
Andrology. 2020;8:1895–1906.     |  1895wileyonlinelibrary.com/journal/andr

 

Received: 3 September 2019  |  Revised: 31 May 2020  |  Accepted: 22 June 2020

DOI: 10.1111/andr.12846  

O R I G I N A L  A R T I C L E

Selective lysine-specific demethylase 1 inhibitor, NCL1, could 
cause testicular toxicity via the regulation of apoptosis

Satoshi Nozaki1 |   Taku Naiki1  |   Aya Naiki-Ito2  |   Shoichiro Iwatsuki1 |   
Tomoki Takeda1 |   Toshiki Etani1 |   Takashi Nagai1 |   Keitaro Iida1 |   Hiroyuki Kato2 |   
Takayoshi Suzuki3 |   Satoru Takahashi2 |   Yukihiro Umemoto1,4 |   Takahiro Yasui1

This is an open access article under the terms of the Creat ive Commo ns Attri butio n-NonCo mmercial License, which permits use, distribution and reproduction 
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2020 The Authors. Andrology published by Wiley Periodicals LLC on behalf of American Society of Andrology and European Academy of Andrology

1Department of Nephro-urology, Graduate 
School of Medical Sciences, Nagoya City 
University, Nagoya, Japan
2Department of Experimental Pathology and 
Tumor Biology, Graduate School of Medical 
Sciences, Nagoya City University, Nagoya, 
Japan
3Department of Complex Molecular 
Chemistry, The Institute of Scientific and 
Industrial Research, Osaka University, Suita, 
Japan
4Department of Education and Research 
Center for Advanced Medicine, Graduate 
School of Medical Sciences, Nagoya City 
University, Nagoya, Japan

Correspondence
Taku Naiki, Department of Nephro-urology, 
Graduate School of Medical Sciences, 
Nagoya City University, Kawasumi 1, 
Mizuho-cho, Mizuho-ku, Nagoya, Aichi 467-
8601, Japan.
Email: naiki@med.nagoya-cu.ac.jp

Funding information
the Ministry of Education, Culture, Sports 
Science and Technology of Japan, Grant/
Award Number: 18K16706

Abstract
Background: Recent studies have shown that epigenetic alterations, such as those in-
volving lysine-specific demethylase 1 (LSD1), lead to oncogenic activation and high-
light such alterations as therapeutic targets. However, studies evaluating the effect 
of LSD1 inhibitors on male fertility are lacking.
Objectives: We analyzed the potential toxicity of a new selective LSD1 inhibitor, 
N-[(1S)-3-[3-(trans-2-aminocyclopropyl)phenoxy]-1-(benzylcarbamoyl)propyl] ben-
zamide (NCL1), in testes.
Materials and methods: Human testicular samples were immunohistochemically ana-
lyzed. Six-week-old male C57BL/6J mice were injected intraperitoneally with dime-
thyl sulfoxide vehicle (n = 15), or 1.0 (n = 15) or 3.0 (n = 15) mg/kg NCL1 biweekly. 
After five weeks, toxicity and gene expression were analyzed in testicular samples by 
ingenuity pathway analysis (IPA) using RNA sequence data and quantitative reverse 
transcriptase (qRT)–PCR; hormonal damage was analyzed in blood samples. NCL1 
treated GC-1, TM3, and TM4 cell lines were analyzed by cell viability, chromatin im-
munoprecipitation, flow cytometry, and Western blot assays.
Results: LSD1 was mainly expressed in human Sertoli and germ cells, with LSD1 lev-
els significantly decreased in a progressive meiosis-dependent manner; germ cells 
showed similar expression patterns in normal spermatogenesis and early/late matu-
ration arrest. Histological examination revealed significantly increased levels of ab-
normal seminiferous tubules in 3.0 mg/kg NCL1–treated mice compared to control, 
with increased cellular detachment, sloughing, vacuolization, eosinophilic changes, 
and TUNEL-positive cells. IPA and qRT–PCR revealed NCL1 treatment down-reg-
ulated LSD1 activity. NCL1 also reduced total serum testosterone levels. Western 
blots of mouse testicular samples revealed NCL1 induced a marked elevation in 
cleaved caspases 3, 7, and 8, and connexin 43 proteins. NCL1 treatment significantly 
reduced GC-1, but not TM3 and TM4, cell viability in a dose-dependent manner. In 
flow cytometry analysis, NCL1 induced apoptosis in GC-1 cells.
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1  | INTRODUC TION

The incidence of malignant neoplasms in developed countries is 
growing, with nearly 70,000 people in the United States between 
the ages from 15 to 39 diagnosed with cancer each year.1 Recently, 
patients in this age group, including a challenging population such 
as adolescents and young adults (AYA), have begun to be catego-
rized in order to improve the distinct care provided by healthcare 
professionals.2,3 In addition, the National Comprehensive Cancer 
Network (NCCN) and American Society of Clinical Oncology 
(ASCO), among other important clinical cancer organizations, have 
introduced guidelines for the care of cancer survivors as well as 
have a role in educating clinicians and survivors, focusing their 
efforts on late effects and survivorship care.4,5 Nowadays, col-
laboration among oncology professionals is regarded as essential, 
with the existence of AYA oncology requiring further research in 
a diversity of fields, including infertility, through a coordinated 
approach.

Patients at an inoperative stage or with a hematological neo-
plasm tend to undergo systemic chemotherapy as standard treat-
ment, mainly to extend overall survival; however, such cancer 
treatments have become diversified in recent years. Nowadays, new 
drugs targeting epigenetic alterations, which cause tumor suppres-
sion by attenuations of gene expression without being dependent on 
a DNA nucleotide sequence, have increasingly been used in a clinical 
setting.6 Most notably, lysine-specific demethylase 1 (LSD1), as a fla-
vin-dependent enzyme, oxidatively demethylates monomethylated 
or demethylated bodies of residual lysines 4 or 9 on histone H3 pro-
tein (H3K4 and H3K9, respectively).7 H3K4 and H3K9 mediate many 
cellular signaling pathways8 and are involved in the initiation and 
development, in particular, of intractable cancers in the AYA gen-
eration. To date, many LSD1 inhibitors have been described and are 
undergoing clinical assessment.9,10 However, studies evaluating the 
impact of such LSD1 inhibitors on male fertility are lacking.

We have developed a novel selective LSD1 inhibitor N-[(1S)-3-
[3-(trans-2-aminocyclopropyl)phenoxy]-1-(benzylcarbamoyl)propyl] 
benzamide (NCL1), using both in vitro screening and protein struc-
ture similarity clustering,11 and reported on the therapeutic efficacy 
of NCL1 using in vitro and in vivo models, and human samples of 
prostate cancer.12,13 In these analyses, we showed that LSD1 is 
highly expressed in normal mouse testes,however, there is a paucity 
of data concerning the expression and function of LSD1 in the tes-
tes, especially in humans. Therefore, in this study, we investigated 
the expression of LSD1 in human testicular specimens, including in 

relation to normal spermatogenesis and spermatogenic dysfunction. 
In addition, we evaluated toxicity and the regulatory mechanisms of 
NCL1, especially from the viewpoint of treatment-related infertility 
both in vitro and in vivo, using RNA sequencing, flow cytometry, and 
western blot analyses.

2  | MATERIAL S AND METHODS

2.1 | Human testicular samples

We obtained normal spermatogenesis specimens from five patients 
with obstructive azoospermia by testicular biopsy and spermato-
genic dysfunctional specimens from a total of 20 patients who had 
non-obstructive azoospermia as revealed by microdissection tes-
ticular sperm extraction between 2013 and 2018. This study was ap-
proved by the Institutional Review Board at Nagoya City University 
Hospital (approval number 60-18-0153). All enrolled patients pro-
vided written informed consent and were assessed by a panel of ex-
perienced pathologists.

2.2 | Chemicals

NCL1 was synthesized as described in a previous paper.11

2.3 | Animal procedures

Six-week-old male C57BL/6J mice were obtained from Nippon SLC 
and kept in plastic cages covered in hardwood chips in an air-con-
ditioned, pathogen-free animal room at 22 ± 2°C and 50% humid-
ity with a 12:12 h light/dark cycle. Then, intraperitoneal injections 
of vehicle control containing dimethyl sulfoxide (DMSO; equal to 
the concentration of DMSO for 3.0 mg/kg NCL1; n = 15), and 1.0 
(n = 15) or 3.0 (n = 15) mg/kg NCL1 were performed twice weekly; 
the injection of 20 mg/kg busulfan (n = 15) as a positive control was 
performed once only. The measurement of body weights was per-
formed twice weekly, and mice were euthanized 5 weeks after the 
start of injections. Blood samples were collected. Frozen samples 
of testes were obtained for the evaluation of testicular toxicity, and 
the analysis of protein expression at the termination of experiments. 
All experimental procedures were conducted according to proto-
cols approved by the Institutional Animal Care and Use Committee 

Conclusions: High-dose NCL1 treatment targeting LSD1 caused dysfunctional sper-
matogenesis and induced caspase-dependent apoptosis. This suggests the LSD1 in-
hibitor may cause testicular toxicity via the regulation of apoptosis.
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of Nagoya City University Graduate School of Medical Sciences 
(#H29M-63).

2.4 | Histological analysis

Immunohistochemical, and hematoxylin and eosin (HE) stains of 
5-µm thick paraffin-embedded testicular sections fixed in Bouin's 
fluid were carried out. Immunohistochemical staining was done au-
tomatically using BOND-MAX (Leica Microsystems). In human tes-
ticular specimens, at least 20 seminiferous tubules (n = 5 in each 
group) were evaluated. In vivo, at least from 30 to 50 round semi-
niferous tubules were randomly selected (n = 15 in each group), 
stages and types of abnormalities counted, and seminiferous tubule 
diameter measured. The relative intensities of LSD1 and connexin 
43 (Cx43) were evaluated using a BZ-9000 microscope and its as-
sociated analytical software (Keyence Japan).

2.5 | Cell culture and reagents

GC-1, a mouse spermatogonia cell line, TM3, a mouse Leydig 
cell line, and TM4, a mouse Sertoli cell line were acquired from 
the American Type Culture Collection. GC-1 was maintained in 
Dulbecco's Modified Eagle's Medium (DMEM), with 10% fetal bo-
vine serum (FBS), and 1% penicillin/streptomycin (P/S). TM3 and 
TM4 were maintained in DMEM: Nutrient Mixture F-12 (DMEM/
F12), with 5% horse serum, 2.5% FBS, and 1% P/S (Thermo Fisher 
Scientific). All cells were maintained at 37℃ in 5% CO2 with 
humidity.

2.6 | Cell viability assay

Cell viability rates were measured using a Cell Counting Kit-8 
(Dojindo Laboratories). GC-1, TM3, and TM4 cells were seeded into 
96-well plates (5 × 103 cells/well) in their respective medium. After 
incubating overnight, the medium was changed and various concen-
trations of NCL1 added for 48 hours. Cell viability was evaluated by 
the absorption of WST-1, a tetrazolium dye.

2.7 | RNA extraction and quantitative reverse 
transcription–PCR (qRT–PCR)

Total RNA was isolated from each testis by phenol-chloroform 
extraction (Isogen; Nippon Gene Co. Ltd.). One microgram of 
RNA was converted to cDNA using avian myoblastosis virus re-
verse transcriptase (Takara) in 20 μL reaction mixture. Aliquots 
of 2 μL of cDNA samples were subjected to quantitative PCR 
(qPCR) in a total volume of 25 μL using SYBR Premix ExTaq II 
(Takara) in a light cycler apparatus (Roche Diagnostic). The prim-
ers used were GAPDH F-TGAATACGGCTACAGCAACAGG, 

R- GTGAGGGAGATGCTCAGTGTTG, Col1a2 F- AACTCAGCTCGCCT 
TCATGC, R- TTGTTCAAGCTGCCCGTCTC, Cdh1 F- CCGTCCTGCC 
AATCCTGATG, R- CTTCAGAACCACTGCCCTCG, Hoxb7 F-AAGC 
ATGAAACTCAAATAAAGGGGC, R- ACAAAAACAGACAACACAC 
TTTCCC, Scd1 F- CGAAGTCCACGCTCGATCTC, R- CGTTCATTTCC 
GGAGGGAGG, Lhcgr F- GATGCACAGTGGCACCTTC, R- TCAGC 
GTGGCAACCAGTAG, Hsd3b2 F- TCGGGACACTAGTGGAGCAG, 
R- AGCAGCACCTGTCTTGTGTG, and Clcn3 F- CTCATGTTGCTCT 
GCACCTCAC, R- AGGGACTGTAATGCGTCTCTGTG. GAPDH mRNA  
levels were used as internal controls.

2.8 | RNA purification and RNA-seq library 
preparation

RNA quality was evaluated with a Bioanalyzer RNA pico kit (Agilent 
Technologies). Based on the results of the quality check, RNA li-
braries were generated using Illumina's TruSeq Stranded Total RNA 
Sample Prep Kit using at least 100 ng of RNA. RNA libraries were 
multiplexed and sequenced with 150 bp-paired single-end reads 
(SR150) on an Illumina NovaSeq 6000.

2.9 | RNA sequencing data processing and analysis

First, the quality of the RNA sequencing (RNA-seq) data was as-
sessed using FastQC ver.0.11.7 (http://www.bioin forma tics.babra 
ham.ac.uk/proje cts/fastqc). The reads were mapped to the refer-
ence genome using HiSat2 ver. 2.1.0. FeatureCounts ver. 1.6.3 was 
used to count the number of reads overlapping with each gene as 
specified in the genome annotation. Bioconductor package DESeq2 
ver. 1.24.0 was used to test for differential gene expression between 
the experimental groups.

2.10 | Upstream regulator analyses

The Ingenuity Pathway Analysis tool (IPA; Ingenuity1 Systems) 
was used to assess upstream regulators. Only upstream regula-
tors related to the epigenome were analyzed in the present study. 
Upstream regulators were predicted to be activated and inhibited 
for Z-scores.

2.11 | Flow cytometry analysis for the 
detection of apoptosis

TM3, TM4, and GC-1 cells were treated with NCL1 for 48 hours. 
A Guava® easyCyte system (Luminex Corporation) was used 
as an apoptosis assay. A phycoerythrin Annexin V Apoptosis 
Detection Kit with 7-aminoactinomycin D (BioLegend) was used 
as an apoptosis assay in accordance with the manufacturer's 
instructions.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
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2.12 | Western blot analysis

Whole-cell protein extracts from mouse testicular samples after the 
removal of the tunica albuginea in vivo, and GC-1, TM3, and TM4 
cells in vitro were used. The 30 µg of protein in each sample was 
resolved in a 12.5% polyacrylamide gel and transferred onto poly-
vinylidene fluoride microporous membranes. Signals were detected 
using an Amersham chemiluminescence Western Blotting Detection 
Reagent (GE Healthcare Life Sciences). Chemiluminescent signals 
were scanned using a LAS 4000 mini analyzer (GE Healthcare). 
Antibodies against LSD1 (1:500; Cell Signaling Technology), an-
drogen receptor (1:500; AR; Abcam), Cx43 (1:500; Cell Signaling 
Technology), H3K4me1 (1:500; Active Motif), di-methylated H3K4 
(H3K4me2; 1:500; Cell Signaling Technology), cleaved caspases 3, 
7, 8, 9 (1:500; Cell Signaling Technology), and Oct4 (1:250; Abcam) 
were used to detect protein levels. Anti–beta-actin antibody (Mab; 
Sigma-Aldrich) was used to detect beta-actin protein used as a pro-
tein loading control.

2.13 | TUNEL assay

A terminal deoxy nucleotidyl transferase-mediated dUTP nick end 
labeling (TUNEL) assay was performed with an In Situ Apoptosis 
Detection Kit to detect apoptotic cells in deparaffinized tissues 
according to the manufacturer's instructions. The relative ratio of 
TUNEL-positive cells was determined from five random microscopic 
fields in tissues from each group.

2.14 | Chromatin immunoprecipitation assay 
followed by real-time PCR

GC-1 cells were cultivated for 16 hours in the presence or absence 
of 30 μM NCL1 as indicated. Then, cells were cross-linked using 1% 
formaldehyde, and the chromatin was subjected to chromatin im-
munoprecipitation assay (ChIP) using an H3K4-me2 antibody (1:50; 
Cell Signaling). Isotype-specific IgG was used as a control. Extracted 
DNA was dissolved in TE buffer and subjected to real-time PCR using 
Oct4 specific primers: primer A F-TGGTTGCAAAGCCAGTCACTA, 
R-TGACTCACTGGCCAGGACAA; and primer B F-CCCTTTGAA 
CCTGAAGTCAGATATTT, R- GCCTAGTTCCTGGGTGGAGAA.

2.15 | Statistical analysis

Student's t test was used to assess the associations between 
different variables and a one-way analysis of variance ANOVA 
followed by Dunnett's post hoc test was used, when appropri-
ate, using EZR software version 1.40 (Jichi Medical University 
Saitama Medical Center).14 P < .05 was regarded as statistically 
significant.

3  | RESULTS

3.1 | LSD1 expression in human testicular samples

For the analysis of LSD1 expression in human testicular samples, 
we obtained normal spermatogenesis (NS) specimens (n = 5) as well 
as specimens in various degrees of spermatogenetic dysfunction 
(n = 25). According to a panel of experienced pathologists, the ab-
normal specimens were categorized as late maturation arrest (late 
MA), in which spermatids were detected without spermatozoa, 
early maturation arrest (early MA), in which cells are not present 
except for spermatogonia or spermatocytes, and Sertoli cell-only 
(SCO), in which only Sertoli cells were found. LSD1 protein localiza-
tion and expression levels in testicular cells were quantified using 
BZ-9000 multifunctional microscopy. LSD1 was found to be mainly 
expressed in Sertoli cells, spermatogonia, spermatocytes, round and 
elongated spermatids, and spermatozoa Figure 1A-H). In an analy-
sis according to the various degrees of tubular degeneration, the 
intensity of LSD1 in Sertoli cells was highly maintained. In addition, 
among germ cells, intensity levels were significantly decreased in 
a progressive meiosis-dependent manner. Furthermore, expression 
patterns among germ cells were similar in NS, late MA, and early 
MA Figure 1I.

3.2 | Analysis of testicular toxicity induced by NCL1 
treatment an in vivo model

For the evaluation of testicular toxicity of NCL1 in vivo, we used 
busulfan, a compound widely known to induce testicular toxic-
ity, as a positive control. The dose of busulfan was determined 
based on a previous study.15 As shown in the Table 1, signifi-
cant changes in body weight were not found between the four 
treatment groups. The average relative testicular weight of ani-
mals in the busulfan group was significantly smaller than that of 
the control group. However, a difference between control and 
NCL1 3.0 mg/kg treatment groups was not found. Total serum 
testosterone levels were significantly decreased in NCL1 treat-
ment groups compared with the vehicle control group Table 1. 
Histological examination revealed that the proportion of abnor-
mal seminiferous tubules in animals of the busulfan and NCL1 
3.0 mg/kg groups was significantly greater than in animals of 
the vehicle control group Figure 2A-E. For normal seminiferous 
tubules, the constitutive ratios for the various stages of sper-
matogenesis were not statistically different between the four 
groups Figure 2F. Therefore, we further analyzed the categori-
zation of abnormal seminiferous tubules in previous reports.16 
For the busulfan group, the percentages of cells showing detach-
ment, sloughing, or vacuolization were significantly higher com-
pared with that found in the control group. For NCL1 treatment 
groups, as with the busulfan group, in addition to the higher 
levels of cells showing detachment, sloughing and vacuolization, 
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eosinophilic changes were significantly higher compared with 
cells in the testes of vehicle control group animals Figure 2G. 
Seminiferous tubule diameters were significantly shorter in the 
busulfan compared to vehicle control group,however, NCL1 
treatment groups did not show a difference compared with vehi-
cle control Figure 2H.

3.3 | IPA analysis by RNA sequence data and the 
confirmation of degradation of LSD1 activity in an 
in vivo model

For the determination of LSD1 activity induced by NCL1 treatment, 
we further explored possible signaling pathways regulated by LSD1. 

F I G U R E  1   Histological analysis of human testis from normal spermatogenesis (NS), late maturation arrest (late MA), early maturation 
arrest (early MA), and Sertoli cell-only (SCO) groups. Arrows indicate spermatogonia. Se, Sertoli cells; Spg, spermatogonia; SC, 
spermatocytes; RS, round spermatids; ES, elongated spermatids; Spz, spermatozoa. (A-D), Hematoxylin and eosin (HE) staining; (E-H), 
immunohistochemistry staining for LSD1. Scale bar indicates 40 µm. (I), Relative intensity of lysine-specific demethylase 1 (LSD1) in each cell 
type. Mean ± standard deviation (SD). **P < .01, statistically significant compared to spermatogonia group

(A) (B) (C) (D)

(E)

(I)

(F) (G) (H)

No. of 
mice Body weight (g)

Average of relative 
testicular weight (%)

Total testosterone 
levels (ng/mL)

Control 15 25.7 ± 0.22 4.53 ± 0.29 15.0 ± 16.6

Busulfan 15 25.3 ± 0.45 3.20 ± 0.56** 1.79 ± 4.00**

NCL1 1.0 mg/kg 15 27.2 ± 1.46 4.20 ± 0.24 3.10 ± 6.85*

NCL1 3.0 mg/kg 15 25.1 ± 1.31 4.55 ± 0.32 3.93 ± 8.01*

Note: NCL1, N-[(1S)-3-[3-(trans-2-aminocyclopropyl)phenoxy]-1-(benzylcarbamoyl)propyl] 
benzamide; Mean ± standard deviation (SD).
*P < .05; 
**P < .01 

TA B L E  1   Body weights, testicular 
weights and blood testosterone levels in 
mice treated with busulfan or NCL1
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(A) (B)

(C)

(E) (F)

(G) (H)

(D)
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The gene expression changes between testes in in vivo testicu-
lar samples after NCL1 treatment and controls were analyzed by 
RNA sequencing and IPA software. IPA analysis revealed signaling 
pathways associated with LSD1 were significantly down-regulated 
Figure 3A. qRT–PCR revealed that mRNA expression of Colla2, 
Cdh1, Hoxb7, and Scd1 was significantly changed, similar to RNA 
sequence data Figure 3B-E. These results indicate that LSD1 activ-
ity and pathways were down-regulated by NCL1 treatment. In addi-
tion, of mRNAs down-regulated by NCL1 treatment, the regulatory 
pathway relating to the synthesis of testosterone was attenuated 

Figure 3A. qRT–PCR revealed that Lhcgr, Hsd3b2, and Clcn3 were 
also significantly changed, similar to RNA sequence data, by NCL1 
treatment as compared to control Figure 3F-H).

3.4 | In vivo regulation of testicular degeneration 
by NCL1

We then examined LSD1 protein expression and the regulatory mech-
anisms of NCL1 in the testis after treatments in an in vivo model. We 

F I G U R E  2   Hematoxylin and eosin (HE) staining of mice testis from vehicle control (A), busulfan (B), NCL1 1.0 mg/kg (C), and NCL1 
3.0 mg/kg (D) groups. The arrows indicate eosinophilic change. D, detachment; S, sloughing; V, vacuolization. Scale bars indicate 100 µm. (E), 
The percentage of abnormal tubules. Abnormal tubules were defined as showing a depletion of spermatids. (F), Constitutive ratios for stages 
of spermatogenesis. Tubules were classified into three stages: stage I-VI, VII-VIII, and IX-XII. (G), The percentage of abnormal tubules with 
detachment, sloughing, vacuolization, and eosinophilic change in control and treated groups. (H), Seminiferous tubule diameter in control 
and treated groups. Mean ± standard deviation (SD); **P < .01, statistically significant compared to control group. NCL1 (N-[(1S)-3-[3-(trans-
2-aminocyclopropyl)phenoxy]-1-(benzylcarbamoyl)propyl] benzamide

F I G U R E  3   (A), Ingenuity pathway 
analysis using RNA sequence data. The 
Z-score was an indicator of the certainty 
of activation or inhibition; a high Z-score 
indicates a high certainty of activation. 
Quantitative reverse transcriptase 
PCR of Colla2 (B), Cdh1 (C), Hoxb7 (D), 
Scd1 (E), Lhcgr (F), Hsd3b2 (G), and 
Clcn3 (H) mRNAs in NCL1 treated and 
vehicle control groups is shown (n = 8 
in each group). Mean ± standard error 
of mean (SE); *P < .05, statistically 
significant. LSD1, lysine-specific 
demethylase 1; NCL1 (N-[(1S)-3-[3-
(trans-2-aminocyclopropyl)phenoxy]-1-
(benzylcarbamoyl)propyl] benzamide
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found that the localization and high level of LSD1 expression did not 
differ between groups Figure 4A-C. In addition, in the assessment of 
the regulatory mechanism of NCL1, TUNEL assays revealed that the 
administration of 3.0 mg/kg NCL1 significantly increased the per-
centage of seminiferous tubules that presented with TUNEL-positive 
cells compared with vehicle control,busulfan and NCL1 1.0 mg/kg re-
mained unchanged compared to vehicle control Figure 4D-H). In west-
ern blot analysis, the expression of H3K4me2, reflecting methylation 
status, was increased after treatment with NCL1 compared with vehi-
cle control and treatment with busulfan,the expression of H3K4me1 
was decreased with NCL1 treatment Figure 4I. Western blot analy-
sis also showed that NCL1 treatment induced a marked elevation in 
cleaved caspases 3, 7, and 8 compared with busulfan or vehicle control 
groups Figure 4I. Furthermore, NCL1 and busulfan treatment caused 
a marked elevation in Cx43 expression, a testicular gap junction pro-
tein Figure 4I. In addition, after performing immunohistochemistry for 
Cx43, we found Cx43 staining mainly in Leydig cells Figure 4J,K). The 
area of Leydig cells clustered in the interstitial space was significantly 
enlarged in the NCL1 treated compared to control group Figure 4L. 
The intensity of Cx43 staining remained unchanged between control 
and NCL1 treatment groups Figure 4M.

3.5 | NCL1 treatment induced apoptosis in 
testicular cell lines

LSD1 was examined in testicular cells in vitro. Western blot analysis 
revealed that LSD1 protein was highly expressed in GC-1, TM3, and 
TM4 cell lines Figure 5A. In addition, the localization of LSD1 pro-
tein occurred only in the nucleus for all three cell lines Figure 5B. To 
determine whether LSD1 inhibition influenced gene-specific meth-
ylation status, GC-1 cells treated with NCL1 were subjected to ChIP 
assay. Evidence exists that histone H3 methylation underlies the 
control of expression of Oct4, one of the key genes in spermatogen-
esis in GC-1 cells.17 The mouse Oct4 promotor has been well char-
acterized and comprises defined regulatory regions that are critical 
for activation.18 To identify epigenetic changes in the Oct4 promoter, 
primers A (−2281 to −2212 relative to TSS) and B (−854 to−781 rel-
ative to TSS) were used in qRT–PCR analyses.17 It was found that 
NCL1 specifically impaired the demethylation of H3K4me2 in the 
containing promoter lesion of the Oct4 gene Figure 5C, reflecting 
the increased level of fold enrichment compared with IgG control 
in a ChIP assay, and decreased levels of Oct4 protein expression in 

western blot analysis compared to control. To evaluate the role of 
LSD1 in testicular cells in vitro, a cell viability assay and Guava apop-
tosis® analysis were performed. The cell viability of the GC-1 cell line 
was found to be significantly reduced in a dose-dependent manner 
with NCL1 treatment Figure 5D,however, differences in TM3 and 
TM4 cell lines with NCL1 treatment were not observed Figure 5G,J). 
In a Guava® apoptosis analysis, NCL1 induced apoptosis in the GC-1 
cell line compared to vehicle control Figure 5E,F, but TM3 and TM4 
remained unaffected Figure 5H,I,K,L).

4  | DISCUSSION

The process of spermatogenesis requires complicated regulation 
of differentiation in multiple cells with changes in chromatin struc-
ture and gene transcription. Additionally, the epigenetic regulatory 
mechanisms in spermatogenesis have gradually been elucidated.19,20 
Recently, it was shown that conditional deletion of LSD1 in the 
mouse testis prior to birth led to fewer spermatogonia as well as 
germ cell loss before three weeks of age.21 Moreover, using an LSD1 
conditional knockout mouse model, it was shown that LSD1 has a 
critical role in maintenance during the first wave of spermatogen-
esis.22 However, reports on LSD1 expression in the human testis 
are lacking. In this study, immunohistochemical analyses revealed 
various degrees of tubular degeneration in testicular samples. In 
Sertoli cells, the intensity of LSD1 was highly maintained. In germ 
cells, intensity levels were significantly decreased in a meiosis–de-
pendent, progressive manner. In addition, histological examination 
in our in vivo study revealed that abnormal seminiferous tubules in 
response to treatment with busulfan and 3.0 mg/kg NCL1  
 were significantly increased compared to the vehicle control group. 
Total testosterone levels in serum were significantly decreased in 
NCL1 treatment groups compared with the vehicle control group. 
Furthermore, in IPA by RNA sequencing, an upstream regulator gene 
in testosterone synthesis was attenuated by NCL1 treatment, and 
mRNA levels of Lhcgr and Hsd3b2 were significantly decreased. 
These genes are important regulators of testosterone synthesis, par-
ticularly in Leydig cells. Therefore, a possible reason for testosterone 
reduction induced by NCL1 treatment could be as a direct effect on 
Leydig cells via the LSD1 pathway. These results suggest that, ir-
respective of the degree of tubular degeneration, an LSD1 inhibitor 
can cause severe toxicity in spermatogenesis. Therefore, when using 
new drugs targeting LSD1 in patients of the AYA generation, such 

F I G U R E  4   (A-C), Immunohistochemistry staining for lysine-specific demethylase 1 (LSD1) in mice testes from vehicle control (A), 
busulfan (B), and NCL1 3.0 mg/kg (C) groups. (D-H), Terminal deoxy nucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) 
staining for apoptosis in mice testes from vehicle control (D), busulfan (E), NCL1 1.0 mg/kg (F), and NCL1 3.0 mg/kg (G) groups. Arrowheads 
indicate TUNEL-positive cells. Scale bars indicate 100 µm. (H), Percentage of seminiferous tubules presenting with TUNEL-positive cells. 
Mean ± standard deviation (SD); **P < .01 compared to control group. (I), Western blot analyses following vehicle control, busulfan, or 
NCL1 3.0 mg/kg treatment using anti-LSD1, anti-androgen receptor (AR), anti-connexin 43 (Cx43), anti-histone H3 lysine 4 mono/dimethyl 
(H3K4me1/me2), and anti-cleaved caspase (CCas) 3/7/8/9 antibodies. (n = 3 in each group). (J-M), Immunohistochemistry staining for Cx43 
in mice testes from vehicle control (J) and NCL1 3.0 mg/kg (K) groups. Arrowheads indicate Leydig cell nodules. Scale bars indicate 40 µm. 
(L), Area of Leydig cell nodules. (M), Relative intensity of Cx43. Mean ± standard deviation (SD); **P < .01, statistically significant. NCL1 
(N-[(1S)-3-[3-(trans-2-aminocyclopropyl)phenoxy]-1-(benzylcarbamoyl)propyl] benzamide
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information, including ASCO and NCCN guidelines with reference to 
infertility, should be noted.

Many chemotherapeutic agents can cause temporary or per-
manent toxicity leading to treatment-related infertility. Rates of 
permanent infertility and compromised treatment-related infer-
tility vary as reported within the literature.23,24 Many factors, 
including the pharmacological effect of such agents and the ad-
ministered dose, can affect male reproductive ability by, for exam-
ple, affecting hormonal secretion via the central nervous system, 
having direct gonadotoxic effects, or by affecting spermatozoa or 
sexual function. In previous reports, agents were categorized into 
three risk classifications. For example, methotrexate, fluorouracil 
vincristine, bleomycin, and dactinomycin were associated with low 
gonadotoxicity.25-27

More recently, molecular-targeting therapies, including tyrosine 
kinase inhibitors and tumor-specific monoclonal antibodies, are in-
creasingly being used. However, studies of the effect of such new 
drugs on male infertility are limited compared with those involving 
chemotherapeutic agents.24,28 Of these, studies of the effects of 
imatinib, an inhibitor targeting tyrosine kinases, on spermatogen-
esis in rodent models showed positive and negative conflicting re-
sults. A study using rats revealed that the administration of imatinib 
did not induce toxicity in the testis,29 whereas another study using 
mice demonstrated an elevation in gonadotropins after treatment.30 
To date, speculation about treatment-related infertility caused by 
newly investigated drugs has been derived from data from in vivo 
experiments using animal models.

In our study, we used busulfan as a positive control. Busulfan is a 
common alkylating drug for chronic myeloid leukemia that is widely 
used before the transplantation of hematopoietic stem cells31,32 
and has been categorized in a high-risk group in previous studies. 
We used two doses of NCL1: a high dose of 3.0 mg/kg, and a low 
dose of 1.0 mg/kg,the latter was previously reported by us as a 
therapeutic dose.12 We found that high-dose NCL1 targeting LSD1 
treatment caused a high incidence of abnormal seminiferous tubules 
and a decrease in serum total testosterone levels similar to busulfan 
treatment. It was striking that histological analyses by experienced 
pathologists revealed that the patterns of tubular abnormalities dif-
fered between NCL1 and busulfan treatments,however, the seminif-
erous tubule diameter remained unchanged in NCL1 treatment. In 
addition, one of the mechanisms of dysgenesis caused by NCL1 was 
revealed to be by caspase-dependent apoptosis. Further research 
in future investigating long-term treatment and/or long-term fol-
low-up without treatment would clarify whether the effects caused 
by NCL1 are temporary or permanent.

As a major gap junction protein, connexin is expressed in 
testis in addition to connexins 26, 32, and 33. To date, the in-
tricacies of intercellular communication, especially via Cx43 gap 
junctions in the testis, are well established. Cx43 has a pivotal 
role in developing germ cells throughout fetal development and 
spermatogenesis in the adult.33,34 In particular, the gap junction is 
a component of the blood-testis barrier in addition to tight junc-
tions. Studies have shown that Cx43 gap junctions need to be 
established between cells in Sertoli cell differentiation regulated 
by thyroid hormones.35 However, because Cx43 knockout mouse 
testes showed normal Leydig cells and can secrete androgen after 
luteinizing hormone stimulation, Cx43 may not be required for 
Leydig cell proliferation or differentiation.33 In a previous report, 
when cell death was induced in hepatocytes, Cx43 was highly 
upregulated in the cell cytoplasm in a gap junction–independent 
manner.36,37 In our study, NCL1 and busulfan treatment caused a 
marked elevation in Cx43 expression. Immunohistochemical anal-
yses in vivo found that Cx43 was mainly localized in Leydig cells. 
An enlargement of the area of Leydig cell clusters in the intersti-
tial space was the main reason for the overexpression of Cx43 
after NCL1 treatment. The role of Cx43 in cell death in Leydig 
cells is not fully understood. However, similar mechanisms, such 
as found in hepatocytes responding to cell death via the overex-
pression of Cx43, may occur at an intermediate level in testicular 
toxicity. More detailed studies are needed to investigate other 
mechanisms.

Considering the current circumstance in that the way to avoid 
treatment-related infertility is mainly by the preservation of sper-
matozoa in advance of treatments, a lot of validated information 
from in vivo experiments and human clinical data remains to be 
accumulated. In our study, high-dose NCL1 targeting LSD1 caused 
dysfunctional spermatogenesis and a decrease in serum total testos-
terone levels similar to that observed during busulfan treatment. We 
hope these findings contribute to the future development of novel 
potential therapeutic agents targeting LSD1 in patients of the AYA 
generation.
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F I G U R E  5   (A), Western blot analysis of lysine-specific demethylase 1 (LSD1) in GC-1, TM3, and TM4 cell lines after treatment with 
vehicle control or 30 μM NCL1. (B), Immunohistochemical analysis of LSD1 in the three cell lines. (C), Chromatin immunoprecipitation (ChIP) 
analysis using an H3K9me2 antibody. Western blot analysis of Oct4 protein and the accumulation of H3K9me2 in the promoter region of the 
Oct4 gene in GC-1 cells after treatment with vehicle control or NCL1. Mean ± standard error of mean (SE); *P < .05, statistically significant. 
Cell viability assays. GC-1 (D), TM3 (G), and TM4 (J) cells were seeded in 96-well plates, treated with vehicle control or NCL1, and subjected 
to a Cell Counting Kit-8 after 48 hours. Mean ± standard deviation (SD); **P < .01, statistically significant. Guava apoptosis® analysis of GC-1 
(E, F), TM3 (H, I), and TM4 (K, L) cells. NCL1 (N-[(1S)-3-[3-(trans-2-aminocyclopropyl)phenoxy]-1-(benzylcarbamoyl)propyl] benzamide
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