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p130Cas is required

for androgen-dependent
postnatal development regulation
of submandibular glands

Jing Gao':®, Aonan Li%8, Shinsuke Fujii%3, Fei Huang?, Chihiro Nakatomi*, Ichiro Nakamura®,
Hiroaki Honda®, Tamotsu Kiyoshima? & Eijiro Jimi%7*

Salivary glands develop through epithelial-mesenchymal interactions and are formed through
repeated branching. The Crk-associated substrate protein (p130Cas) serves as an adapter that forms

a complex with various proteins via integrin and growth factor signaling, with important regulatory
roles in several essential cellular processes. We found that p130Cas is expressed in ductal epithelial
cells of the submandibular gland (SMG). We generated epithelial tissue-specific p130Cas-deficient
(p130Cas®®P-) mice and aimed to investigate the physiological role of p130Cas in the postnatal
development of salivary glands. Histological analysis showed immature development of granular
convoluted tubules (GCT) of the SMG in male p130Cas®*"~ mice. Inmunofluorescence staining showed
that nuclear-localized androgen receptors (AR) were specifically decreased in GCT cells in p130Cas?¢*-
mice. Furthermore, epidermal growth factor-positive secretory granules contained in GCT cells were
significantly reduced in p130Cas®¢*- mice with downregulated AR signaling. GCTs lacking p130Cas
showed reduced numbers and size of secretory granules, disrupted subcellular localization of the cis-
Golgi matrix protein GM130, and sparse endoplasmic reticulum membranes in GCT cells. These results
suggest that p130Cas plays a crucial role in androgen-dependent GCT development accompanied with
ER-Golgi network formation in SMG by regulating the AR signaling.

Salivary glands are organs formed by epithelial-mesenchymal interactions, and similar to hair, teeth, lungs, and
kidneys, their development begins when epithelial cells thicken and invaginate into underlying mesenchymal cells
and form through repeated branching'?. The major salivary glands comprise three pairs of glandular organs: the
parotid, submandibular, and sublingual glands, which contribute to almost 90% of salivation®. A typical gland
consists of the glandular epithelium composed of acini, ducts, and myoepithelial cells, surrounded by a stromal
matrix. Acini, the secretory end piece, secrete saliva into the lumen of a contiguous ductal network. The duct
system of the major salivary glands in humans starts from the acini and progresses to short-intercalated ducts
and secretory ducts, which consist of granular cells and striated cells, followed by excretory ducts. The secretory
ducts of the parotid gland contain striated ducts alone.

The salivary glands of rodents differentiate postnatally and reach complete maturation several weeks after
birth, although the basic structures are constructed during embryonic morphogenesis. The maturation of the
submandibular gland (SMG) duct system is evident by the differentiation of granular duct cells from striated
duct cells, known as granular convoluted tubules (GCT)*. GCT cells differentiate extensively three weeks after
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birth, and the process partly depends on androgen regulation. After complete maturation of the duct system,
the proportion of GCT accounts for 45% to 65% of the gland in males but only 19% to 36% in females>S. GCT
cells are characterised by large secretory granules on the subapical side of the cell that contain various biologi-
cally active polypeptides, such as epidermal growth factor (EGF), nerve growth factor (NGF), renin, kallikreins
(KLK), and proteases®’. Therefore, rodent SMGs provide a useful model for investigating the proliferation and
differentiation of epithelial cells in vivo because of their extensive postnatal development.

p130Cas (Crk-associated substrate) is a member of the Cas family and was first identified as a 130 kDa protein
that is highly phosphorylated in cells expressing v-Crk (C10 regulator of kinase) and v-Src®’. p130Cas acts as an
adapter/scaffold protein by interacting with several binding partners, although it lacks a kinase domain. These
interactions are regulated by the phosphorylation of p130Cas which is induced by integrin-mediated adhesion
and activation of receptor tyrosine kinase (RTK) or chemokine receptors. p130Cas plays important regulatory
roles in several cellular events such as cell mobility, migration, apoptosis, proliferation, and cell cycle!*!%. Stud-
ies using a mouse mammary tumor virus (MMTV)-p130Cas transgenic mouse model overexpressing p130Cas
showed that p130Cas plays an important role in mammary gland development'>'¢. Additionally, in the SMG
of integrina3B1 knockout mice, cell polarity is lost and the E-cadherin and fibronectin expression pattern is
changed, indicating that integrin signaling is involved in SMG development'”. As a downstream molecule of the
integrin signaling pathway, p130Cas may also be associated with the regulation of salivary gland development.

Previously, we showed that p130Cas is important for ruffle border formation, which is essential for the secre-
tion of acid and proteases for bone resorption by osteoclasts'®. Osteoclast-specific p130Cas-deficient mice exhibit
osteopetrosis in which bone resorption is impaired without ruffled border formation'®. Furthermore, we recently
showed that epithelial cell-specific p130Cas-deficient (p130Cas“?"-) mice showed hypomineralization in the
incisors due to impaired amelogenesis®. Salivary gland acinar cells and duct cells are polarised epithelial cells
similar to ameloblasts or osteoclasts, both of which secrete various ions and proteins. Because salivary glands
develop from ectodermal invagination, similar to teeth and hair follicles, we investigated whether p130Cas is
involved in the development of salivary glands using p130Cas**" mice.

In this study, we showed that p130Cas is expressed in the epithelial duct system, including the GCT, in the
SMG. Epithelial cell-specific p130Cas-deficiency caused suppressed androgen receptor (AR) signaling and sub-
sequent development defects in GCTs, which affects the postnatal development of SMG.

Results

The expression of p130Cas in the salivary gland. To investigate the physiological role of p130Cas in
the salivary gland, we first determined whether p130Cas is expressed and its localization in the salivary gland.
The mouse SMG and sublingual glands (SLG) are adjacent to each other, and SMGs are the largest salivary
glands in mice; therefore, we mainly investigated the SMG and SLG in this study. We performed immuno-
histochemistry using an anti-p130Cas antibody in postnatal (P) day 42 mice. The expression of p130Cas was
observed in ductal cells but not in acinar cells in both the SMG (Fig. 1A-C) and SLG (Fig. 1D-F). Importantly,
p130Cas was expressed in the GCT cells which were characterised by the expression of EGF in the P42 male mice
(Fig. 1C). The expression of p130Cas was observed only in a few GCT cells in female mice (Fig. S1A). Real-time
qPCR analysis showed that the expression level of p130Cas was higher in P42 male mice than female mice which
have much less GCTs in SMG (Fig. S1B). These results imply that the expression level of p130Cas correlates with
the number of GCTs.

p130Cas*P~ mice showed SMG maturation defects due to decreased proliferation and
enhanced apoptosis. Because p130Cas-null mice show embryonic lethality?!, we generated epithelial cell-
specific p130Cas-deficient mice (p130Cas?*~)?°. Keratin 14 (K14) Cre mice were previously used for the study
of SMG**, Furthermore, we confirmed the expression of K14 in GCT cells, basal excretory duct cells, and
myoepithelial cells in the SMG (Fig. S2A-D). Immunohistochemistry analysis of P42 SMG and SLG tissue sec-
tions showed that the expression of p130Cas was observed in ductal cells including the GCT in p130Cas/*/ex
mice. However, no immune signals were detected in GCT cells in p130Cas’?*~ mice, even though the expression
of p130Cas was observed in excretory duct cells in which K14 was not expressed (Fig. 2A-D; Fig. S2E). These
results indicate that p130Cas was successfully deleted in GCT cells.

Next, we extracted and weighed SMG and SLG from P42 male and female mice, as both glands were tightly
attached. The gross appearance analysis showed that the weight of SMG in P42 male p130Cas“%"~ mice were
lower than those in p130Cas™*/"** mice (Fig. 2E, F). However, this phenotype was not observed in the female
mice (Fig. S3). Next, we evaluated whether the decrease in SMG mass was caused by reduced cell proliferation
or increased cellular apoptosis. For analysis of cell proliferation, we administered P35 male mice with an intra-
peritoneal injection of Edu (5-ethynyl-2'-deoxyuridine, 50 mg/kg). Six hours later, the SMG was removed, fixed,
and progressively dehydrated for tissue sectioning. As shown in Fig. 2G, Edu-labelled cells (red fluorescence)
appeared in both the area of acinus and ducts in p130Cas™¥#* mice. However, the number of Edu-labelled cells
was reduced significantly in p130Cas*®*~ mice, indicating lower cell proliferation in p130Cas*~ mice. On the
other hand, TUNEL-positive cells showing green stained nuclei were observed in p130Cas*%~ mice, which were
almost undetectable in p130Cas™fo* mice (Fig. 2H).

We further analysed the amount and components of saliva secretion. p130Cas™* and p130Cas***"- mice
were intraperitoneally injected with pilocarpine and saliva was collected within 30 min. As shown in Fig. 3A,
saliva secretion was reduced by 58% in p130Cas*®"~ mice compared to that in p130Cas™#* mice. Analysis of
saliva components showed that amylase levels were significantly reduced in p130Cas®?"~ mice, whereas other
organic components such as glucose and blood urea nitrogen (BUN) showed no change (Fig. 3B-D). None of
the inorganic saliva components, such as Ca?*, K*, Na*, and Cl~ were altered in p130Cas®®*~ mice (Fig. 3E-)).
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Figure 1. The expression and localization of p130Cas in the salivary gland. Histological analysis of
submandibular glands (SMG) (A-C) and sublingual gland (SLG) (D-F) from P42 male wild-type mice.
Represented images for H&E staining (A, D), and immunohistochemical staining of SMG and SLG using an
anti-p130Cas antibody (B, E) or anti-EGF antibody (C, F). Black boxed regions are shown as magnified images.
Scale bars =50 pum (left panel) and 20 um (middle panel). Arrows indicate the GCT in SMG. Arrowheads
indicate ducts in SLG.
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Figure 2. The SMG and SLG phenotypes in p130Cas*?"~ mice. (A-D’) Representative images for inmunohistochemical staining of
SMG (A-B’) and SLG (C-D’) from P42 p130Cas"** and p130Cas** mice using an anti-p130Cas antibody. Black boxed regions
are shown as magnified images. Scale bars=50 um (A, B, C, D) and 20 um (A’, B’, C’, D’). Arrows indicate the GCT in SMG.
Arrowheads indicate ducts in SLG. (E) The gross appearance of the male SMG and SLG in P42 p130Cas™¥/** and p130Cas**"- mice.
(F) The total weight of SMG and SLG (salivary gland; SG) from P42 p130Cas™** and p130Cas"*" mice was measured (p130Cas"/lo¥
n=10 mice, pI130Cas**" n=_8 mice). (G) P42 male p130Cas"*/"* and p130Cas*""~ mice were injected intraperitoneally with EQU. Six
hours later, mice were sacrificed and the SMG were extracted and processed for tissue sectioning. EAU positive cells were detected
using the Click-iT Plus Alexa Fluor Picolyl Azide Toolkit and nuclei were counterstained using Hoechst 33,342. Arrowheads indicate
EdU-positive cells. EQU signals, Hoechst 33,342 and DIC (Differential interference contrast) merged images are shown. The number
of Edu-positive cells per section was quantified. Scale bars=100 pm. (H) Cellular apoptosis was analyzed via the TUNEL assay and
nuclei were counterstained with Hoechst 33,342. TUNEL signals, Hoechst 33,342 and DIC merged images are shown. The number of
TUNEL-positive cells per field of view was quantified. Scale bars=25 pm. Data show the means+SEM, *P <0.05, **P<0.01 versus the
corresponding p130Cas™** value.

Scientific Reports|  (2023) 13:5144 | https://doi.org/10.1038/s41598-023-32390-1 nature portfolio



www.nature.com/scientificreports/

A
400 - # O p13()casﬂox/ﬂox
350 A L
Aepi-
< 300 A m p130Cas?eri
g 250 -
£ 200
2
g 150 -
"—gj 100 -
50
0
B Amylase Cc Glucose D Blood Urea Nitrogen
n.s.
10, * 5 ns. 2
5881 35 4 3 15
= 96 - 2 3 4 >
> = E T E 10
<§( x4 A 3 2 = )
. - S
2 o1 2
0 - 0 - 0
E Ca2* F K* G IP
40 - n.s 20 -
10 | n.s. n.s
—~ 8 3 30 =15 4
2 6 g >
E’ ol é 20 é1o B
8, X 10 A o o5 -
0 0 - 0
H | J
Na* Cl* Mgz+
n.s. 100 n.s. 2.
100 n.s.
g 80 g 80 g N
& 60 & 60 4
£ 40 E 40 £
< ) o))
Z 20 O 2 =
0 0 0 -

Figure 3. The dysfunction of salivary glands in p130Cas*?*~ mice. (A) The total volume of pilocarpine-

induced saliva secretion in 30 min in P35 p130Cas™/* and p130Cas**" mice. (B-D) The amounts of organic
components of saliva, amylase (B), glucose (C), and blood urea nitrogen (D) were measured. (E-J) The
inorganic component of saliva, Ca?* (E), K* (F), Na* (G), Mg** (H), Cl~ (I), and IP (inorganic phosphorus) (J)
were measured. p130Cas"** n =10 mice, pI130Cas*®" n=7 mice. Data show the means+SEM, *P<0.05 versus
the corresponding p130Cas™*/* value.

Taken together, the results indicate that the SMG of p130Cas“%"~ mice showed maturation defects in both mor-
phogenesis and function, likely due to decreased proliferation and enhanced apoptosis.

p130Cas®*P- mice displayed maturation defects in the GCT of the SMG. We performed histo-
logical analyses of the SMG and SLG in P42 male mice. Hematoxylin and eosin (H&E) and periodic acid-
Schiff (PAS) staining of SMG sections showed that numerous GCTs were well-developed and convoluted in
male p130Cas™f* mice. The cytoplasm of GCT cells was large, filled with eosinophilic contents on the apical
side, and many PAS-positive granules on the luminal side (Fig. 4A). The nucleus was located on the basolateral
side of the GCT cells. However, in p130Cas*#"~ mice, the GCTs were less convoluted, and GCT cells were smaller
and lacked eosinophilic contents on the apical side and PAS-positive granules on the luminal side. Instead, the
nucleus was present at the apical side of the cells (Fig. 4A). Quantitative data showed that the ductal area of the
SMG was significantly reduced from 16% in p130Cas™""* mice to 6.7% in p130Cas*®~ mice (Fig. 4B). No sig-
nificant difference was detected in the SLG (Fig. 4A).

Because the development of GCT is androgen-dependent, we analyzed serum testosterone levels and AR
mRNA expression in the SMG. No difference was observed between the p130Cas™"* and p130Cas**'~ mouse
(Fig. 4C,D). Next, we investigated the cellular localization of AR which is important and indicates its signaling
activity by immunofluorescence staining using antibody against AR. AR mainly localized in the nucleus of both
acinar and GCT cells in p130Cas™* mice. However, in p130Cas**~ mouse, AR-positive nucleus in GCT were
dramatically decreased while the nuclear localization of AR in acinar was not changed (Fig. 4E,F). Based on this
result, we have speculated that AR signaling was specifically inhibited in p130Cas-deficient GCT cells. We also
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Figure 4. Immature development of the GCT of SMG in p130Cas*?"~ mice. (A) Histological analysis of SMG
and SLG in P42 male p130Cas™#* and p130Cas*“”"~ mice. Representative H&E and PAS staining images of
paraffin sections. Arrows indicate the GCT in SMG. Arrowheads indicate ducts in SLG. Black boxed regions
are shown as magnified images. Scale bars=20 pm (SMG) and 50 um (SLG). (B) Quantification of the ductal
area per total gland area in P42 male p130Cas™/** and p130Cas*®"- mice. (C) Serum testosterone levels in
the P42 male p130Cas™** and p130Cas*#"~ mice. (D) Quantitative real-time PCR analysis of relative mRNA
abundance for the androgen receptor (AR) in SMG in the P42 male p130Cas"*** and p130Cas**#"~ mice.
p130Cas™fox n = 10 mice, p130Cas*®" n=7 mice. (E) Representative immunofluorescence staining of SMG
paraffin sections using anti-AR (green) and anti-E-cadherin (gray). Nuclei were counterstained using Hoechst
33,342 (Red). Areas surrounded by white dotted lines indicate GCTs. Blue boxed regions are shown as magnified
images. Scale bars=10 um. (F) The number of AR-positive nucleus of GCTs per field of view was quantified.
Data show the means + SEM, **P<0.01, ***P<0.001 versus the corresponding p130Cas"*/* value.
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found that E-cadherin which mainly localized on plasma membrane in both GCT and acinar cells diffused in
cytoplasm of GCT cells in p130Cas*® mice (Fig. 4E, S4).

In order to examine whether AR signaling was compromised in GCT of p130Cas*#"~ mouse, we assessed the
mRNA levels of several downstream targets of the AR pathway which specifically expressed in GCT cells, such
as EGF, NGE KLK 1%, cysteine-rich secretory protein 3 (Crisp 3)**%, prostate transmembrane protein, and
androgen-induced 1 (Pmepa 1)%, cystic fibrosis transmembrane regulator (Cftr)*-?°, and Runt-related transcrip-
tion factor 1(Runx 1)***. A significant reduction in the mRNA levels of these AR-target genes was observed in the
SMG from p130Cas*%~ mice (Fig. 5A). EGF, NGF and KLK 1 are also the differentiation maker for GCT, whereas
p130Cas deficiency did not alter the expression levels of keratin 19 (K19) which is a marker for excretory ducts,
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Figure 5. AR signaling is associated with the maturation defects in the GCT of SMG in p130Cas*#" mice.

(A) Quantitative real-time PCR analysis of relative mRNA abundance in the SMG in P42 male p130Cas//ox
and p130Cas*®?" mice for NGE EGFE, KLK 1, Crisp 3, Pempa 1, Ctfr, Runx 1, K19, and K18. (B) Representative
immunofluorescence staining of SMG paraffin sections using anti-EGF (green) and anti-E-cadherin (grey).
Nuclei were counterstained using Hoechst 33,342. Scale bars=25 pm. (C) EGF level in the saliva from male
p130Cas™x and p130Cas**"~ mice was measured using an enzyme-linked immunosorbent assay kit.
p130Casﬂ”"/ﬂ‘”‘ n=9 mice, and p130CasAePi’ n=6 mice. Data show the mean + SEM, **P<0.01, **P<0.001 versus
the corresponding p130Casfox value.
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and keratin 18 (K18) which expresses in both acinar and duct cells (Fig. 5A). Furthermore, immunofluorescence
staining of SMG sections using antibodies against EGF (green fluorescence) and E-cadherin (grey fluorescence)
showed that EGE-positive granules were abundant on the apical side of GCT cells in p130Cas™*/** mice (Fig. 5B).
In contrast, these secretory granules were dramatically decreased due to p130Cas deletion in GCT cells (Fig. 5B).
Further, the amount of EGF in saliva, as measured by enzyme-linked immunosorbent assay (ELISA), was also
reduced in p130Cas*#"~ mice (Fig. 5C). These results indicated that p130Cas deletion in GCT cells caused the
suppression of the AR signaling pathway and the subsequent developmental defects of the GCT in SMG.

Tissue polarity was not compromised by the absence of p130Cas in SMG. The nucleus which
was localized on the basolateral side of control GCT cells was shifted to the apical side in the cells of p130Cas*#*
mice (Fig. 4A). We hypothesised that p130Cas may be involved in the modulation of GCT cell polarity which is
important for epithelial cells, and investigated the cellular localization of several polarity markers by immunoflu-
orescence staining. The markers included the cis-Golgi matrix protein GM130, which marks Golgi orientation;
Par3, which is the master regulator of cell polarity; and occludin, the tight junction proteins which localize near
the apical side of GCT cells. p130Cas deficiency resulted in altered intracellular localization of GM130 (Fig. 6A),
although no significant difference was observed in the localization of Occludin and Par3 between p130Cas*/lox
and p130Cas*#"~ mice (Fig. 6B). These results suggest that p130Cas is not required for the maintenance of GCT
cell polarity or tight junction integrity. There may be other reasons for the disturbance in cellular GM130 locali-
zation. The nuclear localization in p130Cas*#~ mice GCT cells resembles striated duct cells, indicating that these
cells failed to differentiate into GCT cells.

Formation of the ER-Golgi network was impaired by the absence of p130Cas in GCT
cells. Immunofluorescence staining using an anti-EGF antibody showed that p130Cas*®~ mice GCT cells
lacked EGF-positive secretory granules on the subapical side of the cell (Fig. 5B). Next, we verified whether
secretory granules were absent in mutant cells or if just EGF was lost in secretory granules. Rab3D, a small
GTPase, reportedly localizes to mature secretory granules in the subapical region of epithelial cells*. Immu-
nofluorescence staining using anti-Rab3D antibody showed that Rab3D was localized on secretory granules in
both acinar and GCT cells and Rab3D was accumulated in the subapical region of the cells. However, Rab3D-
positive granules were decreased in GCT cells in p130Cas*#"~ mice, whereas the cellular localization of Rab3D
in acinar cells in p130Cas*“"~ mice was not altered (Fig. 7A).

Secretory granules bud from the trans-Golgi network and release their contents via exocytosis. Endoplasmic
reticulum (ER)-to Golgi transport is the first step in the secretory pathway. We have shown that p130Cas defi-
ciency resulted in altered intracellular localization of E-Cadherin and GM130 specifically in GCT cells. Therefore,
we examined whether the ER was also affected by the deletion of p130Cas. Immunofluorescence analysis of SMG
sections using anti-calnexin (ER marker; grey) and Lys-Asp-Glu-Leu (KDEL; grey) antibodies showed that the
ER was well developed in GCT cells and the fluorescence level of them was comparable with that of acinar in
p130Cas"™f°* mice and was accumulated on the basolateral side of the cell and perinuclear regions (Fig. 7B).
However, in p130Cas-absent GCT cells, the calnexin and KDEL signals were reduced and became much weaker
than that in acinar, although the signals observed in acinar were normal compared with p130Cas™*/%* mice
(Fig. 7B), indicating ER network was compromised in GCTs of p130Cas*#"~ mice.

To confirm the reduced secretory granules and less-development of ER network, we next visualized male
p130Casf* and p130Cas*?- mice SMG by transmission electron microscopy (TEM). Figure 7C,D showed
a typical GCT cell of p130Cas™f* mouse with a basal euchromatic nucleus and abundant secretory granules
occupying the apical three-quarters of the cells. Rich rough ER was located in basal and perinulear regions of the
cell’*3, In GCT cells of p130Cas**" mice, rough ER segments were sparse and both reduced number and size
of secretory granules were observed, and even some of the cells were absent of granules (Fig. 7E,F). However,
no difference in acinar cells between p130Cas™* and p130Cas**"~ mice was observed (Fig. S5A-D). These
defects on ultrastructure of p130Cas*~ mice SMG GCT cells supported the results of immunostaining for
calnexin and KDEL.

We next examined whether the ER network formation was associated with AR signaling in GCT cells. Firstly,
we compared KDEL expression in female mouse GCT cells with male mouse by immunofluorescence staining.
The KDEL immunofluorescence signal in GCT cells was much stronger in male than in female mice (Fig. 8A).
Next, we subcutaneously injected dihydrotestosterone (DHT, 50 mg/kg) to P35 female mice to induce the devel-
opment of GCT*. DHT-induced GCTs in p130Cas**~ mice were not developing as well as that in p130Cas/*/lex
mice as observed in H&E staining of SMG sections (Fig. S5B). Importantly, DHT administration enhanced the
KDEL immuno-fluorescence signal in developed GCT cells so that it became even stronger than acinar cells.
However, no elevated KDEL immunofluorescence signal was detected in p130Cas®®*~ mice after DHT adminis-
tration (Fig. 8B). These results suggest that GCT cells expand the ER membrane and increase ER volume upon
AR signaling, but p130Cas-deficient GCT cells failed to expand the ER membrane.

Discussion

Using p130Cas*#"~ mice, we showed that p130Cas is required for the postnatal development of GCT in the male
SMG. The mutant mice exhibited smaller SMG and impaired salivation function than the control mice. We
found that deficiency of p130Cas caused decreased cell proliferation and enhanced apoptosis which may partially
explain the smaller SMG. Our results also indicate that p130Cas plays an essential role in both androgen-depend-
ent GCT development and progression of ER-Golgi network formation.p130Cas is involved in the modulation
of cell proliferation, which is associated with the activation of Src kinase, extracellular signal-regulated kinase
(ERK) 1/2, mitogen-activated protein kinase (MAPK), and Akt pathways®. It was reported that SMG epithelial
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Figure 6. Tissue polarity was not compromised by the absence of p130Cas in the SMG. (A-C) Representative
immunofluorescence staining images of SMG paraffin sections using anti-GM130 (grey) (A), anti-occludin
(grey) (B) and anti-Par3 (grey) (C) antibodies. Nuclei were counterstained using Hoechst 33,342. Areas
surrounded by dotted lines indicate GCT. Scale bars=10 um.

cell proliferation and branching morphogenesis is regulated by multiple growth factors, such as fibroblast growth
factors (FGF) and EGF, which stimulates a Erk1/2-dependent downstream signaling®**”. Moreover, p130Cas
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Figure 7. ER-Golgi network was less developed in p130Cas*?" mice. (A) Representative immunofluorescence
staining images of SMG paraffin sections using anti-Rab3D (green) and anti-E-cadherin (grey). Yellow

boxed regions are shown as magnified images. Areas surrounded by white dotted lines indicate GCTs. (B)
Representative immunofluorescence staining images of SMG paraffin sections using anti-calnexin (grey), and
anti-KDEL (grey). Areas surrounded by red dotted lines indicate GCTs. Nuclei were counterstained using
Hoechst 33,342. “A” indicates acinar. Scale bars=25 pm. (C-F) Representative images of transmission electron
microscopy of GCT in male p130Cas™¥°* and p130Cas**" mice. Nuleus (N), endoplasmic reticulum (ER),
secretory granules (SG), lumen (L). Scale bars=2 um (C, E), 1 pm (D, F).
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Figure 8. Expansion of ER membrane during GCT differentiation was regulated by AR signaling and
compromised in p130CasAePi’ mice. (A) Representative immunofluorescence staining images of SMG paraffin
sections using anti-KDEL (grey) antibody. Nuclei were counterstained using Hoechst 33,342. Areas surrounded
by red dotted lines indicate GCTs. Scale bars=25 um. (B) Representative immunofluorescence staining images
of SMG paraffin sections from female p130Cas™/** and p130Cas**" mice after vehicle or dihydrotestosterone
injection using anti-KDEL (grey) antibody. Nuclei were counterstained using Hoechst 33,342. Areas surrounded

by red dotted lines indicate GCTs. Scale bars =25 pym.

have been shown to play an important role in regulating cell apoptosis including epithelial cell anoikis®®. Cabodi
et al. reported that knockdown of p130Cas using siRNA results in increased apoptosis in mouse TUBO cells®,
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and several other reports showed that overexpression of full-length of p130Cas was antiapoptotic, the proposed
mechanisms of which include p130Cas-dependent hyperactivation of FAK, Src, and EGFR pathway signaling
proteins (Erk1/2)%-*2, Pro-apoptotic stimuli trigger dephosphorylation and cleavage of p130Cas, leading to focal
adhesion disassembly and translocation of a cleavage product of p130Cas into nuclear to alter the transcription
of apoptotic factors®’. These reports suggest that p130Cas mediates cell proliferation and apoptosis signals as
an adapter protein, and that it regulates the transcription of cell proliferation and apoptosis-regulating proteins
through changes in localization. Therefore, loss of p130Cas in GCTs may directly or indirectly alter the balance
between cell proliferation and apoptosis, leading to suppression of growth and promotion of apoptosis of GCT.

Primary saliva is formed by the salivary acini through two pathways: transcellular and paracellular. The
osmotic gradient across the apical plasma membrane attracts water from the cytoplasm via the aquaporin (AQP)
5 water channel*. Water may also move from the interstitial space into the lumen via tight junctions. Primary
saliva is formed in the acinar lumen along with ion secretions. Our results showed that p130Cas is primarily
localized in duct cells, including GCT cells, but not in acinar cells. Therefore, we hypothesised that the cellular
localization and expression level of AQP5 in acinar cells from p130Cas*®~ mice would not be affected. Immuno-
fluorescence staining using an anti-AQP5 antibody confirmed our hypothesis (Fig. S6). Furthermore, we showed
that tight junctions in the acini and ducts showed a normal phenotype in p130Cas**"~ mice (Fig. 6). However,
p130Cas deficiency reduced the amount of salivary secretion in the mice. This phenotype could be attributed to
the less developed GCT which caused the stalling of saliva flow, because the transcellular and paracellular path-
ways were not affected. This result is supported by the observation that p130Cas deficiency did not significantly
change the weight or salivary secretion of SMG in GCT-poor female mice.

Since AR expression is specifically reduced in p130Cas-deficient GCTs, and mRNA levels of AR-regulated
target genes specifically expressed in GCT cells, such as EGF, KLK1, Crips3, and Cftr, are reduced, GCT regres-
sion in p130Cas®*P~ mice seemed to be due to the inhibition of AR signaling. Furthermore, we also found that
no obvious differences were observed in female and male mice before P17, either of which have less-developed
GCT (female mice) or no differentiation of GCT (before P17 male mice) (Fig. S7). These results suggest that
p130Cas can mediate the AR-induced GCT development, and that the expression of p130Cas correlates with
sexual dimorphism in the mouse SMG. The relationship between AR and Src is well studied in prostate cancer,
and AR activity is regulated by crosstalk with the Src kinase cascade, implicating activated Src as an important
mediator of AR signaling'>*. In addition, androgens induce the assembly of a ternary complex comprising AR
and Src*®. Because p130Cas is phosphorylated by Src and interacts with Src, it is possible that it mediates AR
signaling by engaging the androgen-AR-Src complex.

Rab3D is a marker of mature secretory granules and the predominant isoform of the Rab3 family in exocrine
tissues®. Alterations in Rab3D distribution affect secretory functions. In normal acinar cells in the salivary gland,
Rab3D localizes primarily to secretory granules in the apical region, whereas Rab3D distribution throughout
the cytoplasm was observed in Sjogren’s syndrome, indicating that secretory granules could not be targeted
to the apical plasma membrane*’. GCT cells usually contain many more secretory granules than other duct
cells to accommodate their special function of secreting large amounts of various bioactive polypeptides. In
p130Cas®®*~ mice, Rab3D-positive secretory vesicles in GCT cells were decreased compared with control mice,
which may cause the observed reduction in EGF and amylase secretion into the saliva.

Specialised cells for secretion, such as pancreatic acinar cells, salivary gland acinar cells, and GCT cells, have
a highly developed network of rough ER membranes and a well-organised Golgi apparatus to accommodate the
high-synthesis rate, efficient folding, modification, and sorting of proteins*®. ER membranes have great plasticity.
The most impressive example is the differentiation of B lymphocytes into plasma cells*. Differentiating lym-
phocytes dramatically expand their ER membrane, leading to increase in ER volume. Our immunofluorescent
staining results with antibodies against two ER markers, calnexin and KDEL and the ultrastructural observation
of GCTs, showed that ER membranes were less developed in p130Cas?#~ mice than in control mice, indicating
that p130Cas deficiency caused a decline in the secretory function of GCT cells. Furthermore, the intracellular
localization of GM130 was disturbed in the GCT cells of p130Cas*%"~ mice, indicating that the Golgi apparatus
was also compressed. On the other hand, DHT administration to female mice caused the expansion of rough ER
in differentiating GCT cells of control mice which was not observed in p130Cas*®~ mice. It was reported that
mice with testicular feminisation and AR knockout mice have GCTs with fewer secretory granules™. Recently, Hu
et al. reported that AR regulates the ER-to-Golgi trafficking pathway, and androgen stimulates ER-Golgi vesicle-
mediated transport that promotes protein trafficking in prostate cancer’!. These provided some evidence for the
direct association of AR signaling and ER-Golgi network, although more experiments are needed to clarify the
mechanism by which p130Cas-mediated AR signaling regulates formation of ER-Golgi network.

In conclusion, we showed that p130Cas controls cell proliferation and survival in the SMG. p130Cas also acts
as a mediator for androgen-dependent differentiation of GCT by regulating AR signaling, including the develop-
ment of the ER-Golgi network and subsequent secretory vesicle formation. Our results provide new insights into
the development of salivary glands and highlight new approaches for the exploitation of therapeutic strategies
to promote the recovery of hypofunctioning salivary glands. Furthermore, p130Cas may be associated with the
regulation of sexual dimorphism in other diseases, and p130Cas-associated signaling may serve as a new target
for drug discovery.

Methods

Animals. Epithelial cell-specific p130Cas-deficient (p130Cas’¥) mice were generated as described
previously?. The handling of mice was approved by the Institutional Animal Care and Use Committee of Kyushu
University (Approval numbers: A20-138-2, A22-202-0), and all procedures were performed in accordance with
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the Guidelines for Proper Conduct of Animal Experiments of the Science Council of Japan. All experiments are
reported in accordance with ARRIVE guidelines.

Reagents and antibodies. The antibodies used were as follows: anti-p130Cas (HPA 042282) and Par3
(#07-330) were purchased from Merck Millipore (Billerica, MA). Anti-EGF (ab9695) and anti-AR antibody
(ab108341) were purchased from Abcam (Cambridge, UK). Anti-GM130 (#610822) and anti-E-cadherin
(#610181) antibodies were purchased from BD Transduction Laboratories (Franklin Lakes, NJ). Anti-keratin
14 (#905304) was purchased from Biolegend (San Diego, CA). Anti-ZO-1 (#21773-1-AP), anti-Rab3D (#12320-
1-AP), anti-calnexin (#10427-2-AP), and anti-occludin (#27260-1-AP) antibodies were purchased from Pro-
teintech (Tokyo, Japan). Anti-KDEL (#M181-3) antibody was purchased from MBL (Tokyo, Japan). Pilocarpine
hydrochloride was purchased from Fujifilm Wako (Osaka, Japan). Hoechst 33342 was from Merck Millipore.

Histological analysis and immunohistochemistry. Salivary glands were fixed with 4% paraformal-
dehyde in 0.1 M phosphate buffer, pH 7.2 and embedded in paraffin. Paraffin sections (5 pm thick) were cut for
H&E (Sakura Finetek, Osaka, Japan), PAS, and immunohistochemical staining. H&E and PAS staining were
performed as standard procedures.

For immunohistochemistry, after deparaffinization and rehydration, antigen retrieval was performed in an
appropriate buffer for each antibody using a decloaking chamber (Biocare Medical, Pacheco, CA). Endogenous
peroxide activity was blocked using 1% hydrogen peroxide (Fujifilm Wako) in methanol for 15 min at room
temperature, followed by blocking nonspecific protein binding with 1% BSA (Merck Millipore) and 5% goat
serum (Merck Millipore) in Tris-buffered saline-Tween 20 (TBS-T). The sections were subsequently incubated
with the primary antibody at 4 °C overnight, followed by incubation with a secondary antibody (Histofine Simple
Stain MAXPO, Nichirei, Tokyo, Japan) at room temperature for 1 h. Immune complexes were visualised using
3,3'-diaminobenzidine (DAB) substrate solution (Nichirei) and counterstained with haematoxylin.

For immunofluorescence staining, after primary antibody incubation, the immune complexes were visualised
using Alexa Fluor 488-conjugated donkey antibodies against rabbit IgG (Thermo Fisher Scientific, Waltham,
MA) and AlexaFluor 594-conjugated goat antibodies against mouse IgG (each diluted 1:400) for 60 min at room
temperature. The samples were observed using a laser confocal microscope (C2, Nikon, Tokyo, Japan or LSM
510; Carl Zeiss, Jena, Germany).

For transmission electron microscopy (TEM), mice were fixed by perfusion with 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.2, and then the SMG was extracted, cut into 2 mm? size of block and further fixed
with a mixture of 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2 for overnight,
followed by the standard processes for TEM (Tecnai20, Thermo Fisher Scientific).

For DHT administration experiments, P35 female p130Cas™** and p130Cas”*"- mice were subcutaneously
injected with vehicle (ethanol) or dihydrotestosterone (DHT, 50 mg/kg) diluted in propylene glycol (Fujifilm
Wako). Forty-eight hours later, mice were sacrificed and SMG was extracted, and fixed in 4% paraformaldehyde
in 0.1 M phosphate buffer, pH 7.2 for histological analysis.

RNA extraction and quantitative RT-PCR. Total RNA was extracted from the SMG using a ReliaPrep
RNA Miniprep System (Promega, Madison, WI) and reverse-transcribed to cDNA using a High-Capacity cDNA
RT Kit (TOYOBO). The resulting cDNA was subjected to quantitative RT-PCR analysis using the KOD SYR
qPCR Mix (TOYOBO, Osaka, Japan) in a Takara PCR Thermal Cycler Dice Gradient instrument (Takara Bio,
Shiga, Japan). The specific primers used were as follows: EGF F:5-TGGAACCCAGTGGAATCAC-3'; R:5'-TGG
GATAGCCCAATCCGAGA-3'; NGF F:5-TTTTGATCGGCGTACAGGCA-3'; R:5-CTGTCACTCGGGCAG
CTATT-3"; K18 F:5'-TCAAGATCATCGAAGACCTGAGG-3"; R:5-GCGCATGGCTAGTTCTGTC-3"; K19
F:5-GGGGGTTCAGTACGCATTGG-3'; R:5'-GAGGACGAGGTCACGAAGC-3'; Pmepa 1 F.5'-TGGAGT
TCGTGCAAATCGTG-3'; R:5-TCCGAGGACAGTCCATCGTC-3'; Crisp 3 F:5'-ACAGTGGCCATTATCCAA
GCA-3'; R:i5'-GCATGTAGCTAGGCAACGTTTT-3"; KLK 1 F: 5'-CACCCGTCAAATATGAATACCCA-3'; R:
5-TAGGGCCCCATGATGTGATAC-3"; Cftr F: 5'-CTGGACCACACCAATTTTGAGG-3"; R: 5'-GCGTGGATA
AGCTGGGGAT-3'; Runx 1 F: 5-CTGCAACAAGACCCTGCCCATCGCTTTC-3’; R: 5-CTCCGCCCGACA
AACCTGAGGTCGT-3’; pl30Cas F: 5-CCAAAGCCCTCTATGACAATGT-3; 5-CTTGAGGCGGTTACC
AGGC-3’; GAPDH F:5-AGGTCGGTGTGAACGGATTTG-3"; R:5-TGTAGACCATGTAGTTGAGGTCA-3";
Androgen Receptor F:5'-CTGGGAAGGGTCTACCCAC-3'; R:5'-GGTGCTATGTTAGCGGCCTC-3'.

Analysis of cell proliferation and apoptosis. Five-week-old mice were intraperitoneally injected with
50 mg/kg EAU (Tokyo Chemical Industry, Tokyo, Japan). Six hours later, the salivary glands were extracted, fixed
with 4% paraformaldehyde, and embedded in paraffin. Paraffin sections (5 um thick) were processed to detect
Edu-positive cells, and cell proliferation was analysed using the Click-iT Plus Alexa Fluor Picolyl Azide Toolkit
(Thermo Fisher Scientific). For analysis of cellular apoptosis, TUNEL staining was performed using the In situ
Apoptosis Detection Kit (Takara Bio) according to the manufacturer’s instructions.

Measurement of serum testosterone levels. Serum testosterone levels were measured using an ELISA
kit according to the manufacturer’s instructions (Arbor Assays LLC).

Measurement of saliva secretion and saliva component analysis. Six-week-old mice were anaes-
thetised intraperitoneally with medetomidine hydrochloride (0.75 mg/kg body weight, Kyoritsu Seiyaku, Tokyo,
Japan), midazolam (4 mg/kg, Fuji Pharma, Tokyo, Japan), and butorphanol tartrate (5 mg/kg, Meiji Seika
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Pharma, Tokyo, Japan). Saliva secretion was stimulated via an intraperitoneal injection of pilocarpine (5 mg/kg
body weight). Small blocks of absorbent cotton were placed in the mouth of the mice to absorb saliva, and the
cotton was changed after 2 min. The amount of saliva was determined gravimetrically.

For saliva component analysis, saliva was collected using a microcapillary tube (Hirschmann, Germany), and
the components were analysed by ORIENTAL YEAST CO., LTD (Tokyo, Japan). Briefly, amylase activity was
measured using the JSCC transferability method. The amount of glucose was measured using the hexokinase-
glucose 6 phosphate dehydrogenase (HK-G6PDH) method. The concentrations of Na*, Ca?*, K*, Cl-, Mg?*, and
IP (inorganic phosphorus) were measured using an ion-selective electrode and enzymatic methods, respectively.
The amount of BUN was analysed using the urease-glutamate dehydrogenase (GLDH) test.

Statistical analysis. Quantitative data are shown as the mean+SEM. Comparisons were performed
between two groups using the unpaired Student’s ¢ test, and analyzed using GraphPad Prism 9.

Data availability
All relevant data is contained within the manuscript.

Received: 23 November 2022; Accepted: 27 March 2023
Published online: 29 March 2023

References

. Patel, V. N. & Hoffman, M. P. Salivary gland development: A template for regeneration. Semin. Cell Dev. Biol. 25-26, 52-60 (2014).

. Tucker, A. S. Salivary gland development. Semin. Cell Dev. Biol. 18, 237-244 (2007).

. Kondo, Y. et al. Functional differences in the acinar cells of the murine major salivary glands. J. Dent. Res. 94, 715-721 (2015).

. Cutler, L. S. & Chaudhry, A. P. Cytodifferentiation of striated duct cells and secretory cells of the convoluted granular tubules of

the rat submandibular gland. Am. J. Anat. 143, 201-217 (1975).

5. Chai, Y., Klauser, D. K., Denny, P. A. & Denny, P. C. Proliferative and structural differences between male and female mouse
submandibular glands. Anat. Rec. 235, 303-311 (1993).

6. Gresik, E. W. The granular convoluted tubule (GCT) cell of rodent submandibular glands. Microsc. Res. Tech. 27, 1-24 (1994).

7. Barka, T. Biologically active polypeptides in submandibular glands. J. Histochem. Cytochem. 28, 836-859 (1980).

8. Kanner, S. B., Reynolds, A. B., Wang, H. C,, Vines, R. R. & Parsons, J. T. The SH2 and SH3 domains of pp60src direct stable associa-
tion with tyrosine phosphorylated proteins p130 and p110. EMBO J. 10, 1689-1698 (1991).

9. Sakai, R. et al. A novel signaling molecule, p130, forms stable complexes in vivo with v-Crk and v-Src in a tyrosine phosphorylation-
dependent manner. EMBO J. 13, 3748-3756 (1994).

10. Bouton, A. H., Riggins, R. B. & Bruce-Staskal, P. J. Functions of the adapter protein Cas: Signal convergence and the determination
of cellular responses. Oncogene 20, 6448-6458 (2001).

11. del Camacho Leal, M. P. et al. p130Cas/BCAR1 scaffold protein in tissue homeostasis and pathogenesis. Gene 562, 1-7 (2015).

12. Defilippi, P, Di Stefano, P. & Cabodi, S. p130Cas: A versatile scaffold in signaling networks. Trends Cell Biol. 16, 257-263 (2006).

13. Desai, S.]., Ma, A. H., Tepper, C. G., Chen, H. W. & Kung, H. J. Inappropriate activation of the androgen receptor by nonsteroids:
Involvement of the Src kinase pathway and its therapeutic implications. Cancer Res. 66, 10449-10459 (2006).

14. Jimi, E., Honda, H. & Nakamura, I. The unique function of p130Cas in regulating the bone metabolism. Pharmacol. Ther. 230,
107965. https://doi.org/10.1016/j.pharmthera.2021.107965 (2022).

15. Cabodji, S. et al. p130Cas as a new regulator of mammary epithelial cell proliferation, survival, and HER2-Neu oncogene- depend-
ent breast tumorigenesis. Cancer Res. 66, 4672-4680 (2006).

16. Tornillo, G. et al. P130Cas alters the differentiation potential of mammary luminal progenitors by deregulating C-Kit activity. Stem
Cells 31, 1422-1433 (2013).

17. Menko, A. S., Kreidberg, J. A., Ryan, T. T., Van Bockstaele, E. & Kukuruzinska, M. A. Loss of a3p1 integrin function results in an
altered differentiation program in the mouse submandibular gland. Dev. Dyn. 220, 337-349 (2001).

18. Nakamura, I. et al. Tyrosine phosphorylation of p130Cas is involved in actin organization in osteoclasts. J. Biol. Chem. 273,
11144-11149 (1998).

19. Nagai, Y. et al. P130Cas, Crk-associated substrate, plays important roles in osteoclastic bone Resorption. J. Bone Miner. Res. 28,
2449-2462 (2013).

20. Inoue, A. et al. Deletion of epithelial cell-specific p130Cas impairs the maturation stage of amelogenesis. Bone 154, 116210. https://
doi.org/10.1016/j.bone.2021.116210 (2022).

21. Honda, H. et al. Cardiovascular anomaly, impaired actin bundling and resistance to Src-induced transformation in mice lacking
p130(Cas). Nat. Genet. 19, 361-365 (1998).

22. Islam, M. N. et al. Runx/Cbtb signaling regulates postnatal development of granular convoluted tubule in the mouse submandibular
gland. Dev. Dyn. 244, 488-496 (2015).

23. Suzuki, A., Shim, J., Ogata, K., Yoshioka, H. & Iwata, J. Cholesterol metabolism plays a crucial role in the regulation of autophagy
for cell differentiation of granular convoluted tubules in male mouse submandibular glands. Development 146, dev178335. https://
doi.org/10.1242/dev.178335 (2019).

24. Borgono, C. A. & Diamandis, E. P. The emerging roles of human tissue kallikreins in cancer. Nat. Rev. Cancer. 4, 876-890 (2004).

25. Ono Minagi, H. et al. Runx1 mediates the development of the granular convoluted tubules in the submandibular glands. PLoS
ONE 12, 1-15 (2017).

26. Xu, L. L. et al. PMEPAL1, an androgen-regulated NEDD4-binding protein, exhibits cell growth inhibitory function and decreased
expression during prostate cancer progressionl. Cancer Res. 63, 4299-4304 (2003).

27. Ramli, N. S. K., Giribabu, N., Muniandy, S. & Salleh, N. Testosterone regulates levels of cystic fibrosis transmembrane regulator,
adenylate cyclase, and cAMP in the seminal vesicles of orchidectomized rats. Theriogenology 85, 238-246 (2016).

28. Cataldn, M. A. et al. Cftr and ENaC ion channels mediate NaCl absorption in the mouse submandibular gland. J. Physiol. 588,
713-724 (2010).

29. Mukaibo, T. et al. Sexual dimorphisms in the transcriptomes of murine salivary glands. FEBS Open Bio 9, 947-958 (2019).

30. Fernandez, N. B. et al. RUNX1 is regulated by androgen receptor to promote cancer stem markers and chemotherapy resistance
in triple negative breast cancer. Cells 12, 1-14 (2023).

31. Evans, E. et al. Direct interaction between Rab3D and the polymeric immunoglobulin receptor and trafficking through regulated
secretory vesicles in lacrimal gland acinar cells. Am. J. Physiol. Cell Physiol. 294, 662-674 (2008).

32. Hazen-Martin, D. ]. & Simson, J. A. V. Ultrastructure of the secretory response of male mouse submandibular gland granular
tubules. Anat. Rec. 214, 253-265 (1986).

W N

Scientific Reports |

(2023) 13:5144 | https://doi.org/10.1038/s41598-023-32390-1 nature portfolio


https://doi.org/10.1016/j.pharmthera.2021.107965
https://doi.org/10.1016/j.bone.2021.116210
https://doi.org/10.1016/j.bone.2021.116210
https://doi.org/10.1242/dev.178335
https://doi.org/10.1242/dev.178335

www.nature.com/scientificreports/

33. Picoli, L. C. et al. Ultrastructure of submandibular salivary glands of mouse: TEM and HRSEM observations. Microsc. Res. Tech.
74, 1154-1160 (2011).

34. Chrétien, M. Action of testosterone on the differentiation and secretory activity of a target organ: The submaxillary gland of the
mouse. Int Rev Cytol. 50, 333-396 (1977).

35. Barrett, A, Pellet-Many, C., Zachary, I. C., Evans, I. M. & Frankel, P. P130Cas: A key signalling node in health and disease. Cell.
Signal. 25, 766-777 (2013).

36. Steinberg, Z. et al. FGFR2b signaling regulates ex vivo submandibular gland epithelial cell proliferation and branching morpho-
genesis. Development 132, 1223-1234 (2005).

37. Ohlsson, B., Jansen, C,, Ihse, I. & Axelson, ]. Epidermal growth factor induces cell proliferation in mouse pancreas and salivary
glands. Pancreas https://doi.org/10.1097/00006676-199701000-00014 (1997).

38. Tikhmyanova, N., Little, J. L. & Golemis, E. A. CAS proteins in normal and pathological cell growth control. Cell. Mol. Life Sci.
67,1025-1048 (2010).

39. Kook, S. et al. Caspase-mediated cleavage of p130cas in etoposide-induced apoptotic Rat-1 cells. Mol. Biol. Cell. 11, 929-939 (2000).

40. Moro, L. et al. Integrin-induced epidermal growth factor (EGF) receptor activation requires c-Src and p130Cas and leads to
phosphorylation of specific EGF receptor tyrosines*. J. Biol. Chem. 277, 9405-9414 (2002).

41. Yaron, H. & Steven, M. G. Cas mediates transcriptional activation of the serum response element by Src. Mol. Cell. Biol. 19,
6953-6962 (1999).

42. Pylayeva, Y. et al. Ras- and PI3K-dependent breast tumorigenesis in mice and humans requires focal adhesion kinase signaling.
J. Clin. Investig. 119, 252-266 (2009).

43. Kim, W,, Kook, S., Kim, D. J., Teodorof, C. & Song, W. K. The 31-kDa caspase-generated cleavage product of p130cas functions as
a transcriptional repressor of E2A in apoptotic cells. J. Biol. Chem. 279, 8333-8342 (2004).

44. Krane, C. M. et al. Salivary acinar cells from aquaporin 5-deficient mice have decreased membrane water permeability and altered
cell volume regulation. J. Biol. Chem. 276, 23413-23420 (2001).

45. Guo, Z. et al. Regulation of androgen receptor activity by tyrosine phosphorylation. Cancer Cell 10, 309-319 (2006).

46. Migliaccio, A. et al. Steroid-induced androgen receptor-oestradiol receptor B-Src complex triggers prostate cancer cell prolifera-
tion. EMBO J. 19, 5406-5417 (2000).

47. Barrera, M. J. et al. Sjogren’s syndrome and the epithelial target: A comprehensive review. J. Autoimmun. 42, 7-18 (2013).

48. Glick, B. S. & Luini, A. Models for Golgi traffic: A critical assessment. Cold Spring Harb. Perspect. Biol. 3,1-16 (2011).

49. van Anken, E. et al. Sequential waves of functionally related proteins are expressed when B cells prepare for antibody secretion.
Immunity 18, 243-253 (2003).

50. Matsuura, S., Sahara, N. & Suzuki, K. Fine structure of submandibular glands of mice with testicular feminization (Tfm/Y). Cell
Tissue Res. 235, 295-301 (1984).

51. Hu, L. et al. Single-cell analysis reveals androgen receptor regulates the ER-to Golgi trafficking pathway with CREB3L2 to drive
prostate cancer progression. Oncogene 40, 6479-6493 (2021).

Acknowledgements

We thank the Research Support Center, Graduate School of Medical Sciences, Kyushu University and Labora-
tory for Technical Support, Research Promotion Unit, Medical Institution of Bioregulation, Kyushu University,
for their technical support. We would like to thank Editage (www.editage.com) for English language editing.

Author contributions

J.G. and E.J. conceived and designed the experiments. J.G. and E.J. wrote the first draft of this manuscript. J.G.,
AN.L, EH,, and S.E performed the experiments and analysed the data. All authors helped shape the research
and manuscript, and approved the final version of the manuscript. E.J. is the guarantor of this work and, as such,
had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy
of the data analysis.

Funding
This study was supported by the Japan Society for the Promotion of Science (KAKENHI grants 19K10054 to
J.G. and 17K19773 to E.].).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-32390-1.

Correspondence and requests for materials should be addressed to E.J.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:5144 | https://doi.org/10.1038/s41598-023-32390-1 nature portfolio


https://doi.org/10.1097/00006676-199701000-00014
http://www.editage.com
https://doi.org/10.1038/s41598-023-32390-1
https://doi.org/10.1038/s41598-023-32390-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	p130Cas is required for androgen-dependent postnatal development regulation of submandibular glands
	Results
	The expression of p130Cas in the salivary gland. 
	p130CasΔepi– mice showed SMG maturation defects due to decreased proliferation and enhanced apoptosis. 
	p130CasΔepi– mice displayed maturation defects in the GCT of the SMG. 
	Tissue polarity was not compromised by the absence of p130Cas in SMG. 
	Formation of the ER-Golgi network was impaired by the absence of p130Cas in GCT cells. 

	Discussion
	Methods
	Animals. 
	Reagents and antibodies. 
	Histological analysis and immunohistochemistry. 
	RNA extraction and quantitative RT-PCR. 
	Analysis of cell proliferation and apoptosis. 
	Measurement of serum testosterone levels. 
	Measurement of saliva secretion and saliva component analysis. 
	Statistical analysis. 

	References
	Acknowledgements


