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Abstract

High-mobility group box 2, a chromatin-associated protein that interacts with deoxyribonucleic

acid, is implicated in multiple biological processes, including gene transcription, replication, and

repair. High-mobility group box 2 is expressed in several tissues, including the testis; however,

its functional role is largely unknown. Here, we elucidated the role of high-mobility group box

2 in spermatogenesis. Paraffin-embedded testicular tissues were obtained from 8-week-old and

1-year-old wild-type and knock-out mice. Testis weight and number of seminiferous tubules

were decreased, whereas atrophic tubules were increased in high-mobility group box 2-depleted

mice. Immunohistochemistry revealed that atrophic tubules contained Sertoli cells, but not germ

cells. Moreover, decreased cell proliferation and increased apoptosis were demonstrated in high-

mobility group box 2-depleted mouse testis. To elucidate the cause of tubule atrophy, we examined

the expression of androgen and estrogen receptors, and the results indicated aberrant expression

of androgen receptor and estrogen receptor alpha in Sertoli and Leydig cells. Southwestern histo-

chemistry detected decreased estrogen response element–binding sites in high-mobility group box

2-depleted mouse testis. High-mobility group box 1, which has highly similar structure and function

as high-mobility group box 2, was examined by immunohistochemistry and western blotting,

which indicated increased expression in testis. These findings indicate a compensatory increase

in high-mobility group box 1 expression in high-mobility group box 2 knock-out mouse testis.

In summary, depletion of high-mobility group box 2 induced aberrant expression of androgen

receptor and estrogen receptor alpha, leading to decreased germ cell proliferation and increased

apoptosis which resulted in focal seminiferous tubule atrophy.
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Summary sentence

Depletion of High-mobility group box 2 induced aberrant androgen receptor and estrogen receptor

alpha expression, leading to decreased germ cell proliferation and increased apoptosis, resulting

in seminiferous tubule atrophy.

Graphical Abstract

Key words: HMGB2, testis, androgen receptor, estrogen receptor, tubule atrophy.

Introduction

High-mobility group (HMG) proteins are the most abundant non-
histone chromatin-associated proteins involved in gene transcription,
replication, recombination, and repair processes [1]. High-mobility
group box 2 (HMGB2) is a member of the HMG protein family
characterized by two unique HMG box DNA-binding domains that
are involved in DNA distortion by bending, unwinding, or looping
to facilitate the assembly of multiprotein complexes on DNA [2].
Similar to other HMG group proteins, HMGB2 is involved in fine-
tuning of gene transcription [3]. The HMGB2 is depleted in senescent
cells and aging tissues but is dramatically increased in various cancers
[4–6]. A number of studies revealed that HMGB2 is associated with
cell proliferation and the transition of cells from the quiescent to
active state [7, 8]. The testis, which is a highly proliferative tissue, is
affected by HMGB2 depletion [9]. Although HMGB2-depleted mice
exhibit reduced fertility and defective spermatogenesis, the role of
HMGB2 in spermatogenesis is largely unknown.

Spermatogenesis is an extraordinarily complex process regulated
by multiple factors, including genetic, hormonal, environmental,
and epigenetic regulators [10]. Among these factors, the sex steroid
hormones are known to play critical roles in spermatogenesis via
the androgen receptor (AR) and estrogen receptors (ERs) [11, 12].
Both the ARs and ERs are known to functionally interact with
HMGB2 to enhance DNA-binding and transcriptional activity [13,
14]. Although these interactions have been examined in cell lines, the
role of HMGB2 in spermatogenesis is not fully understood.

Structural and functional analyses revealed that HMGB2 is very
similar to HMGB1, such as >80% of the amino acids are identical
[15]. Despite the similarity between HMGB2 and HMGB1, their
expression patterns differ throughout the body. Both proteins are
abundantly expressed during embryonic development. However, in
adults, HMGB1 is expressed ubiquitously throughout the body,
whereas HMGB2 expression is restricted to the testis and lymphoid
tissues [9]. Therefore, the functional relationship between HMGB1
and HMGB2 is still controversial.

In the present study, we first investigated the long-term role of
HMGB2 in spermatogenesis using HMGB2 knock-out (KO) mice.
Depletion of HMGB2 led to seminiferous tubule atrophy, possibly
due to disruption of signaling by sex steroid hormones, such as
androgens and estrogens, via their receptors. We found decreased
germ cell proliferation and increased apoptosis in HMGB2 KO
mouse testis. Expression of HMGB1 was observed in spermatocytes
of HMGB2 KO mouse testis but not in wild-type (WT) littermates,
suggesting that expression of HMGB1 was increased in a compen-
satory manner in HMGB2 KO mouse testis.

Materials and methods

Chemicals and biochemicals

Paraformaldehyde (PFA) was purchased from Merck (Darm-
stadt, Germany). Trizma base, bovine serum albumin (BSA), 2-
mercaptoethanol, 3-aminopropyl-triethoxysilane, Triton X-100,
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Figure 1. Seminiferous tubule atrophy in HMGB2 KO mouse testis. Macrophotography of WT and HMGB2 KO mouse testis at 8 weeks and 1 years of age (A).

Western blotting analysis of HMGB2 in WT and KO mouse testis (B). HE staining and immunohistochemistry for HMGB2 were performed in serial sections of

WT and HMGB2 KO mouse testis (C). Total (D) and abnormal seminiferous tubules (E) were counted in testicular cross-sections. Negative control is shown

in the inset. Asterisks indicate atrophic tubules. Scale bar: 50 μm. Graphs represents mean ± SEM. In each experimental group, three to five mice were used.
∗P < 0.05, ∗∗∗P < 0.001. Student’s t-test (two-tailed).

Tyramine hydrochloride, and Brij L23 were purchased from
Sigma Chemical Co. (St Louis, MO, USA). FITC- or rhodamine-
succinimidyl esters and the BCA protein assay kit were purchased
from Thermo Fisher (USA). Polyvinylidene fluoride (PVDF)
membranes were purchased from Millipore (Bedford, MA, USA).
Molecular marker sets were purchased from Biodynamics (Tokyo,
Japan). The 3,3′-diaminobenzidine–4 HCl (DAB) was purchased
from Dojindo Chemicals (Kumamoto, Japan). The Masson
trichrome staining kit was obtained from Muto Pure 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 and 1 years old)
were used in the present study. The derivation of genomic HMGB2
KO mouse has been described [9]. Mice were fed with normal chow
and were allowed to drink water ad libitum. The experimental
protocol was approved by the Animal Ethics Review Committee
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Figure 2. Expression of HMGB2 in the testis. Double immunofluorescence

for HMGB2 (green) and Sox9 (red) in WT and HMGB2 KO mouse testis (A).

Sox9-positive cells in intact and atrophic tubule in WT and HMGB2 KO mouse

testis (B). Expression of HMGB2 (green) and DDX4/MVH (red) were also

examined in paraffin-embedded tissue sections (C). Nuclear counterstaining

was performed using DAPI (blue). Asterisks indicate atrophic tubules. Scale

bar: 20 μm. Graphs represents mean ± SEM. In each experimental group,

three to five mice were used. ∗P < 0.05. Student’s t-test (two-tailed).

of the University of Miyazaki (2018-510-6). After animals were
sacrificed, the left testis was snap frozen and kept at −80◦C until
used for western blotting. The right testis was fixed in 4% PFA
in phosphate-buffered saline (PBS) (pH 7.4) for overnight at room
temperature (RT) and was then embedded in paraffin. In each
experimental group, three to five mice were used.

Histological analysis

Testicular morphology was analyzed by hematoxylin and eosin (HE)
staining. Thickening of the tubule membrane was examined by Mas-
son trichrome staining according to the manufacturer’s instructions.

Immunohistochemistry

Paraffin-embedded tissues were cut into 4-μm thick sections and
were 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) [16, 17]. After inhibition of endogenous peroxidase activity
with 3% H2O2 in methanol for 30 min, the sections were pre-
incubated with 500 μg/ml normal goat IgG and with 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-Sox9 (Atlas, HPA001758),
anti-DDX4/MVH (Abcam, ab13840), anti-PCNA (Dako, M0879),
anti-AR (Millipore, 06-680), anti-ERα (Thermo, MA5–13304), anti-
HMGB1 (Abcam, ab18256), and anti-SCP3 (Abcam, ab97672).
After washing with 0.075% Brij L23 in PBS, the sections were
reacted with HRP-goat anti-mouse IgG or with HRP-goat anti-rabbit
IgG for 1 h. After washing in 0.075% Brij L23 in PBS, the HRP
sites were visualized with DAB and H2O2. For immunofluorescence,
sections were treated with FITC- or rhodamine-conjugated tyramide
and were then counterstained with DAPI [18]. As a negative control,
normal mouse or rabbit IgG was used at the same concentration
instead of the primary antibody in each experiment. Microphotos
were taken using a fluorescence microscope (Keyence BZ-X700) and
light microscope (Olympus BX53).

Western blot analysis

Tissues were homogenized in hot SDS lysis buffer with a glass-teflon
homogenizer, as described previously [19, 20]. 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 μg of protein was separated by 10% SDS-PAGE, and
the proteins were electrophoretically transferred onto PVDF mem-
branes. 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 were then incubated overnight with anti-HMGB2
or anti-HMGB1 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 three times for 10 min each with
TBS/0.05% Triton X-100 buffer. Bands were visualized with DAB,
Ni, Co, and H2O2. Densitometric analysis was performed using
ImageQuant LAS 4000 (GE Healthcare, Fairfield, CT, USA). The β-
actin was used as an internal standard in each lane for normalization
of target protein expression.

TUNEL staining

The TUNEL staining was performed as described previously [21].
Briefly, the sections were deparaffinized with toluene and were
rehydrated using a graded ethanol series. After washing with PBS, the
sections were treated with 10 μg/ml of proteinase K in PBS at 37◦C
for 15 min. The sections were then rinsed once with distilled water
and incubated with TdT buffer (25 mM Tris–HCl buffer [pH 6.6],
containing 0.2 M potassium cacodylate and 0.25 mg/ml BSA) alone
for 30 min at RT. The sections were then reacted with 800 U/ml TdT
dissolved in a TdT buffer supplemented with 5 μM biotin-16-dUTP,
20 μM dATP, 1.5 mM CoCl2, and 0.1 mM dithiothreitol at 37◦C
for 90 min. The reaction was terminated by washing with 50 mM
Tris/HCl buffer (pH 7.5) for 15 min. Endogenous peroxidase activity
was inhibited by immersing the slides in 0.3% H2O2 in methanol for
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Table 1. BW and testis weight in WT and HMGB2 KO mouse

Age BW (g) Testis weight (mg)

WT KO WT KO

8 weeks 22.3 ± 0.8 21.7 ± 0.6 90.7 ± 2.0 64.4 ± 2.1∗
1 year 38.4 ± 2.6 34.0 ± 2.5 106 ± 3.6 61.4 ± 7.7∗∗

Testis weight was compared with age-matched littermates.
∗P < 0.05.
∗∗P < 0.01.

Figure 3. Cell proliferation and apoptosis in WT and HMGB2 KO mouse testis. Double immunofluorescence for PCNA and DDX4/MVH in WT and HMGB2 KO

mouse testis (A). Number of PCNA-positive cells in intact and atrophic tubules (B). Paraffin-embedded testicular sections were analyzed by TUNEL (C). Number

of TUNEL-positive cells in intact and atrophic tubules (D). Asterisks indicate atrophic tubules. Graphs represent mean ± SEM. In each experimental group, three

to five mice were used. Scale bar: 50 μm. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. Student’s t-test (two-tailed).
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Figure 4. Aberrant expression of AR and ERα in HMGB2 KO mouse testis.

Immunohistochemical localization of AR in WT and HMGB2 KO mouse testis

(A). Arrows indicate decreased AR expression in Sertoli cells. Immunohis-

tochemical localization of ERα in WT and HMGB2 KO mouse testis (B).

Negative control is shown in the inset. Cell nuclei were counterstained with

hematoxylin. Asterisks indicate atrophic tubules. Scale bar: 50 μm.

15 min at RT. Signals were detected immunohistochemically using
an HRP-conjugated goat anti-biotin antibody, and HRP sites were
visualized by DAB, Ni, Co, and H2O2 according to Adams [22].
As a negative control, adjacent sections were subjected to reaction
without TdT.

Southwestern histochemistry

The localization of estrogen-responsive element (ERE)-binding
sites was examined by southwestern histochemistry, as described
previously [23, 24], Briefly, after deparaffinization, the sections
were autoclaved at 120◦C for 15 min in 0.01 M citrate buffer
(pH 6.0). The sections were then reacted with a digoxigenin-labeled
double-stranded DNA probe containing a complete palindromic
ERE (vERE: 5′-GATCCAGGTCACAGTGACCTGGATC-3′) of
the chicken vitellogenin gene and a mutated ERE (mERE: 5′-
GATCCAGATCACAGTGATCTGGATC-3′) with two base muta-
tions and a digoxigenin label at the 3′-end. To detect hybridized
oligo-DNA probes, the sections were immunohistochemically
stained with HRP-conjugated sheep anti-digoxigenin antibody by
using a chromogen solution with DAB, Ni, Co, and H2O2.

Figure 5. ERE-binding sites in HMGB2 KO mouse testis. vERE and mERE-

binding sites were examined by southwestern histochemistry. Red color

represents positive cells as determined by the image analyzer. All slides

were analyzed under the same conditions, and positive cells were evaluated

based on the staining density over the level of staining with the mERE probe.

Asterisks indicate atrophic tubules. Scale bar: 50 μm.

Quantitative analysis

Seminiferous tubules were counted in whole testicular cross-sections.
In addition, Sox9-, PCNA-, and TUNEL-positive cells were counted
in intact (ongoing spermatogenesis) and atrophic tubules were
counted in whole cross-sections. In testicular cross-section, total
area was measured by ImageJ. For image analysis of ERE, red color
was assigned to the positive cells using Winroof software (Mitani,
Tokyo, Japan). Positive cells were evaluated based on the staining
density over the level of staining with the mERE probe.

Statistical analysis

All data are expressed as mean ± SE. Statistical significance was
assessed using the Student’s t-test. The P < 0.05 was considered
to be statistically significant. All analyses were performed with
the Statistical Package for Social Sciences (version 20; IBM Corp.,
Armonk, NY, USA).

Results

HMGB2 KO induced seminiferous tubule atrophy

HMGB2 KO mice were born with the same body weight (BW) as
their WT littermates, but their weight was 9.7 ± 2.1% lower when
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Figure 6. Increased Leydig cell density in HMGB2 KO mouse testis. Masson trichrome staining in cross-sections of WT and HMGB2 KO mouse testis (A).

Seminiferous tubule atrophy is indicated by arrows. In the testis cross-section, total area was measured using ImageJ software, and the result is presented as

a bar graph (B). Total number of Leydig cells in whole cross-sections (C). In the high-magnification microphoto, tubular membrane thickening is indicated by

arrowheads (D). Asterisks indicate atrophic tubules. Scale bars: 200 μm (A) and 50 μm (D). Graphs represents mean ± SEM. In each experimental group, three

to five mice were used. ∗P < 0.05, ∗∗P < 0.01. Student’s t-test (two-tailed).

they reached 8 weeks of age. Compared with the decrease in BW,
the testis weight was significantly decreased in KO mice at 8 weeks
and 1 years of age (Figure 1A, Table 1). The efficiency of HMGB2
KO was examined by western blotting analysis (Figure 1B). In HE

staining, some of the seminiferous tubules in KO mouse testis were
atrophic, as characterized by the absence of germ cells, tubule shrink-
age, and diffuse collection of Leydig cells (Figure 1C). In WT mouse
testis, expression of HMGB2 was found in spermatogonia to round
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spermatids but was depleted in sperm (Figures 1C and 2A). The
strongest HMGB2 expression was found in spermatocytes. HMGB2
protein was completely absent in KO mouse testis (Figure 1B and C).
Interestingly, the number of seminiferous tubules was decreased in
both 8-week-old and 1-year-old mice, but the number of abnormal
tubules was significantly increased in the testis of aged KO mice
(Figure 1D and E). All I–XII stages of seminiferous epithelial cycles
were found in intact spermatogenetic tubules, even in aged HMGB2
KO mouse testis (data not shown). Although the epididymis in
HMGB2 KO mice was 18.3 ± 6.5% smaller than in WT littermates,
there were no histopathological changes (data not shown). Moreover,
mature sperm were found in the cauda epididymis of both WT and
KO mice, indicating that germ cell development was not arrested
at the specific developmental stage (data not shown). These results
indicate that depletion of HMGB2 in KO mouse testis induces focal
seminiferous tubule atrophy.

HMGB2 expression in germ cells

The HMGB2 expression in the testis was examined by immunoflu-
orescence in WT and KO mice together with expression of Sox9,
a marker of Sertoli cells (Figure 2A). In WT mouse testis, HMGB2
was expressed only in germ cells, but not in Sertoli cells. However, in
KO mouse testis, all cells remaining in atrophic tubules were Sertoli
cells. The number of Sox9-positive cells was significantly higher in
atrophic tubules compared with intact tubules (Figure 2B).

Next, we examined the expression of HMGB2 together with the
germ cell–specific marker DDX4/MVH (Figure 2C). In WT mouse
testis, HMGB2 co-localized with DDX4/MVH in spermatocytes to
round spermatids. In KO mouse testis, germ cells were absent in
atrophic tubules. Collectively, these results indicate that atrophic
tubules contain only Sertoli cells, but not germ cells. Moreover, the
presence of tubules containing only Sertoli cells adjacent to intact
spermatogenetic tubules is characteristic of focal Sertoli cell only
syndrome.

Decreased cell proliferation and increased apoptosis in

HMGB2 KO mouse testis

Maintenance of the germinal epithelium depends upon the balance
between germ cell proliferation, differentiation, and apoptosis. We
examined cell proliferation by immunohistochemistry using PCNA
in WT and KO mouse testis (Figure 3A). In WT mouse testis,
proliferating cells were found in all seminiferous tubules. In HMGB2
KO mouse testis, proliferating cells were found in cycling tubules,
but they were mostly absent in atrophic tubules. Cell prolifera-
tion was significantly decreased in 1-year-old HMGB2 KO mouse
testis when compared with WT littermates (Figure 3B). In addition,
Leydig cell proliferation was not significantly different in WT and
HMGB2 KO mouse testis (data not shown). Apoptotic cells were
examined by TUNEL staining, and the results are shown graphically
in Figure 3C and D. The number of TUNEL-positive cells in the testis
was comparable in 8-week-old WT and KO mice testis. In 1-year-old
mice, the number of TUNEL-positive cells was significantly higher
in the testis of KO mice. In summary, depletion of HMGB2 leads to
decreased cell proliferation and increased apoptosis in the germinal
epithelium.

Aberrant AR and ERα expression in HMGB2 KO mouse

testis

Functional interactions between HMGB2 and steroid hormone
receptors, such as the AR and ERs, have been reported [13, 14].
Therefore, we examined the expression of AR and ERα in WT

and KO mouse testis by using immunohistochemistry. In WT
mouse testis, AR was expressed in Sertoli cells, myoepithelial
cells, and Leydig cells (Figure 4A). In KO mouse testis, a normal
distribution pattern in intact tubules was observed. However, in
atrophic tubules, AR expression was decreased in Sertoli cells
(arrows) but increased in Leydig cells. Next, we examined ERα

expression in WT and KO mouse testis (Figure 4B). In WT mouse
testis, Leydig cells and myoepithelial cells were positive for ERα.
In KO mouse testis, the diffuse collection of Leydig cells led to an
increase in the number of ERα-positive cells, especially in 1-year-
old mouse testis. It is well known that ERs bind to EREs, which
are specific consensus sequences in nuclear DNA, which function in
the regulation of transcriptional activity of target genes. Therefore,
we performed southwestern histochemistry to localize ERE-binding
sites in tissue sections (Figure 5). In WT mouse testis, expression of
vERE was observed mostly in spermatogonia, spermatocytes, and
some spermatids. In HMGB2 KO mouse testis, vERE was markedly
decreased in the seminiferous tubules. As a negative control, mERE
was examined in all experiments, and it was not detected. These
results indicate that sex steroid hormone receptors and ERE-binding
sites were disrupted in HMGB2 KO mouse testis.

Increased Leydig cell density in HMGB2 KO mouse

testis

In HMGB2 KO mouse, tubule atrophy with a peripheral localiza-
tion was observed at 8 weeks of age, but this pattern was ran-
domly distributed throughout the testis in aged mice (Figure 6A,
arrows). The total area of the testis was measured in the testis
cross-sections of WT and HMGB2 KO mouse by using Masson
trichrome staining. Total area of the testis was significantly decreased
in 1-year-old HMGB2 KO mouse when compared with WT litter-
mates (Figure 6B). A diffuse collection of Leydig cells surrounding
atrophic tubules was observed. The total number of Leydig cells
in testicular cross-sections was determined, but no significant dif-
ference was observed (Figure 6C). These results indicate that the
density of Leydig cells increased in HMGB2 KO mouse testis due to
tubule shrinkage. Moreover, we examined thickening of the tubule
membrane (Figure 6D). The seminiferous tubule membrane became
thicker in HMGB2 KO mouse testis (arrowheads), and this increase
in the hormonal barrier may have contributed to tubule atrophy.

HMGB1 expression was increased in HMGB2 KO

mouse testis

The structural and functional similarities between HMGB2 and
HMGB1 were reported previously [1]. Therefore, the co-localization
of HMGB2 and HMGB1 was examined by immunofluorescence
(Figure 7A). In WT mouse testis, HMGB1 was expressed in sper-
matogonia, Sertoli cells, myoepithelial cells, and Leydig cells. In the
same tissue sections, HMGB2 co-localized in some spermatogonia
(arrows). Increased expression of HMGB1 was observed in KO
mouse testis, especially in 1-year-old mice. Furthermore, HMGB1
protein expression was confirmed by western blotting (Figure 7B),
and densitometry analysis revealed a significant increase in HMGB1
expression in KO mouse testis (Figure 7C). Interestingly, in HMGB2
KO mouse testis, expression of HMGB1 was detected in spermato-
cytes (arrowheads) as well as spermatogonia. In order to confirm
this finding, we performed double immunofluorescence staining for
HMGB1 and synaptonemal complex protein 3 (SCP3), which is
expressed in spermatocytes but not spermatogonia (Figure 8). In WT
mouse testis, HMGB1 expression was limited to the spermatogo-
nia, Sertoli cells, Leydig cells, and myoepithelial cells. Interestingly,
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Figure 7. Expression of HMGB1 in WT and HMGB2 KO mouse testis. Double immunofluorescence for HMGB2 (green) and HMGB1 (red) in WT and HMGB2 KO

mouse testis (A). Double positive cells were indicated by arrows. HMGB1-positive spermatocytes were indicated by arrowheads. Asterisks indicate atrophic

tubules. Scale bar: 20 μm. Western blotting analysis of HMGB1 in WT and KO mouse testis (B). Twenty micrograms of extracts from testis were subjected to

10% SDS-PAGE. HMGB1 (29 kDa) and β-actin (42 kDa) were detected in the same lane. Densitometry analysis of western blot (C). HMGB1 protein expression

in each lane was normalized to that of β-actin. Data represent the mean ± SE of three independent experiments. In each experimental group, three to five mice

were used. ∗P < 0.05. Student’s t-test (two-tailed).

co-localization of SCP3 and HMGB1 was observed in HMGB2 KO
mouse testis, indicating that HMGB1 was also expressed in sper-
matocytes (arrows). Taken together, these results demonstrate that
the loss of HMGB2 induced a compensatory increase in HMGB1
expression in spermatocytes.

Discussion

The main finding in this study is that depletion of HMGB2 induces
aberrant expression of the AR and ERα, which leads to seminiferous
tubule atrophy. Moreover, a compensatory increase in HMGB1

expression was observed in spermatocytes of HMGB2 KO mouse
testis.

In WT mice, the abundant expression of HMGB2 in germ cells
suggests HMGB2 plays a crucial role in spermatogenesis [9]. The
selective expression of HMGB2 in germ cell lineage, but not in
somatic cells, may be correlated with the high proliferative activity
of male germ cells. A number of studies have demonstrated that cell
proliferation is associated with HMGB2 expression during embry-
onic development, normal homeostasis, and malignancy [6, 7, 9].
Conversely, depletion of HMGB2 in senescent cells or aged tissues is
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Figure 8. HMGB1 expression was increased in HMGB2 KO mouse testis. Double immunofluorescence for HMGB1 (red) and SCP3 (green) in WT and HMGB2 KO

mouse testis. Arrows indicate HMGB1 expression in spermatocytes. Asterisks indicate atrophic tubules. Scale bar: 20 μm.

associated with morphologic and functional abnormalities [4, 5]. In
our study, we did not observe an aging-related decrease in HMGB2
expression in mouse testis at 1 years of age. This finding could be
explained by the fact that 1-year-old mice are still fertile and that
sterility starts at age over 2 years [25].

Depletion of HMGB2 led to atrophy of seminiferous tubules that
contained Sertoli cells, but not germ cells. The adjacent tubules had
an intact germinal epithelium, indicative of focal Sertoli cell only
syndrome. A similar phenotype was observed in Foxa3-mutant mice,
and this phenotype was characterized as focal Sertoli cell–only syn-
drome and sporadic tubular degeneration [26]. Few atrophic tubules
were observed in the peripheral area in 8-week-old HMGB2 KO
mouse testis, whereas atrophic tubules were significantly increased
throughout the testis in 1-year-old HMGB2 KO mouse testis. These
results indicate that the atrophy may start in one seminiferous
tubule and subsequently progress. In our study, stages I–XII of the
seminiferous epithelial cycle were observed in HMGB2 KO mouse
testis. In addition, mature sperm were found in the cauda epididymis,
indicating that germ cell development was not arrested at the specific
developmental stage. In HMGB2 KO mouse testis, decreased germ
cell proliferation and increased apoptosis led to progressive atrophy.

The causes of seminiferous tubule atrophy appear to be mul-
tifactorial, such as chemical toxicity, endogenous and exogenous
androgens and estrogens, orchitis, irradiation, and ischemia [27].
In HMGB2 KO mice, disruption of sex steroid hormone signaling
might have caused tubule atrophy via their receptors. It has been
reported that HMGB2 functionally interacts with AR and ERs to
enhance DNA binding and transcriptional activity via androgen-
responsive elements and EREs [13, 14]. Moreover, genomic inter-
actions between HMGB2 and ERs were identified in human breast
cancer tissues [28]. As androgens and estrogens play critical roles in
spermatogenesis, the increase in germ cell apoptosis resulting from

altered hormone transduction leads to seminiferous tubule atrophy
[29]. In our study, the diffuse collection of Leydig cells surrounding
atrophic tubules as well as aberrant expression of AR and ERα

clearly indicate a disruption in paracrine signaling and hormonal
transduction. Leydig cell hyperplasia was not found in HMGB2 KO
mouse testis, indicating that the diffuse collection of Leydig cells
appeared to be due to tubule shrinkage.

The functional relationship between HMGB1 and HMGB2
remains controversial. Some studies have reported that the
differential expression of HMGB1 and HMGB2 indicates non-
overlapping biological functions of these proteins at the cellular
and tissue levels [1, 30]. On the other hand, strong evidence of
complete interchangeability between HMGB1 and HMGB2 has also
been reported [31]. During embryonic development, both HMGB1
and HMGB2 are expressed ubiquitously. After birth, HMGB1
continues to be expressed throughout the body. However, HMGB2
expression is limited to the testis and lymphatic tissues. The HMGB1
KO mice die after birth, but HMGB2 KO mice remain viable [1].
These results demonstrate that HMGB2 can function sufficiently in
the absence of HMGB1 during embryonic development; however,
it could not be rescued after HMGB2 expression decreases after
birth. In WT mouse, HMGB1 was expressed in spermatogonia.
However, HMGB1 expression was found in spermatogonia and
spermatocytes in HMGB2 KO mouse testis. These findings clearly
indicate a compensatory increase in HMGB1 expression in HMGB2
KO mouse testis. Notably, the strongest expression of HMGB2 was
observed in spermatocytes in WT mouse testis. Therefore, in the
absence of HMGB2, a compensatory increase in HMGB1 expression
is observed in spermatocytes.

In summary, we demonstrated that depletion of HMGB2 induces
aberrant expression of AR and ERα in the testis. Disrupted hormonal
transduction leads to a decrease in germ cell proliferation and
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increase in apoptosis, resulting in focal seminiferous tubule atrophy.
Further studies will be required to elucidate the molecular mecha-
nism of compensatory increase in HMGB1 expression in HMGB2-
depleted mouse germ cells.
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