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ZMYM3 May Promote Cell Proliferation in Small Cell Lung Carcinoma
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Zinc finger, myeloproliferative, and mental retardation-type containing 3 (ZMYM3) is a highly 
conserved protein among vertebrates. Although it promotes DNA repair and moderate 
histone acetylation, the other functions of ZMYM3 remain unclear. We herein examined 
the physiological functions of ZMYM3 in human lung cancer using a ZMYM3-knockdown 
small cell lung cancer (SCLC) cell line. ZMYM3-knockdown SCLC cells grew slowly and 
the Ki-67 labeling index was lower in ZMYM3-knockdown cells than in mock cells. The 
subcutaneous tumors that formed after xenotransplantation into immunodeficient mice were 
slightly smaller in the ZMYM3-knockdown group than in the mock group. Furthermore, public 
RNA-sequencing data analyses showed similar RNA profiles between ZMYM3 and some 
cell proliferation markers. These results indicate that ZMYM3 promotes cell proliferation in 
human lung carcinomas, particularly SCLC.
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I. Introduction
Lung cancer is a leading cause of cancer death [36]. 

Despite rapid advances in drug development and surgical 
procedures, current treatments for lung cancer, either small 
cell lung carcinoma (SCLC) or non-small cell lung carci-
noma (NSCLC), do not achieve satisfactory outcomes [2, 
18, 36]. To overcome the difficulties associated with treat-
ments and elucidate the mechanisms underlying cell prolif-
eration and differentiation in lung cancers, further analyses 
of molecular targets are needed.

Zinc finger, myeloproliferative, and mental 
retardation-type containing 3 (ZMYM3), also known as 
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DXS6673E, ZNF261, ZNF198L2, and KIAA0385, maps 
to Xq13.1, has the longest short tandem repeat (STR), a 
GA/32 dinucleotide repeat, in its 5' untranslated region 
(UTR) specifically in humans, and is evolutionarily con-
served from Drosophila melanogaster to Homo sapiens 
[27, 33, 42]. Although ZMYM3 expression patterns have 
not yet been examined in detail, expression levels were 
previously shown to be the highest in the brain [42]. 
ZMYM3 moderates histone acetylation as a component of 
the HDAC2/BHC110-containing complex [14]. ZMYM3 is 
suppressed by the direct binding of BMI1 to the ZMYM3 
promoter region, and the c-fos pathway is then activated 
by histone H3 acetylation [35]. ZMYM3 interacts with 
histone H2A/H2AX, which recruits ZMYM3 to damaged 
chromatin [24]. At damaged sites, ZMYM3 facilitates 
the accumulation of BRCA1 and promotes DNA repair 
by homologous recombination via interactions with the 
BRCA1-A subcomplex members, RAP80, ABRA1, and 
BRE [24]. Zmym3-knockout in adult male mice using the 
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CRISPR-Cas9 system has been shown to arrest spermato-
genesis at metaphase of meiosis I [17]. ZMYM3 has been 
implicated in the development of several mental disorders 
and neoplasms. ZMYM3 was originally identified as a 
candidate gene of X-linked intellectual disability, and the 
translocation t(X; 13)(q13, q31) in the 5' UTR of ZMYM3 
was detected in a female case [42]. In male cases of 
X-linked intellectual disability, a missense mutation was 
found in exon 7 of ZMYM3 [30]. ZMYM3 is also one of 
the top candidate master regulators of Alzheimer’s disease, 
and its expression levels were reduced in severe cases [5]. 
Some alterations to STRs in the 5' UTR of ZMYM3 may be 
related to schizophrenia and bipolar disorder [3, 4]. Gene 
mutations have been reported in some neoplasms, such 
as prostate cancer, chronic lymphocytic leukemia, medullo-
blastoma (subgroup 4), and Ewing sarcoma, and were 
identified as missense mutations (prostate cancer, chronic 
lymphocytic leukemia, and medulloblastoma), nonsense 
mutations (prostate cancer, chronic lymphocytic leukemia, 
and medulloblastoma), and indels (prostate cancer, chronic 
lymphocytic leukemia, and Ewing sarcoma) [1, 31, 39, 43]. 
However, the relationships between many types of cancers, 
including lung cancer, and the expression of ZMYM3 
remain unclear.

In the present study, we investigated the expression 
patterns and functions of ZMYM3 in human lung carci-
nomas, particularly SCLC. Its expression was assessed in 
human lung cancer cell lines by immunoblotting and in 
formalin-fixed paraffin-embedded lung cancer tissues by 
immunostaining. ZMYM3 knockdown experiments on an 
SCLC cell line and public RNA-sequencing data analyses 
of human lung carcinoma were also performed to elucidate 
the functions of ZMYM3 in lung cancer.

II. Materials and Methods
Cell lines and culture

Thirteen lung cancer cell lines were used in the 
present study: 7 SCLC cell lines (NCI-H69, NCI-H889, 
SBC-1, H69AR, NCI-H1688, SBC-3, and SBC-5), 3 ade-
nocarcinoma (ADC) cell lines (A549, NCI-H358, and NCI-
H1975), and 3 squamous cell carcinoma (SQC) cell lines 
(NCI-H226, NCI-H2170, and H15 (HCC15)) [8, 9, 12, 
13, 19, 21, 23, 25]. The SBC-1, -3, and -5 and A549 
cell lines were purchased from the Japan Collection of 
Research Bioresources Cell Bank (Osaka, Japan) and the 
H15 cell line was generously provided by Dr. Makoto 
Suzuki (Kumamoto University, Kumamoto, Japan). Other 
cell lines were purchased from the American Type Culture 
Collection (Manassas, VA, USA).

We mainly used the SCLC cell line, SBC-3, in the 
present study. SBC-3 cells were cultured in Eagle’s mini-
mal essential medium with L-glutamine (cat# 051-07615; 
Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) 
supplemented with 10% fetal bovine serum, 100 U/mL 
potassium penicillin G (cat# 26239-42; Nacalai Tesque, 

Inc., Kyoto, Japan), and 100 μg/mL streptomycin sulfate 
(cat# 32204-92; Nacalai Tesque, Inc.). Cultures were incu-
bated at 37°C in the presence of 5% CO2.

Tissue samples
Tissue samples of adult human lung tumors, ADC 

(n = 26), SQC (n = 32), and SCLC (n = 15), were sur-
gically resected at the Department of Thoracic Surgery 
of Kumamoto University Hospital. Histological diagnoses 
were reached according to the criteria of the World Health 
Organization [41]. The present study followed the guide-
lines of the Ethics Committee of Kumamoto University.

In addition to tissue samples of human lung can-
cers, we analyzed multiple tissues from adult female ICR 
mice (Japan SLC, Fukuoka, Japan) and tissue samples of 
the tumors that formed after the xenotransplantation of 
tumor cells.

ZMYM3-knockdown by RNA interference
The ZMYM3 gene was knocked down by RNA inter-

ference in the SCLC line, SBC-3. ZMYM3 short-hairpin 
RNA (shRNA) plasmids (Sure Silencing shRNA Plasmid 
Puromycin Human ZMYM3; cat# 336314 KH07693P; 
Qiagen, Hilden, Germany) were transfected in SBC-3 
cells by electroporation. The sequence of the plasmids 
was AGTGTAGACTTCCTCTTTGAT. Negative control 
shRNA had the following scrambled artificial sequence: 
GGAATCTCATTCGATGCATAC, which did not match 
any of those from humans or mice. Transfected cells were 
selected by adding puromycin at a final concentration of 
2 μg/mL to the medium described above. After colonies 
had formed, they were isolated with cloning cylinders and 
individually picked up from dishes.

Immunohistochemistry and immunocytochemistry
The tissue samples of adult human lung tumors were 

fixed in 10% neutral buffered formalin, and those from 
mice and tumors that formed after xenotransplantation 
were fixed in phosphate-buffered 4% paraformaldehyde 
(PFA). They were embedded in paraffin, sliced into 3-
μm-thick sections with a microtome (Leica SM2010R—
Sliding Microtome; Leica biosystems, Wetzlar, Germany), 
and mounted on adhesive-coated slides (Frontier Green 
FRC-05; Matsunami Glass Ind., Ltd.). Sections were 
then deparaffinized and rehydrated through a xylene-
ethanol series.

Cells were cultured on a 4-well chamber slide (Nunc 
Lab-Tek II Chamber Slide System; cat# 154526; Thermo 
Fisher Scientific). After washing with phosphate-buffered 
saline (PBS) for 5 min, cells were dried for 30 min and 
fixed in phosphate-buffered 4% PFA for 1 hr.

Antigens were activated with an autoclave at 121°C 
for 15 min. As the retrieval solution, citrate buffer solu-
tion, pH 7.0, was used for ZMYM3 immunostaining and 
Tris-EDTA buffer solution, pH 9.0, for Ki-67 immuno-
staining. Endogenous peroxidase blockage was performed 

144 Kudo et al.



with 0.3% H2O2 in methanol at room temperature for 30 
min. Non-specific protein binding was blocked with 5% 
skim milk in Tris-HCl buffer at room temperature for 20 
min. The primary antibodies were diluted with an antibody 
diluent (cat# S2022; Dako, Glostrup, Denmark), applied to 
sections, and incubated in a humid chamber overnight at 
4°C. Details on the primary antibodies used in the present 
study are summarized in Table 1. As secondary antibod-
ies, an anti-rabbit antibody linked with horseradish perox-
idase (HRP) (cat# K4003; Dako) was used for ZMYM3 
immunostaining and a HRP-linked anti-mouse antibody 
(cat# K4001; Dako) for Ki-67 immunostaining. After wash-
ing, the secondary antibodies were applied to the sections 
and incubated in a humid chamber at room temperature 
for one hour. Immunolabeled sites were detected with 
3,3'-diaminobenzidine (DAB) (cat# K3468; Dako). Nuclei 
in sections were counter-stained with hematoxylin for 1 
min, and washed in running tap water for 5 min. Sections 
were then dehydrated through an ethanol-xylene series and 
mounted in malinol (cat# 20093; Muto Pure Chemical Co., 
Ltd., Tokyo, Japan).

The negative control was obtained by substituting PBS 
for the primary antibodies. The other procedures were con-
ducted in the same manner as described above.

Ki-67 labeling index
The Ki-67 labeling index was defined as the percent-

age of Ki-67-positive nuclei. We used tissue and cell sam-
ples immunostained for Ki-67 described above to assess the 
Ki-67 labeling index. In each sample, 500 cells each were 
counted in 5 microscopic fields. Any staining of nuclei in 
cells, regardless of the staining intensity, was considered to 
be positive for Ki-67.

BrdU cell proliferation assay
Cells were cultured on a 4-well chamber slide 

(Thermo Fisher Scientific). 5-Bromo-2'-deoxyuridine 

(BrdU) was added to the cell culture medium after mechan-
ical sterilization at a final concentration of 1 mg/mL. Cells 
were cultured in medium supplemented with BrdU for 2 
hr. After washing with PBS for 5 min, cells were dried 
for 30 min and fixed in phosphate-buffered 4% PFA for 
1 hr. Antigens were activated with 0.4% pepsin (cat# 
24-0940-2; Sigma-Aldrich, St. Louis, MO, USA) solution 
in 0.1 mol/L HCl for 30 min. The other procedures were 
conducted in the same manner as the immunocytological 
experiment. An anti-BrdU rat antibody (dilution 1:2000; 
Nichirei Bioscience, Tokyo, Japan) was used as the primary 
antibody and a peroxidase-labeled anti-rat antibody (MAX-
PO; Nichirei) as the secondary antibody. In each sample, 
500 cells each were counted from 5 microscopic fields.

Immunoblotting (Western blotting)
Cell samples were lysed in cell lysis buffer (20 

mM Tris-HCl, 150 mM NaCl, 1 mM ethylenediamine-
tetraacetic acid, 1 mM ethylene glycol tetraacetic acid, 
2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 
1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, 
and 0.5% distilled water) supplemented with 1 mmol/L 
sodium orthovanadate, 1 mmol/L phenylmethanesulfonyl 
fluoride and protease inhibitor cocktail (cOmplete; cat# 
11697498001; F. Hoffmann‐La Roche, Basel, Switzerland). 
Proteins in the cell lysate were separated by electrophoresis 
on an agarose gel. Separated proteins were electrophoreti-
cally transferred to a nitrocellulose membrane (Amersham 
Protran Premium 0.45 μm NC; cat# 10600003; GE Health-
care, Chicago, Ill, USA). The non-specific background 
was blocked with skim milk in tris-buffered saline with 
0.1% Tween 20 at room temperature for 1 hr. The mem-
brane was immunoblotted with primary antibodies at 4°C 
overnight. Details on the primary antibodies used in the 
present study are summarized in Table 1. After washing, 
the membrane was incubated with the secondary antibodies 
at room temperature for 90 min. The following antibodies 

Table 1. Details of the primary antibodies used for immunohistochemistry and western blotting in the present study 

Target Molecule Clone Host
Species Clonality Catalog

Number
Manufacturer

(Headquarters)
Dilution

Reference
IHC, ICC IB

ZMYM3 Rabbit Polyclonal ab84507 Abcam
(Cambridge, UK) 1:100 1:2000 N/A

Ki-67 Mouse Monoclonal M7240 Dako
(Glostrup, Denmark) 1:100 [37]

Cyclin D1 SP4 Rabbit Monoclonal RM-9104-S1 Thermo Fisher Scientific
(Waltham, MA, USA) 1:1000 [44]

pPH3 Ser10 Rabbit Polyclonal 06-570 Merck KGaA
(Darmstadt, Germany) 1:1000 [20]

CASP3 Rabbit Polyclonal 9662 Cell Signaling Technology
(Danvers, MA, USA) 1:5000 [32]

Cleaved CASP3 Asp175 Rabbit Polyclonal 9661 Cell Signaling Technology 1:100 [38]

β-actin AC-15 Mouse Monoclonal A5441 Sigma-Aldrich
(St. Louis, MO, USA) 1:40000 [32]

pPH3: phosphor-histone H3, CASP3: caspase 3, IHC: immunohistochemistry, ICC: immunocytochemistry, IB: immunoblotting, N/A: not available.
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were used as the secondary antibodies at a 1:10000 dilution 
according to the host species of the primary antibodies: a 
HRP-linked anti-rabbit antibody (cat# 7074; Cell Signaling 
Technology, Danvers, MA, USA) and a HRP-linked anti-
mouse antibody (cat# 7076; Cell Signaling Technology). 
Immunoreactive sites were detected using an enhanced 
chemiluminescence system with Western Lightning Plus 
Enhanced Chemiluminescence Substrates for Western Blot-
ting (for β-actin; PerkinElmer, Waltham, MA, USA) or 
Amersham ECL Prime Western Blotting Detection Reagent 
(for the others; GE Healthcare), and visualized by exposing 
the membrane to an X-ray film (Fuji Medical X-ray Film 
Super RX; Fujifilm Corporation, Tokyo, Japan). β-actin 
was used as the loading control. Blots were stripped and 
reprobed with other antibodies or the anti-β-actin antibody.

Cell counting assay
Cells were seeded at 50,000 cells/well on 6-well plates 

(cat# 140675; Thermo Fisher Scientific). They were then 
harvested by trypsinization every day up to 5 days of cul-
ture and manually counted with a hemocytometer (Burker-
Turk; Sunlead Glass Corp., Saitama, Japan) after trypan 
blue staining. At each time point, 5 samples were counted 
in each cell clone.

Induction of apoptosis
Etoposide was used to induce apoptosis [29]. We ini-

tially examined the optimal concentration and retention 
time of etoposide for the induction of apoptosis. Cells 
were seeded at 200,000 cells/well on 6-well plates (Thermo 
Fisher Scientific). One day after seeding, etoposide was 
added to the cell culture medium at concentrations of 0, 
100 and 500 μM. Viable cells were manually counted 0, 
6, 24, 48, and 72 hr after the addition of etoposide in the 
same manner as the cell growth curve experiment. At each 
time point, 5 samples were counted at each concentration 
of etoposide. Based on the results obtained, we induced 
apoptosis in the present study by adding etoposide at a 
concentration of 500 μM to the cell culture medium for 
24 hr.

Flow cytometry
After the induction of apoptosis, cells were harvested 

by trypsinization from culture dishes with the supernatant 
and filtered through a 100-μm cell strainer followed by a 
40-μm cell strainer. Cells were resuspended in 100 μL of 
annexin-binding buffer (10 mM HEPES, 140 mM NaCl, 
and 2.5 mM CaCl2, pH 7.4) (cat# V13246; Thermo Fisher 
Scientific) and double-stained with 5 μL of annexin V con-
jugated with Alexa Fluor 488 (cat# A13201; Thermo Fisher 
Scientific) and 2 μL of 100 μg/mL propidium iodide (PI) 
(cat# P4170-100MG; Sigma-Aldrich) in water for 15 min. 
After the addition of 400 μL of annexin-binding buffer 
to the cell suspension, a flow cytometry analysis was con-
ducted with the cell sorter, SH800S (Sony Imaging Prod-
ucts & Solutions Inc., Tokyo, Japan) and FlowJo software 

(version 10.7.1; FlowJo LLC, Ashland, OR, USA). Using 
annexin V/PI double staining, annexin V single-positive 
cells were estimated as early apoptotic cells and annexin 
V/PI double-positive cells as late apoptotic cells [22, 28, 
34]. We also examined the induction of apoptosis using 
light scattering, and cells in the population with low for-
ward and high side scatters were estimated as apoptotic 
cells [7, 34].

Xenotransplantation
A total of 1.0 × 106 cells were mixed with PBS 

and injected into the subcutaneous tissues of 13-week-
old female immunodeficient mice, Rag2 and Jak3 double 
knockout mice (a generous gift from Prof. S. Okada, 
Kumamoto University). Four weeks after the injection, 
mice were sacrificed and the subcutaneous tumors that 
formed after the injection were excised. The length, width, 
and height of subcutaneous tumors were measured and the 
approximate volume of tumors was calculated using the 
following formula: (tumor volume [mm3]) = π/6 × (length 
[mm]) × (width [mm]) × (height [mm]), where π ≈ 3.14. 
Tumors were then histologically examined.

Terminal nucleotidyl transferase (TdT)-mediated dUTP-
biotin nick end-labeling (TUNEL) assay

An In situ Apoptosis Detection Kit (cat# MK500; 
Takara Bio Inc., Shiga, Japan) was used in this experiment. 
After deparaffinization and endogenous peroxidase inacti-
vation, 50 μL of the labeling reaction mixture (5 μL of TdT 
enzyme plus 45 μL of labeling safe buffer) was applied to 
slides. Slides were then incubated in a humid chamber at 
37°C for 60–90 min. After the application of 70 μL of the 
anti-fluorescein isothiocyanate HRP conjugate, slides were 
incubated at 37°C for 30 min. Immunolabeled sites were 
detected with DAB, and slides were counter-stained with 
methyl green.

Public RNA-sequencing data
We downloaded public RNA-sequencing data from 

cBioPortal for Cancer Genomics (https://www.cbioportal.org/
datasets) on three histological subtypes of lung carcinoma: 
ADC (Lung Adenocarcinoma (TCGA, Firehose Legacy); 
https://www.cbioportal.org/study/summary?id=luad_tcga), 
SQC (Lung Squamous Cell Carcinoma (TCGA, Fire-
hose Legacy); https://www.cbioportal.org/study/summary?
id=lusc_tcga), and SCLC (Small Cell Lung Cancer (U 
Cologne, Nature 2015); https://www.cbioportal.org/study/
summary?id=sclc_ucologne_2015) [10]. The sample num-
bers of these RNA-sequencing data on ADC, SQC and 
SCLC were n = 517, 501, and 81, respectively. Data on 
ADC and SQC were provided as z-scores (log RNA Seq 
V2 RSEM), and those on SCLC as z-scores (log RNA 
Seq FPKM). The RNAs examined in this experiment were 
ZMYM3, cyclin D1 (CCND1, a cell cycle regulatory pro-
tein), and the following cell proliferation markers: marker 
of proliferation Ki-67 (MKI67), minichromosome mainte-
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nance complex component 2 (MCM2), MCM7, DNA topoi-
somerase II alpha (TOP2A), and proliferating cell nuclear 
antigen (PCNA) [6, 11, 15, 16, 26, 40].

Statistical analysis
The Shapiro-Wilk normality test was used to examine 

normality. When data followed a normal distribution, after 
the confirmation of the equality of two variances by the F-
test, the Student’s t-test was used. When data did not follow 
a normal distribution, the Mann-Whitney’s U test was used. 
Due to the non-parametricity of data in the present study, 
Spearman’s rank correlation coefficient (ρ) was employed 
to investigate relationships. We regarded p-values < 0.05 
as significant. The software used for these analyses was 
R for windows (Version 3.6.1; R foundation for Statistical 
Computing, Vienna, Austria).

III. Results
ZMYM3 immunostaining was performed to detect the 

expression of ZMYM3 in human lung carcinomas. The 
lung cancers examined positively stained for ZMYM3, 
regardless of the histological subtypes (Fig. 1B–D, Table 
2). In the normal tissues surrounding tumors, epithelial 
cells in the bronchioles and some alveolar epithelial cells, 
which appeared to be type II, were positively stained (Fig. 
1A). Differences in stainability were unclear between cili-
ated and club cells. In the majority of specimens, the tissues 
of carcinomas stained more strongly than the normal tissues 
surrounding carcinomas (Table 2).

The expression of ZMYM3 was examined in lung 
cancer cell lines by immunoblotting and the majority of the 
cell lines examined were positive for ZMYM3, except for 
H15 (Fig. 1E).

To clarify the functional significance of ZMYM3 in 
lung cancer, ZMYM3 was knocked down in the SCLC cell 
line, SBC-3 by RNA interference using shRNA. Knock-
down was confirmed by immunoblotting and immunocyto-
chemistry (Fig. 2A, E). We used one ZMYM3-knockdown 
cell clone and one mock in the present study. The effects 
of the knockdown of ZMYM3 on cell proliferative activities 
were assessed by immunoblotting (Fig. 2B). The expres-
sion of cyclin D1 in the ZMYM3-knockdown cell clone was 
slightly lower than that in the mock (Fig. 2B). However, 
no marked differences were observed in phospho-histone 
H3 expression levels between ZMYM3-knockdown cells 

and mock cells (Fig. 2B). We also examined the effects 
of the ZMYM3-knockdown on apoptotic activities by 
immunoblotting under the induction of apoptosis by etopo-
side (Fig. 2C). The optimal concentration and retention 
time of etoposide for the induction of apoptosis were inves-
tigated and confirmed before this experiment (Supplemen-
tary Fig. S2A). No marked differences were noted in the 
expression of caspase 3 between the ZMYM3-knockdown 

(A–D) ZMYM3 immunostaining in human lung tissues and lung 
cancers. (A) In normal tissues around tumors, bronchiolar epithelial 
cells (asterisk) and some alveolar cells (dagger), which appeared 
to be type II, were stained in nuclei. (B–D) In lung carcinomas, 
all 3 histological types: adenocarcinoma (ADC) (B), squamous cell 
carcinoma (SQC) (C), and small cell lung carcinoma (SCLC) (D), were 
strongly stained in nuclei. Original magnification: × 400. Bar = 50 μm. 
(E) Immunoblotting was also performed on 13 lung cancer cell lines: 
7 SCLC cell lines (H69, H889, SBC-1, H69AR, H1688, SBC-3, and 
SBC-5) and 6 non-SCLC (NSCLC) cell lines (A549, H358, H1975, 
H226, H2170, and H15). All cell lines, except for H15, expressed 
ZMYM3. The prefix “NCI-” was omitted. β-actin was used as an 
internal control.

Fig. 1. 

Table 2. Comparison of staining intensity of ZMYM3 between lung carcinoma cells and normal bronchoalveolar epithelial cells 

Histological subtypes (Total number of specimens) (−) (±) (+) (++) The percentage of (++) [%]

Adenocarcinoma (26) 0 0 4 22 84.62
Squamous cell lung carcinoma (32) 0 1 6 25 78.13
Small cell lung carcinoma (15) 0 0 0 15 100

The staining intensity of ZMYM3-positive normal bronchoalveolar epithelial cells was regarded as (+).
(−) no stainability, (±) weaker, (+) same, (++) stronger.
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cell clone and the mock, regardless of the induction of 
apoptosis (Fig. 2C). However, the expression of cleaved 
caspase 3 was increased in the ZMYM3-knockdown cell 
clone under the induction of apoptosis (Fig. 2C).

Based on the results of cyclin D1 immunoblotting, the 
ZMYM3-knockdown appeared to suppress cell prolifera-
tion. We examined the proliferation of ZMYM3-knockdown 
cells and mock cells using a cell growth curve (Fig. 2D). 
The cell growth curve showed a reduction in the prolifer-
ation of ZMYM3-knockdown cells (Fig. 2D). On day 5, 
a significant difference was observed in the number of 

ZMYM3-knockdown cells and mock cells (average 465.0 
versus 1153.0, t = 14.859, p = 4.147 × 10−7). We also 
evaluated the cell proliferative activities of these cell clones 
by immunocytochemistry, the Ki-67 labeling index, and 
BrdU cell proliferation assay (Fig. 2E, F). The Ki-67 label-
ing indexes of ZMYM3-knockdown cells and mock cells 
were 83.3 and 86.5%, respectively. The count of Ki-67-
positive nuclei per 500 ZMYM3-knockdown cells was sig-
nificantly lower than that of mock cells (average 416.4 
versus 432.6, t = 2.425, p = 0.042). However, the results 
of the BrdU cell proliferation assay revealed no significant 

(A) The knockdown of ZMYM3 in the small cell lung carcinoma (SCLC) cell line, SBC-3. An immunoblotting analysis confirmed the decreased 
expression of ZMYM3. Daggers represent the cell clones used in the present study. β-actin was used as a loading control. (B) Immunoblotting of 
ZMYM3 knockdown cells and the negative control, mock cells, with a focus on cell proliferation. Cyclin D1 expression was slightly decreased in 
ZMYM3-knockdown cells. (C) Immunoblotting of ZMYM3-knockdown cells and mock cells with a focus on apoptosis. Under the induction of apoptosis 
by etoposide, cleaved caspase 3 increased in ZMYM3-knockdown cells. (D) Cell growth curve of the ZMYM3-knockdown cell clone and the mock. On 
day five, the cell count was significantly lower for the ZMYM3-knockdown cell clone than for the mock (average 465.0 versus 1153.0, p = 4.147 × 
10−7). (E) Immunohistochemistry for ZMYM3 and Ki-67 in the ZMYM3-knockdown cell clone and the mock. Immunohistochemistry for ZMYM3 also 
confirmed the decreased expression of ZMYM3. The Ki-67 labeling index was significantly lower in the ZMYM3-knockdown cell clone than in the 
mock (average 416.4 versus 432.6 per 500 cells, p = 0.042). (F) The BrdU cell proliferation assay on the ZMYM3-knockdown cell clone and the mock. 
No significant differences were observed between the ZMYM3-knockdown cell clone and the mock. (G) Analysis of apoptosis by flow cytometry using 
annexin V/propidium iodide. Annexin V single-positive cells represent early apoptosis cells, while annexin V/propidium iodide double-positive cells 
represent late apoptosis cells. Even under the induction of apoptosis by etoposide, no marked differences were observed in apoptotic activities between 
ZMYM3-knockdown cell clone and the mock. KD: knockdown, CASP3: caspase 3.

Fig. 2. 
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differences between the number of BrdU-positive cells per 
500 ZMYM3-knockdown cells and that of mock cells (aver-
age 179.4 versus 192.2, t = 1.002, p = 0.349). Based on 
these results, we hypothesized that ZMYM3 may promote 
cell proliferation. In Zmym3 immunohistochemistry on 
normal mouse tissue, Zmym3-positive cells were observed 
in some actively proliferating regions, such as basal cells in 
the esophageal epithelium, the isthmus of the gastric gland, 
the intestinal cryptal epithelium, the germinal centers of 
the lymph nodes and the spleen, and the ovarian follicles 
(Supplementary Fig. S1).

To rule out the possibility that ZMYM3 suppresses 
apoptosis in human lung cancer cells, we examined the 
apoptotic activities of ZMYM3-knockdown cells and mock 
cells by flow cytometry under the induction of apoptosis by 
etoposide. Twenty-four hours after the addition of 500 μM 
etoposide, a separate population formed with low forward 
and high side scatters, which indicated the induction of 
apoptosis (Supplementary Fig. S2B). Annexin V/PI double 
staining revealed the presence of early and late apoptotic 
cells (Fig. 2G). However, no significant differences were 
observed between the apoptotic activities of the ZMYM3-
knockdown cell clone and the mock.

In further examinations, ZMYM3-knockdown cells and 

mock cells were xenotransplanted into the subcutaneous 
tissues of immunodeficient mice. Four weeks after xeno-
transplantation, tumors formed in subcutaneous tissues 
(Fig. 3A). These tumors were resected and measured, and 
their volumes were estimated. ZMYM3-knockdown tumors 
were slightly smaller than mock tumors (average 1181.5 
versus 362.5, U = 19, p = 0.222) (Fig. 3B). A histological 
examination with HE staining revealed no morphological 
differences between ZMYM3-knockdown cells and mock 
cells (Fig. 3C). Using ZMYM3 immunohistochemistry, the 
effects of the ZMYM3-knockdown were reexamined in the 
tumors that formed after xenotransplantation (Fig. 3D). The 
Ki-67 labeling indexes of ZMYM3-knockdown cells and 
mock cells were 70.2 and 75.7%, respectively. The count 
of Ki-67 positive nuclei per 500 ZMYM3-knockdown cells 
was significantly lower than that of mock cells (average 
350.8 versus 378.6, t = 2.316, p = 0.025) (Fig. 3D). In 
the TUNEL assay, no significant differences were observed 
between apoptotic cell counts per 500 ZMYM3-knockdown 
cells and that of mock cells (average 6.6 versus 9.0, t = 
0.944, p = 0.373) (Fig. 3E). Regardless of the sizes of 
tumors, no marked differences were noted in morphology, 
necrosis, or apoptosis.

To clarify the relationships between ZMYM3 and cell 

Xenotransplantation of ZMYM3-knockdown cells and mock cells into the back skin of immunodeficient mice. (A) Tumors formed under the 
skin of mice. (B) The tumors of ZMYM3-knockdown cells were slightly smaller than those of mock cells. However, no significant differences were 
observed in volumes between ZMYM3-knockdown tumors and mock tumors (average 1181.5 versus 362.5, p = 0.222). (C) Hematoxylin-eosin staining 
of tumors. No significant morphological differences were observed between ZMYM3-knockdown tumors and mock tumors. Original magnification: 
× 400. Bar = 50 μm. (D) ZMYM3 and Ki-67 immunostaining in tumors. ZMYM3 immunostaining revealed a decrease in ZMYM3 expression in 
ZMYM3-knockdown cells. The Ki-67 labeling index was significantly lower in ZMYM3-knockdown cells than in mock cells (average 378.6 versus 
350.8, p = 0.025). Original magnification: × 400. Bar = 50 μm. (E) TUNEL assay of tumors. No significant differences were noted in apoptosis counts 
between ZMYM3-knockdown tumors and mock tumors (average 6.6 versus 9.0, p = 0.373). Original magnification: × 200. Bar = 100 μm.

Fig. 3. 
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proliferation in lung carcinoma, we analyzed the RNA 
profiles of three histological subtypes of lung carcinoma, 
SCLC, ADC, and SQC, using public RNA-sequencing 
data sets. ZMYM3 was compared with the cell cycle regula-
tory protein, CCND1, and five cell proliferation markers, 
MKI67, MCM2, MCM7, TOP2A, and PCNA. The heat map 
of SCLC showed that the ZMYM3 profile roughly resem-
bled those of the five cell proliferation markers, particularly 
MKI67, but not that of CCND1 (Fig. 4A(i)). The heat map 
of SQC showed a similar pattern to that of SCLC (Fig. 
4A(iii)). In the heat map of ADC, only small similarities 
were observed between ZMYM3 and the five cell prolifer-
ation markers (Fig. 4A(ii)). In SCLC, ZMYM3 positively 

correlated with MKI67 (ρ = 0.534, p = 2.894 × 10−7), 
MCM2 (ρ = 0.346, p = 0.002), and MCM7 (ρ = 0.227, p = 
0.042), but not with TOP2A (ρ = 0.003, p = 0.980), PCNA 
(ρ = −0.104, p = 0.355), or CCND1 (ρ = −0.115, p = 0.306) 
(Fig. 4B(i)). In SQC, ZMYM3 positively correlated with 
MKI67 (ρ = 0.264, p = 1.912 × 10−9), MCM2 (ρ = 0.264, p 
= 2.090 × 10−9), MCM7 (ρ = 0.176, p = 7.385 × 10−5), and 
TOP2A (ρ = 0.245, p = 2.773 × 10−8), but not with PCNA 
(ρ = −0.024, p = 0.595) or CCND1 (ρ = 0.002, p = 0.966) 
(Fig. 4B(iii)). In ADC, ZMYM3 positively correlated with 
MCM2 (ρ = 0.098, p = 0.026) and MCM7 (ρ = 0.098, p = 
0.025), and negatively correlated with PCNA (ρ = −0.150, 
p = 5.983 × 10−4), but did not correlate with MKI67 (ρ 

(A) Heat maps of RNA profiles in three histological subtypes of lung carcinoma: small cell lung carcinoma (SCLC) (i), adenocarcinoma (ADC) 
(ii), squamous cell carcinoma (SQC) (iii). (i, iii) In the heat maps of SCLC and SQC, the expression profiles of ZMYM3 were similar to those of cell 
proliferation markers (MKI67, MCM2, MCM7, TOP2A, and PCNA), but not to those of the cell cycle regulatory protein, CCND1. (ii) In contrast to 
SCLC and SQC, in the heat map of ADC, the similarity of expression profiles was weak between ZMYM3 and cell proliferation markers. (B) Scatter 
diagrams of ZMYM3 versus cell proliferation markers (MKI67, CCND1, MCM2, MCM7, TOP2A, and PCNA) in the three histological subtypes of lung 
carcinoma: SCLC (i), ADC (ii), and SQC (iii). From left to right, top to bottom: ZMYM3 versus MKI67, CCND1, MCM2, MCM7, TOP2A, and PCNA. 
When correlations were observed, regression lines were added to scatter diagrams. (i) Positive correlations were observed between ZMYM3 and MKI67 
(ρ = 0.534, p = 2.894 × 10−7), MCM2 (ρ = 0.346, p = 1.640 × 10−3), and MCM7 (ρ = 0.227, p = 0.042). (ii) Positive correlations were observed between 
ZMYM3 and MCM2 (ρ = 0.098, p = 0.026) and MCM7 (ρ = 0.099, p = 0.025). A negative correlation was observed between ZMYM3 and PCNA (ρ = 
−0.150, p = 5.983 × 10−4). (iii) Positive correlations were observed between ZMYM3 and MKI67 (ρ = 0.264, p = 1.912 × 10−9), MCM2 (ρ = 0.264, p = 
2.090 × 10−9), MCM7 (ρ = 0.176, p = 7.385 × 10−5), and TOP2A (ρ = 0.245, p = 2.773 × 10−8).

Fig. 4. 
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= 0.081, p = 0.066), TOP2A (ρ = 0.041, p = 0.348), or 
CCND1 (ρ = 0.029, p = 0.510) (Fig. 4B(ii)).

IV. Discussion
To clarify ZMYM3 expression profiles in human can-

cers, we selected human lung cancer as an example. The 
staining intensity for ZMYM3 was slightly stronger in lung 
cancer tissues than in the non-neoplastic lung epithelial 
cells surrounding tumors regardless of the histological sub-
type. The up-regulated expression of ZMYM3 in lung can-
cer tissues suggested that ZMYM3 plays important roles, in 
cancer cells, such as cell proliferation, survival, and motil-
ity.

To elucidate the functional significance of ZMYM3 
in lung cancer, we performed the knockdown of ZMYM3 
in a SCLC cell line by RNA interference with shRNA. 
The growth of ZMYM3-knockdown cells was significantly 
slower than that of mock cells in the cell counting assay. 
Similarly, the subcutaneous tumors that formed after xeno-
transplantation into immunodeficient mice were slightly 
smaller in the ZMYM3-knockdown group than in the mock 
group. Ki-67 labeling indexes were also significantly lower 
in ZMYM3-knockdown cells than in mock cells under cell 
culture and xenotransplantation conditions. Consistent with 
these results, the expression of Cyclin D1 appeared to 
decrease in ZMYM3-knockdown cells in the immunoblot-
ting analysis. In the BrdU cell proliferation assay, the 
scores of ZMYM3-knockdown cells were slightly smaller 
than those of mock cells. Based on these results, we 
hypothesized that ZMYM3 promoted cell proliferation 
in lung carcinomas. To examine this hypothesis, we con-
ducted public RNA-sequencing data analyses of three his-
tological subtypes of lung carcinoma, SCLC, ADC, and 
SQC. The heatmaps of SCLC and SQC, particularly SCLC, 
roughly resembled those of the five cell proliferation 
markers, MKI67, MCM2, MCM7, TOP2A, and PCNA, par-
ticularly MKI67. In addition, ZMYM3 and some cell pro-
liferation markers positively correlated with each other in 
SCLC and SQC. These results were consistent with our 
hypothesis. Regarding the relationship between ZMYM3 
and neoplasms, some mutations, including missense muta-
tions, nonsense mutations, and indels, have been reported 
in some neoplasms, such as prostate cancer, chronic lym-
phocytic leukemia, medulloblastoma (subgroup 4), and 
Ewing sarcoma [1, 31, 39, 43]. To the best of our knowl-
edge, ZMYM3 mutations in lung cancer have not yet been 
reported in the literature. In the public datasets used in 
the present study, only a few ZMYM3-mutated cases were 
detected; four out of 586 cases of ADC (three missense 
mutations and one truncating mutation), six out of 511 
cases of SQC (five missense mutations and one truncating 
mutation), and three out of 120 cases of SCLC (three 
missense mutations); however, the significance of these 
results currently remains unknown [10]. Since previously 
reported ZMYM3 mutations appeared to be loss-of-function 

mutations and ZMYM3 was shown to promote DNA 
repair by interacting with BRCA1, ZMYM3 may suppress 
tumorigenesis [24]. This implication appears to be in con-
trast to our hypothesis. However, previous studies indi-
cated that ZMYM3 (Zmym3) has many functions. Zmym3 
was found to be alternatively spliced in developmental- 
and tissue-specific manners [33]. Comparisons of RNA 
profiles between Zmym3-knockout spermatogonial stem 
cells and wild-type spermatogonial cells in mice by an 
RNA-sequencing analysis revealed the abnormal expres-
sion of many genes in Zmym3-knockout cells [17]. Multiple 
ZMYM3 functions have already been reported, such as 
modifications to histone acetylation and the promotion of 
DNA repair [14, 24]. To the best of our knowledge, this 
is the first study to examine the functions of ZMYM3 in 
human lung carcinomas. As expected, ZMYM3 promoted 
cell proliferation in human lung cancer. Additionally, our 
hypothesis is consistent with the results of the immunohis-
tochemical study on adult mouse tissues and human lung 
carcinomas described above. Therefore, ZMYM3 (Zmym3) 
appears to promote cell proliferation in normal mouse tis-
sues and human lung carcinomas.

ZMYM3 has been shown to promote DNA repair 
and more meiosis I spermatocytes underwent apoptosis in 
Zmym3-knockout mice than in wild-type mice [17, 24]. 
These findings imply that the ZMYM3-knockdown in a 
human lung cancer cell line activates apoptosis through 
the disruption of DNA repair. However, the results of flow 
cytometry and the TUNEL assay rejected this proposal.

In conclusion, ZMYM3 may promote cell prolifera-
tion in human lung carcinomas, particularly SCLC. Fur-
ther investigations are needed to clarify the functions of 
ZMYM3 (Zmym3) in tumors.
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