 50 g for 3 min for
hepatocyte enrichment. The pellet and supernatant were used as the hepatocyte enrichment fraction and non-
parenchymal liver cells, respectively. Cells were stained with fluorescein-conjugated mAbs (1:200) to mouse
CD3¢ (Brilliant Violet 421, 146-2C11; Biolegend), mouse CD45 (APC/Cyanine7, 30-F11; Biolegend), mouse
F4/80 (APC, BMS; Biolegend). For intracellular staining, cells were fixed and permeabilized with Foxp3/Tran-
scription factor staining buffer set (Invitrogen) according to the manufacturer’s instructions. Subsequently, the
cells were stained with mAbs (1:200) to desmin, HNF-4a and HMGB2, followed by anti-rabbit IgG Alexa Fluor
488, anti-rabbit IgG Alexa Fluor 633, or anti-mouse IgG Alexa Fluor 633 secondary antibody. Fluorescence
staining was analyzed with a FACSVerse flow cytometer (BD Biosciences) and FlowJo software (Tree star).

gPCR analysis. Total RNA was extracted from snap frozen liver tissues using Isogen IT (Nippon Gene,
Tokyo, Japan), as reported previously*>. RNA was reverse transcribed to cDNA using Moloney murine leukemia
virus reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Transcript expression levels were analyzed by an
ABI StepOne plus Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) using Fast SYBR Green
(Applied Biosystems). B-actin was used for normalization and relative gene expression was calculated using the
2-AAct method. The primer pairs were listed below. HMGB2 F-5'-TCCTGGTAGGCCAACAGGCT-3' and
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R-5'-AGCTAATGTTGAGCTGCACTTG-3', Cyclin B1 F-5-AGAGGTGGAACTTGCTGAGCCT-3', R-5'-GCA
CATCCAGATGTTTCCATCGG-3', Cyclin D1 F-5'-GCGTACCCTGACACCAATCTC-3', R-5'-CTCCTCTTC
GCACTTCTGCTC-3', and B-actin F-5'- TCCTCCCTGGAGAAGAGCTAC -3/, R-5'- TCCTGCTTGCTGATC
CACAT -3".

Microarray. RNA was isolated from WT and HMGB2 KO mouse livers (n=3 each), and cRNA was pre-
pared as described previously***. Fifteen micrograms of fragmented cRNA from each sample was hybridized
to a pre-equilibrated Clariom S mouse microarray chip, which was then washed, stained, and scanned in an HP
ChipScanner (Affymetrix Inc., Santa Clara, USA). Data normalization was performed using GeneSpring (Agi-
lent Technologies, Santa Clara, CA, USA). All entities (22,206 genes) were filtered based on significant changes
in gene expression between WT and HMGB2 KO mouse livers. Data were analyzed in Transcriptome Analysis
Console software (Version 4.0.2.15, Thermo Fisher Scientific).

Cell culture. Bone marrow-derived MSCs were prepared from the tibias and femurs of 6- to 8-week-old
C57BL/6] WT and HMGB KO mice, as described previously?**>. Cells were cultured with 10% FBS/DMEM.
WT-MSCs were divided into two groups, and transfected with HMGB2-small interfering RNA (siRNA) (Inte-
grated DNA Technologies, MMC.RNAILN008252.3_2 nm, Coralville, IA, USA) or control siRNA (Integrated
DNA Technologies, DS Scrambled-Neg universal negative control duplex) using Lipofectamine RNA iMAX, as
described previously*®. Successfully transfected cells were prepared into a cell suspension using a-MEM with
L-Glutamine and Phenol Red with 10% FBS, 50 ug/ml ascorbic acid, and 5 mM p-glycerophosphate. The cells
were seeded at a density of 1 x 10* cells per well in 24-well plates, followed by incubation in a constant tempera-
ture incubator (5% CO,, 37 °C, 95% humidity). The cells were then analyzed by qPCR and immunocytochem-
istry at 1-3 days.

Western blot analysis. Liver tissues were homogenized in hot SDS lysis buffer with a glass-teflon homog-
enizer, as described previously'>*. After centrifugation of the homogenate at 15,000 rpm for 30 min at 4 °C, the
supernatant was collected and stored at— 80 °C. The protein concentration in each preparation was determined
using a BCA assay kit. Lysate containing 20 ug of protein was separated by 10% SDS-PAGE, and the proteins
were electrophoretically transferred onto PVDF membranes. The membranes were blocked with 5% nonfat milk
in Tris-buffered saline (TBS; 20 mM Tris buffer [pH 7.6], 150 mM NaCl) for 1 h at RT and then incubated
overnight with anti-HMGB?2 or anti-HMGBI antibodies diluted 1:1000 with TBS/0.05% Triton X-100 buffer. As
a secondary antibody, HRP-goat anti-rabbit IgG or HRP-goat anti-mouse IgG was diluted with TBS buffer for
1 h, and the membranes were washed 3 times for 10 min each with TBS/0.05% Triton X-100 buffer. Bands were
visualized with DAB, Ni, Co, and H,0,. Densitometric analysis was performed using ImageQuant LAS 4000
(GE Healthcare, Fairfield, CT, USA). B-Actin was used as an internal standard in each lane for normalization of
target protein expression.

Quantitative analysis. The number of hepatocytes and proliferating cells was counted in 10 random high-
magnification fields per mouse using Image] software (NIH, Bethesda, Maryland, USA) . The size of hepatocyte
nuclei stained by HNF-4a was measured in 5 high-magnification fields per mouse using analyze particles tool
in Image]J software.

Statistical analysis. All data are expressed as mean + standard error of the mean (SEM). Statistical signifi-
cance was assessed using the Student’s t-test. P<0.05 was considered to be statistically significant. All analyses
were performed with JMP (version 15.1.0, SAS Institute Inc., Cary, NC, USA).

Data availability

Original micrographs and any other information are available upon request from the corresponding author.
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