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Abstract

Objectives Although abnormal expression of early

growth response-1 (Egr1) has been revealed in various

human solid tumors, the functions and potential

mechanisms of Egr1 in the progression of salivary

gland pleomorphic adenoma (SGPA) are not entirely

understood.

Results An elevated expression of Egr1 was

observed both in the human salivary gland pleomor-

phic adenoma tissues and tumor-initiating cell (TIC)

cells, when compared with control group. By loss-of-

function assay, the proliferation and invasion capac-

ities of TICs were inhibited, while the cell apoptosis

was promoted, which were further evidenced by the

protein expression analysis of several key apoptosis-

related regulators. Furthermore, TICs with Mithramy-

cin A (an Egr1 inhibitor) treatment achieved the same

effects of endogenous Egr1 knockdown.

Conclusions All these data collectively suggest that

Egr1 act as an oncogenic factor in salivary gland

pleomorphic adenoma, which may be a potential

target for the treatment of SGPA.

Keywords Early growth response-1 � Pleomorphic

adenoma � Salivary gland tumor � Oncogenesis
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Introduction

Pleomorphic adenoma (PA), also known as ‘‘mixed

tumor’’, is the most common salivary gland tumor,

which accounts for 40–70% of all salivary gland

tumors. Despite the recent progress in diagnosis and

management of PA, the pathogenesis of PA, particu-

larly the recurrent pleomorphic adenoma or carcinoma

ex pleomorphic adenoma, remains poorly understood.

Early growth response 1 (Egr1), one of the zinc

finger transcription factors, has a crucial role in

various diseases processes, such as tumor develop-

ment and progression (Zhang et al. 2014), chronic

obstructive pulmonary diseases (Chen et al. 2008),

hypertension (Pagel and Deindl 2012), and myocardial

fibrosis (Shen et al. 2019). It has been evidenced that

Egr1 may play a dual role (an oncogenic gene or

tumor-suppressor gene) in tumor formation, which is

tumor-type specific (Chen et al. 2017; Lei et al. 2019;

Wu et al. 2002). Our previous study has indicated that

Egr1 is a downstream target gene of PLAG1 and that

Egr1 may participate in the developing and progres-

sion of SGPA (Shen et al. 2011). However, the

detailed mechanisms of Egr1’s involvement in SGPA

tumorigenesis warrant further explorations.

Investigations of SGPA had been hindered by the

lack of appropriate cell lines that resemble the in vivo

biology of SGPA. PALG1-transgenic mice develop

spontaneous submandibular tumors which closely

resemble the human SGPA. More interestingly,

CD44hi cells isolated from the PLAG1 transgenic

mice submandibular tumors have been characterized

as ‘‘tumor-initiating cells’’ TICs. The isolation of TICs

from PLAG1 transgenic mice offers a reliable tool for

SGPA research (Shen et al. 2011).

To the best of our knowledge, there have been no

studies addressing the association between Egr1 and

cellular biological behaviors in SGPA. The objective

of the present study is to analyze the expression and

intervention endogenously or exogenously of Egr1 in

SGPA, aiming to shed new insights into the patho-

genesis of SGPA or provide novel therapeutic target of

SGPA.

Methods and materials

Patient population and generation of stable cells

A total of 18 pairs of tissue samples were retrieved

from patients with primary PA of the parotid gland

who had received surgical treatment at the Shanghai

Ninth People’s Hospital. The present study was

approved by the Ethics Committee of Ninth People’s

Hospital, Shanghai Jiao Tong University School of

Medicine. Informed consent was obtained from each

patient. The PLAG1 transgenic mice were generated

and maintained as previously described (Wang et al.

2013; Xu et al. 2019). All the procedures described

were approved by the Animal Use and Care Commit-

tee of Shanghai Jiao Tong University School of

Medicine. Then, single cell suspensions from the

tumors of the transgenic mice were obtained via a

process of mincing, digestion, blocking, filtering,

centrifugation and resuspension. Subsequently, the

cells were cultured in RPMI 1640 medium (Invitro-

gen, CA, USA) supplemented with 10% FBS, 20 mM

Hepes and 2 mM L glutamine. Cells were routinely

incubated at 37 �C and 5% CO2 under a humidified

atmosphere. Following digestion with 0.25% trypsin

EDTA (Invitrogen), the single cell suspensions were

subsequently sorted into CD44hi cells (TICs) and

CD44low cells (Control) by flow cytometric analysis.

RNA extraction and real time-PCR

Total RNA was extracted from cells using TRIzol

reagent (Invitrogen), reverse transcribed and amplified

as previously reported (Xu et al. 2017). The primer

sequences were: Egr1, 50-CCACAACAACAGGA-

GACCTG-30/50-AGGCTTTAATAGTGGATAGTG-

GAG-30, and b-actin, 50-AACCCTAAGG

CCAACCGTGAAAAG-30/50-TGGCGTGAGGGA-

GAGCATAGC-30. The relative quantification of gene

expression was performed using 2-DDCT method (Xu

et al. 2017).

Western blotting analysis

Whole protein lysates were obtained from harvested

cells using protein RIPA lysis buffer (Beyotime,

Shanghai, China) containing 10 mM phenylmethyl-

sulphonyl fluoride as a protease inhibitor (Beyotime

Institute of Biotechnology) on ice for 30 min. Equal
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amounts of protein samples were loaded and separated

by SDS PAGE and transferred to PVDF membranes

(EMD Millipore), which were subsequently blocked

with 5% non-fat dried milk powder in 0.05% Tris

buffered saline and Tween 20 (TBST) for 1 h at room

temperature. These blots were incubated at 4 �C
overnight with primary antibodies against Egr1 (all

from Abcam; 1:1000 dilution), p21, p53, Bax, Bim,

Caspase 3 and Caspase 9 (all from Bioss; 1:1000

dilution), b-actin (Bioss, 1:3000 dilution). The sec-

ondary antibodies conjugated with horseradish perox-

idase label (ThermoFisher), were diluted at 1:1000,

and the membranes were incubated for 1 h at room

temperature. Finally, the immunoreactive bands were

scanned and analyzed. The relative levels of each

protein were quantified with Quantity One software

(Bio Rad Laboratories, Inc.), and the levels were

normalized against b-actin, which served as a control.

Immunohistochemistry

Immunohistochemistry analysis was conducted with

indicated antibodies as previously described (Zhao

et al. 2016). Briefly, Paraffin-embedded tissue sections

were deparaffinized and rehydrated. The tissue sec-

tions were incubated with a polyclonal anti-human

Egr1 antibody, and then stained using the Dako

RealTM EnVisionTM horseradish peroxidase-3, 30-
daiminobenzidine detection system.

Flow cytometric analysis

Flow cytometry was utilized for assessment of cell

sorting and apoptotic analysis. Cell sorting was

performed using a BD FACS AriaTM cell sorter (BD

Medical Technology). Briefly, the single cell suspen-

sions were sorted into CD44 hi and CD44low cells

with APC anti CD44 allophycocyanin (eBioscience).

Once sorted, the collected cells were cultured in

complete media supplemented with 1% penicillin–

streptomycin solution. With respect to the apoptosis

assay, the prepared cells were collected and stained

using a PE Annexin V Apoptosis Detection kit (BD

Pharmingen) according to the manufacturer’s proto-

col. The apoptotic rate of the cells for each experi-

mental group were counted and analyzed.

Cell immunofluorescence

Immunofluorescence analyses of Egr1 were per-

formed using a standard protocol (Xu et al. 2017).

The TICs or CD44 low cells were seeded and grown

on glass coverlips 24 h prior to the staining experi-

ment, fixed with 4% paraformaldehyde, permeabilized

with 0.2% Triton-X 100 (Sigma), and incubated with

primary antibody against Egr1, then secondary anti-

body. Immunofluorescence was visualized and cap-

tured under fluorescence microscope.

Egr1 vectors construction and cell transfection

The CDS (Coding sequence) of mouse Egr1

(NM_007913.5,1602 bp) was amplified using the

primers 50-GGAATTCATGGCAGCGGC-

CAAGGCCG-30 and 50-CGGGATCCTTAG-

CAAATTTCAATTGTCCTGG-30, which contained

an EcoRI cutting site and kozak sequence (50-
GCCACC-30) and a BamHI cutting site, respectively.

The recombinant vector was named pEgr1. A siRNA

sequence that complementarily bound to Egr1 was

chosen. The target sequences of siRNA (50-
GCCCTTCCAGTGTCGAATC-30) were homologous

to Egr1 (pshEgr1). The products of the vectors were

confirmed by DNA sequencing. One day before the

transfection, TICs in logarithmic phase were seeded in

6-well plates at 5 9 105 cells/well. Then 2 lg of

expression vectors or shRNA were transfected using

Lipofectamine 2000 (Invitrogen, CA, USA) in accor-

dance with the manufacturer’s protocol.

MMA treatment

Cells of MMA treatment group was added to medium

at a final concentration (0.03, 0.3 or 3 lM) of MMA

(Sigma, USA). Cells cultured for 24 h under normal

conditions after transfection or MMA-treatment were

used for proliferative activity assay, apoptosis and

invasion assay, and related protein expression

detection.

Cell proliferation assay

Cell proliferation was determined using the cell

counting kit 8 (CCK 8) assay. Briefly, cells were

plated at a density of 5 9 104 cells/well in 96 well

plates. At the indicated time points (24, 48 and 72 h),
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cells were treated with 10 ll CCK8 solution (Dojindo

Molecular Technologies, Inc., Shanghai, China) and

subsequently incubated for 4 h at 37 �C. The absorp-

tion at 450 nm was measured using an automatic

enzyme linked immunosorbent assay reader (BioTek

Instruments, Inc.). Each experiment was performed at

least three times.

Cell invasion assay

Cell invasion experiments were performed as previ-

ously described (Zhao et al. 2016). The transwell

(6.5 mm) with 8 lm pore polycarbonate membrane

inserts (Corning, Albany, NY) were imbedded with

120 lg and 100 lg gelatin in DMEM. The differently

treated TIC cells were added to the inserts in serum-

free medium, then the inserts were placed into the

bottom chambers containing 10% FBS. The cells in

the upper chamber were carefully removed with cotton

swab, and the cells that invaded through matrigel were

stained with 0.1% crystal violet (Beyotime, China).

Images of at least 10 random fields per chamber were

photographed, counted and analyzed.

Statistically analysis

All data showed here are expressed as the mean ± SD.

Statistical analyses were conducted using Student’s

t test or ANOVA unless otherwise stated. A value of

p\ 0.05 was considered statistically significant.

Results

Overexpression of Egr1 in human SGPA

specimens

To investigate the role of Egr1 in human SGPA, we

first examined the mRNA expression of Egr1 in fresh

human SGPA tissues (Tumor group) and paired

normal gland tissues (Gland group) with real time-

PCR. As shown in Fig. 1a, the mRNA of Egr1 was

significantly up-regulated in the SGPA tissues. Con-

sistent with this, Egr1 protein levels, as determined by

western blots, were markedly elevated, when com-

pared with the normal gland tissues (Fig. 1b). More-

over, we conducted immuno-histochemical staining

with 18 pairs of formalin-fixed, paraffin-embedded

tumor or gland tissues. An negative or weakly positive

staining of Egr1 was detected in the normal gland

tissues; while in the 18 cases of PA tumor specimens,

14 cases (14/18, 77.8%) showed an overexpression of

Egr1. The representative images of Egr1 staining in

Gland or Tumor group were presented in Fig. 1c.

These data showed that the expression of Egr1 was

significantly increased in human SGPA tissues.

Expression of Egr1 in TICs of SGPA

Next, the expressions of Egr1 in TICs (CD44hi cells)

were analyzed by real-time PCR, western blot and

immunofluorescence assays, using the CD44low cells

as control. According to the real-time PCR (Fig. 2a),

western bolt (Fig. 2b) and immunofluorescence

(Fig. 2c) results, when compared with CD44low cells,

the expression of Egr1 was markedly upregulated in

TICs, which was consistent with the overexpression of

Egr1 in human SGPA tissues (Fig. 1).

Effects of upregulation or downregulation

of endogenous Egr1 on the proliferation

and invasion of TICs

To further investigate the specific role of Egr1 in

SGPA, we selectively overexpressed or depleted

endogenous Egr1 through transfection with pEgr1 or

pshEgr1 (shRNA) in TICs, respectively. As shown in

Fig. 3a, the western bolt results indicated that the Egr1

protein expression was significantly increased in the

pEgr1 group, when compared with or without empty

vector group. The protein levels of Egr1 were

significantly decreased in the pshEgr1 group, when

compared to the Control group. Subsequently, the

biological behavior of TICs with up- or down-

regulation of Egr1 was interrogated. The proliferative

capacity of tumor cells was examined with CCK-8

assay, while the invasion capacity was determined

with transwell assay. As displayed in Fig. 3b and c, the

result indicated that overexpression of Egr1 in the

pEgr1 group promoted cell proliferation and invasion,

while the shRNA-mediated Egr1 knockdown resulted

in impaired cell proliferation and invasion. These

results indicate that Egr1 could serve as a potential

oncogenic regulator for the tumorigenesis of pleo-

morphic adenoma, and that genetic manipulation of

Egr1 may perturbate the proliferation and invasion

abilities of TICs from SGPA.
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Susceptibility of TICs to reduced proliferation

or invasion induced by MMA treatment

It has been demonstrated that MMA was an effective

inhibitor of Egr1 (Yu et al. 2018; Zhao et al. 2015). To

determine whether this inhibitory effect of MMA on

the Egr1 expression applies to SGPA, we determined

the Egr1 level changes in TICs after MMA treatment.

The TICs were incubated with different concentra-

tions (0.03 lM, 0.3 lM or 3 lM) of MMA and then

subjected to western blot analysis. As shown in

Fig. 4a, the MMA induced a dose-dependent decrease

of Egr1 in TICs. We then analyzed the proliferation or

invasion capacities alteration in TICs following MMA

treatment. The CCK-8 assay results indicated that the

proliferative ability was significantly decreased fol-

lowing 3 lM MMA incubation (Fig. 4b). Similarly,

the invasive properties of TICs were reduced pro-

nouncedly when treated with MMA as determined by

the Matrigel invasion assay (Fig. 4c, d). Taken

together, these data suggest that MMA inhibits cell

proliferation and invasion probably through downreg-

ulation of Egr1.

Effects of selectively overexpression

or knockdown of Egr1 and MMA treatment

on the apoptosis of TICs

Egr1 is a pivotal gene in cell signaling, which is a

potent transcription activator of key genes involved in

cell death pathway, such as p53 (Ahmed et al. 1997)

and TNF-a (Ahmed et al. 1996). Therefore, we next

analyzed the role of Egr1 on apoptosis of TICs. Again,

we used genetic tools to overexpress (pEgr1) or

decrease (pshEgr1) Egr1 expression, as well as

pharmacological inhibition of Egr1 using MMA. The

results from apoptotic assay showed that TICs with

decreased Egr1 levels through pshEgr1 exhibited

Fig. 1 Elevated expression of Egr1 in the human SGPA

specimens. a Relative Egr1 mRNA expression was detected

by RT-PCR in salivary gland or tumor tissues. b Western blot

analysis of the protein expression of Egr1 in salivary gland or

tumor tissues. c Representative immunohistochemical staining

of Egr1 in salivary gland (left) or PA tumor (right) specimens.

9 100, *p\ 0.05
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significant increase of cell apoptosis, while TICs with

increased Egr1 levels through pEgr1 exhibited a

remarkable decrease of cell apoptosis (Fig. 5a). The

proportions of apoptotic cells decreased from

20.3 ± 3.0% (Control group) to 12.3 ± 1.7% in the

pEgr1 group, but increase to 39.2 ± 3.9% in the

pshEgr1 group (Fig. 5b). The relative abundance of

several key apoptosis-related proteins (including p21,

p53, Bax, Bim, caspase-3 and caspase-9) were mea-

sured by western blot. The results demonstrated that

the expression levels of these proteins were signifi-

cantly dampened in the pEgr1 group; while increased

markedly in the pshEgr1 group (Fig. 5c). Moreover, as

shown in Fig. 5d, e, MMA treatment of TICs

significantly increased apoptosis (Vehicle:

18.8 ± 3.7%; 0.03 lM: 20.3 ± 4.9%; 0.3 lM:

30.1% ± 3.3; 3 lM: 52.2 ± 6.4%). The abundance

of apoptosis-related proteins was also increased in a

dose-dependent manner in TICs incubated with

MMA, which indicated that Egr1 inhibition by

MMA phenocopies the effects of Egr1 knockdown

using shRNA pshEgr1 (Fig. 5f). Taken together, these

data suggested that both Egr1 knockdown using

shRNA and inhibition using MMA promoted the

apoptosis of TICs, presumably through Egr1’s influ-

ence on apoptosis-related proteins.

Fig. 2 Up-regulated Egr1 in SGPA tumor-initiating cells.

a Relative Egr1 mRNA expression was detected by RT-PCR

in CD44low or CD44hi (TICs) cells. b Western blot analysis of

the protein expression of Egr1 in CD44low or CD44hi (TICs)

cells. c Representative immune-fluorescence staining of Egr1 in

CD44low or CD44hi (TICs) cells, *p\ 0.05, **p\ 0.01
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Discussion

Early growth response 1 (Egr1) is a multifunctional

transcription factor, which influences cell

proliferation, apoptosis, immune activation, and

matrix degradation (Li et al. 2019). In the present

study, we provided evidence that Egr1 was overex-

pressed both in human SGPA specimens and TIC cells

Fig. 3 Effects of up- or down- regulation of endogenous Egr1

on the proliferation and invasion capacities of the TICs.

a Western blot analysis of the protein expression of Egr1 in

the Control, Vector, pEgr1 and pshEgr1 group. b TICs were

transfected with siRNAs for 24 h before the proliferation assays.

The CCK8 assay detection of the differently treated TICs

groups. c TICs were transfected with siRNAs for 24 h, starved

for another 24 h, and then invasion was analyzed using transwell

assays. d Quantitative results for the invasion abilities for

different group cells. Data showed here are mean ± SD from

three independent experiments, *p\ 0.05, **p\ 0.01,
#p[ 0.05

Fig. 4 MMA inhibits cell growth and invasion capacities of

TICs. a MMA inhibits Egr1 in a dose-dependent manner in

TICs. b The CCK8 assay of the proliferation abilities of TICs

with different concentrations of MMA. c Invasion potentials of

TICs treated with MMA or vehicle were determined by

transwell assays. d Quantitative results for the invasion abilities

for four differently treated groups of TICs. Data showed here are

mean ± SD from three independent experiments, *p\ 0.05,

**p\ 0.01, #p[ 0.05
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from PLAG1 transgenic mice. Moreover, the onco-

genic role of Egr1 in PA was interrogated through

genetic and pharmacological approaches.

There is accumulating evidence indicates that the

expression of Egr1 is tumor-specific and characterized

by spatio-temporal specificity. On one hand, in gastric

cancer, Egr1 mRNA expression was significantly

higher in gastric cancer tissues and cultured gastric

cancer cells, which revealed the function of Egr1 as a

key regulatory factor (Kobayashi et al. 2002). A high

expression of Egr1 protein was also observed in

laryngeal and hypopharyngeal squamous cell carci-

noma (Yoon et al. 2015). On the other hand, Chen and

colleagues reported that the expression levels of Egr1

in human gliomas are significantly reduced in contrast

to normal brain tissues (Chen et al. 2017). It’s also

been established that Egr1 expression was down-

regulated in nasopharyngeal carcinoma tissues when

compared with normal nasopharynx tissue specimens

(Zhong et al. 2017). Herein, we demonstrated that the

expression of Egr1 was elevated both in human SGPA

tissues and the TIC cells from PLAG1 transgenic

mice. This is consistent with our previous result,

which suggested that Egr1 could be targeted by

PLAG1, a key mediator in PA tumorigenesis (Shen

et al. 2011).

Fig. 5 a Flow cytometry of apoptosis in TICs 72 h after

treatment with siRNAs. b The percentages of TIC cells

undergoing apoptosis were quantitatively analyzed. c Western

blot analysis of apoptosis-related proteins in differently treated

TICs. d Apoptosis of TICs 72 h after incubation with MMA or

vehicle were measured by flow cytometry. e The percentages of

TIC cells undergoing apoptosis were analyzed accordingly.

f Western blot analysis of apoptosis-related proteins in TICs

after vehicle or MMA treatment. Data showed here are

mean ± SD from three independent experiments, *p\ 0.05,

**p\ 0.01, #p[ 0.05
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The specific function of Egr1 in oncogenesis is

controversial, including both oncogenic and tumor-

suppressive potentials. For example, in patients with

nasopharyngeal carcinoma, the survival rate with high

Egr1 expression was higher than those with low/

negative Egr1 expression and low Egr-1 expression

was a risk factor for poor prognosis (Zhong et al.

2017). In rhabdomyosarcoma, it’s reported that Egr1

may inhibit the expression of cell cycle regulators

(including p21, PTEN, NDRG1 and CST6) through

interaction with TBX2 and activate two pro-apoptotic

factors (BAX and dephosphorylated BAD) (Mohamad

et al. 2018). These findings suggest that Egr1 could

function as a tumor-suppressive gene in certain

tumors. However, in glioma cell lines, silencing of

Egr1 gene inhibited proliferation and induced G1

phase arrest through directly targeting CCND1 (Chen

et al. 2017). It has also been demonstrated that Egr1

could promote tumor metastasis via regulating angio-

genic and osteoclastogenic factors in prostate cancer

(Li et al. 2019), which indicated an oncogenic role of

Egr1 in the development and progression of prostatic

cancer. In the current study, Egr1 was shown to act as

an oncogenic gene in PA tumorigenesis, including

promoting cell proliferation and invasion, using gain-

and loss-of-function assays as well as pharmacological

inhibition approaches. More recently, studies indicate

that Egr1 could exert its function through interaction

with different long non-coding RNAs or micro-RNAs,

such as taurine upregulated 1 (TUG1) (Shi et al. 2019),

hepatocyte nuclear factor 1 homeobox A antisense

RNA 1 (HNF1A-AS1) (Liu et al. 2018), miR-150-5p

(Shen et al. 2019) and miR-301b (Yan et al. 2017),

which might underlie the different function of Egr1 in

different types of tumors. Our unpublished data also

indicated that in salivary gland pleomorphic adenoma,

there may be close interaction between Egr1 and

several long non-coding RNAs and micro-RNAs. The

more specific regulatory mechanism of Egr1 in the

tumorigenesis of SGPA warrants further investigation.

Previous studies have indicated that Egr1 may

function as a pivotal regulator in cell apoptosis

process. Xie et al. established that Bim may act as

an Egr1 target gene in neurons, uncovering a novel

Egr1/Bim pathway in neuronal apoptosis (Xie et al.

2011). In pancreatic cancer cells, Egr1 may act as a

proapoptotic factor via induction of Bax (Wang et al.

2015). Indeed, our data indicated that genetic knock-

down or pharmacological inhibition lead to enhanced

apoptosis of tumor cells while overexpression of Egr1

inhibited the apoptosis of TICs (Fig. 5). This result

was further supported by the protein expression of six

key regulators in cell apoptosis, including p21, p53,

Bax, Bim, Caspase-3 and Caspase-9. Among these,

Bax is a chief executioner protein of the apoptotic

pathway, which induces apoptosis due to a caspase-

mediated mitochondrial pathway (Walensky 2019).

Caspase-3 and Caspase-9 are belonging to the cas-

pases family, which are considered as the primary

hallmarks of apoptosis (Van Opdenbosch and Lam-

kanfi 2019). Taken together, our results suggest that

Egr1 might exert an oncogenic role in the development

of SGPA partially through inhibition of cell apoptosis.

Mounting evidence has demonstrated that Egr1

may play a crucial role in radiation-signaling since the

promoter of Egr1 contains radiation-inducible DNA

sequences (Oben et al. 2017; Yoon et al. 2015).

Ahmed et al. have reported that Egr1 may function as a

key gene that initiates early signal transduction events

in response to ionizing radiation leading to either cell

growth arrest or cell death in tumor cells (Ahmed

2004). Other investigators reported that silencing Egr1

could induce tumor cells death while attenuate radi-

ation-induced apoptosis in normal tissues, suggesting

that knockdown of Egr1 could enhance tumor local

control rates while minimize the normal tissue com-

plications associated with radiotherapy (Zhao et al.

2015). Together with these findings, it’s plausible that

Egr1 may be a potential therapeutic target in recurrent

PA or carcinoma ex pleomorphic adenoma, which

needs radiotherapy as a supplementary treatment

option in addition to surgery.

Conclusion

In summary, the present study indicates that Egr1 is

overexpressed and plays an oncogenic role in SGPA,

which may be accomplished through promoting

proliferation, invasion and inhibiting apoptosis of

TICs. Our study thus sheds new light on the patho-

genesis of SGPA.
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