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Abstract 

The submandibular gland (SMG) and the sublingual gland (SLG) are two of the three 
major salivary glands in mammals. In mice, they are adjacent to each other and open 
into the oral cavity, producing saliva to lubricate the mouth and aid in food diges-
tion. Though salivary gland dysfunction accompanied with fibrosis and metabolic 
disturbance is common in clinic, in-depth mechanistic research is lacking. Currently, 
research on how to rescue salivary function is challenging, as it must resort to using 
terminally differentiated acinar cells or precursor acinar cells with unknown differen-
tiation. In this study, we established reversely immortalized mouse primary SMG cells 
(iSMGCs) and SLG cells (iSLGCs) on the first postnatal day (P0). The iSMGCs and iSLGCs 
grew well, exhibited many salivary gland characteristics, and retained the metabolism-
related genes derived from the original tissue as demonstrated using transcriptome 
sequencing (RNA-seq) analysis. The Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways of these two cell lines, which overlapped with those of the SMG and SLG, 
were enriched in cysteine and methionine metabolism. Furthermore, we investigated 
the role of bone morphogenetic protein 9 (BMP9), also known as growth differen-
tiation factor 2(Gdf2), on metabolic and fibrotic functions in the SMG and SLG. We 
demonstrated that iSMGCs and iSLGCs presented promising adipogenic and fibrotic 
responses upon BMP9/Gdf2 stimulation. Thus, our findings indicate that iSMGCs and 
iSLGCs faithfully reproduce characteristics of SMG and SLG cells and present a promis-
ing prospect for use in future study of salivary gland metabolism and fibrosis upon 
BMP9/Gdf2 stimulation.
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Introduction
The three major salivary glands in mammals are the submandibular gland (SMG), the 
sublingual gland (SLG), and the parotid gland (PG). These glands are designed to pro-
duce and secrete saliva [1]. Genetic evidence has shown that SMG and SLG have differ-
ent developmental origins compared with PG [2]. In terms of functionality, unlike PG, 
SLG and SMG are mainly responsive to resting saliva flow. Furthermore, they are com-
posed of mucous and serous acini and produce a mucin-containing secretion, while the 
PG secretory acini are mostly pure serous acini and produce amylase [3, 4].

SMG and SLG share a similar developmental pattern of branching morphogenesis, and 
adjacent location in mice [5–7]. The mesenchyme provides critical cues for oral epithe-
lium thickening to form a placode at embryonic day 11 (E11). The primary bud structure 
of SMG forms at E12 and then undergoes enlargement, cleft formation, branching, and 
differentiation and then a tree-like structure appears comprising the terminal secretory 
units, acini, and ducts at E15. SLG morphogenesis progress begins at E13. Recent studies 
have improved our understanding of stem/progenitor cells and branching morphogen-
esis of the salivary gland, including the role of fibroblast growth factor (FGF) and Wnt/
β-catenin signals, especially in SMG [8–10]. Notably, the key functions of the salivary 
glands are to produce saliva to aid in food lubrication, digestion, taste, and even immu-
nity. As knowledge about the metabolic function of salivary glands is limited, identifica-
tion of the relevant molecular events is critical. It has been reported that SLG and SMG 
probably display differential activation and secretion [1]. Limitations associated with the 
infeasibility of collecting highly purified SLG and SMG secretions has hindered further 
research on the metabolic function of these two glands.

Gene and stem cell therapy provide a prospect for the regeneration and repair of sali-
vary gland fibrosis [11–13]. It is well established that duct-calculus-induced salivary 
gland fibrosis leads to xerostomia and metabolic disorder, but effective therapy is lack-
ing. At least 14 Bmp types have been identified in humans and rodents [14, 15]. Bone 
morphogenetic protein 9 (BMP9, also known as Gdf2), a member of the transforming 
growth factor (TGF)-β superfamily, is mainly produced by the liver. In our previous 
study, we reported that BMP9 is one of the most potent BMPs in inducing osteogenic/
odontogenic differentiation of mesenchymal stem cells (MSCs) [16–18]. Furthermore, 
it has been reported that BMP9 plays a critical role in hepatic glucose production, lipid 
metabolism, and fibrosis, including lung, liver, and cardiac fibrosis [19–21]. Increased 
expression of the TGF-β signaling pathway contributes to fibrogenesis and fibrosis reso-
lution of SMG [22]. To date, few studies have explored the role of BMP9 in metabolic 
and fibrotic functions in SLG and SMG.

Immortalized normal but not neoplastic salivary gland cells would provide a stable 
cell source for cellular studies. As early as 1996, Laoide et  al. reported the establish-
ment of an immortalized submandibular gland ductal cell line derived from a 12-day-old 
or 22-day-old male transgenic mouse harboring the large T antigen of SV40 [23]. This 
system containing the constitutive adenovirus E1A promoter and the polyoma large T 
(PyLT) antigen of the polyoma virus leads to low-level gene expression of SV40 in a wide 
variety of tissues. In this study, we aimed to isolate mouse primary SMG cells (SMGCs) 
and SLG cells (SLGCs) at P0 on the basis of differential gene analysis using transcrip-
tome sequencing (RNA-seq).



Page 3 of 21Luo et al. Cellular & Molecular Biology Letters           (2022) 27:46 	

To overcome the practical difficulties associated with cell culture, we sought to estab-
lish reversely immortalized SMG cells (iSMGCs) and SLG cells (iSLGCs) using the SV40 
T antigen flanked with flippase recognition target (FRT) sites. We successfully estab-
lished immortalized iSMGCs and iSLGCs that exhibit partial salivary gland character-
istics without the risk of tumorigenesis. We further demonstrated that iSMGCs and 
iSLGCs present promising adipogenic and fibrotic responses upon BMP9/Gdf2 stimula-
tion. Thus, iSMGCs and iSLGCs can be used to study the metabolic and fibrotic func-
tions of salivary glands in the future.

Materials and methods
Cell culture and chemicals

HEK-293 cell lines were purchased from ATCC (Manassas, VA, USA) and its deriva-
tive line 293pTP cells, and 293 Phoenix Ampho (293PA) cells were maintained in com-
plete Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum 
(FBS; Hyclone, CA, USA), 100 units of penicillin, and 100 mg of streptomycin at 37 °C 
in 5% carbon dioxide (CO2). Recombinant adenoviruses expressing FLP recombinase, 
BMP9/Gdf2, and GFP were generated and amplified in 293pTP or HEK-293 cells. Retro-
viral vector SSR#41 expressing SV40 T antigen flanked with the FRT sites was packaged 
in 293PA cells. Unless indicated otherwise, all chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA) or Thermo Fisher Scientific (Pittsburgh, PA, USA).

Isolation and immortalization of SMGCs (iSMGCs) and SLGCs (iSLGCs) from postnatal 

submandibular gland and sublingual gland on P0

The ethics committee of the Affiliated Hospital of Stomatology of Chongqing Medical 
University approved this study (grant no. 2021062). The “Guidelines for Ethical Review 
of Laboratory Animal Welfare” (GB/T35892-2018, China) was applied at our institution. 
In this study, all experiments were performed in accordance with the Basel Declaration 
and followed the “3R” principles of treating experimental animals: reduction, replace-
ment, and refinement. Eight submandibular salivary glands (SMGs) were promptly 
removed from four newborn C57BL/6 N mice, which were euthanized using CO2. Next, 
SMGs were cut into 1 mm3 pieces, placed in a 35 mm dish with complete DMEM, and 
incubated for 72 h at 37 °C. Expansion cells were named “SMGCs” or “SLGCs.” The cells 
were suspended in DMEM complete medium containing 10% FBS, 100 units of penicil-
lin, and 100 mg of streptomycin.

To establish the immortalized mouse submandibular gland cells (iSMGCs) and sub-
lingual gland cells (iSLGCs), retrovirus SSR#41 was used as previously described [24, 
25]. The SSR#41 retrovirus was packaged with 293PA cells. Briefly, 10 μg SSR#41 vector 
and 10 μg pCL-Ampho vector were cotransfected into 293 PA cells with 70% density for 
4–6  h. After packaging for 36  h, the medium supernatant was collected four times at 
12 h intervals. The collected medium supernatant was made free of cellular debris via 
centrifugation and a 0.45 μm membrane filter (SLHV033RB, Merck, Kenilworth, USA). 
Next, the passage of SMGCs or SLGCs was seeded in 25 cm2 flasks at 30–40% density, 
and then infected with SSR#41 retrovirus four times at 6–8 h intervals. The iSMGCs or 
iSLGCs were collected by adding hygromycin B (0.4 mg/ml) to the DMEM medium con-
taining 2% FBS twice within 3–5 days, as previously described [24, 25].
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Generation and amplification of recombinant adenoviruses expressing BMP9, flippase 

(FLP), and GFP

Recombinant adenoviruses were generated using AdEasy technology as previously 
described [26, 27]. Ad-BMP9, Ad-FLP, and Ad-GFP were kindly provided by Professor 
Tong-Chuan HE (University of Chicago, Chicago, USA). Analogous adenovirus express-
ing GFP (Ad-GFP) alone was used as the control. The recombinant adenovirus coding 
regions of BMP9 (Ad-BMP9) and FLP (Ad-FLP) were generated and amplified in HEK-
293 or 293pTP cells. Briefly, 70–80% of the 293 cells were replanted in a 100 mm dish for 
4–6 h. After amplification for 48 h, cells and medium were harvested and centrifuged for 
approximately 10 min at 500g and 4 °C. Adenoviruses were released from cells through 
four freeze–thaw–vortex cycles, and then viral lysates were centrifuged at 500g and 4 °C 
to pellet the cell debris.

RNA isolation, cDNA library construction, sequencing, and data analysis

Total tissue RNA of SMG and SLG on P0, and cell RNA of iSMGCs and iSLGCs, was 
extracted by Trizol reagent (15596018, Invitrogen, Carlsbad, CA, USA) following the 
manufacturer’s recommendations [28]. Enrichment of mRNA, fragmentation, reverse 
transcription, library construction, Hi-seq, and data analysis were performed by Gen-
ergy Biotechnology (Shanghai, China). Sequencing was performed on an Illumina HiSeq 
2500 sequencer. The levels of gene expression were quantified using RSEM software. 
Differentially expressed genes (DEGs) were identified via the tool Cuffdiff. Genes with 
one or more fold changes in expression were selected, and P < 0.05 was considered statis-
tically significant. The statistical enrichment of DEGs in KEGG pathways was compared 
with the whole genome background.

RNA isolation and semi‑quantitative RT‑PCR (qPCR)

Total tissue and cell RNA was isolated using Trizol reagent (15596018, Invitrogen, Carls-
bad, CA, USA) and used to generate cDNA templates via a reverse-transcription reac-
tion kit (18090050, Invitrogen, Carlsbad, CA, USA). The cDNA products were used as 
PCR templates, as described previously [29]. PCR primers were designed using Primer 
3.0 and are presented in Table 1. For qPCR analysis, SYBR Green-based qPCR analysis 
was conducted using the ABI Prism 7500 Real-Time PCR System (Applied Biosystems, 
Foster City, CA, USA). The qPCR reactions were completed in triplicate. All samples 
were normalized to GAPDH expression.

Immunofluorescence staining

Immunofluorescence staining was performed as described previously [30]. Briefly, cells 
were fixed with methanol or paraffin sections with sodium citrate for antigen retrieval, 
and then permeabilized with 0.1% Triton X-100, and blocked with 10% Block Aid 
(B10710, Invitrogen). Next, they were incubated with a primary antibody: AQP5 (1:400, 
pa5-97290, Thermo Fisher Scientific, Pittsburgh, PA, USA), α-SMA (1:200, ab124964, 
Abcam, Cambridge, UK), KRT19 (1:200, ab52625, Abcam, Cambridge, UK), and Vimen-
tin (1:200, ab92547, Abcam, Cambridge, UK). After being washed, cells were incubated 
with 2 µg/ml donkey anti-rabbit IgG (H + L) highly cross-adsorbed secondary antibody, 
Alexa Fluor 488 (A-21206, Thermo Fisher Scientific, Pittsburgh, PA, USA). Nuclei were 
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counterstained with DAPI (C1002, Beyotime, Shanghai, China). Stains were imaged 
under a laser scanning confocal microscope. Stains without primary antibodies or with 
control IgG were used as negative controls.

Flow cytometry analysis of intracellular antigens

Intracellular antigens were analyzed via flow cytometry (FCM) according to the fol-
lowing protocol (BD Pharmingen, San Diego, CA, USA) [29–31]. Briefly, cells were 
harvested and fixed with formaldehyde to stabilize the cell membrane, and then permea-
bilized with detergent or alcohol to allow antibodies against intracellular antigens access 
to stain intracellularly. After being washed, cells were incubated with primary antibody: 
AQP5 (1:50, bs-1554R-AF647, Bioss, Beijing, China), α-SMA (1:200, ab124964, Abcam, 
Cambridge, UK), Krt19(1:200, ab52625, Abcam, Cambridge, UK), and Vimentin (1:200, 
ab92547, Abcam, Cambridge, UK). Next, cells were incubated with donkey anti-rab-
bit IgG (H + L) highly cross-adsorbed secondary antibody, Alexa Fluor 488 (A-21206, 
Thermo Fisher Scientific, Pittsburgh, PA, USA). All intracellular staining had to be 
completed in the presence of the permeabilization buffer and immediately detected 
by flow cytometry (BD Influx, CA, USA). Data were analyzed using Sortware software 
(1.0.0.650).

Statistical analysis

The quantitative assays are presented as mean ± standard deviation (SD) and were per-
formed in triplicate and/or repeated a minimum of three times. Statistical significance 
was determined via one-way analysis of variance (ANOVA) and Student’s t-test. All sta-
tistical analyses were conducted using SPSS 18.0 statistical software. The level of statisti-
cal significance was set at P < 0.05.

Results
SMG and SLG development and marker expression on P0

The initial bud of mouse SMG and SLG undergoes extensive branching and cytodif-
ferentiation, eventually leading to the formation of the duct lumen on E15 and mature 

Table 1  Primer sequences

Primer name Forward Reverse

Gapdh Mus 5′-GGC​TGC​CCA​GAA​CAT​CAT​-3′ 5′-CGG​ACA​CAT​TGG​GGG​TAG​-3′

SV40 T Mus 5′-GGT​GGG​TTA​AAG​GAG​CAT​GA-3′ 5′-TAG​TGG​CTG​GGC​TGT​TCT​TT-3′

Sail Mus 5′-CTT​GTG​TCT​GCA​CGA​CCT​GT-3′ 5′-AGG​AGA​ATG​GCT​TCT​CAC​CA-3′

Id1 Mus 5′-GCG​AGG​TGG​TAC​TTG​GTC​TG-3′ 5′-CTC​CTT​GAG​GCG​TGA​GTA​GC-3′

Ctgf Mus 5′-AAG​GAC​CGC​ACA​GCA​GTT​-3′ 5′-AAC​AGG​CGC​TCC​ACT​CTG​-3′

BmprII Mus 5′-AGC​GTC​ACA​AGC​CTG​TCC​-3′ 5′-TTT​GTG​GCG​TGC​AAA​TGT​-3′

Smad1 Mus 5′-AAG​CTG​TGG​ACG​CTT​TGG​-3′ 5′-ATC​CAG​GGA​GCG​AGG​AAT​-3′

Smad5 Mus 5′-TTC​CAT​CCC​CTG​CCA​GTA​-3′ 5′-GCC​TCT​CGG​TGC​TCT​CTG​-3′

Smad8 Mus 5′-ACC​AGG​AGG​CAC​ATT​GGA​-3′ 5′-AGC​CGT​GCT​GGT​AGT​TGC​-3′

Pparγ2 Mus 5′-TTT​TCA​AGG​GTG​CCA​GTT​TC-3′ 5′-AAT​CCT​TGG​CCC​TCT​GAG​AT-3′

Col1a1 Mus 5′-GAG​CGG​AGA​GTA​CTG​GAT​CG-3′ 5′-GCT​TCT​TTT​CCT​TGG​GGT​TC-3′

Bmp9 Mus 5′-TGA​GTC​CCA​TCT​CCA​TCC​TC-3′ 5′-ACC​CAC​CAG​ACA​CAA​GAA​GG-3′
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acini on E18. Hematoxylin–eosin (HE) staining showed that the morphology of the SLG 
acini was dominated by serous acinar cells, while that of the SLG acini was dominated 
by mucous acinar cells at E17.5 [32]. On histological staining, we could detect the classic 
significant differences between serous acinar cells, characterized by round nuclei that 
are oriented toward the center part of the cells, and mucous acinar cells characterized 
by flattened nuclei located basally in the cells on E18.5 (Fig. 1A). Immunofluorescence 
staining revealed that these antibodies enabled a distinction to be made between the 
structural components of SMG and SLG on P0 (Fig. 1B). The acinar cell differentiation 

Fig. 1  Morphology and marker expression in SMG and SLG. A H&E staining of a mouse embryonic 
submandibular gland (SMG, red dotted line) and sublingual gland (SLG, green dotted line) in the middle-late 
phase of development. Remarkably differentiated acinar cells are shown on E18.5, characterized by SMG with 
a majority of serous acinar cells and SLG with a majority of mucous acinar cells. B Salivary gland markers were 
detected by fluorescent staining. Aquaporin (AQP) 5 protein was localized in the cytomembrane of acinar 
cells. Smooth muscle α-actin (α-SMA) was revealed in the cytoplasm of myoepithelial cells and basal duct 
cells. Cytokeratin (KRT)19 was marked in luminal duct cells cytoplasm. Mesenchymal marker vimentin was 
expressed in mesenchymal cells and a few basal epithelial cells cytoplasm. Bar, 200 μm
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marker aquaporin (AQP) 5 protein was monitored in the acinar cell membrane. Cytoker-
atin (KRT)19, which initially marked the ductal lineage at E12, was located in the 
cytoplasm of luminal duct cells. Smooth muscle α-actin (α-SMA) was detected in the 
cytoplasm of myoepithelial and basal duct cells, contributing to the contractile force to 
induce saliva secretion out of the acini. During SMG and SLG development, the func-
tion of the mesenchyme received less attention. We found that the mesenchymal marker 
vimentin was expressed in the cytoplasm of mesenchymal cells and a few basal epithelial 
cells.

Mouse iSMGCs or iSLGCs immortalized using the retroviral vector SSR#41 can be 

maintained in long‑term culture

For decades, research has mainly focused on branching morphogenesis during SMG and 
SLG development. To further study the molecular cell biology of salivary gland func-
tions, we isolated primary SMGCs or SLGCs and then established immortalized cell 
lines. A certain number of cells dissociated from the tissue mass at 24 h and grew con-
fluent at 96  h without enzyme digestion (Fig.  2A-a). Unfortunately, primary SMGCs 
and SLGCs could not grow well for more than four passages. It is well known that the 
SSR#41 vector, which expresses the SV40 T antigen, is an efficient clone carrier to estab-
lish reversibly immortalized cell lines with FLP recombinase [24]. The surviving cells 
selected by hygromycin B were designated as iSMGCs or iSLGCs and replicated well 
separately (Fig. 2A-b). We next examined differences in the proliferation ability of pri-
mary cells (passage 1) and immortalized cells (passage 25) using a crystal violet staining 
assay. A similar initial cell density was used, but the immortalized cells reached con-
fluence faster than the primary cells (Fig. 2B-a). Acetic acid dissolved the stained cells, 
and then quantitative assessment revealed that the immortalized cells had a significantly 
higher cell number at each timepoint than did primary cells (Fig. 2B-b). These results 
showed that immortalized iSMGCs or iSLGCs were successfully established and that 
they could be used for further research.

iSMGCs and iSLGCs express salivary gland markers

Immunofluorescence staining showed that the expression of Krt19, α-sma, and Aqp5 
could be detected in the cytomembrane and cytoplasm of iSMGCs and iSLGCs (Fig. 3A). 
To further investigate the proportion of these markers in iSMGCs and iSLGCs, cells 
were labeled directly using fluorescent antibodies or indirectly using flow cytometry 
(FCM) analysis. As shown in Fig. 3B, both the iSMGCs and the iSLGCs were positive for 
these salivary gland markers. The percentages of cells positive for specific markers were 
as follows: 98.25% α-sma, 70.23% Aqp5, and 99.54% vimentin in iSMGCs, and 95.13% 
α-sma, 45.20% Aqp5, and 98.08% vimentin in iSLGCs. However, Krt7- and Krt19-posi-
tive cells were barely detected (Additional file 1: Fig. S1). Collectively, the above results 
confirm that iSMGCs and iSLGCs partially presented characteristics of salivary glands.

FLP recombinase‑mediated removal of SV40 T antigen decreases the proliferative activity 

of iSMGCs and iSLGCs

Cell immortalization via SV40 large T antigen in the retroviral vector SSR#41 
could be effectively reversed by the action of FLP recombinase. To obtain reversely 
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Fig. 2  Isolation and immortalization of SMGCs (iSMGCs) and SLGCs (iSLGCs). A Primary SMGCs or SLGCs were 
isolated on P0 SMG or SLG (captured under transmission light) and cultured in complete DMEM medium. 
a Morphology of primary cells at 24 h after planting, in addition to passage 3 (p2) and p4. b Establishment 
iSMGCs and iSLGCs. Primary SMGCs or SLGCs were infected with retrovirus SSR#41 and selected in 
hygromycin-containing medium for 3 days. The surviving cells were designated as iSMGCs or iSLGCs. The 
immortalized cells of iSMGCs or iSLGCs were photographed at the indicated time and maintained indefinitely 
(passage 25 is shown). B Cell proliferation was assessed via crystal violet staining assay. The same number of 
primary SMGCs or SLGCs (passage 2) and iSLGCs (a1) or iSMGCs (a2) were seeded at a low density and fixed 
with paraformaldehyde for crystal violet staining at the indicated timepoints. The stained cells of iSMGCs 
(b1) and iSLGCs (b2) were dissolved in 10% acetic acid and detached for OD measurement to quantitatively 
determine at A570 nm to A590 nm. The assays were performed in triplicate. **P < 0.01



Page 9 of 21Luo et al. Cellular & Molecular Biology Letters           (2022) 27:46 	

immortalized cell lines, we constructed a recombinant adenoviral vector (Ad-FLP) 
and used it to transfect iSMGCs or iSLGCs. We observed a parallel high infec-
tion efficiency in cells infected with Ad-FLP or Ad-GFP (Fig.  4A). RT-PCR analysis 
confirmed that we efficiently removed the SV40 T antigen from Ad-FLP-infected 
iSMGCs or iSLGCs, but not from Ad-FLP-infected cells (Fig.  4B-a1, a2). To test 
whether the growth status of AdFLP-infected iSMGCs or iSLGCs would be affected, 

Fig. 3  Characterization of iSMGCs and iSLGCs. A Expression of salivary gland markers in iSMGCs and iSLGCs. 
Cells were fixed with paraformaldehyde and incubated with primary and fluorescently labeled secondary 
antibodies in sequence. Stains without primary antibodies were used as the negative control. Representative 
results were photographed by laser scanning confocal microscope. Bar, 50 μm. B Flow cytometry analysis of 
the expression of salivary gland markers revealed the percentage of specific markers in iSMGCs and iSLGCs
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Fig. 4  FLP recombinase-mediated removal of SV40 T antigen decreases proliferative activity of iSMGCs and 
iSLGCs. A FLP recombinase-mediated removal of SV40 T antigen in iSMGCs or iSLGCs. Cells were infected 
with Ad-FLP or Ad-GFP as the control. Quantity and intensity of green fluorescent cells was high at 24 h 
during these treatments. The growth status of Ad-FLP-transduced cells or Ad-GFP-treated cells is shown at 
passage 2 (p2). B SV40 T-antigen removal efficiency and the effects of multiplication capacity in cells. RT-qPCR 
confirmed that Ad-FLP decreased SV40 T-antigen expression significantly compared with Ad-GFP treatment. 
Meanwhile, the multiplication capacity of cells declined and was accompanied by the removal of the SV40 T 
antigen. Each assay condition was analyzed using a minimum of three independent experiments. *P < 0.05, 
**P < 0.01
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cell proliferation was assessed using CCK8 quantitative analysis. We found that the 
proliferative capacity of both AdFLP-infected iSMGCs and iSLGCs was significantly 
reduced compared with that of AdGFP-transduced iSMGCs or iSLGCs, separately 
(P < 0.001) (Fig.  4B-b1, b2). Tumorigenicity assays were carried out in nude mice to 
exclude the risk of tumorigenesis (data not shown). Taken together, these results indi-
cate that two immortalized cell lines were established, which could be reversed by 
FLP recombinase, but their proliferative activity was impaired.

RNA‑seq revealed differential gene expression between iSMGCs and iSLGCs

To conduct global analysis between the organs and corresponding cell lines, RNA-seq 
of the E16.5 and P0 salivary gland was performed. RNA-seq analysis exhibited that 
the correlation between SMG and SLG was r2 = 0.987 on E16.5 and r2 = 0.009 on P0 
(Fig.  5A). These data suggest that there were over 1000 DEGs between the SMG and 
SLG on P0 (Fig. 5B). To evaluate these differences, a volcano plot was constructed show-
ing the significantly DEGs with more than twofold change in their expression levels and 
P-value < 0.001. Compared with the SLG, a total of 812 downregulated and 608 upregu-
lated genes were identified in the SMG. KEGG pathway enrichment of the top 20 DEGs 
was performed (Fig.  5C). KEGG pathways were specifically enriched in metabolism, 
including amino sugar and nucleotide sugar metabolism, glutathione metabolism, gly-
cine, serine and threonine metabolism, and cysteine and methionine metabolism. These 
data confirm that the SMG and SLG are two important metabolic organs. The SMG and 
SLG exhibited some similar gland marker protein location and remarkable metabolic 
pathway DEG enrichment on KEGG analysis on P0.

To systematically assess the differences in gene expression between iSMGCs and 
iSLGCs, differentially expressed genes (DEGs) were analyzed. First, the analysis of 
transcriptomic data revealed 735 DEGs between iSMGCs and iSLGCs involved in 
cytokine–cytokine receptor interaction, the Jak–STAT signaling pathway, leishmaniasis, 
legionellosis, cysteine and methionine metabolism, the Hippo signaling pathway, proxi-
mal tubule bicarbonate reclamation, and ribosome (Fig. 5D and E). The KEGG enrich-
ment analysis revealed that the ribosome was the most enriched. These data indicate the 
usefulness of iSMGCs and iSLGCs in future metabolism-related research.

DEG analysis and verification upon BMP9/Gdf2 stimulation

Radiation- or duct-calculus-induced salivary gland fibrosis leads to xerostomia. Previous 
studies have suggested that TGF-β contributes to glandular fibrosis [22]. Recent studies 
identified a novel functional role for BMP9 in the treatment of cardiac or liver fibrosis. In 
our study, we also found weakly positive expression of BMP9 in duct and mesenchyme 
mature SMG and SLG (Additional file 1: Fig. S2). Our previous results also showed the 
expression of Bmp9 was upregulated by duct-calculus-induced salivary gland fibrosis 
(Additional file 1: Fig. S3). To further evaluate whether exogenous BMP9 supplementa-
tion could play a role in the fibrotic salivary gland, an adenovirus expressing BMP9 (Ad-
BMP9) was transfected in iSMGCs or iSLGCs for 24 h. Cell RNA samples were used to 
conduct RNA sequencing (RNA-seq) experiments.

First, we identified 101 significant DEGs with an expression change of more than two-
fold in iSLGCs (Fig. 6A) and 460 significant DEGs in iSMGCs after Ad-BMP9 treatment 
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(Fig.  7A). KEGG pathway analysis suggested that the DEGs in iSLGCs were primar-
ily enriched in protein digestion and absorption, thiamine metabolism, and the PPAR 
signaling pathway (Fig. 6B). Analysis of the DEGs in SMGCs after Ad-BMP9 treatment 
showed that metabolism-related pathways were enriched, including retinol metabolism, 

Fig. 5  Differentially expressed gene analysis (DEG) and KEGG enrichment by RNA-seq. A Correlation 
heatmap showing correlation between SLG and SMG on E16.5 and P0. B In total, 608 upregulated (red dots) 
and 812 downregulated (green dots) DEGs with P < 0.001 were counted between SLG and SMG. C The top 20 
KEGG pathways between SLG and SMG on P0 are listed. D RNA-seq analysis revealed upregulated (376) and 
downregulated (359) DEGs in iSMGCs, compared with in iSLGCs. E KEGG enrichment included eight signaling 
pathways based on the DEGs between iSMGCs and iSLGCs: 1–8 represent cytokine–cytokine receptor 
interaction, Jak–STAT signaling pathway, leishmaniasis, legionellosis, cysteine and methionine metabolism, 
hippo signaling pathway, proximal tube bicarbonate reclamation, and ribosome, respectively
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Fig. 6  Differentially expressed gene analysis (DEG) and indicated gene verification in SLGCs. A The 
significantly upregulated (52) and downregulated (49) DEGs induced by Ad-BMP9 in iSLGCs. B KEGG 
enrichment signaling pathways included: amoebiasis (1), small-cell lung cancer (2), protein digestion and 
absorption (3), PPAR signaling pathway (4), and thiamine metabolism (5). C Overlap of metabolic gene 
expression between the cell line and tissues. There were 520 metabolism-related genes coexpressed 
between SLG and iSLGCs. D The expression of Pparγ-2 was increased upon the induction of Ad-BMP9. E The 
upregulated expression levels of Id1 and Smad8 were confirmed using RT-qPCR demonstrating the activity 
of BMP9. BMP9 stimulated Ctgf and Snai1 expression in iSLGCs. All experiments were repeated at least three 
times. **P < 0.01, ***P < 0.001
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Fig. 7  Differentially expressed gene (DEG) analysis and indicated gene verification in SMGCs. A The 
significantly upregulated (384) and downregulated (76) DEGs induced by Ad-BMP9 in iSMGCs. The 
significantly DEG (red and green dots) with two or more fold changes in expression and P < 0.05. B KEGG 
enrichment signaling pathway, where 1–20 represent: PI-3K-Akt signaling pathway, human papillomavirus 
infection, ras signaling pathway, Rap1 signaling pathway, axon guidance, cell adhesion molecular (CAMs), 
hippo signaling pathway, gastric cancer, retinol metabolism, rheumatoid arthritis, hematopoietic cell line, 
melanoma, synaptic vesicle cycle, glutathione metabolism, ECM–receptor interaction, PPAR signaling 
pathway, mineral absorption, fatty acid degradation, collection duct acid secretion, and glycosphingolipid 
biosynthesis-globo and isoglobo series. C 509 metabolism-related genes coexpressed between SMG and 
iSMGCs. D The expression of Pparγ-2 was increased upon Ad-BMP9 induction. E The upregulated expression 
levels of Id1, Smad5, and Smad8 were confirmed using RT-qPCR, demonstrating the activity of BMP9. BMP9 
stimulated Ctgf and Snai1 expression in iSLGCs. All experiments were repeated at least three times. **P < 0.01, 
***P < 0.001
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glutathione metabolism, fatty acid degradation, and mineral absorption (Fig.  7B). 
PPAR-γ is a key transcription factor of PPARs (α, β/δ, and γ), which is closely related 
to intracellular antiinflammatory effects, metabolic homeostasis, and fibrosis [33]. 
Interestingly, a common PPAR signaling pathway was found between iSMGCs versus 
BMP9-treated iSMGCs and iSLGCs versus BMP9-treated iSLGCs on KEGG enrichment 
analysis (Figs. 6B and 7B).

Then, we examined the metabolism-related genes in the tissue and cell lines. We found 
that 520 metabolism-related genes were coexpressed in the SLG (632 metabolism-related 
genes) and iSLGCs (705 metabolism-related genes), while 509 metabolism-related genes 
were coexpressed in the SMG (636 metabolism-related genes) and iSMGCs (683 metab-
olism-related genes) (Figs.  6C and 7C). Cysteine and methionine metabolism was the 
common KEGG pathway between these two cell lines compared with SMG versus SLG.

PPARγ-2 plays an important role in preadipose glucose metabolism and lipid metabo-
lism. The increased expression of PPARγ-2 induced by BMP9 in iSLGCs or iSMGCs con-
tributes to a better understanding of the mechanisms of lipid metabolism in the salivary 
gland (Figs. 6D and 7D). Next, the increased expression levels of Id1, Smad1/5/8, and 
BmprII were confirmed using RT-qPCR demonstrating the activity of BMP9 (Fig .  6E 
and 7E). We found that the expression levels of both Id1 and Smad 8 were significantly 
upregulated after Ad-BMP9 transfection in both iSLGCs and iSMGCs, while those of 
Smad5 and BmprII were only significantly upregulated in BMP9-stimulated iSMGCs. 
Connective tissue growth factor (Ctgf ) is a secreted glycoprotein produced by fibro-
blasts, myofibroblasts, and endothelial cells. Through various regulatory modulatory 
interactions, Ctgf regulates cellular fibrosis stimulated by TGF-β [34, 35]. In our study, 
BMP9 stimulated Ctgf expression in both iSLGCs and iSMGCs. Snail (Snai1) responds 
to TGF-β-induced epithelial–mesenchymal transition (EMT) by repressing E-cadherin 
expression, and is expressed in mesenchymal stromal fibroblasts but not in normal epi-
thelial cells [36, 37]. In the SMG duct ligation model, the significantly increased expres-
sion of Snail was accordant with fibrotic progression. After transfection with Ad-BMP9 
in iSLGCs or iSMGCs, BMP9 consistently upregulated Snail expression (Figs.  6E and 
7E). Overall, these results partially demonstrated the metabolic and fibrotic effects of 
BMP9 on the salivary gland resulting from modulation of multiple genes.

Discussion
Although it is widely known that duct-calculus-induced salivary gland fibrosis leads 
to xerostomia and metabolic disorder, the lack of a relevant salivary gland cell models 
hampers our understanding of the biology and therapy of salivary gland fibrosis. To 
overcome the limited lifespan of the primary SMGCs or SLGCs, here we successfully 
immortalized iSMGCs and iSLGCs using the SSR#41 vector, expressing the SV40 T anti-
gen flanked with FRT sites, and investigated the metabolic and fibrotic functions of the 
salivary gland upon BMP9 stimulation.

The salivary gland is a favorable model to verify branching development in vitro and 
in  vivo. In the past decades, a large number of detailed mechanisms of salivary gland 
morphogenesis have been recognized, including fibroblast growth factor (FGF) signal-
ing, epidermal growth factor (EGFR) signaling, and Hippo signaling [8, 38, 39].
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However, salivary gland dysfunction (i.e., xerostomia) is a common disease that leads 
to oral infection and poor digestion, lacking in-depth study. Until now, treatments with 
sialogogues and saliva substitutes are limited, as they partly relieve dry-mouth symp-
toms but do not restore glandular function. Cultured acinar cells or acinar precursor 
cells were the primary cells used to explore the mechanisms of damaged acinar in the 
past several decades. However, acinar cells, as terminally differentiated cells, could not 
grow well in  vitro, and committed differentiation of acinar precursor cells was also a 
challenge. Fortunately, more and more research has confirmed that residual surviving 
acinar cells, ductal stem cells, and even mesenchymal cells could be investigated as the 
progenitor cells responsible for acinar cell regeneration. Thus, we sought to a establish 
stable cell lines combining good growth and relatively mature differentiated phenotype. 
Interestingly, mucous and serous acinar cells were detected from E17.5, close to mouse 
birth, as demonstrated by histological staining, presenting the end of differentiation 
or “functional acquisition.” RNA-seq analysis demonstrated that there were more than 
1000 DEGs and extremely low correlation between the SMG and SLG on P0. Moreover, 
immunofluorescent staining verified structural components of differentiation markers 
on P0. These data suggest that SMG and SLG reached the end of differentiation on P0. 
Compared with developing fetuses, isolation primary cells from newborn pups may be 
more ethical. Owing to the above reasons, we selected the phase of P0 to establish stable 
cell lines.

We previously found that the use of SV40 T antigen transduced into primary cells to 
establish reversibly immortalized cell lines from various tissues is generally nontumori-
genic. Otherwise, SV40 T-immortalized vector with flanked with FRT sites could abolish 
the SV40 T antigen efficiently reversed by Ad-FLP transfection. The immortalized cell 
pool iSMGCs and iSLGCs did not show tumorigenic risk. We also obtained reversely 
immortalized cell lines transfecting Ad-FLP to iSMGCs or iSLGCs. CCK8 quantitative 
analysis revealed that FLP-mediated removal of SV40 T antigen significantly impaired 
the proliferative activity of iSMGCs or iSLGCs. Several markers are identified in differ-
ent cell components of salivary gland in the epithelium (ducts, acini) and mesenchyme 
[40, 41]. We detected some salivary gland markers on P0, and AQP5, KRT19, α-SMA, 
and Vimentin were also expressed in iSMGCs or iSLGCs. FCM analysis further con-
firmed the ratio of these markers. As expected, a large proportion of cells originating 
from the mesenchyme expressed Vimentin and α-SMA. To rule out the effects of the 
isolation method, we reviewed the types of primary SMG or SLG cells isolated using 
enzyme digestion and analyzed them using single-cell sequencing [42–44]. These data 
showed that the majority of cells were mesenchymal cells. Surprisingly, the positive pro-
portion of AQP5 approached 50% both in iSMGCs and iSLGCs, inconsistent with the 
extremely high expression of mesenchymal markers. Although vimentin is scattered in 
the surrounding cells of ducts and acini, it cannot be neglected that these cells might 
have a stem cell function owing to positive expression in basal cells. Thus, we believe 
iSMGCs and iSLGCs reproduce SMG and SLG cell function, respectively.

Both SMG and SLG have ductal structures that open into the oral cavity, producing 
saliva to lubricate the mouth and aid in food digestion [45]. The parotid gland contrib-
utes as much as 60% of the stimulated flow by tasting or chewing with rich amylase and 
proline-rich proteins (PRPs) [3, 46]. The protein contents identified in parotid could not 
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be deduced in submandibular or sublingual secretion owing to the different developmen-
tal origin. Some universal proteins have been reported in the three major salivary glands; 
mucins (encoded by Muc5b and Muc7) occur only in SMG and SLG [3]. SMG and SLG 
mainly contribute to the resting salivary flow, and the excretion of saliva is of a relatively 
stable amount and composition. The secretion of proteins identified in SMG or SLG is 
poorly understood. In humans, ductal anatomy prevents the proteomic analysis of pure 
submandibular or sublingual secretion. In mice, the amount of submandibular secretion 
collected though the caruncula salivaris is insufficient for proteomic analysis. Therefore, 
research of SMG and SLG metabolic functions is challenging. Currently, few studies 
have assessed SMG and SLG metabolic functions through cell line analysis in vitro. In 
this work, we performed global analysis of the SMG and SLG using transcriptomic data. 
We found that an abundance of metabolism-related genes was expressed in these glands 
at P0. Furthermore, KEGG pathway enrichment analysis of the top 20 DEGs revealed 
metabolism-related genes, including those relating to amino sugar and nucleotide sugar 
metabolism, glutathione metabolism, glycine, serine, and threonine metabolism, and 
cysteine and methionine metabolism. Transcriptomic data analysis identified 735 DEGs 
between iSMGCs and iSLGCs, and KEGG analysis showed that they were enriched in 
cysteine and methionine metabolism. Lactate dehydrogenase (LDH) plays a crucial role 
in anaerobic glycolysis, which is predominant in tumor cells [47]. The level of intracel-
lular LDH activity in iSMGCs and iSLGCs requires further study. Here we demonstrated 
that the iSMGCs and iSLGCs effectively reproduced the SMG and SLG metabolic func-
tions partly, although further investigation is warranted to determine which pathways 
can be attributed to SMG and which to SLG.

Treatment of salivary gland fibrosis, which lacks a clear pathogenic mechanism, is 
a common clinical challenge. It has recently attracted significant attention concern-
ing the use of gene delivery to rescued salivary function [13, 48]. BMP9 plays a role 
in various organ fibroses, including liver fibrosis, cardiac functions through classical 
BMPs/Smads signaling pathways and nonclassical pathways, and a variety of signals 
and cytokines [49]. BMP9 also plays important roles in inhibiting hepatic glucose pro-
duction, inducing the expression of key enzymes of lipid metabolism. Here we first 
established salivary gland immortalized cell lines to explore whether exogenous sup-
plementation of BMP9 affects metabolism and fibrosis. The transcriptome sequencing 
data revealed enrichment in protein digestion and absorption, thiamine metabolism 
in BMP9-stimulated iSLGCs and retinol metabolism, glutathione metabolism, fatty 
acid degradation, and mineral absorption in BMP9-stimulated iSMGCs. Interestingly, 
BMP9 could activate the PPAR signaling pathway in neither iSMGCs nor iSLGCs, 
leading to increased Pparγ-2 expression but not PPAR-α or PPAR-β expression. These 
findings indicate that BMP9 might provide new insight into salivary gland metabo-
lism. Furthermore, our results demonstrate that BMP9 activated fibrosis by upregu-
lating Ctgf and Snail. Moreover, we detected the BMP9-specific receptor tentatively 
in iSMGCs and iSLGCs. ActrII, BmprIa, and BmprII were expressed, while AcrrIIb, 
BmprIb, Alk1, and Alk2 were detected at extremely low levels (data not shown). Phos-
phorylation of SMAD1/5/8 promotes SMAD4 translocation to the nucleus, followed 
by the activation of SMAD-response elements [50]. A relatively low mRNA level 
of Smad8 was detected in iSMGCs and iSLGCs, which increased following BMP9 
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stimulation. The feedback inhibitor Smads, Smad6 and Smad7, also presented higher 
expression in BMP9-stimulated iSMGCs and iSLGCs (data not shown). To some 
extent, our data show a tentative exploration of the fibrotic function of BMP9 in the 
salivary gland, and the corresponding signals. Whether or not BMP9 ablation regu-
lates salivary gland function warrants thorough future investigation.

Inactivation of tumor suppressor genes due to promoter methylation plays an impor-
tant role in salivary gland adenoid cystic carcinoma [51, 52]. Since exogenous conduc-
tion of SV40 T antigen in iSMGCs and iSLGCs may increase the risk of tumorigenesis, 
we confirmed the absence of tumor-like masses in  vivo. Therefore, more evidence is 
required to determine whether iSMGCs and iSLGCs are suitable for the study of salivary 
gland carcinoma.

Conclusion
In summary, we established reversely immortalized mouse salivary gland cell lines, 
named iSMGCs and iSLGCs, and performed a global transcriptomic analysis of these 
cell lines. Moreover, exogenous administration of BMP9 activated metabolism and fibro-
sis in iSMGCs and iSLGCs. Our findings provide a foundation for metabolism- and 
fibrosis-related research of the salivary gland.
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