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Abstract

The adenohypophysis is composed of the anterior and intermediate lobes (AL and IL), and secretes important hormones
for growth, sexual development, metabolism, and reproduction. In the marginal cell layer (MCL) facing Rathke’s cleft
between the IL and AL, cluster of differentiation (CD) 9-, CD81-, S100f-, and SOX2-quadruple positive (CD9/CD81/
S100B/SOX2-positive) cells in the adult IL are settled as tissue-resident stem/progenitor cells supplying hormone-producing
cells to the AL. However, it is unclear how CD9/CD81/S100p/SOX2-positive cells in the IL-side MCL migrate into the AL
across Rathke’s cleft. In the present study, we performed chimeric pituitary tissue culture using S100p/GFP-transgenic rats
and Wistar rats, and traced the footprint of S100p/GFP-expressing cells. We detected IL-side S100p/GFP-expressing cells
in the AL tissue, demonstrating that these cells migrate from the IL to the AL. However, the cells failed to migrate in the
opposite direction. Consistently, scanning electron microscopic analysis revealed well-developed cytoplasmic protrusions in
the IL-side MCL, but not in the AL-side MCL, suggesting that IL-side CD9/CD81/S100p/SOX2-positive cells had higher
migratory activity. We also searched for a specific marker for IL-side CD9/CD81/S100p/SOX2-positive cells and identified
tetraspanin 1 (TSPAN1) from microarray analysis. Downregulation of Tspanl by specific siRNA impaired cell migration
and significantly reduced expression of snail family transcriptional repressor 2 (Slug), a marker of epithelial-mesenchymal
transition (EMT). Therefore, CD9/CD81/S100p/SOX2-positive cells in the IL-side MCL can be stem/progenitor cells that
provide stem/progenitor cells to the AL-side MCL via SLUG-mediated EMT and cell migration.
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Introduction

The anterior lobe (AL) of the adenohypophysis is an impor-
tant endocrine organ regulating growth, reproduction, stress
response, and metabolism. The adenohypophysis derives
from the oral ectoderm, from which the AL and intermedi-
) ' - Pl ' . ate lobe (IL) are formed, while the posterior lobe (PL) is
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S100p proteins are considered tissue-resident stem/progeni-
tor cells, and play a critical role in the maintenance of AL
functions by controlling the population of hormone-produc-
ing cells. S100p/SOX2-positive cells settle in two different
stem/progenitor niches: the marginal cell layer (MCL), fac-
ing Rathke’s cleft between the IL and AL side, is proposed
as a primary niche; and SOX2-positive cell clusters scat-
tered throughout AL parenchyma constitute a secondary
niche (Chen et al. 2005; Gremeaux et al. 2012; Vankelecom
and Chen 2014; Yoshida et al. 2016a, b). Although S100p/
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SOX2-positive cells in the primary niche are thought to
supply stem/progenitor cells to the secondary niche, it is
unknown whether there are functional and morphological
differences between the AL-side and IL-side MCL.

Recently, we identified tetraspanin family proteins CD9
and CD81 as specific markers for S100/SOX2-positive cells
in the primary and secondary niches, but not for S1008/
SOX2-positive pituicytes in the PL (Horiguchi et al. 2018)
(Supplementary figure S1). We named these CD9/CD81/
S100p/SOX2-positive cells, and established a method to iso-
late them from AL tissue containing the AL-side MCL and
secondary niche, and from IL/PL tissue containing the IL-
side MCL using the pluriBead-cascade cell isolation system
with anti-CD9 antibody (Horiguchi et al. 2018, 2020a, c,
2021). Furthermore, these cells can differentiate into hor-
mone-producing cells and also endothelial cells after induc-
tion (Horiguchi et al. 2018, 2020a, 2020b, 2021). The cells
isolated from the IL-side MCL have higher levels of stem/
progenitor markers (Sox2) and higher pituisphere-forming
capacity than those from the AL-side MCL (Horiguchi
et al. 2021). Concomitantly, CD9/CD81 double-knockout
mice display dysgenesis of the IL-side MCL and atrophy in
the AL, with a significant loss of prolactin (PRL) cells (Jin
et al. 2018; Horiguchi et al. 2021). These findings suggest
that CD9/CD81/S100p/SOX2-positive cells in the IL-side
MCL are more immature than those in the AL-side MCL,
and could act as core stem/progenitor cells that supply cells
to the AL-side MCL. However, the migratory pathway to the
AL has not yet been elucidated.

In this work, we aimed to elucidate the migratory route
of CD9/CD81/S100p/SOX2-positive cells and to identify
morphological differences between cells in the IL and AL
sides. We further searched for specific markers for CD9/
CD81/S100p/SOX2-positive cells in the IL-side MCL.

Materials and methods
Animals

Male Wistar rats were purchased from Japan SLC, Inc.
(Shizuoka, Japan). The day of birth was designated as PO.
Wistar-crlj S100p/GFP-TG rats expressing green fluorescent
protein (GFP) under the control of the S700f promoter were
provided by Professor K. Inoue of Saitama University, and
were bred in Kanagawa University. Eight- to ten-week-old
rats weighing 200-250 g were given ad libitum access to
food and water, and housed under a 12-h light/dark cycle.
Rats were sacrificed by exsanguination from the right
atrium in a deep sleep under three anaesthetics (0.15 mg/kg
of medetomidine, Zenyaku Kogyo, Tokyo, Japan, 2.0 mg/
kg of midazolam, SANDOZ, Tokyo, Japan, and 2.5 mg/kg
of butorphanol, Meiji Seika Pharma, Tokyo, Japan). Then,
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Hanks’ balanced salt solution (Thermo Fisher Scientific,
Waltham, MA, USA) and 4% paraformaldehyde in 0.05 M
phosphate buffer (PB; pH 7.4) were perfused from the aorta
for cell culture and for histological analyses, respectively.
The present study was approved by the Committee on Ani-
mal Experiments of Kyorin and Kanagawa University, based
on the NIH Guidelines for the Care and Use of Laboratory
Animals.

Immunohistochemistry and immunocytochemistry

Frozen frontal sections of rat pituitary gland (8 pm thick-
ness) were obtained using a cryostat (Tissue-tek Polar DM,
Sakura Finetek, Tokyo, Japan) and immunohistochemistry
was performed as described previously (Horiguchi et al.
2014). For immunocytochemistry, cultured cells fixed with
4% paraformaldehyde in 0.025 M PB for 20 min at room
temperature (21-23 °C) were first immersed in phosphate-
buffered saline (PBS) containing 2% normal goat or donkey
serum for 20 min at 30 °C. Primary and secondary antibod-
ies used for immunohistochemistry and immunocytochem-
istry are listed in Supplementary Table S1. The absence of
an observable nonspecific reaction was confirmed using
normal mouse, rabbit, donkey, or goat serum (data not
shown). Absence of an observable nonspecific immunore-
action against CD9 was also confirmed as described previ-
ously (Horiguchi et al. 2021). Briefly, the anti-CD9 antibody
was preincubated with a CD9 peptide (ORB217044; Biobyt,
Cambridge, U.K.) for 2 days at 4 °C and then centrifuged.
The resultant supernatant was used as the pre-adsorbed
antibody. Sections were scanned using an epifluorescence
microscope (BX61, Olympus, Tokyo, Japan) with the cellS-
ens Dimension system (Olympus).

qPCR

Quantitative polymerase chain reaction (QPCR) was per-
formed as described previously (Horiguchi et al. 2016b).
Using TRIzol Reagent (Thermo Fisher Scientific, Carls-
bad, CA, USA), total RNA fractions were prepared from
CD9-positive and CD9-negative fractions, and were then
incubated with RNase-free DNase I (1 U/tube; Promega,
Madison, WI, USA) for 10 min at 37 °C. Next, cDNA was
synthesized using the PrimeScript RT reagent kit (Takara,
Shiga, Japan) with oligo-(dT),, primer (Thermo Fisher Sci-
entific). Briefly, qPCR assays were conducted on a Thermal
Cycler Dice Real Time System II (Takara) using gene-spe-
cific primers and SYBR Premix Ex Taq II (Takara) con-
taining SYBR Green I. The sequences of the gene-specific
primers were as follows: Slug, 5'-CATCTGCAGACCCAC
TCTGA-3' and 5'-AGCAGCCAGACTCCTCATGT-3'
(product length: 103 bp); Tspanli, S'-ACACCACAATGG
CTGAACAA-3' 5'-CCCTCCATCGTAGAGTTCCA-3'
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(product length: 109 bp); Cd9, 5'-GGCTATACCCACAAG
GACGA-3'5'-GCTATGCCACAGCAGTTCAA-3' (product
length: 140 bp); and B-actin (Actb), 5'"-TGGCACCACACT
TTCTACAATGAGC-3' and 5'-GGGTCATCTTTTCAC
GGTTGG-3' (product length: 106 bp).

Cultivation of pituitary gland in collagen gel

Pituitary glands of S100f/GFP-TG and Wistar rats at P5
and 9 weeks old (9 W) were sampled. The IL/PL tissue
was separated from AL tissue; then, the IL/PL tissue from
S100p/GFP-TG rat at P5 or 9 W was placed on the AL
tissue of Wistar rats at PS5 or 9 W, respectively. Pituitar-
ies were individually placed in collagen type I gel (Nitta
Gelatin Inc., Osaka, Japan) on eight-well glass chamber
slides (1 cm?/well; Nalge Nunc International, Rochester,
NY, USA) prior to the culture. Pituitaries were then cov-
ered with DMEM/F-12 (Life Technologies) with 10% fetal
bovine serum (FBS) (Merck Millipore), 0.5 U/mL penicillin,
and 0.5 pg/mL streptomycin (Life Technologies) for 2 days
at 37 °C in a humidified atmosphere of 5% CO, and 95% air.
Pituitary glands were carefully dissected out from collagen
type I gel and fixed overnight in 4% paraformaldehyde in
0.05 M PB at 4 °C. Tissues were then immersed in PB con-
taining 30% sucrose for 2 days at 4 °C, embedded in Tissue
Tek compound (Sakura Finetechnical, Tokyo, Japan) and
frozen rapidly. Sectioning and immunohistochemistry were
performed as mentioned above. Cultivation was performed
three times for each experimental group. After immunohis-
tochemistry, using a 40-fold objective lens (157.5x 210 pm
rectangle), GFP-expressing cells were captured in each sec-
tion. The number of GFP-expressing cells in sections was
counted using the CellSens Dimension system (Olympus).
Three individual experiments were carried out for the cell
counting.

Scanning electron microscopy

Three pituitary glands at P5 were fixed with 2.5% glutaralde-
hyde in 0.1 M PB (pH 7.4) for 1 h at 4 °C. Specimens were
defatted in 90% ethanol for 2 days after thorough deminer-
alization. Next, specimens were corroded in 10 M sodium
hydroxide for 3 days at 60 °C, followed by washing in run-
ning water. After critical point drying in CO, and coating
with platinum in a sputter coater, specimens were observed
with an S-4100 electron microscope (Hitachi, Tokyo, Japan).

Isolation of CD9-positive cells

The pituitary glands of the male Wistar rats were dissected,
and the AL was manually separated from the pituitary
gland by tweezers; AL and IL/PL tissues were enzymati-
cally digested to disperse cells as described previously

(Horiguchi et al. 2008). Dispersed cells were counted using
a hemocytometer, and CD9-positive cells were separated
using a Universal Mouse pluriBeads kit (pluriSelect, San
Diego, CA, USA) as described in our previous papers, with
a monoclonal anti-rat CD9 antibody (BD Biosciences, San
Jose, CA, USA) (Horiguchi et al. 2016b, 2018, 2021). CD9-
positive and CD9-negative cells were processed for smear
preparation, qPCR, cDNA microarray, or cultivation.

c¢DNA microarray

The total RNA treated with DNase I was extracted from
CD9-positive and CD9-negative cells from IL/PL tissue as
described above, and then microarrays were performed by
a custom analysis service (Takara) using an Agilent micro-
array. Microarray data were normalized by median levels.

In situ hybridization

In situ hybridization was performed with digoxigenin (DIG)-
labeled complementary RNA (cRNA) probes, as described
in our previous report (Horiguchi et al. 2018). A fragment
of the Tspanl gene was PCR-amplified from the rat pitui-
tary cDNA library using the following primer pair: 5'-ACA
CCACAATGGCTGAACAA-3" and 5'-GGTCCCTAATTA
GCCCGAAG-3’ (product length: 548 bp). The amplified
cDNA was ligated into the pTA-2 vector (Toyobo) and sub-
cloned into a plasmid vector. Gene-specific antisense and
sense DIG-labeled cRNA probes were generated using the
Roche DIG RNA Labeling Kit (Roche Diagnostics, Basel,
Switzerland). In situ hybridization signals were visualized
using the HNPP Fluorescent Detection Kit (Roche Diag-
nostics). After in situ hybridization, sections were stained
using immunohistochemistry, as described above. A control
experiment using the sense cCRNA probe was performed, and
no specific signal was detected. Cells were scanned using a
microscope (BX61, Olympus). After immunohistochemistry,
five random fields (157.5 X210 mm rectangle) were captured
per section using a 40-fold objective lens. The number of
cells positive for TSPAN1, CD9, S100p, and SOX2, 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.

Small interfering RNA (siRNA)

CD9-positive cells isolated from the IL of adult Wistar rats
were plated in a 96-well chamber with a laminin-coated sur-
face. Cells were then cultured for 72 h in 200 pL Medium
199 with 10% FBS (Merck Millipore) at 37 °C in a humidi-
fied atmosphere of 5% CO, and 95% air. For transfection
of siRNAs, the culture medium was replaced with 200 pL
per well of Medium 199 with 10% FBS supplemented with
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«Fig. 1 Identification of CD9- and CD81-positive cells in the pituitary
(P5). a HE staining of the pituitary gland. Right panel: high magnifi-
cation of boxed area of left panel. In some areas, cell bridges across
Rathke’s cleft (RC) between AL and IL were observed. b Double
immunohistochemistry staining for CD9 (red) and CD81 (green) with
DAPI staining (blue). Upper panels: low-magnification images of
the pituitary gland. Lower panels: high magnification of boxed area
of upper panels. ¢ Double immunohistochemistry staining for CD9
(red) and SOX2 (green, left panel) or SLUG (green, middle panel) or
F-actin (green, right panel) with DAPI staining (blue). d mRNA lev-
els of Slug in IL-side CD9-positive cells were determined by qPCR
(mean + SEM, n=35), followed by normalization with an internal con-
trol (Actb). **P<0.01. AL, anterior lobe, IL, intermediate lobe, PL,
posterior lobe. Scale bars, 100 pm (a, left panel and b, upper panel),
50 pm (a, right panels, b, lower panel, and c¢). Dotted lines show
Rathke’s cleft. White arrowhead indicates the double positive cells in
the cell bridge between the IL and AL

transfection reagent (INTERFERin at 1:100 v/v; PolyPlus
Transfection, Illkirch, France) and siRNAs against Tspanl
mRNA (0.2 pM Rn_RGD:1303308_1; Qiagen, Venlo, Neth-
erlands). The bottom of each well was scratched with a 10
pL pipette tip for the wound healing assay. A non-silencing
siRNA without homology to any known mammalian gene
was used as a negative control (SI03650325; Qiagen). After
72 h cultivation with siRNA reagents, cells were observed
using the cellSens Dimension system (Olympus) and pro-
cessed for qPCR.
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Fig.2 Migration of GFP-expressing cells of S100p/GFP-TG rats from
the IL-side MCL to the AL side of Wistar rats. a Merged images
of bright field and GFP of chimeric pituitary tissue cultured in col-
lagen type I gel for O (left panel, 0d) and 2 (right panel, 2d) days.
Fluorescent and non-fluorescent tissues indicate the IL/PL tissue
from S100p/GFP-TG rats and the AL tissue from Wistar rats, respec-
tively. b Cryosection of chimeric pituitary tissue (2-day cultivation)
at P5. Immunohistochemistry for CD9 (red), GFP (green), and DAPI

staining (blue). Upper panels: low-magnification images. Lower pan-
els: high magnification of the boxed area in the upper right panel.
Arrowheads indicate GFP-expressing cells in AL-side MCL. ¢ The
number of GFP-expressing cells per sections of S100p/GFP-TG rats
from the IL-side MCL to the AL side of Wistar rats at PS5 and 9 W,
respectively. AL, anterior lobe, IL, intermediate lobe, PL, posterior
lobe, BF, bright field. Scale bars, 1 mm (a), 200 pm (b, upper panel),
50 pm (c, lower panel)
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«Fig. 3 Scanning electron microscopic observation of MCL of pitui-
tary gland (P5). a Cerebral base with pituitary gland (arrowheads).
b Dissected pituitary gland. ¢ Flipped IL and PL tissue for prepara-
tion of scanning electron microscopy. d Low-magnification image of
MCL. e High magnification of boxed area of (d). f High magnifica-
tion of MCL of the IL side. g High magnification of boxed area of (f).
h High magnification of boxed area of (g). i High magnification of
boxed area of (f). j High magnification of boxed area of (d). k High
magnification of AL-side MCL. MCL marginal cell layer, PS pitui-
tary stalk, AL anterior lobe, /L intermediate lobe, PL posterior lobe.
Scale bars, 5 mm (a), 2 mm (b and ¢), 500 pm (d), 100 pm (e and j),
20 pm (f), 10 pm (g and k), and 2 pm (h and i)

Statistical analysis

Data are presented as the mean values + standard error of the
mean (SEM) of at least three experiments for each group.
Student’s 7-test (after the F-test) and the Tukey—Kramer test
were used for comparisons between two and more than two
groups, respectively. Differences were considered significant
at P <0.05.

Results

CD9/CD81/5100B/S0OX2-positive cells appear
in the pituitary in the postnatal stage

To determine when CD9/CD81/S100p/SOX2-positive cells
appear during the pituitary development, we performed
immunohistochemistry. CD9- and CD81-positive cells
were undetectable during embryonic development (Sup-
plementary figure S2). They started appearing mainly in
the IL and in some areas of the AL after birth (Fig. 1). At
P5, we observed cell bridges across Rathke’s cleft that con-
nected the IL-side and AL-side MCL (Fig. 1a: note that we
examined a total of six P5 pituitaries, and cell bridges were
observed in all pituitaries). However, the immunopositive
cells were densely localized in the bridge area at P5 (Fig. 1b)
and co-stained with SOX2, the epithelial-mesenchymal
transformation (EMT) marker SLUG (snail family transcrip-
tional repressor 2), and F-actin (Fig. 1c), suggesting that the
bridge is a migratory pathway for CD9/CD81/S100p/SOX2-
positive cells. gPCR data showed that Slug expression was
significantly higher in the early postnatal stage (PO-P10)
than in the middle—late postnatal stages (P20, P40, and P60)
(Fig. 1d).

CD9/CD81/5100/SOX2-positive cells migrate
from IL-side to AL-side MCL

To demonstrate the migration of IL-side CD9/CD81/S100p/
SOX2-positive cells into the AL tissue, we swapped IL/PL
tissue of Wistar rats with IL/PL tissue of S1008/GFP-TG
rats, and then cultured the chimeric tissue for 2 days. For

this experiment, we used P5 and 9 W pituitaries (Fig. 2 and
Supplemental figure S3a, respectively; strong GFP signals
indicate tissue of S100p/GFP-TG rats). After cultivation, the
chimeric tissue formed a cell bridge. GFP-positive cells were
detected in the AL tissue near the bridge (Fig. 2b: P5, Sup-
plemental figure S3a: 9 W) and expressed CD9 (Fig. 2b). To
test whether the GFP-positive cells in the AL can migrate
into the IL, we cultured IL/PL tissue of Wistar rats onto the
AL tissue of S100p/GFP-TG rats. However, GFP-positive
cells were not detected in the IL (Supplemental figure S3b:
P5, S3c: 9 W). Next, we counted GFP-positive cells in the
anterior lobe of the Wistar rat at P5 and P60. The result
showed that migrated cells were higher in the P5 anterior
lobe than in the P60 anterior lobe (Fig. 2¢). Therefore, CD9/
CD81/S100p/SOX2-positive cells are suggested to migrate
from the IL to the AL side.

AL- and IL-side MCL cells display morphological
differences

As we showed the difference in migratory activity of CD9/
CD81/S100p/SOX2-positive cells between the AL and IL
side, we performed scanning electron microscopy (SEM)
analysis to compare their cell morphology. To this end,
we used developing pituitary (P5) and rostrally flipped
the IL/PL tissue using forceps prior to SEM preparation
(Fig. 3a—c). Micrograph analysis showed that cells in the IL
side possessed several cytoplasmic protrusions (Fig. 3e—i,
white arrowheads), while cells in the AL side were flat, with
no/fewer protrusions (Fig. 3j, k).

TSPAN1 is a cell surface marker of IL-side MCL

Next, we searched for a cell surface marker for IL-side
CD9/CD81/S100p/SOX2-positive cells. We first narrowed
down candidate membrane proteins from our microarray
data that compared gene expression profiles between CD9-
positive (CD9+) and CD9-negative (CD9—) fractions from
IL/PL tissue, and focused on TSPANI, as its expression
ratio was the highest among tetraspanin family members
(Supplementary Table S2). To assess whether TSPAN1
is expressed in IL-side CD9/CD81/S100p/SOX2-positive
cells, we employed in situ hybridization and immunohisto-
chemistry. Tspanl/TSPANI1-expressing cells were clearly
observed in the IL-side MCL but only faintly expressed
in the AL side (Fig. 4a, b). Double-staining showed co-
localization of Tspanl and TSPANI1 (Fig. 4c), confirming
the specificity of the TSPAN1 antibody. TSPAN1-posi-
tive cells expressed CD9, S100p, and SOX2 (Fig. 4d; the
proportions of double-positive cells were 95.6, 90.4, and
87.5%, respectively). The relative expression of Tspanl
evaluated by qPCR was significantly higher in IL-side than
AL-side CD9-positive cells, or than CD9-negative cells in
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Fig.4 Identification of TSPAN1
in the pituitary gland. a In situ
hybridization for Tspanl by
antisense (left panel) and sense
(right panel) probes. Middle
panel is high magnification

of boxed area of left panel.

b Immunohistochemistry for
TSPANI1 (left panel, red) with
DAPI staining (middle panel,
blue) in the pituitary gland.
Right panel is high magnifica-
tion of boxed area of middle
panel. ¢ In situ hybridization for
Tspanl (red) and immunohisto-
chemistry for TSPAN1 (green).
d Double immunostaining

for TSPANI (red) and either
CDO (green), S100B (green),

or SOX2 (green) with DAPI
staining (blue). Proportions of
TSPAN1-positive cells among
CD9, S100p, or SOX2-positive
cells are shown in the bottom
table (mean+SEM, n=5). e
Relative mRNA level of Tspanli
in CD9-positive and CD9-
negative cells from IL/PL tissue
(CD9+ in IL and CD9- in

IL) and AL (CD9+ in AL and
CD9—- in AL). Data were nor-
malized with an internal control
(Actb) (mean+ SEM, n=3).

AL anterior lobe, IL intermedi-
ate lobe, PL posterior lobe,

RC Rathke’s cleft. Scale bars,
200 pm (a, left panel and b,
middle panel), 100 pm (a, right
panel), 20 pm (a, middle panel,
b, right panel, c, right panel,
and d right panel)
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Fig.5 Wound healing assay
using Tspanl siRNA-treated
cells. a Relative mRNA level of
Tspanl and Slug in CD9/CD81/
S100p/SOX2-positive cells of
the IL after 72 h treatment with
non-silencing siRNAs (white)
and Tspanl siRNA (black)
(mean + SEM, n=3). b Bright
image of CD9-positive cells
after 0 and 72 h treatment with
non-silencing siRNAs and
Tspanl siRNA. Lower graph &%
shows relative invasion area

after 72 h treatment with non- b

silencing siRNAs and Tspanl

siRNA by wound healing assay
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both the AL and IL (Fig. 4e). These results strongly sup-
port the idea that TSPAN1 could be a cell surface marker
for IL-side CD9/CD81/S1008/SOX2-positive cells. Sup-
plementary figure S4 shows the distribution of TSPAN1
during pituitary development. TSPAN1 was detected in the
adenohypophyseal placode at E12.5. After Rathke’s pouch
was formed, TSPAN1-positive cells were mainly located
in the IL at E15.5 and E20.5. However, TSPAN1-positive
cells were observed to a similar extent in the AL-side
MCL only during the early postnatal period (P5 and P20).

Tspan1 deficiency decreases the invasive ability
of CD9/CD81/5100B/SOX2-positive cells

To examine the function of TSPANI in the MCL of the
IL-side, the Tspanl gene in the IL-side CD9/CD81/S100p/
SOX2-positive cells was knocked down using siRNAs.
Tspanl was confirmed to be downregulated by treatment
with Tspanl siRNA (Fig. 5a). Downregulation of Slug and
S100p was observed in Tspanl siRNA-treated cells (Fig. 5a).
Cd9, Cd81, and Sox2 mRNA levels remained unchanged
(Fig. 5a). Subsequent wound healing assays showed signifi-
cantly lower invasive ability in Tspanl siRNA-treated cells
than in control siRNA-treated cells (Fig. 5b).

Discussion

The present study revealed that CD9/CD81/S100p/SOX2-
positive cells in the IL-side MCL have migratory capac-
ity, with well-developed cytoplasmic protrusions, and may
migrate into the AL-side MCL (Fig. 6). We also identify
TSPANTI as a novel marker for CD9/CD81/S100p/SOX2-
positive cells in the adult IL-side MCL, which is implicated
in SLUG-mediated cell migration.

A previous study proposed that cells in the primary niche
(MCL) migrate into the secondary niches (AL parenchyma)
to supply stem/progenitor cells, while the cells in the sec-
ondary niches migrate into the glandular area to differen-
tiate into hormone-producing cells by EMT (Vankelecom
and Chen 2014). However, until now, the cell migration
process of stem/progenitor cells in the MCL had not been
demonstrated. Here, we performed chimeric pituitary tissue
culture using S100p/GFP-TG rat and Wistar rat pituitaries,
and traced the S100p/GFP-expressing cells of the IL-side
MCL. Within 2 days of cultivation, we observed formation
of a cell bridge across Rathke’s cleft between the IL and AL,
and the presence of IL-side S100p-GFP-expressing cells in
the AL-side MCL. On the other hand, AL-side S100p-GFP-
expressing cells failed to migrate into the IL. The present
study also revealed that CD9/CD81/S100p/SOX2-positive
cells in the IL-side MCL highly expressed the EMT marker
SLUG and F-actin, especially at the early postnatal stage

@ Springer

(PO-10), and possessed developed cytoplasmic protrusions,
unlike the smooth cell surface of the AL-side cells. Thus,
our experiments first identified the difference in morphol-
ogy and function between the IL-side and AL-side MCL,
and experimentally verified the migratory capacity of CD9/
CD81/S100p/SOX2-positive cells in the IL-side MCL. As
our recent report showed higher expression levels of stem
cell markers (Sox2 and S/00b) and pituisphere-forming
capacity in CD9/CD81/S100p/SOX2-positive cells in the IL-
side MCL than in the AL-side MCL (Horiguchi et al. 2021),
CD9/CD81/S100p/SOX2-positive cells in the IL-side MCL
may be more immature and have higher migratory activity
than their AL-side counterparts. Thus, CD9/CD81/S1008/
SOX2-positive cells appear to migrate in stepwise fashion

Posterior lobe

Intermediate lobe (IL)

®

' CD9/CD81/S100B/SOX2/TSPAN1-positive cells in IL-side
o CD9/CD81/S100p/SOX2/TSPAN1/SLUG-positive cells in IL-side

parenchyma of ALE
Anterior lobe (AL)

@ CD9/CD81/S100R/SOX2-positive cells in AL-side

O Immature hormone-producing cells
mm)p Migration

&s Differentiation

Fig.6 Schematic of the pituitary stem/progenitor cell niches and the
migratory process proposed in the present study. CD9/CD81/S1008/
SOX2-positive cells in the IL-side MCL are core stem/progenitor
cells in the MCL (primary niche). They migrate into the AL-side
MCL (secondary niche) and then into the parenchyma of the AL
(third niche). Stem/progenitor cells in the third niche migrate into the

glandular area for differentiation into hormone-producing cells
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(IL-side MCL, AL-side MCL, and then AL parenchyma)
by changing their cell properties towards more committed
progenitor cells (Fig. 6).

Jin et al. (2018) showed that CD9/CD81 DKO adult
mice exhibit AL atrophy and lack of acidophilic cell num-
ber development in the AL. Our further histological inves-
tigation using DKO mice revealed that the IL-side MCL
was replaced with connective tissue, and that the propor-
tion of PRL cells in the AL was decreased (Horiguchi et al.
2021). However, the AL of the DKO mice possessed all
types of hormone-producing cells. These results indicate
that CD9/CD81/S100p/SOX2-positive cells could be one of
the stem/progenitor cell sources in the AL. Indeed, during
early embryonic development of the pituitary gland, CD9-
negative SOX2-positive cells first appear in the pituitary
primordium and settle in the primary niche, while CD9/
CD81/S100p/SOX2-positive cells come into the MCL after
birth and increase in cell number during the early postnatal
pituitary growth wave (Chen et al. 2013; Horiguchi et al.
2016a, 2021; Yoshida et al. 2011). Therefore, there are at
least two different SOX2 stem/progenitor cells in the MCL
that are defined by the presence/absence of CD9 expression.
Hormone-producing cells in CD9/CD81 DKO mice could
be derived from CD9-negative SOX2-positive cells. On the
other hand, migration of CD9/CD81/S100p/SOX2-positive
cells from the IL side to the AL side was seen even when
we used adult pituitary, suggesting they might supply stem/
progenitor cells to the secondary niches continuously in the
adult stage as tissue-resident stem/progenitor cells.

The present study identified TSPAN1 as a marker of
CD9/CD81/S100B/SOX2-positive cells in the IL-side
MCL. TSPANI is a member of the TSPAN family proteins,
which aggregate with various transmembrane receptors,
such as integrins, to form TSPAN-enriched microdomains.
They are essential in determining cell motility (Detchokul
et al. 2014). Our previous study confirmed that integrins,
which are cell adhesion receptors constituted by trans-
membrane o and f heterodimers, are expressed in S100p/
SOX2-positive cells (Horiguchi et al. 2010, 2011). Integ-
rins recognize the extracellular matrix (ECM) to activate
further intracellular signalling for EMT (Gahmberg et al.
2009), and TSPAN1-integrin microdomains are known to
promote EMT (Wang et al. 2018; Liu et al. 2019). There-
fore, the migration of CD9/CD81/S100p/SOX2-positive
cells shown in the present study may be attributable to the
EMT. In addition, downregulation of TSPANTI in CD9/
CD81/S100p/SOX2-positive cells decreased cell motil-
ity, accompanied by concomitant downregulation of Slug
expression. SLUG induces cell migration and division
during development, and is also a key modulator of the

downregulation of cell adhesion molecule E-cadherin and
upregulation of matrix-metalloproteases (MMPs) and
CXCL12 (Joseph et al. 2009; Jorda et al. 2005; Shields
et al. 2012; Nieto 2002). In our previous study, we con-
firmed this cascade in S100B-positive cells, showing that
SLUG enhances the migration and proliferation activity
of S100B-positive cells through upregulation of MMP9,
MMP14, and CXCL12, and downregulation of E-cadherin
(Horiguchi et al. 2016a). In the present study, downregu-
lation of S100p was observed in Tspanl siRNA-treated
cells. It is possible that TSPANT is responsible for SLUG-
mediated cell migration and differentiation into hormone-
producing cells in CD9/CD81/S100p/SOX2-positive cells.

In summary, the present study hypothesized that CD9/
CD81/S100p/SOX2-positive cells in the IL-side MCL are
stem/progenitor cells that supply stem/progenitor cells to
the AL-side MCL via SLUG-mediated migration through
EMT (Fig. 6). As IL-side CD9/CD81/S1008/SOX2-posi-
tive cells isolated from adult pituitary still sustained their
stemness and differentiation capacity, these cells may
constitute an adult tissue-resident stem cell niche in the
pituitary which is essential in sustaining endocrine func-
tions in the adult AL by controlling turnover of hormone-
producing cells.
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