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Abstract 41 

High-mobility group box 2 (HMGB2), a chromatin-associated protein that interacts with 42 

DNA, is implicated in multiple biological processes, including gene transcription, 43 

replication, and repair. HMGB2 is expressed in several tissues, including the testis; 44 

however, its functional role is largely unknown. Here, we elucidated the role of HMGB2 45 

in spermatogenesis using HMGB2 knock-out (KO) mice. Paraffin-embedded testicular 46 

tissues were obtained from 8-week-old and 1-year-old wild-type and KO mice. Testis 47 

weight and number of seminiferous tubules were decreased, whereas atrophic tubules 48 

were increased in HMGB2-depleted mice. Immunohistochemistry revealed that atrophic 49 

tubules contained Sertoli cells, but not germ cells. Moreover, decreased cell proliferation 50 

and increased apoptosis were demonstrated in HMGB2-depleted mouse testis. To 51 

elucidate the cause of tubule atrophy, we examined the expression of androgen and 52 

estrogen receptors (AR, ERs, respectively), and the results indicated aberrant 53 

expression of AR and ERα in Sertoli and Leydig cells. Southwestern histochemistry 54 

detected decreased estrogen response element–binding sites in HMGB2-depleted 55 

mouse testis. Expression of HMGB1, which has highly similar structure and function as 56 

HMGB2, was examined by immunohistochemistry and western blotting, which indicated 57 

increased expression in aged HMGB2 KO mouse testis, especially in spermatocytes. 58 

These findings indicate a compensatory increase in HMGB1 expression in HMGB2 KO 59 

mouse testis. In summary, depletion of HMGB2 induced aberrant expression of AR and 60 

ERα, leading to decreased germ cell proliferation and increased apoptosis that resulted 61 

in focal seminiferous tubule atrophy. 62 

  63 
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Introduction 64 

High-mobility group (HMG) proteins are the most abundant non-histone chromatin-65 

associated proteins involved in gene transcription, replication, recombination, and repair 66 

processes [1]. HMGB2 is a member of the HMG protein family characterized by two 67 

unique HMG box DNA-binding domains that are involved in DNA distortion by bending, 68 

unwinding, or looping to facilitate the assembly of multiprotein complexes on DNA [2]. 69 

Similar to other HMG group proteins, HMGB2 is involved in fine-tuning of gene 70 

transcription [3]. HMGB2 is depleted in senescent cells and aging tissues but 71 

dramatically increased in various cancers [4-6]. A number of studies revealed that 72 

HMGB2 is associated with cell proliferation and the transition of cells from the quiescent 73 

to active state [7, 8]. The testis, which is a highly proliferative tissue, is affected by 74 

HMGB2 depletion [9]. Although HMGB2-depleted mice exhibit reduced fertility and 75 

defective spermatogenesis, the role of HMGB2 in spermatogenesis is largely unknown. 76 

Spermatogenesis is an extraordinarily complex process regulated by multiple factors, 77 

including genetic, hormonal, environmental, and epigenetic regulators [10]. Among 78 

these factors, the sex steroid hormones are known to play critical roles in 79 

spermatogenesis via the androgen receptor (AR) and estrogen receptors (ERs) [11, 12]. 80 

Both the AR and ERs are known to functionally interact with HMGB2 to enhance DNA-81 

binding and transcriptional activity [13, 14]. Although these interactions have been 82 

examined in cell lines, the role of HMGB2 in spermatogenesis is not fully understood. 83 

Structural and functional analyses revealed that HMGB2 is very similar to HMGB1, 84 

such as more than 80% of the amino acids are identical [15]. Despite the similarity 85 

between HMGB2 and HMGB1, their expression patterns differ throughout the body. 86 
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Both proteins are abundantly expressed during embryonic development. However, in 87 

adults, HMGB1 is expressed ubiquitously throughout the body, whereas HMGB2 88 

expression is restricted to the testis and lymphoid tissues [9]. Therefore, the functional 89 

relationship between HMGB1 and HMGB2 is still controversial. 90 

In the present study, we first investigated the long-term role of HMGB2 in 91 

spermatogenesis using HMGB2 knock-out (KO) mice. Depletion of HMGB2 led to 92 

seminiferous tubule atrophy, possibly due to disruption of signaling by sex steroid 93 

hormones such as androgens and estrogens via their receptors. We found decreased 94 

germ cell proliferation and increased apoptosis in HMGB2 KO mouse testis. Expression 95 

of HMGB1 was observed in spermatocytes of HMGB2 KO mouse testis but not in wild-96 

type (WT) littermates, suggesting that expression of HMGB1 was increased in a 97 

compensatory manner in HMGB2 KO mouse testis. 98 

  99 
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Materials and methods 100 

Chemicals and biochemicals 101 

Paraformaldehyde (PFA) was purchased from Merck (Darmstadt, Germany). Trizma 102 

base, bovine serum albumin (BSA), 2-mercaptoethanol, 3-aminopropyl-triethoxysilane, 103 

Triton X-100, Tyramine hydrochloride and Brij L23 were purchased from Sigma 104 

Chemical Co. (St Louis, MO, USA). FITC- or rhodamine-succinimidyl esters and the 105 

BCA protein assay kit were purchased from Thermo Fisher (USA). Polyvinylidene 106 

fluoride (PVDF) membranes were purchased from Millipore (Bedford, MA, USA). 107 

Molecular marker sets were purchased from Biodynamics (Tokyo, Japan). 3,3′-108 

Diaminobenzidine–4 HCl (DAB) was purchased from Dojindo Chemicals (Kumamoto, 109 

Japan). The Masson trichrome staining kit was obtained from Muto Pure Chemicals 110 

(Tokyo, Japan). All other reagents used in this study were purchased from Fujifilm Wako 111 

Pure Chemicals (Osaka, Japan).  112 

 113 

Animals and tissue preparation 114 

Male C57BL/6 WT and HMGB2 KO mice (8 weeks and 1 year old) were used in the 115 

present study. The derivation of genomic HMGB2 KO mouse has been described [9]. 116 

Mice were fed normal chow and allowed to drink water ad libitum. The experimental 117 

protocol was approved by the Animal Ethics Review Committee of the University of 118 

Miyazaki (2018-510-6). After animals were sacrificed, the left testis was snap frozen and 119 

kept at −80°C until used for western blotting. The right testis was fixed in 4% PFA in 120 

phosphate-buffered saline (PBS) (pH 7.4) for overnight at room temperature (RT) and 121 

then embedded in paraffin. In each experimental group, 3-5 mice were used. 122 
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 123 

Histological analysis 124 

Testicular morphology was analyzed by hematoxylin and eosin (HE) staining. 125 

Thickening of the tubule membrane was examined by Masson trichrome staining, 126 

according to the manufacturer’s instructions. 127 

 128 

Immunohistochemistry 129 

Paraffin-embedded tissues were cut into 4-µm-thick sections and placed onto silane-130 

coated slide glasses. The sections were deparaffinized with toluene and rehydrated 131 

using a graded ethanol series, then autoclaved at 120ºC for 15 min in 10 mM citrate 132 

buffer (pH 6.0) [16, 17]. After inhibition of endogenous peroxidase activity with 3% H2O2 133 

in methanol for 30 min, the sections were pre-incubated with 500 µg/ml normal goat IgG 134 

and 1% BSA in PBS for 1 h to block non-specific binding of antibodies. The sections 135 

were then reacted with the following primary antibodies for 16-17 h: anti-HMGB2 136 

(Abcam, ab124670), anti-Sox9 (Atlas, HPA001758), anti-DDX4/MVH (Abcam, ab13840), 137 

anti-PCNA (Dako, M0879), anti-AR (Millipore, 06-680), anti-ERα (Thermo, MA5-13304), 138 

anti-HMGB1 (Abcam, ab18256), and anti-SCP3 (Abcam, ab97672). After washing with 139 

0.075% Brij L23 in PBS, the sections were reacted with HRP-goat anti-mouse IgG or 140 

HRP-goat anti-rabbit IgG for 1 h. After washing in 0.075% Brij L23 in PBS, the HRP-141 

sites were visualized with DAB and H2O2. For immunofluorescence, sections were 142 

treated with FITC- or rhodamine-conjugated tyramide and then counterstained with 143 

DAPI [18]. As a negative control, normal mouse or rabbit IgG was used at the same 144 

concentration instead of the primary antibody in each experiment. Microphotos were 145 
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taken using a fluorescence microscope (Keyence BZ-X700) and light microscope 146 

(Olympus BX53). 147 

 148 

Western blot analysis 149 

Tissues were homogenized in hot SDS lysis buffer with a glass-teflon homogenizer, 150 

as described previously [19, 20]. After centrifugation of the homogenate at 15,000 rpm 151 

for 30 min at 4ºC, the supernatant was collected and stored at −80ºC. The protein 152 

concentration in each preparation was determined using a BCA assay kit. Lysate 153 

containing 20 µg of protein was separated by 10% SDS-PAGE, and the proteins were 154 

electrophoretically transferred onto PVDF membranes. The membranes were blocked 155 

with 5% nonfat milk in Tris-buffered saline (TBS; 20 mM Tris buffer [pH 7.6], 150 mM 156 

NaCl) for 1 h at RT and then incubated overnight with anti-HMGB2 or anti-HMGB1 157 

antibodies diluted 1:1000 with TBS/0.05% Triton X-100 buffer. As a secondary antibody, 158 

HRP-goat anti-rabbit IgG or HRP-goat anti-mouse IgG was diluted with TBS buffer for 1 159 

h, and the membranes were washed 3 times for 10 min each with TBS/0.05% Triton X-160 

100 buffer. Bands were visualized with DAB, Ni, Co, and H2O2. Densitometric analysis 161 

was performed using ImageQuant LAS 4000 (GE Healthcare, Fairfield, CT, USA). β-162 

Actin was used as an internal standard in each lane for normalization of target protein 163 

expression. 164 

 165 

TUNEL staining 166 

TUNEL staining was performed as described previously [21]. Briefly, the sections 167 

were deparaffinized with toluene and rehydrated using a graded ethanol series. After 168 

washing with PBS, the sections were treated with 10 μg/ml of proteinase K in PBS at 169 
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37°C for 15 min. The sections were then rinsed once with distilled water and incubated 170 

with TdT buffer (25 mM Tris-HCl buffer [pH 6.6], containing 0.2 M potassium cacodylate 171 

and 0.25 mg/ml BSA) alone for 30 min at RT. The sections were then reacted with 800 172 

U/ml TdT dissolved in a TdT buffer supplemented with 5 μM biotin-16-dUTP, 20 μM 173 

dATP, 1.5 mM CoCl2, and 0.1 mM dithiothreitol at 37°C for 90 min. The reaction was 174 

terminated by washing with 50 mM Tris/HCl buffer (pH 7.5) for 15 min. Endogenous 175 

peroxidase activity was inhibited by immersing the slides in 0.3% H2O2 in methanol for 176 

15 min at RT. Signals were detected immunohistochemically using an HRP-conjugated 177 

goat anti-biotin antibody, and HRP-sites were visualized by DAB, Ni, Co, and H2O2 178 

according to Adams [22]. As a negative control, adjacent sections were subjected to 179 

reaction without TdT. 180 

 181 

Southwestern histochemistry 182 

The localization of estrogen responsive element (ERE)-binding sites was examined 183 

by southwestern histochemistry, as described previously [23, 24], Briefly, after 184 

deparaffinization, the sections were autoclaved at 120°C for 15 min in 0.01 M citrate 185 

buffer (pH 6.0). The sections were then reacted with a digoxigenin-labeled double-186 

stranded DNA probe containing a complete palindromic ERE (vERE: 5'-187 

GATCCAGGTCACAGTGACCTGGATC-3') of the chicken vitellogenin gene and a 188 

mutated ERE (mERE: 5'-GATCCAGATCACAGTGATCTGGATC-3') with 2 base 189 

mutations and a digoxigenin label at the 3'-end. To detect hybridized oligo-DNA probes, 190 

the sections were immunohistochemically stained with HRP-conjugated sheep anti-191 

digoxigenin antibody using a chromogen solution with DAB, Ni, Co, and H2O2. 192 

 193 
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Quantitative analysis  194 

Seminiferous tubules were counted in whole testicular cross sections. In addition, 195 

Sox9, PCNA and TUNEL-positive cells were counted in intact (ongoing 196 

spermatogenesis) and atrophic tubules in whole cross sections. In testicular cross 197 

section, total area was measured by ImageJ. For image analysis of ERE, red color was 198 

assigned to the positive cells using Winroof software (Mitani, Tokyo, Japan). Positive 199 

cells were evaluated based on the staining density over the level of staining with the 200 

mERE probe. 201 

 202 

Statistical analysis 203 

All data are expressed as mean ± SE. Statistical significance was assessed using 204 

the Student’s t-test. P<0.05 was considered statistically significant. All analyses were 205 

performed with the Statistical Package for Social Sciences (version 20; IBM Corp., 206 

Armonk, NY, USA). 207 

  208 
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Results 209 

HMGB2 KO induced seminiferous tubule atrophy 210 

HMGB2 KO mice were born with the same body weight (BW) as their WT littermates, 211 

but their weight was 9.7±2.1% lower when they reached 8 weeks of age. Compared with 212 

the decrease in BW, the testis weight was significantly decreased in KO mice at 8 weeks 213 

and 1 year of age (Figure 1A, Table 1). The efficiency of HMGB2 KO was examined by 214 

western blotting analysis (Figure 1B). In HE staining, some of the seminiferous tubules 215 

in KO mouse testis were atrophic, as characterized by the absence of germ cells, tubule 216 

shrinkage, and diffuse collection of Leydig cells (Figure 1C). In WT mouse testis, 217 

expression of HMGB2 was found in spermatogonia to round spermatids but depleted in 218 

sperm (Figures 1C and 2A). The strongest HMGB2 expression was found in 219 

spermatocytes. HMGB2 protein was completely absent in KO mouse testis (Figure 1B 220 

and C). Interestingly, the number of seminiferous tubules was decreased in both 8-221 

week-old and 1-year-old mice, but the number of abnormal tubules was significantly 222 

increased in the testis of aged KO mice (Figure 1D and E). All I-XII stages of 223 

seminiferous epithelial cycles were found in intact spermatogenetic tubules, even in 224 

aged HMGB2 KO mouse testis (data not shown). Although the epididymis in HMGB2 225 

KO mice was 18.3±6.5% smaller than in WT littermates, there were no histopathological 226 

changes (data not shown). Moreover, mature sperm were found in the cauda epididymis 227 

of both WT and KO mice, indicating that germ cell development was not arrested at the 228 

specific developmental stage (data not shown). These results indicate that depletion of 229 

HMGB2 in KO mouse testis induces focal seminiferous tubule atrophy. 230 

 231 

HMGB2 expression in germ cells 232 
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HMGB2 expression in the testis was examined by immunofluorescence in WT and 233 

KO mice together with expression of Sox9, a marker of Sertoli cells (Figure 2A). In WT 234 

mouse testis, HMGB2 was expressed only in germ cells, but not in Sertoli cells. 235 

However, in KO mouse testis, all cells remaining in atrophic tubules were Sertoli cells. 236 

The number of Sox9-positive cells was significantly higher in atrophic tubules compared 237 

with intact tubules (Figure 2B). 238 

Next, we examined the expression of HMGB2 together with the germ cell–specific 239 

marker DDX4/MVH (Figure 2C). In WT mouse testis, HMGB2 co-localized with 240 

DDX4/MVH in spermatocytes to round spermatids. In KO mouse testis, germ cells were 241 

absent in atrophic tubules. Collectively, these results indicate that atrophic tubules 242 

contain only Sertoli cells, but not germ cells. Moreover, the presence of tubules 243 

containing only Sertoli cells adjacent to intact spermatogenetic tubules is characteristic 244 

of focal Sertoli cell only syndrome. 245 

 246 

Decreased cell proliferation and increased apoptosis in HMGB2 KO mouse testis 247 

Maintenance of the germinal epithelium depends upon the balance between germ 248 

cell proliferation, differentiation, and apoptosis. We examined cell proliferation by 249 

immunohistochemistry using PCNA in WT and KO mouse testis (Figure 3A). In WT 250 

mouse testis, proliferating cells were found in all seminiferous tubules. In HMGB2 KO 251 

mouse testis, proliferating cells were found in cycling tubules, but they were mostly 252 

absent in atrophic tubules. Cell proliferation was significantly decreased in 1-year-old 253 

HMGB2 KO mouse testis compared with WT littermates (Figure 3B). In addition, Leydig 254 

cell proliferation was not significantly different in WT and HMGB2 KO mouse testis (data 255 

not shown). Apoptotic cells were examined by TUNEL staining, and the results are 256 
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shown graphically in Figure 3C and D. The number of TUNEL-positive cells in the testis 257 

was comparable in 8-week-old WT and KO mice testis. In 1-year-old mice, the number 258 

of TUNEL-positive cells was significantly higher in the testis of KO mice. In summary, 259 

depletion of HMGB2 leads to decreased cell proliferation and increased apoptosis in the 260 

germinal epithelium. 261 

 262 

Aberrant AR and ERα expression in HMGB2 KO mouse testis 263 

Functional interactions between HMGB2 and steroid hormone receptors such as the 264 

AR and ERs have been reported [13, 14]. Therefore, we examined the expression of AR 265 

and ERα in WT and KO mouse testis using immunohistochemistry. In WT mouse testis, 266 

AR was expressed in Sertoli cells, myoepithelial cells, and Leydig cells (Figure 4A). In 267 

KO mouse testis, a normal distribution pattern in intact tubules was observed. However, 268 

in atrophic tubules, AR expression was decreased in Sertoli cells (arrows) but increased 269 

in Leydig cells. Next, we examined ERα expression in WT and KO mouse testis (Figure 270 

4B). In WT mouse testis, Leydig cells and myoepithelial cells were positive for ERα. In 271 

KO mouse testis, the diffuse collection of Leydig cells led to an increase in the number 272 

of ERα-positive cells, especially in 1-year-old mouse testis. It is well known that ERs 273 

bind to EREs, which are specific consensus sequences in nuclear DNA that function in 274 

the regulation of transcriptional activity of target genes. Therefore, we performed 275 

southwestern histochemistry to localize ERE-binding sites in tissue sections (Figure 5). 276 

In WT mouse testis, expression of vERE was observed mostly in spermatogonia, 277 

spermatocytes, and some spermatids. In HMGB2 KO mouse testis, vERE was markedly 278 

decreased in the seminiferous tubules. As a negative control, mERE was examined in 279 

all experiments, and it was not detected. These results indicate that sex steroid hormone 280 
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receptors and ERE-binding sites were disrupted in HMGB2 KO mouse testis. 281 

 282 

Increased Leydig cell density in HMGB2 KO mouse testis 283 

In HMGB2 KO mouse, tubule atrophy with a peripheral localization was observed at 284 

8 weeks of age, but this pattern was randomly distributed throughout the testis in aged 285 

mice (Figure 6A, arrows). The total area of the testis was measured in testis cross 286 

sections of WT and HMGB2 KO mouse using Masson trichrome staining. Total area of 287 

the testis was significantly decreased in 1-year-old HMGB2 KO mouse compared with 288 

WT littermates (Figure 6B). A diffuse collection of Leydig cells surrounding atrophic 289 

tubules was observed. The total number of Leydig cells in testicular cross sections was 290 

determined, but no significant difference was observed (Figure 6C). These results 291 

indicate that the density of Leydig cells increased in HMGB2 KO mouse testis due to 292 

tubule shrinkage. Moreover, we examined thickening of the tubule membrane (Figure 293 

6D). The seminiferous tubule membrane became thicker in HMGB2 KO mouse testis 294 

(arrowheads), and this increase in the hormonal barrier may have contributed to tubule 295 

atrophy. 296 

 297 

HMGB1 expression was increased in HMGB2 KO mouse testis 298 

The structural and functional similarities between HMGB2 and HMGB1 were 299 

reported previously [1]. Therefore, the co-localization of HMGB2 and HMGB1 was 300 

examined by immunofluorescence (Figure 7A). In WT mouse testis, HMGB1 was 301 

expressed in spermatogonia, Sertoli cells, myoepithelial cells, and Leydig cells. In the 302 

same tissue sections, HMGB2 co-localized in some spermatogonia (arrows). Increased 303 

expression of HMGB1 was observed in KO mouse testis, especially in 1-year-old mice. 304 
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Furthermore, HMGB1 protein expression was confirmed by western blotting (Figure 7B), 305 

and densitometry analysis revealed a significant increase in HMGB1 expression in KO 306 

mouse testis (Figure 7C). Interestingly, in HMGB2 KO mouse testis, expression of 307 

HMGB1 was detected in spermatocytes (arrowheads) as well as spermatogonia. In 308 

order to confirm this finding, we performed double immunofluorescence staining for 309 

HMGB1 and synaptonemal complex protein 3 (SCP3), which is expressed in 310 

spermatocytes but not spermatogonia (Figure 8). In WT mouse testis, HMGB1 311 

expression was limited to the spermatogonia, Sertoli cells, Leydig cells, and 312 

myoepithelial cells. Interestingly, co-localization of SCP3 and HMGB1 was observed in 313 

HMGB2 KO mouse testis, indicating that HMGB1 was also expressed in spermatocytes 314 

(arrows). Taken together, these results demonstrate that the loss of HMGB2 induced a 315 

compensatory increase in HMGB1 expression in spermatocytes.  316 
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Discussion 317 

The main finding in this study is that depletion of HMGB2 induces aberrant 318 

expression of the AR and ERα, which leads to seminiferous tubule atrophy. Moreover, a 319 

compensatory increase in HMGB1 expression was observed in spermatocytes of 320 

HMGB2 KO mouse testis. 321 

In WT mice, the abundant expression of HMGB2 in germ cells suggests HMGB2 322 

plays a crucial role in spermatogenesis [9]. The selective expression of HMGB2 in germ 323 

cell lineage, but not in somatic cells may be correlated with the high proliferative activity 324 

of male germ cells. A number of studies have demonstrated that cell proliferation is 325 

associated with HMGB2 expression during embryonic development, normal 326 

homeostasis, and malignancy [6, 7, 9]. Conversely, depletion of HMGB2 in senescent 327 

cells or aged tissues is associated with morphologic and functional abnormalities [4, 5]. 328 

In our study, we did not observe an aging-related decrease in HMGB2 expression in 329 

mouse testis at 1 year of age. This finding could be explained by the fact that 1-year-old 330 

mice are still fertile and that sterility starts at age over 2 years [25]. 331 

Depletion of HMGB2 led to atrophy of seminiferous tubules that contained Sertoli 332 

cells, but not germ cells. The adjacent tubules had an intact germinal epithelium, 333 

indicative of focal Sertoli cell only syndrome. A similar phenotype was observed in 334 

Foxa3-mutant mice, and this phenotype was characterized as focal Sertoli cell only 335 

syndrome and sporadic tubular degeneration [26]. Few atrophic tubules were observed 336 

in the peripheral area in 8-week-old HMGB2 KO mouse testis, whereas atrophic tubules 337 

were significantly increased throughout the testis in 1-year-old HMGB2 KO mouse testis. 338 

These results indicate that the atrophy may start in one seminiferous tubule and 339 

subsequently progress. In our study, stages I-XII of the seminiferous epithelial cycle 340 
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were observed in HMGB2 KO mouse testis. In addition, mature sperm were found in the 341 

cauda epididymis, indicating that germ cell development was not arrested at the specific 342 

developmental stage. In HMGB2 KO mouse testis, decreased germ cell proliferation and 343 

increased apoptosis led to progressive atrophy. 344 

The causes of seminiferous tubule atrophy appear to be multifactorial, such as 345 

chemical toxicity, endogenous and exogenous androgens and estrogens, orchitis, 346 

irradiation, and ischemia [27]. In HMGB2 KO mice, disruption of sex steroid hormone 347 

signaling might have caused tubule atrophy via their receptors. It has been reported that 348 

HMGB2 functionally interacts with AR and ERs to enhance DNA binding and 349 

transcriptional activity via androgen responsive elements and EREs [13, 14]. Moreover, 350 

genomic interactions between HMGB2 and ERs were identified in human breast cancer 351 

tissues [28]. As androgens and estrogens play critical roles in spermatogenesis, the 352 

increase in germ cell apoptosis resulting from altered hormone transduction leads to 353 

seminiferous tubule atrophy [29]. In our study, the diffuse collection of Leydig cells 354 

surrounding atrophic tubules as well as aberrant expression of AR and ERα clearly 355 

indicate a disruption in paracrine signaling and hormonal transduction. Leydig cell 356 

hyperplasia was not found in HMGB2 KO mouse testis, indicating that the diffuse 357 

collection of Leydig cells appeared to be due to tubule shrinkage. 358 

The functional relationship between HMGB1 and HMGB2 remains controversial. 359 

Some studies have reported that the differential expression of HMGB1 and HMGB2 360 

indicates non-overlapping biological functions of these proteins at the cellular and tissue 361 

levels [1, 30]. On the other hand, strong evidence of complete interchangeability 362 

between HMGB1 and HMGB2 has also been reported [31]. During embryonic 363 

development, both HMGB1 and HMGB2 are expressed ubiquitously. After birth, HMGB1 364 
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continues to be expressed throughout the body. However, HMGB2 expression is limited 365 

to the testis and lymphatic tissues. HMGB1 KO mice die after birth, but HMGB2 KO mice 366 

remain viable [1]. These results demonstrate that HMGB2 can function sufficiently in the 367 

absence of HMGB1 during embryonic development; however, it could not be rescued 368 

after HMGB2 expression decreases after birth. In WT mouse, HMGB1 was expressed in 369 

spermatogonia. However, differential expression was found in HMGB2 KO mouse; such 370 

as HMGB1 was expressed in spermatogonia and spermatocytes. These findings clearly 371 

indicate a compensatory increase in HMGB1 expression in HMGB2 KO mouse testis. 372 

Notably, the strongest expression of HMGB2 was observed in spermatocytes in WT 373 

mouse testis. Therefore, in the absence of HMGB2, a compensatory increase in HMGB1 374 

expression is observed in spermatocytes. 375 

In summary, we demonstrated that depletion of HMGB2 induces aberrant expression 376 

of AR and ERα in the testis. Disrupted hormonal transduction leads to a decrease in 377 

germ cell proliferation and increase in apoptosis, resulting in focal seminiferous tubule 378 

atrophy. Although our data suggest that compensatory increase in HMGB1 expression 379 

in HMGB2-depleted mouse germ cells, further studies will be required to elucidate the 380 

molecular mechanism. 381 
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Figure legends 485 

Figure 1. Seminiferous tubule atrophy in HMGB2 KO mouse testis.  486 

Macrophotography of WT and HMGB2 KO mouse testis at 8 weeks and 1 year of age 487 

(A). Western blotting analysis of HMGB2 in WT and KO mouse testis (B). HE staining 488 

and immunohistochemistry for HMGB2 were performed in serial sections of WT and 489 

HMGB2 KO mouse testis (C). Total (D) and abnormal seminiferous tubules (E) were 490 

counted in testicular cross sections. Negative control is shown in the inset. Asterisks 491 

indicate atrophic tubules. Scale bar 50 μm. Graphs represents mean ± SEM. In each 492 

experimental group, 3-5 mice were used. *P<0.05, ***P<0.001. Student’s t-test (2-493 

tailed). 494 

 495 

Figure 2. Expression of HMGB2 in the testis.  496 

Double immunofluorescence for HMGB2 (green) and Sox9 (red) in WT and HMGB2 KO 497 

mouse testis (A). Sox9-positive cells in intact and atrophic tubule in WT and HMGB2 KO 498 

mouse testis (B). Expression of HMGB2 (green) and DDX4/MVH (red) were also 499 

examined in paraffin-embedded tissue sections (C). Nuclear counterstaining was 500 

performed using DAPI (blue). Asterisks indicate atrophic tubules. Scale bar 20 μm. 501 

Graphs represents mean ± SEM. In each experimental group, 3-5 mice were used. 502 

*P<0.05. Student’s t-test (2-tailed). 503 

 504 

Figure 3. Cell proliferation and apoptosis in WT and HMGB2 KO mouse testis.  505 

Double immunofluorescence for PCNA and DDX4/MVH in WT and HMGB2 KO mouse 506 

testis (A). Number of PCNA-positive cells in intact and atrophic tubules (B). Paraffin-507 

embedded testicular sections were analyzed by TUNEL (C). Number of TUNEL-positive 508 
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cells in intact and atrophic tubules (D). Asterisks indicate atrophic tubules. Graphs 509 

represents mean ± SEM. In each experimental group, 3-5 mice were used. Scale bar 50 510 

μm. *P<0.05, **P<0.01, ***P<0.001. Student’s t-test (2-tailed). 511 

 512 

Figure 4. Aberrant expression of AR and ERα in HMGB2 KO mouse testis.  513 

Immunohistochemical localization of AR in WT and HMGB2 KO mouse testis (A). 514 

Arrows indicate decreased AR expression in Sertoli cells. Immunohistochemical 515 

localization of ERα in WT and HMGB2 KO mouse testis (B). Negative control is shown 516 

in the inset. Cell nuclei were counterstained with hematoxylin. Asterisks indicate atrophic 517 

tubules. Scale bar 50 μm. 518 

 519 

Figure 5. ERE-binding sites in HMGB2 KO mouse testis.  520 

vERE and mERE-binding sites were examined by Southwestern histochemistry. Red 521 

color represents positive cells as determined by the image analyzer. All slides were 522 

analyzed under the same conditions, and positive cells were evaluated based on the 523 

staining density over the level of staining with the mERE probe. Asterisks indicate 524 

atrophic tubules. Scale bar 50 μm. 525 

 526 

Figure 6. Increased Leydig cell density in HMGB2 KO mouse testis. 527 

Masson trichrome staining in cross sections of WT and HMGB2 KO mouse testis (A). In 528 

the testis cross section, total area was measured using ImageJ software, and the result 529 

is presented as a bar graph (B). Total number of Leydig cells in whole cross sections 530 

(C). In the high-magnification microphoto, tubular membrane thickening is indicated by 531 

arrowheads (D). Asterisks indicate atrophic tubules. Scale bars 200 μm (A) and 50 μm 532 
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(D). Graphs represents mean ± SEM. In each experimental group, 3-5 mice were used. 533 

*P<0.05, **P<0.01. Student’s t-test (2-tailed). 534 

 535 

Figure 7. Expression of HMGB1 in WT and HMGB2 KO mouse testis.  536 

Double immunofluorescence for HMGB2 (green) and HMGB1 (red) in WT and HMGB2 537 

KO mouse testis (A). Asterisks indicate atrophic tubules. Scale bar 20 μm. Western 538 

blotting analysis of HMGB1 in WT and KO mouse testis (B). Twenty micrograms of 539 

extracts from testis were subjected to 10% SDS-PAGE. HMGB1 (29 kDa) and β-actin 540 

(42 kDa) were detected in the same lane. Densitometry analysis of western blot (C). 541 

HMGB1 protein expression in each lane was normalized to that of β-actin. Data 542 

represent the mean ± SE of three independent experiments. In each experimental 543 

group, 3-5 mice were used. *P<0.05. Student’s t-test (2-tailed). 544 

 545 

Figure 8. HMGB1 expression was increased in HMGB2 KO mouse testis.  546 

Double immunofluorescence for HMGB1 (red) and SCP3 (green) in WT and HMGB2 KO 547 

mouse testis. Arrows indicate HMGB1 expression in spermatocytes. Asterisks indicate 548 

atrophic tubules. Scale bar 20 μm.  549 
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