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Abstract

Human salivary gland (SG) branching morphogenesis is an intricate mechanism divided into stages, prebud,

initial bud, pseudoglandular, canalicular, and terminal bud, to form the final lobular structure of the organ.

The coordination of molecular cascades, including cell proliferation and apoptosis, are fundamental to this

process. The intrinsic apoptosis pathway appears to be important in the early phases of ductal cavitation and

luminisation; however, the role of the extrinsic apoptosis pathway has still to be determined. Questions remain

as to whether the latter mechanism participates in the maintenance of the ductal lumen; therefore, the present

study investigated the expression of proteins Prostate apoptosis response-4 (Par-4), Fas cell surface death

receptor (Fas), Fas ligand (FasL), pleckstrin homology-like domain family A member 1 (PHLDA1), caspase-3, B-cell

CLL/lymphoma 2 (Bcl-2), survivin, Ki-67, mucin 1 (MUC1), and secreted protein acidic and cysteine-rich

(SPARC) during distinct phases of human SG development (50 specimens). This strategy aimed to draw an

immunomorphological map of the proteins involved in apoptosis, cell proliferation, and tissue maturation

during the SG branching morphogenesis process. Par-4 was positive at all stages except the pre-acinar phase.

Fas and FasL were expressed in few cells. PHLDA1 was expressed in all phases but not in the terminal bud. Bcl-2

expression was mainly negative (expressed in few cells). Survivin showed a cytoplasmic expression pattern in the

early phases of development, which changed to a predominantly nuclear expression during development into

more differentiated structures. Ki-67 was expressed mainly at the pseudoglandular stage. MUC1 was positive in

the pseudoglandular stage with a cytoplasmic pattern in regions of early luminal opening. Immunostaining for

SPARC and caspase-3 was negative. Our results suggest that proteins associated with the regulation of extrinsic

and intrinsic apoptosis contribute to apoptosis during specific phases of the early formation of SGs in humans.
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Introduction

Human salivary glands (SGs) are complex structures compris-

ing a system of ducts and acini that originate during embry-

onic development (Cutler, 1990; Harunaga et al. 2011).

Their branching morphogenesis involves growth, prolifera-

tion, differentiation, migration, and cell death. These

glands are formed in gradual stages, termed the prebud,

initial bud, pseudoglandular, canalicular, and terminal bud

(Tucker, 2007; Teshima et al. 2016a,b; de Paula et al. 2017).

From the primitive oral cavity, epithelial cells bud and inter-

nalise, forming branched solid cords (Melnick & Jaskoll,

2000; Patel et al. 2006, 2011). The ductal system formation

involves the elimination of central cells of the solid cylindri-

cal cords, which are then converted into a luminised tube;

some studies suggest that apoptosis regulates this pro-

cess (Melnick & Jaskoll, 2000; Lubarsky & Krasnow, 2003;

Andrew & Ewald, 2010; Teshima et al. 2016a, b).

Apoptosis is a genetically programmed process of cell

death which plays an important role in physiological and

pathological processes (Elmore, 2007). Two pathways,

intrinsic and extrinsic, can trigger apoptosis. B-cell CLL/lym-

phoma 2 (Bcl-2) family proteins regulate the intrinsic

pathway: stimuli from pro-apoptotic molecules induce
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mitochondria to release cytochrome-c into the cytoplasm,

where it associates with apoptotic peptidase activating fac-

tor 1 (APAF1). This complex, coupled with caspase-9, acti-

vates caspase-3, leading to cell death. The extrinsic pathway

is induced by tumour necrosis factor (TNF)-family members;

these recognise specific ligands, such as Fas associated via

death domain (FADD), which then recruit caspase-8 and

thereby activate caspase-3 (Elmore, 2007; Taylor et al. 2008;

Pereira & Amarante-Mendes, 2011; Suzanne & Steller, 2013;

Flusberg & Sorger, 2015).

Some studies have demonstrated the mechanism of apop-

tosis during SG development in animal models (Melnick &

Jaskoll, 2000; Melnick et al. 2001; Teshima et al. 2016a).

During mouse SG development, the death of central epithe-

lial cells has been reputed to be an important event for the

luminal opening and ductal system formation (Tucker,

2007; Andrew & Ewald, 2010; Teshima et al. 2016a). How-

ever, for human SG development, few studies have

addressed the role of apoptosis: Teshima et al. (2016b)

reported proteins of the intrinsic apoptosis pathway in the

early stages of human salivary gland development, but

there is little information on the roles of extrinsic apoptotic

pathways in salivary gland formation.

There are several central molecules involved with the

extrinsic apoptotic pathway. Prostate apoptosis response-4

(Par-4) is a pro-apoptotic molecule ubiquitously expressed

in normal tissues and cell types, primarily in the cytoplasm.

The ability of Par-4 to induce apoptosis is associated with its

nuclear translocation (Goswami et al. 2006; Zhao & Rangne-

kar, 2008; Shrestha-Bhattarai & Rangnekar, 2010). Par-4

inhibits the nuclear factor kappa B (NF-jB) pathway and

activates the extrinsic death pathway by enabling Fas cell

surface death receptor (Fas) and Fas ligand (FasL) to be traf-

ficked to the plasma membrane. Par-4 also promotes the

downregulation of the anti-apoptotic gene Bcl-2 at the

transcriptional level (Zhao & Rangnekar, 2008).

The aim of this study was to determine whether the

extrinsic apoptosis pathway contributes to salivary gland

morphogenesis, especially in the maintenance of the ductal

lumen. The strategy for this study was to draw amorpholog-

ical immunomap for the expression of Par-4 and its possible

associated proteins related to apoptosis [Fas, FasL, pleckstrin

homology-like domain family A member 1 (PHLDA1), cas-

pase 3, survivin, and Bcl-2], cell proliferation (Ki-67), and tis-

sue remodelling and maturation [secreted protein acidic

and cysteine-rich (SPARC) andmucin 1 (MUC1)].

Materials and methods

Tissue samples

Salivary gland specimens were dissected from 50 postmortem

human foetuses (from natural miscarriages) at 10–25 weeks of ges-

tation (Table 1), obtained from the Medical School of the University

of S~ao Paulo with the permission of the Ethical Committee of the

Institution. The specimens were collected from the tongue, lips,

Table 1 Description of specimens regarding gestational age and site.

Gestational

age (weeks)

Number of

samples Anatomical site

10 2 Palate, submandibular

11 1 Tongue

12 6 Tongue, parotid, palate, mandibular,

submandibular

13 7 Tongue, lip, palate, parotid

15 1 Palate

16 1 Tongue

18 5 Tongue, lip, palate, submandibular

19 5 Tongue, parotid, mandibular, palate

20 8 Tongue, lip, parotid, floor of the

mouth (sublingual)

21 11 Tongue, submandibular, lip, parotid,

floor of the mouth (sublingual)

22 1 Tongue

23 1 Tongue

25 1 Tongue

Table 2 Primary serum, clones, source, titer, and antigen retrieval.

Primary serum Clones Source Titer Antigen retrieval

Bcl-2 124 Dako 1 : 200 EDTA/Tris, pH 9.0

Cleaved Caspase-3 Polyclonal Cell Signaling 1 : 1000 Citrate buffer, pH 6.0

Survivin Polyclonal Neomarkers 1 : 350 Citrate buffer, pH 6.0

Par-4 A-10 Santa Cruz 1 : 700 Citrate buffer, pH 6.0

MUC1 Ma552 Novocastra 1 : 500 Citrate buffer, pH 6.0

PHLDA1 M-20 Santa Cruz 1 : 100 Citrate buffer, pH 6.0

SPARC Polyclonal Chemicon 1 : 6000 Trilogy*

Fas EPR5700 LSBio 1 : 700 Trilogy

FasL Polyclonal LSBio 1 : 700 Trilogy

Ki-67 30-9 Roche Ready to use Automated protocol (Ventana, Roche)

Fas, Fas cell surface death receptor; FasL, Fas ligand; Par-4, prostate apoptosis response-4; PHLDA1, pleckstrin homology-like domain

family A member 1; Bcl-2, B-cell CLL/lymphoma 2; MUC1, mucin 1; SPARC, secreted protein acidic and cysteine-rich.

*Trilogy, solution that allows deparaffinisation and antigen retrieval in a one-step procedure.
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hard palate, sublingual (the floor of the mouth), parotid, and sub-

mandibular glands. Foetal SG fragments were paraffin-embedded

and stained with haematoxylin and eosin to analyse their morphol-

ogy and determine the developmental stage. The A.C.Camargo

Cancer Center Ethics Committee (Protocol number 1578/11F)

approved the study.

Immunohistochemistry

Serial sections of 3-lm of developing SGs were deparaffinised, re-

hydrated, and submitted to antigen retrieval, as described in

Table 2. The sections were incubated in 3% aqueous hydrogen per-

oxide for 15 min to quench endogenous peroxidase activity and

then in Protein Block Serum-Free (Dako, Carpinteria, CA, USA) for

20 min at room temperature to suppress nonspecific binding of

subsequent reagents. Thereafter, the serial sections were incubated

with primary antibodies for 16 h at 4 °C (Table 2). The antigen-anti-

body complexes were visualised using Advance system (Dako) and

incubated with 303 diaminobenzidine tetrachloride (DAB; Dako) for

5 min. The sections were counterstained with Mayer’s haema-

toxylin, dehydrated, and mounted with a glass coverslip and

xylene-based mountant. Positive controls were used according to

the manufacturer’s recommendations. Analysis of the results was

performed using a conventional optical microscope considering the

location of the protein expression (membrane, cytoplasm or

nucleus) and the distribution of the staining (diffuse or focal).

Table 3 Expression of Fas, FasL, Par-4, PHLDA1, caspase-3, Ki-67, Bcl-2, Survivin, MUC1, and SPARC proteins in different stages of human salivary

gland morphogenesis.

Pro-apoptotic Anti-apoptotic

Remodelling/

maturation

Fas FasL Par-4 PHLDA1 Caspase-3 Ki-67 Bcl-2 Survivin MUC1 SPARC

Initial bud + + ++ ++ 0 + + ++ 0 0

Pseudoglandular 0 0 + + 0 ++ + ++ ++ 0

Canalicular 0 0 + + 0 + 0 + ++ 0

Terminal bud 0 0 0 0 0 + 0 + ++ 0

(++) Strong expression; (+) weak expression; (0) no expression; Fas, Fas cell surface death receptor; FasL, Fas ligand; Par-4, prostate

apoptosis response-4; PHLDA1, pleckstrin homology-like domain family A member 1; Bcl-2, B-cell CLL/lymphoma 2; MUC1, mucin 1;

SPARC, secreted protein acidic and cysteine-rich.

A B C

D E F

Fig. 1 Histological aspects of human salivary glands morphogenesis. (A) Initial bud stage showing a solid group of epithelial cells. (B) Pseudoglan-

dular stage showing the early luminal opening. (C) Canalicular stage showing branched luminal structures. (D) Terminal bud with the presence of

early secretory units in branched structures. (E) Well-differentiated secretory units. (F) Excretory duct connecting to the mucosa. Magnifications

A–E = 400 9.
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Results

The expression of Par-4 and proteins associated with apop-

tosis (Fas, FasL, PHLDA1, Bcl-2, and survivin), cell

proliferation (Ki-67), and tissue remodelling and maturation

(MUC1) were detected during the various phases of glandu-

lar morphogenesis (initial bud, pseudoglandular, canalicu-

lar, and terminal bud). No SPARC or cleaved caspase-3

A B C D
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PM N O

Fig. 2 Pro-apoptotic protein expression during human salivary gland development. Initial bud stage: (A) membrane Fas cell surface death receptor

(Fas) expression in solid epithelial buds; (B) membrane Fas ligand (FasL) positivity in rare cells; (C) nuclear and cytoplasmic prostate apoptosis

response-4 (Par-4) expression; (D) cytoplasmic pleckstrin homology-like domain family A member 1 (PHLDA1) expression in epithelial buds. Pseu-

doglandular stage: (E) membrane Fas expression in few cells, especially in branching areas; (F) membrane FasL expression in early luminal struc-

tures; (G) nuclear Par-4 expression, especially in the periphery of the structures; (H) cytoplasmic PHLDA1 expression, especially in branching areas

and in early luminal structures. Canalicular stage: (I) membrane Fas expression in few cells of the intercalated ducts; (J) membrane FasL expression

in few cells; (K) nuclear Par-4 expression in branched areas and in intercalated ducts near the primitive pre-acinar structures; (L) cytoplasmic

PHLDA1 in branched areas and luminal structures. Terminal bud stage: (M) membrane Fas expression in a few cells of the intercalated ducts; (N)

absence of membrane FasL expression; (O) nuclear Par-4 expression near pre-acinar structures in the intercalated ducts and branched areas; (P)

absence of PHLDA1 expression. Magnifications A–P = 400 9.
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expression was detected in the parenchyma of any glandu-

lar specimens. The results are described in Table 3 and illus-

trated in Figs 1–4.

At the early development stages, strong nuclear Par-4

expression and weak cytoplasmic expression was observed

(Fig. 2C). At the branched regions, a nuclear pattern was

observed during luminal opening (Fig. 2G,K). More

differentiated structures demonstrated nuclear Par-4

expression in intercalated ducts near the secretory lobules,

and cytoplasmic staining was predominant in the excretory

ducts (Fig. 2O).

The expression of pro-apoptotic proteins (Fas, FasL, and

PHLDA1) was observed mainly in the early developmental

stages. Membrane Fas and FasL were expressed in few

A

E

B C

F

D

Fig. 4 Expression of maturation and tissue remodelling proteins during human salivary gland development. (A) Absence of MUC1 expression in

the solid bud of epithelial cells. Note the positivity of the protein in the primitive luminal opening near the button. (B) Prominent MUC1 expression

during pseudoglandular stage. (C) MUC1 expression in early luminal regions. (D) MUC1 positivity in the excretory duct near the terminal sac and

in the intercalated duct. (E,F) SPARC expression in the stroma during terminal bud stage.

Fig. 3 Expression of anti-apoptotic and proliferation proteins during human salivary gland development. Initial bud stage: (A) cytoplasmic Bcl-2 expression

in the solid bud of epithelial cells and in few cells in the epithelium; (B) nuclear and cytoplasmic survivin expression, especially in the basal portion of the

bud; (C) nuclear Ki-67 expression in the solid bud of epithelial cells and poorly differentiated areas. Pseudoglandular stage: (D) cytoplasmic Bcl-2 expression

in few cells of branched areas; (E) prominent nuclear survivin expression in branching areas and in luminal structures; (F) prominent nuclear Ki-67 expression,

especially in branching areas and luminal structures. Canalicular stage: (G) cytoplasmic B-cell CLL/lymphoma 2 (Bcl-2) expression in a few cells, especially in

poor differentiated areas and ductal structures; (H) nuclear and cytoplasmic survivin expression in poorly differentiated and branched areas. Reduced survivin

expression in pre-acinar structures: (I) reduced nuclear Ki-67 expression in branched areas and open luminal spaces. Terminal bud stage: (J) cytoplasmic Bcl-

2 expression in few cells in excretory ducts. Pre-acinar structures are negative: (K) nuclear and cytoplasmic survivin expression in intercalated ducts. Pre-acinar

structures are negative: (L) nuclear Ki-67 expression in a few cells in intercalated ducts. Pre-acinar structures are negative. Magnifications A–L = 400 9.
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cells. The membranous expression of both proteins was

observed mainly in the early morphogenesis stages

(Fig. 2A,B). In some acinar lobules, FasL staining was

observed in the cytoplasm, but was regarded as non-active

protein, as the classical description of active FasL is that in

the cell membrane.

Cytoplasmic PHLDA1 expression was found mainly during

the early stages of morphogenesis in solid cords of epithe-

lial cells and persisted until luminal opening (Fig. 2D,H).

Cleaved caspase-3 expression was not detected in the

glandular parenchyma. In contrast, the expression of total

caspase-3 was observed in the early stages during human

SG development. Caspase-7 expression was observed, with a

cytoplasmic and nuclear pattern, during early development

and in more differentiated stages.

The expression of anti-apoptotic proteins (Bcl-2 and sur-

vivin) was observed mainly during the early developmental

stages of morphogenesis. Bcl-2 positivity was observed in a

cytoplasmic pattern in few cells (Fig. 3A). More differenti-

ated stages presented a focal expression pattern (Fig. 3D,G,

J). Survivin expression was observed in all stages of morpho-

genesis (Fig. 3B,E,H,K). Cytoplasmic staining was observed

in the early stages of development, whereas nuclear expres-

sion was observed at the later stages.

Nuclear Ki-67 expression was observed in all stages of dif-

ferentiation. Solid epithelial buds exhibited strong prolifer-

ative activity (Fig. 3C). Predominant Ki-67-positive cells were

observed in the branched ducts with early luminal opening

(Fig. 3F).

MUC1, which is associated with SG maturation, luminal

opening, and secretion from SGs, was expressed in a cyto-

plasmic pattern, mainly at luminal structures. SPARC expres-

sion was observed in the stroma surrounding ducts and the

secretory units of the SGs in mature developmental stages

(terminal bud; Fig. 4).

Discussion

In the present study, the expression of proteins related to

apoptosis, cell proliferation, and tissue remodelling and

maturation was evaluated in human developing salivary

gland specimens.

The pro-apoptotic proteins Par-4, Fas, and FasL were

observed mainly during the initial stages of human SG

development, whereas little Bcl-2 expression was detected.

Par-4 expression could facilitate Fas/FasL trafficking to the

membrane and interrupt anti-apoptotic Bcl-2 protein activ-

ity (Zhao & Rangnekar, 2008). Teshima et al. (2016b)

reported an absence of Bcl-2 expression during human SG

development. Carev et al. (2006) demonstrated Bcl-2

expression during the early differentiation of tubular

nephrons, which contributed to the selective survival of

some tubules and gave rise to adult structures.

The PHLDA1 protein has been associated with the cellular

death mechanism (Park et al. 1996; Neef et al. 2002),

leading to increase levels of caspase-9 and cleaved poly

(ADP-ribose) polymerase (PARP), allowing the activation of

the intrinsic apoptotic pathway (Neef et al. 2002). Our

results demonstrated PHLDA1 expression in the early devel-

opmental stages of the SGs.

Caspases are fundamental apoptotic regulators that are

essential for embryonic development (Boatright & Salvesen,

2003). Our study demonstrated the absence of cleaved cas-

pase-3 expression in glandular structures during develop-

ment. In contrast, during mouse SG development, Teshima

et al. (2016a) identified apoptotic activity of cleaved cas-

pase-3 in the early morphogenesis stages, mainly during the

formation of the luminal duct cavity. Nedvetsky et al.

(2014) inhibited apoptosis by culturing E13.5 submandibular

glands (SMGs) with a pan-caspase inhibitor and demon-

strated lumen formation. Furthermore, Bax null SMGs dis-

played a normal tubular ductal system, suggesting that

apoptosis did not mediate lumen formation in SMGs

in vivo.

Teshima et al. (2016b) also analysed cleaved caspase-3 in

human SGs and did not observe protein expression in any

stages of morphogenesis. Therefore, cleaved caspase-3

expression might not be a sensitive marker to identify apop-

tosis activity in human SGs. To confirm these results, we

evaluated the expression of total caspase-3, which was

observed in the early stages during human SG develop-

ment, thus confirming that the protein is present during

glandular morphogenesis but is not activated. By contrast,

caspase-7 expression was observed, with a cytoplasmic and

nuclear pattern, during early development and in more dif-

ferentiated stages. Caspase-7 is also an effector caspase,

and its expression could compensate for the absence of

cleaved caspase-3. Using in vivo models, Lakhani et al.

(2006) demonstrated that the concomitant deletion of cas-

pase-3 and caspase-7 results in impaired morphogenesis,

whereas caspase-7 expression could overcome the absence

of caspase-3. It is important to note that studies using ani-

mal models results are restricted to the submandibular sali-

vary gland, whereas in our study we used tissues from both

major and minor salivary glands.

The balance between cellular proliferation and apopto-

sis is essential to maintain homeostasis during organogen-

esis (Melnick et al. 2001; Lubarsky & Krasnow, 2003; Carev

et al. 2006). Survivin is a member of the inhibitor of apop-

tosis protein (IAP) family which is responsible for regulat-

ing cell division and suppressing apoptosis (Johnson &

Howerth, 2004). Jaskoll et al. (2001) reported that in

mouse embryonic submandibular gland development, sur-

vivin translocation into the nucleus is necessary for the

induction of cell cycle entry and inhibition of caspase 3-

mediated apoptosis. Our results demonstrated nuclear and

cytoplasmic survivin expression, mainly during early human

SG morphogenesis. Survivin expression was reduced in

more developed structures, suggesting that survivin might

allow the survival of epithelial cells and the maintenance
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of the branched ductal system. Similar results were also

observed during human SG development (Teshima et al.

2016b), and in mouse SG and kidney development (Jaskoll

et al. 2001; Carev et al. 2006).

Ki-67 was detected in all stages of SG morphogenesis,

mainly at the pseudoglandular stage. The balance between

differentiation, maturation, proliferation, and apoptosis is

necessary for salivary gland development, and disruption of

this compensatory pattern can trigger several disorders in

the organ, as suggested in a study regarding kidney mor-

phogenesis (Carev et al. 2006).

Mucins are salivary glycoproteins that are important for

the maturation, protection, and homeostatic balance of the

oral cavity (Teshima et al. 2011). In addition, MUC1 might

be associated with apoptosis regulation because it con-

tributes to cellular death evasion in tumour cells, avoiding

the intrinsic apoptotic pathway activation (Nath & Mukher-

jee, 2014). MUC1 is typically found in the apical portion or

luminal cells of glands (Mahomed, 2011; Nath & Mukherjee,

2014). In the present study, MUC1 expression was observed

at the beginning of the pseudoglandular stage, mainly in

the luminal region. Teshima et al. (2011) also observed

MUC1 expression at pseudoglandular stage in early SG mor-

phogenesis.

SPARC is a multifunctional secreted glycoprotein exp-

ressed during mammalian development; however, its

expression declines in most organs after maturation (Arnold

& Brekken, 2009; Morris & Kyriakides, 2014). This stromal

protein is important for remodelling of the extracellular

matrix and stimulates proliferation, migration, and cellular

differentiation (Arnold & Brekken, 2009). In the present

study, SPARC expression was observed in the stroma sur-

rounding the ductal and secretory portions. During lung

development, in which branching morphogenesis is similar

to that in SGs, the absence of SPARC expression results in

impaired morphology (Strandjord et al. 1995).

Apoptotic stimuli during human SG morphogenesis seem

to be present mainly at the early stages of development.

With the results of previous studies, our results showed that

the extrinsic mechanism of apoptosis might promote lumin-

isation at the early stages of salivary gland development.

Throughout morphogenesis, the distribution of pro-apop-

totic proteins and proteins associated with cell proliferation

increase varied. Cell proliferation appears to be predomi-

nant at the pseudoglandular stage, whereas expression of

pro-apoptotic proteins was more prominent at the initial

bud stage (FAS and PAR4) and the pseudoglandular stage

(FasL). Survivin has a dual-role, controlling both apoptosis

and cell proliferation, and was observed during all develop-

mental stages, as was Ki-67.

Until now, the expression of Par-4, PHLDA1, SPARC,

and Ki-67 had not been evaluated in salivary gland

development; therefore, the present study provided new

insights into the mechanism involved in salivary branch-

ing morphogenesis. However, other mechanisms, such as

cell polarisation, are probably involved in the mainte-

nance of luminal ductal opening and maintenance, in

addition to apoptosis.

Understanding the mechanisms underlying salivary gland

morphogenesis is important to comprehend tumorigenesis

because similarities between the two processes have been

suggested (Ma et al. 2010). Molecular and genetic screen-

ing of signalling pathways targeting both mechanisms

might contribute to the development of novel strategies to

identify, prognose, and treat cancer.
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