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Abstract
SOX2-positive cells are stem/progenitor cells that supply hormone-producing cells; they are found in the anterior lobe of the 
rodent pituitary gland. However, they are likely composed of several subpopulations. In rats, a SOX2-positive cell popula-
tions can be distinguished by the presence of S100β. We identified the novel markers cluster of differentiation (CD) CD9 and 
CD81, members of the tetraspanin superfamily, for the identification of S100β/SOX2-positive cells. Recently, CD9/CD81 
double-knockout mice were generated. Although they grew normally until 3 weeks after birth, they exhibited atrophy of the 
pituitary gland. These findings suggested that CD9/CD81/S100β/SOX2-positive cells in the mouse pituitary are adult stem/
progenitor cells. To substantiate this hypothesis, we examined CD9 and CD81 expression in the adult and developing anterior 
lobe. Immunohistochemistry showed that CD9/CD81-positive cells began appearing from postnatal day 0 and settled in the 
stem cell niches (marginal cell layer and parenchyma) of the adult anterior lobe while expressing S100β. We next isolated 
CD9 -positive cells from the adult anterior lobe, using the anti-CD9 antibody for cell characterisation. The cells in culture 
formed free-floating three-dimensional clusters (pituispheres); moreover, induction into all types of hormone-producing 
cells was successful. Furthermore, reduction of CD9 and CD81 mRNAs by siRNAs inhibited cell proliferation. These find-
ings indicate that CD9/CD81/S100β/SOX2-positive cells may play a role as adult stem/progenitor cells in SOX2-positive 
subpopulations, thus supplying hormone-producing cells in the postnatal anterior lobe. Furthermore, CD9 and CD81 are 
implicated in cell proliferation. The current findings provide novel insights into adult pituitary stem/progenitor cells.
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Introduction

The pituitary gland is an endocrine organ that produces 
many hormones affecting growth, sexual development, 
metabolism, and reproduction. The rodent pituitary gland is 
composed of the anterior, intermediate, and posterior lobes. 
The anterior lobe contains hormone-producing cells together 
with non-hormonal cells, such as S100β protein (S100β)-
positive cells and fenestrated sinusoids (i.e., endothelial 
cells and pericytes). S100β-positive cells in the anterior 
lobe are usually referred to as folliculo-stellate cells (Vila-
Porcile 1972). Folliculo-stellate cells comprise heterogene-
ous populations playing multiple biological roles: e.g. stem 
cells, phagocytes, or cells regulating hormone release in the 
anterior lobe (Allaerts and Vankelecom 2005).

It is well known that the supply of hormone-produc-
ing cells from sex-determining region Y-box 2 (SOX2)-
positive stem/progenitor cells is important for sustaining 
the function of the pituitary gland. Fauquier et al. (2008) 
demonstrated that Sox2-expressing cells isolated from the 
mouse anterior lobe form characteristic free-floating three-
dimensional clusters (pituispheres) and have the capacity to 
differentiate into all types of endocrine cells (Andoniadou 
et al. 2013; Fauquier et al. 2008). Our previous studies in 
rats have shown that SOX2-positive stem/progenitor cells 
comprise multiple subpopulations defined by the existence 
of S100β and other factors, such as PROP1, PRX1, and 
PRX2 (Higuchi et al. 2014; Susa et al. 2012; Yoshida et al. 
2011). Recently, we successfully isolated a subpopulation 
of SOX2-positive cells (cluster of differentiation (CD) 9/
CD81/SOX2/S100β-positive cells) from the rat anterior lobe 
using a monoclonal antibody against CD9. CD9 is a member 
of the tetraspanin superfamily and forms a complex with 
CD81. It was also found that these cells could differentiate 
into endothelial cells (Horiguchi et al. 2018, 2020a). CD9 

and CD81 double-knockout (CD9/CD81 DKO) mice gen-
erated by Jin et al. (2018) exhibited atrophy of the adult 
pituitary gland, although the DKO mice developed normally 
until 3 weeks after birth. Both male and female CD9/CD81 
DKO mice displayed progressively decreasing body weight 
and bone mineral density. The muscle and visceral adipose 
tissues also had significantly reduced volumes. Furthermore, 
some phenotypes of CD9 KO and CD81 KO mice were simi-
lar to those of CD9/CD81 DKO mice, such as infertility (Jin 
et al. 2018). These results suggest that both CD9 and CD81 
play an important role in the differentiation of S100β/SOX2-
positive stem/progenitor cells into hormone-producing cells 
in the mouse anterior lobe. Thus, in the present study, we 
tested whether CD9/CD81/SOX2/S100β-positive cells exist 
in the adult and developing mouse pituitary glands. In addi-
tion, using an anti-CD9 antibody, we attempted to isolate 
CD9-positive cells from the mouse anterior lobe to examine 
their capacity for pituisphere formation and differentiation 
into hormone-producing cells.

Materials and methods

Animals

Male Institute of Cancer Research (ICR) mice were pur-
chased from Japan SLC, Inc. (Shizuoka, Japan). 8- to 
10-week-old male mice were given food and water ad libi-
tum and housed under a 12 h light/12 h dark cycle. After 
the mice were mated, the day of vaginal spermatozoa intro-
duction was designated embryo day 0.5 (E0.5), and the 
day of parturition postnatal day 0 (P0). The present study 
was approved by the Committee on Animal Experiments 
of Kyorin University, based on the NIH Guidelines for the 
Care and Use of Laboratory Animals.

Tissue preparation

Cryosection: Mice were deeply anesthetised with a com-
bination of three anaesthetics (0.15 mg/kg medetomidine, 
Zenyaku Kogyo, Tokyo, Japan; 2.0  mg/kg midazolam, 
SANDOZ, Tokyo, Japan; and 2.5 mg/kg butorphanol, Meiji 
Seika Pharma, Tokyo, Japan), and the pituitary glands were 
dissected. They were immediately immersed in a fixative 
consisting of 4% formaldehyde in 0.05 M phosphate buffer 
(PB; pH 7.4) for 20–24 h at 4 °C. The tissues were incubated 
in PB (pH 7.2) containing 30% sucrose at 4 °C for more 
than 2 days. They were then embedded in Tissue Tek O.C.T. 
compound (Sakura Finetek Japan, Tokyo, Japan) and frozen 
rapidly. Frozen sagittal (embryonic pituitaries) and frontal 
sections (postnatal pituitaries) at a thickness of 8 μm were 
obtained using a cryostat (CM1860, Leica Microsystems, 
Wetzlar, Germany; Tissue-tek Polar DM, Sakura Finetek 
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Japan) and mounted on glass slides (Matsunami, Osaka, 
Japan).

Immunohistochemistry and immunocytochemistry

Immunohistochemistry was performed as described previ-
ously (Horiguchi et al. 2018). Primary and secondary anti-
bodies are listed in Table 1. The absence of an observable 
nonspecific reaction was confirmed using normal mouse, 
rabbit, or goat serum (Vector Laboratories, Burlingame, 
CA, USA). Sections were scanned using an epifluorescence 
microscope (BX61, Olympus, Tokyo, Japan) with the cellS-
ens Dimension system (Olympus). For double immunoflu-
orescence, sections or smear preparations were incubated 
in phosphate-buffered saline (PBS; pH 7.2) containing 2% 
normal goat or donkey serum (Vector Laboratories) for 
20 min at 30 °C. Nuclei were counterstained by mounting 
with VECTASHIELD Mounting Medium containing DAPI 
(Vector Laboratories). After immunohistochemistry, 6 ran-
dom fields (157.5 × 210 mm rectangle) were captured per 
section using a 40-fold objective lens. The number of cells 
positive for hormones and the total number of cells (DAPI) 
per area were counted with the cellSens Dimension system. 
Cell counts were performed three times for each experimen-
tal group. The absence of an observable nonspecific immu-
noreaction against CD9 was confirmed using a preabsorption 

control. Briefly, the anti-CD9 antibody was preincubated 
with a CD9 peptide (ORB217044; Biobyt, Cambridge, UK) 
at a molar ratio for 2 days at 4 °C and then centrifuged; the 
resultant supernatant was used as the preabsorbed antibody.

For immunocytochemistry, cultured cells were fixed with 
4% paraformaldehyde in 0.025 M PB for 20 min at room 
temperature, and then permeabilized with 0.5% Triton X-100 
(Sigma-Aldrich, St. Louis, MO, USA) for 2 min at room 
temperature. Cells were incubated with PBS containing 
2% normal goat or donkey serum for 20 min at 30 °C, fol-
lowed by incubation with primary and secondary antibodies 
(Table 1).

Isolation of CD9‑positive cells

The anterior lobes of adult male mice were dissected, and 
the cells were dispersed as described previously (Horiguchi 
et al. 2018, 2020a). Dispersed cells were separated using 
the Universal pluriBeads kit (pluriSelect) with anti-rat CD9 
monoclonal antibody (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA), as described in our previous papers (Hori-
guchi et al. 2018, 2020b). CD9-positive and CD9-negative 
cells were processed for smear preparation, quantitative 
polymerase chain reaction (qPCR), cultivation, and immu-
nocytochemistry. After immunocytochemistry, 4 random 
fields (157.5 × 210 mm rectangle) were captured per slide 

Table 1  Information on primary and secondary antibodies for immunohisto- and cyto-chemistry

*Supplyer: Dr. A. F. Parlow, Scientific Director, National Hormone & Peptide Program (Rizzoti et al. 2013)

Primary antibody Type Dilution Source; catalog

CD9 Rat monoclonal 1:100 SANTA CRUZ; sc-18869
CD81 Hamster monoclonal 1:100 Acris Antibodies GmbH; SM1526PS
SOX2 Goat monoclonal 1:100 Neuromics; GT15098
S100β Rabbit monoclonal 1:100 Abcam; ab52642
CD81 Hamster monoclonal 1:100 Acris; SM1526PS
BrdU Rabbit monoclonal 1:100 Rockland INC.; 600-401-C29S
GH Rabbit polyclonal 1:10,000 *
PRL Rabbit polyclonal 1:10,000 *
TSHβ Rabbit polyclonal 1:10,000 *
LHβ Rabbit polyclonal 1:10,000 *
ACTH Rabbit polyclonal 1:10,000 *

Secondary antibody Dilution Source; catalog

Alexa Fluor 568-conjugated goat anti-rat IgG 1:200 Thermo Fisher Scientific; A-11077
Alexa Fluor 568-conjugated goat anti-mouse IgM 1:200 Thermo Fisher Scientific; A-21043
Alexa Fluor 568-conjugated donkey anti-mouse IgG 1:200 Thermo Fisher Scientific; A-10037
Alexa Fluor 568-conjugated goat anti-rabbit IgG 1:200 Thermo Fisher Scientific; A-11011
Alexa Fluor 488-conjugated donkey anti-goat IgG 1:200 Thermo Fisher Scientific; A-11055
Alexa Fluor 488-conjugated goat anti-rat IgG 1:200 Thermo Fisher Scientific; A-11006
Alexa Fluor 488-conjugated goat anti-rabbit IgG 1:200 Thermo Fisher Scientific; A-11008
Alexa Fluor 488-conjugated goat anti-hamster IgG 1:200 Thermo Fisher Scientific; A-21110
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using a 40-fold objective lens. The number of CD9-positive 
cells and the total number of cells (DAPI) per area were 
counted by the cellSens Dimension system. Cell counts were 
performed three times for each experimental group.

Detection of AMCA‑positive cells in primary culture 
of CD9‑positive cells

We used the dipeptide-β-Ala-Lys-Nε-7-amino-4-
methylcoumarin-3-acetic acid (AMCA, GenScript, Pis-
cataway, NJ, USA) to detect S100β-positive cells. AMCA 
was added to the culture at a concentration of 40 μM, and 
cells were incubated for 2 h at 37  °C. To visualize the 
AMCA uptake together with CD9 expression, cells were 
further incubated with primary antibodies and processed as 
described above for immunocytochemistry.

qPCR

qPCR was performed as described previously (Horiguchi 
et al. 2018). Briefly, qPCR assays were conducted on a Ther-
mal Cycler Dice Real Time System II (Takara Bio, Shiga, 
Japan) using gene-specific primers and SYBR Premix Ex 
Taq II (Takara) containing SYBR Green I. The sequences of 
the gene-specific primers are listed in Table 2. We also quan-
tified β-actin (Actb) for normalisation. Relative gene expres-
sion was calculated by comparing cycle times for each target 
PCR. Cycle threshold values were converted to relative gene 
expression levels using the 2-(ΔCt sample−ΔCt control) method.

Small interfering RNA (siRNA)

CD9-positive cells isolated from the anterior lobe of adult 
mice were plated at 1.0 × 105 cells/cm2 on 8-well glass cham-
ber slides with laminin-coated surfaces. Cells were then cul-
tured for 24 h in 500 μL Medium 199 with 10% FBS (Merck 
Millipore, Darmstadt, Germany) at 37 °C in a humidified 
atmosphere of 5%  CO2 and 95% air. For siRNA transfection, 

the culture medium was replaced with 500 μL Medium 199 
with 10% foetal bovine serum (FBS) supplemented with 
transfection reagent (INTERFERin at 1:100 v/v; PolyPlus 
Transfection, Illkirch, France) and siRNAs against Cd9 
and Cd81 mRNA (0.2 μM Mm_Cd9_1 and Mm_Cd81_2; 
Qiagen, Venlo, Netherlands) in each well. A non-silencing 
siRNA without homology to any known mammalian gene 
was used as a negative control (SI03650325; Qiagen). After 
48 h cultivation with siRNA reagents, cells were processed 
for proliferation assays and immunocytochemistry.

Proliferation assay

To quantify proliferative activity, the nucleotide analogue 
5-bromo-2ʹ-deoxyuridine (BrdU; Rockland Inc., Limer-
ick, PA, USA) was added at a concentration of 3 μg/mL 
to the primary culture of 1.0 × 105 cells/cm2 CD9-positive 
cells for 24 h after siRNA treatment. Cells were fixed in 4% 
paraformaldehyde in 0.025 M PB (pH 7.4) for 15 min at 
room temperature, and then treated with 4 N HCl in PBS 
for 10 min. Immunocytochemistry for BrdU was performed 
(Table 1), and ten images per well were randomly taken 
with a 40-fold objective lens. BrdU-positive cells and the 
total number of cells (DAPI) per area were counted with 
the cellSens Dimension system. Cell counts were performed 
three times for each experimental group.

Growth and differentiation of pituispheres

Isolated CD9-positive with or without Cd9/Cd81 siRNA 
treatment, and -negative cells were plated on 35  mm 
untreated dishes (AGC TECHNO GLASS, Shizuoka, Japan) 
at a density of 40,000 cells/dish in DMEM/F-12 containing 
B27 supplement (1:50; Thermo Fisher Scientific, Waltham, 
MA, USA), N2 supplement (1:100; Wako, Osaka, Japan), 
bovine serum albumin (BSA, 0.5%; Sigma-Aldrich), basic 
fibroblast growth factor (bFGF, 20 ng/mL), and epidermal 
growth factor (EGF, 20 ng/mL). The cells were incubated 

Table 2  Primers for qPCR

Mouse Genes Forward sequence Reverse sequence Product size Genbank accession no

Cd9 CCT GAA GCC ATC AGT GAG GT GCA CAG GAT CAT GCT GAA GA 111 NM_007657
Cd81 GGC ATA TGT GGG ATG TAG GG CAA AGC CTC TGG GCA AGT AG 123 NM_133655
Sox2 CCA TTT TCG TGG TCT TGT TT TCA ACC TGC ATG GAC ATT TT 94 NM_001109181
S100β ATG GGG AGT GTG ACT TCC AG CCC TCA TGT CTG TTG CAG AA 145 NM_009115
Gh TCC TGT GGA CAG ATC ACT GC GGG AAA AGC ACT AGC CTC CT 110 NM_008117
Prl TGG TTC TCT CAG GCC ATC TT ATT TTG GCA GAA CAG CAG GT 130 X04418
Tshβ GAG AGT GGG TCA TCA CAG CA TTG AAC AAC CCC AGC TCT TC 129 NM_009432
Lhβ GTC CCA GGA CTC AAC CAA TG GGG AGG GAG GGA TGA TTA GA 110 NM_008497
Pomc GGG TCC CTC CAA TCT TGT TT GCA CCA GCT CCA CAC ATC TA 137 NM_001278581
Actb TGG CAC CAC ACC TTC TAC AAT GAG C GGG TCA TCT TTT CAC GGT TGG 106 NM_007393
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in humidified chambers with 5%  CO2 at 37 °C. Pituispheres 
were passaged by incubation in 0.05% trypsin with 5 mM 
EDTA in DMEM/F-12 containing 0.5% BSA for 20 min, and 
then mechanically dissociated into a single-cell suspension. 
This was followed by incubation on 35 mm untreated dishes, 
as described above, for another 5 days. Pituispheres were 
collected manually with pipettes under microscopic control. 
We counted the size and the number of each spheres after 
DAPI staining. Differentiation induction of pituispheres was 
performed by an overlay 3D culture method on Matrigel-
coated 16-well chamber slides (0.4  cm2/well) (Thermo 
Fisher Scientific). This was done with 20 ng/mL bFGF, 
EGF, and 20% KnockOut serum replacement (KSR, Thermo 
Fisher Scientific) for 4 days. This was then replaced with 
medium including BIO (GSK3β-inhibitor, 250 nM; Wako), 
and cultivation was continued for another 10 days.

Statistical analysis

Data are presented as the mean values ± SEM of at least 
three experiments for each group. The Student’s t test (after 
the F test), and the Tukey–Kramer test were used for com-
parisons between two, and more than two groups, respec-
tively. Differences were considered significant at P < 0.05.

Results

Identification of CD9/CD81‑positive cells 
in the mouse anterior lobe

Frozen haematoxylin and eosin (H&E)-stained sections of 
adult mouse pituitary glands are shown in Fig. 1a. A stem/
progenitor niche is defined as a microenvironment that 
maintains stem cells using growth factors, cell surface pro-
teins, and extracellular matrix (ECM). In the adult anterior 
pituitary, SOX2-positive cells are identified in the primary 
(marginal cell layer (MCL) facing Rathke’s cleft between 
the anterior and intermediate lobes) and secondary (paren-
chyma) stem/progenitor cell niches. The present study used 
immunohistochemistry to examine whether CD9 and CD81 
are present in these niches. The results showed that CD9 
and CD81 were co-localised in the MCL of the anterior and 
intermediate lobes and the parenchyma of the anterior lobe, 
but not in the posterior lobe (Fig. 1b). To determine the 
specificity of the anti-mouse CD9 antibody, we performed 
double staining using in situ hybridization for Cd9 and 
immunohistochemistry for CD9. Cd9-expressing cells were 
immunopositive for CD9 (Supplementary Fig 1a), indicat-
ing that the CD9 antibody used in the present study is both 
specific and appropriate for immunohistochemistry to detect 
Cd9-expressing CD9-positive cells. Of note, the absence of 
anti-CD9 nonspecific immunoreaction was confirmed using 

a preabsorption control (the anti-CD9 antibody was prein-
cubated with synthetic CD9, and the resultant supernatant 
was used as the preabsorbed antibody). While we observed 
Cd9-expressing cells in the MCL of the anterior and inter-
mediate lobes and the parenchyma of the anterior lobe, no 
positive cells were seen when the preabsorbed antibody 
was used (Supplementary Fig 1b). Next, we focused on the 
anterior lobe and analysed the proportion of CD9-positive 
cells (among total 2,235 cells) in the MLC and parenchyma 
of the anterior lobe. The result was 4.9% (Fig. 1b, bottom 
table). H&E staining and immunofluorescence of the mouse 
pituitaries at embryonic day 10.5 (E10.5), 15.5, P0, and P5 
are shown in Fig. 2. Although CD9- and CD81-positive cells 
were not detected during embryonic development (Fig. 2a), 
they were observed in the intermediate lobe and in some 
areas of the anterior lobe at P0 (Fig. 2b) and P5 (Fig. 2c).

Next, we performed double staining for CD9 and SOX2 
(Fig. 3a) or S100β (Fig. 3b) in the anterior lobes of adult 
mice. The proportions of SOX2-positive cells among CD9-
positive cells (1,635 cells) and CD9-positive cells among 
SOX2-positive cells (1434 cells) were 51.7% and 64.8%, 
respectively (Fig. 3a, bottom table), similar to the propor-
tion of S100β-positive cells among SOX2-positive cells 
(approx. 60%, Andoniadou et al. 2013). The proportions of 
S100β-positive cells among CD9-positive cells (360 cells) 
and CD9-positive cells among S100β-positive cells (344 
cells) were 87.2% and 91.5%, respectively (Fig. 3b, bottom 
table). Mouse S100β-positive cells (folliculo-stellate cells) 
can be identified as per the uptake of AMCA-labeled dipep-
tide (Krylyshkina et al. 2005). As shown in Supplementary 
Fig 2, almost all of AMCA-positive cells were CD9 positive.

Isolation of CD9‑positive cells from the adult mouse 
anterior lobe

We next isolated CD9-positive cells from the adult mouse 
anterior lobes using an anti-mouse CD9 rat monoclonal 
antibody combined with a Universal pluriBead kit. Samples 
were then prepared for smear preparation. Smear prepara-
tions were processed for double-immunofluorescence for 
CD9 and CD81, SOX2, or S100β (Fig. 4a). The propor-
tions of CD9-positive cells, CD9/CD81-positive cells, CD9/
SOX2-positive cells, and CD9/S100β-positive cells in the 
CD9-positive cell fraction (1,295 cells) were 90.7%, 89.5%, 
47.9%, and 89.2%, respectively (Fig. 4b). Conversely, the 
proportions of those in the CD9-negative cell fraction (5193 
cells) were 0.2–0.7% (Fig. 4b). The proportions of CD9-neg-
ative/SOX2-positive and CD9-negative/S100β-positive cells 
in the CD9-negative cell fraction were also low (Fig. 4b). 
The proportions of hormone- (growth hormone [GH], prol-
actin [PRL], thyroid-stimulating hormone [TSH], luteinising 
hormone [LH], adrenocorticotropic hormone [ACTH]), VE-
cadherin- (endothelial cells), and DESMIN-positive cells 
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(pericytes) within CD9-positive cell fraction were lower 
than those in the CD9-negative cell fraction (Fig. 4b). qPCR 
analysis showed that the Cd9 mRNA level was 4.5-fold 
higher in the CD9-positive cell fraction than in the CD9-
negative cell fraction (Fig. 4c). In addition, the mRNA levels 

of Cd81, Sox2, and S100β were significantly higher, while 
the mRNA levels of all anterior pituitary hormones (Gh, Prl, 
Tshβ, Lhβ, and proopiomelanocortin [Pomc]) were signifi-
cantly lower in the CD9-positive cell fraction than those in 
the CD9-negative cell fraction (Fig. 4c).

Fig. 1  Identification of CD9/CD81-positive cells in the anterior lobes 
of adult male mice. a Haematoxylin and eosin (H&E) staining of the 
pituitary gland. High magnification of boxed area in the left and mid-
dle panels is shown in the middle and right panels, respectively. b 
Double immunofluorescence for CD9 (red) and CD81 (green). High 
magnification of boxed area is shown in the second (marginal cell 
layer: MCL) and third rows (parenchyma). Right panels show merged 

images with DAPI (blue). Proportions of CD9-positive cells in the 
anterior lobe are shown in the bottom table (mean ± SEM, n = 5). AL 
anterior lobe, IL intermediate lobe, PL posterior lobe, RC Rathke’s 
cleft. Scale bars 500  μm (a left panel), 200  μm (b upper panels), 
100 μm (a middle panel), 20 μm (a right panel, b middle and bottom 
panels)
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Effect of CD9 and CD81 siRNAs on proliferation

Our previous study using rats revealed that S100β-positive 
cells exhibited marked proliferation activity under the influ-
ence of laminin, an ECM component of the basement mem-
brane, through ECM receptor integrins (Horiguchi et al. 
2010). To examine the function of CD9 and CD81 in the 
mouse anterior lobe, we knocked down Cd9 and/or Cd81 
gene expression using siRNAs in CD9-positive cells. These 
cells were primarily cultured on laminin-coated surfaces at 
1.0 × 105 cells/cm2. Cd9 and/or Cd81 expression levels were 
successfully downregulated by treatment with Cd9 and/or 
Cd81 siRNAs, respectively, whereas Sox2 and S100β expres-
sion were unaffected (Fig. 5a). The number of BrdU-posi-
tive signals in cells treated with Cd9 and Cd81 siRNAs was 
clearly lower than that in control cells (Fig. 5b). In addition, 
the proportions of BrdU-positive cells in Cd9 (9.2 ± 0.8%), 
Cd81 (8.0 ± 0.6%), and Cd9 and Cd81 (10.0 ± 1.3%) siRNA-
treated cells were significantly lower (P < 0.01) than that in 
control cells (16.1 ± 0.8%) (Fig. 5c).

Capacity for pituisphere formation 
and differentiation into hormone‑producing cells 
in CD9‑positive cells

To test the stem/progenitor cell potential of CD9-pos-
itive and -negative cells, non-adherent pituispheres 
were grown in culture (Fig. 6a). After a 5-day cultiva-
tion period, pituispheres were collected manually with 
pipettes under a microscope. We collected a total of 205 
and 26 pituispheres from CD9-positive, and -negative 
cell fractions, respectively. The number of pituispheres 
in the CD9-positive cell fraction was higher than that in 
the CD9-negative cell fraction (Fig. 6b). However, the 
number of pituispheres, the size of pituispheres, and cell 
number in pituispheres of CD9-positive fraction was 
not significantly changed regardless of the presence or 
absence of Cd9/Cd81 siRNA (Supplementary Fig 3). 
Pituispheres were able to be propagated after (enzy-
matic and mechanical) dissociation to form the second- 
and third-passage spheres (data not shown). After cul-
tivation for 5 days, pituispheres from the CD9-positive 
cell fraction were immunopositive for CD9, S100β, and 
SOX2 (Fig. 6c). However, pituispheres from the CD9-
negative cell fraction were immunonegative for CD9 
and S100β, but positive for SOX2 (Fig. 6c). Of note, we 
observed using immunocytochemistry that no hormone-
producing cells were contained within CD9-positive or 
CD9-negative pituispheres before induction (data not 
shown). In addition, we examined the differentiation 
capacity of the pituispheres using Matrigel-coated glass 
slides and serum-free medium with bFGF, EGF, KSR, 
and GSK3β inhibitors (Yoshida et al. 2016). Pituisphere 

differentiation was induced by the overlay 3D culture 
method on Matrigel-coated 16-well chamber slides for 
14 days (with medium changes at days 2, 4, 7, 11, and 14). 
After induction, the pituispheres from the CD9-positive 
and CD9-negative cell fractions were reactive to a cock-
tail of antibodies to various hormones (GH/PRL/TSHβ/
LHβ/ACTH) (Fig. 7a). The proportion of GH/PRL/TSHβ/
LHβ/ACTH-positive cells in the pituisphere was higher 
in the CD9-positive cell fraction (18.0 ± 1.5%) than that 
in the CD9-negative cell fraction (6.6 ± 1.1%, Fig. 7b). 
Of note, we confirmed to stain induced-pituispheres 
from CD9-positive fraction (Fig. 7c) and CD9-negative 
fraction (Supplementary Fig 4) with each anti-anterior 
pituitary hormone antibody (GH, PRL, TSHβ, LHβ, and 
ACTH). The result showed that the pituispheres had dif-
ferentiation capacity to all types of hormone-producing 
cells. CD9/GH-positive or CD9/PRL-positive cells also 
appeared in the pituispheres from the CD9-positive cell 
fraction (Fig. 7c, white arrowheads). Additionally, CD9/
S100β-positive cells were observed in the pituispheres 
of the CD9-positive cell fraction (Fig. 7c, white arrow-
heads). Of note, S100β-positive cells were observed after 
CD9-negative pituisphere induction (Supplementary Fig 
4). However, it is unclear whether CD9-negative cells dif-
ferentiate into S100β-positive cells.

Discussion

In the present study, we demonstrated that Cd9 and Cd81 
were expressed in SOX2/S100β-positive cells of the mouse 
anterior lobe after birth. We succeeded in isolating CD9-
positive cells with more than 90% purity from the anterior 
lobes of adult mice. These had the capacity to form pitui-
spheres and differentiate into all types of hormone-produc-
ing cells.

The anterior lobe contains five types (GH, PRL, TSH, 
LH/FSH, and ACTH) of hormone-producing cells, together 
with non-hormonal cells such as S100β-positive cells, 
endothelial cells, and pericytes. S100β-positive cells are 
localised in the MCL, which faces the residual lumen of 
Rathke’s cleft, and also form cell clusters in the parenchyma 
of the anterior lobe (Inoue et al. 1999). It is reported that 
the proportion of S100β-positive cells in the anterior lobe is 
approximately 5% (Sato and Inoue 2000). The present study 
showed that approximately 90% of S100β-positive cells were 
immunopositive for CD9 and CD81, and that the propor-
tion of CD9/CD81-positive cells in the adult anterior lobe 
of mice was 4.9%. This indicates that most S100β-positive 
cells expressed Cd9 and Cd81. Immunohistochemistry and 
immunocytochemistry revealed that CD9/SOX2-positive 
cells were 51.7% of the total SOX2-positive cells in the 
anterior lobe and 47.9% of the isolated CD9-positive cell 
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fraction. We therefore identified CD9 as a novel marker for 
S100β-positive cells in the anterior lobes of adult mice. By 
using an anti-CD9 antibody, we also successfully established 
an isolation method without expensive cell sorting devices 
or transgenic animals. In the future, this method could be a 
useful and convenient tool for investigating the functions of 
S100β-positive cells in mice.

CD9 and CD81 have been implicated in sperm-egg 
fusion, cell migration, tumour cells, metastasis, nervous 
system development, and cell proliferation (Boucheix and 
Rubinstein 2001). The present study showed that S100β/
SOX2-positive cell proliferation was inhibited via the treat-
ment with siRNAs targeting Cd9 and/or Cd81. Our previ-
ous study using rats showed that in S100β/SOX2-positive 
cells, CD9 and CD81 sustain proliferation activity through 
integrin signalling, and that Cd9 downregulation triggers 
CD9-positive cell migration or differentiation (Horiguchi 
et al. 2018). Similar mechanisms may exist in mouse CD9/
CD81/SOX2/S100β-positive cells.

The development of hormone-producing cells in the ante-
rior lobe is currently poorly understood. Gleiberman et al. 
(2008) have hypothesised that the adult anterior lobe is com-
posed of two different terminally differentiated endocrine 
cell types originating from embryonic and adult stem cells 
(Gleiberman et al. 2008). This suggests that both cells are 
present in the adult anterior lobe as sources of hormone-
producing cells. However, no molecular markers that can 
distinguish embryonic precursors from adult stem cells have 

been found. Accumulating evidence indicates that S100β-
positive cells act as stem/progenitor cells in the anterior 
lobe (Allaerts and Vankelecom 2005). Approximately 60% 
of S100β-positive cells are immunopositive for the stem/
progenitor marker SOX2. These data strongly suggest that 
SOX2-positive cells can be categorised into subpopulations 
in the presence or absence of S100β. The present study 
showed that CD9 is a novel marker for S100β-positive cells, 
and that CD9/CD81-positive cells began appearing in the 
anterior lobe after birth. Furthermore, isolated CD9-posi-
tive cells showed their capacity to form pituispheres and to 
differentiate into endocrine cells in a similar three-dimen-
sional cultivation system. The present results can explain 
the phenotypes of atrophy in the anterior lobe and small 
numbers of acidophilic cells in CD9/CD81 DKO mice with-
out significant growth abnormality until 3 weeks of age (Jin 
et al. 2018). These findings suggest that CD9/CD81/SOX2/
S100β-positive cells can act as adult stem cells in the ante-
rior lobe of the pituitary. Further study using CD9/CD81 
DKO mice may contribute to a deeper understanding of the 
adult stem cells and their functions in the anterior lobe.

On the other hand, CD9-negative, SOX2-positive, and 
S100β-negative cells (CD9-/SOX2+/100β-cells) in the 
CD9-negative cell fraction also had the capacity to form 
pituispheres and to differentiate into hormone-producing 
and S100β-positive cells. Although further study is required, 
CD9/CD81/SOX2/S100β-positive cells could either origi-
nate from CD9-/SOX2+/100β- cells or be another subpopu-
lation of SOX2-positive cells.

In conclusion, we found that approximately half of CD9/
CD81-positive cells expressed S100β and SOX2 in the 
mouse pituitary gland. Further, CD9 and CD81 contributed 
to sustaining the proliferation ability of CD9/CD81/S100β/
SOX2-positive cells. Isolated CD9-positive cells had pitui-
sphere formation capacity and were able to differentiate into 
hormone-producing cells. These findings can provide a bet-
ter understanding of adult tissue stem cells and the develop-
ment of hormone-producing cells in the anterior lobe.

Fig. 2  Identification of CD9/CD81-positive cells in the develop-
ing mouse anterior lobe. a Sagittal view of embryonic pituitaries at 
embryonic day 10.5 (E10.5) (top) and E15.5 (bottom). Haematoxy-
lin and eosin (H&E) staining (left panels) and immunofluorescence 
for CD9 (red) and CD81 (green) are shown. Right panels are merged 
images with DAPI (blue). b, c Frontal view of postnatal pituitaries 
at postnatal day 0 (P0) and P5. H&E staining (left in the first row) 
and immunofluorescence for CD9 (red) and CD81 (green) are shown. 
High magnification of boxed area is shown in each second row (right: 
merged images with DAPI, blue). AL anterior lobe, IL intermediate 
lobe, PL posterior lobe, RC Rathke’s cleft. Scale bars 200 μm (a, and 
upper panels of b and c), 10 μm (bottom panels of b and c)

◂
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Fig. 3  Proportion of SOX2 and S100β-positive cells amongst CD9-
positive cells in the marginal cell layer (MCL) and parenchyma of 
the anterior lobe (a and b). Double immunofluorescence for CD9 
(red) and SOX2 (a, green) or S100β (b, green). Right panels are 
merged images with DAPI (blue). Proportions of SOX2 or S100β-

positive cells among CD9-positive cells or CD9-positive cells among 
SOX2- or S100β- positive cells are shown in each bottom table 
(mean ± SEM, n = 5). AL anterior lobe, IL intermediate lobe, RC 
Rathke’s cleft. Scale bars 20 μm
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Fig. 4  Isolation of CD9-positive cells from the mouse anterior lobe. 
a Immunofluorescence for CD9 (red), CD81 (first row, green), SOX2 
(second row, green) and S100β (third row, green) using smear prepa-
ration of the CD9-positive fraction. The third panels from the left are 
merged images with DAPI (blue). The right panels are the high mag-
nifications of the boxed areas in merged images. Scale bars, 50  μm 
and 100  μm (right panel). b Proportions of immunoreactive cells 

(CD9 + , CD9 − , CD81 + , SOX2 + , S100β + , GH + , PRL + , TSH + , 
LH + , ACTH + , VE-cadherin + , and Desmin +) in the CD9-positive 
or CD9-negative cell fraction (mean ± SEM, n = 5). c Relative mRNA 
levels in CD9-positive cells against those of CD9-negative cells 
(mean ± SEM, n = 3). Data were normalised with an internal control 
(Actb). Graphs represent Cd9, Cd81, Sox2, and S100β, and Gh, Prl, 
Tshβ, Lhβ, and Pomc. **P < 0.01
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Fig. 5  Downregulation of Cd9 and Cd81 mRNA levels by siRNA 
transfection in CD9-positive cells a Cd9, Cd81, Sox2, and S100β 
mRNA levels in CD9-positive cells after 48  h treatment with non-
silencing siRNAs (white), Cd9 (Cd9 siRNA, gray), Cd81 (Cd81 
siRNA, dark gray), or Cd9 and Cd81-siRNAs (Cd9/Cd81 siRNA, 
black) (mean ± SEM, n = 3). Data were normalised with an internal 
control (Actb). **P < 0.01. b Immunocytochemistry for BrdU (red) 
and CD9 (green) after treatment of CD9-positive cells with siR-
NAs (left: non-silencing siRNA, right: Cd9/Cd81 siRNA). Scale bar 
20 μm. c The ratio of BrdU-positive cells amongst CD9-positive cells 
in each siRNA treatment. **P < 0.01

Fig. 6  Capacity for pituisphere formation in CD9-positive and 
CD9-negative cells. a Bright image of pituispheres (arrowheads). 
b The number of pituispheres formed in CD9-positive and -nega-
tive cell culture. c Double immunofluorescence for CD9 (red) and 
SOX2 (green) or S100β (red) and SOX2 (green) using CD9-positive 
and CD9-negative pituispheres. Scale bars 100  μm (a), 50  μm (c). 
**P < 0.01
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