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Introduction
Mucoepidermoid carcinoma (MEC) corresponds to about 30% 
of all salivary gland malignancies (Luna 2006) and is classified 
into 3 grades (low, intermediate, high) depending on histologic 
findings. The effectiveness of standard of care (surgery + 
chemoradiotherapy) is modest in patients with high-grade 
MEC. Indeed, advanced/recurrent disease engenders significant 
morbidity and mortality (Laurie and Licitra 2006; Chen et al. 
2007; Vander Poorten et al. 2014; Alfieri et al. 2017). As such, 
the development of a mechanism-based, effective, and safe sys-
temic therapy for patients with MEC is urgently needed.

Cancer stem cells (CSCs) constitute a subpopulation of 
unique tumor cells that exhibit a stem-like state and were 
shown to drive tumor relapse and metastasis (Al-Hajj et  al. 
2003; Hambardzumyan et al. 2006; Ailles and Weissman 2007; 
Carmalt et al. 2009; Charafe-Jauffret et al. 2010; Zhang et al. 
2012; Adams et al. 2013; Fitzgerald and McCubrey 2014; Kim 
et  al. 2017). Interestingly, platinum-based chemotherapy 
induces self-renewal and increases the CSC fraction in several 
cancer types, including head and neck squamous cell carci-
noma (HNSCC; Chen et  al. 2012; Korkaya et  al. 2012; Nör 
et  al. 2014). We recently demonstrated that salivary gland 

MEC follows the CSC hypothesis and that high aldehyde 
dehydrogenase (ALDH) activity and CD44 expression identify 
CSCs as uniquely tumorigenic cells in MEC (Adams et  al. 
2015). While no marker combination can pick up all cells 
exhibiting a CSC state, the ALDH/CD44 combination exhib-
ited the highest sensitivity and specificity among the markers 
evaluated. Nevertheless, work demonstrating that MDM2-p53 
inhibitors target MEC CSCs (Andrews et al. 2019) contributed 
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Abstract
Patients with advanced salivary gland mucoepidermoid carcinoma (MEC) are treated with surgery and radiotherapy, as current systemic 
therapies are largely ineffective. As such, current treatment frequently leads to poor long-term survival due to locoregional recurrence or 
metastases. We have shown that salivary gland cancer stem cells (CSCs) are resistant to platinum-based chemotherapy and drive tumor 
progression. The purpose of this study was to investigate the effect of therapeutic inhibition of mTOR (mechanistic target of rapamycin) 
on resistance of CSCs to cisplatin, a prototypic platinum-based chemotherapeutic agent. Viability assays determined the effect of several 
inhibitors of PI3k/mTOR signaling (e.g., temsirolimus, BKM120, AZD8055, PF4708671) and/or cisplatin on survival of human MEC cells. 
The impact of mTOR inhibitors and/or cisplatin on MEC stemness was examined with salisphere assays, flow cytometry for ALDH/
CD44 (CSC markers for MEC), and Western blots for Bmi-1 expression (marker of stem cell self-renewal). Salivary gland MEC patient-
derived xenografts were used to examine the effect of cisplatin and/or temsirolimus on CSCs in vivo. We observed that cisplatin induced 
mTOR and S6K1 phosphorylation, increased the number and size of MEC salispheres, and induced Bmi-1 expression and the fraction 
of CSCs in MEC models in vitro. Cisplatin also increased the fraction of CSCs in vivo. In contrast, mTOR inhibition (e.g., temsirolimus) 
blocked cisplatin-induced Bmi-1 expression and salisphere formation in vitro. Remarkably, temsirolimus slowed down tumor growth and 
decreased the fraction of CSCs (P < 0.05) even in presence of cisplatin in a short-term in vivo experiment. Collectively, these results 
demonstrate that therapeutic inhibition of mTOR ablates cytotoxic-resistant CSCs, and they suggest that a combination of an mTOR 
inhibitor and platinum-based chemotherapy might be beneficial to patients with salivary gland mucoepidermoid carcinoma.
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to the recent approval of a clinical trial testing APG-115 in sali-
vary gland malignancies (NCT03781986).

The mechanistic target of rapamycin (mTOR) is one of the 
important downstream protein kinases of the PI3K/AKT sig-
naling pathway. It forms 2 distinct complexes: mTOR complex 
1 (mTORC1) and mTOR complex 2 (mTORC2). mTORC1 
contains Raptor (regulatory-associated protein of mTOR), a 
downstream target of AKT that regulates the ribosomal S6 pro-
tein kinase 1 (S6K1) and eukaryotic translation initiation factor 
4E-binding protein 1 and mediates cell proliferation and pro-
tein synthesis (Saxton and Sabatini 2017). However, mTORC2 
contains Rictor (rapamycin insensitive companion of mTOR), 
which controls the activation of AKT and plays key roles in 
cell proliferation, survival, and metabolism (Saxton and 
Sabatini 2017). Several studies have shown that the activation 
of mTOR signaling is associated with poor prognosis in 
patients with malignant tumors (Ocana et  al. 2014). Indeed, 
mTOR inhibitors such as rapamycin and rapamycin analogs 
(e.g., temsirolimus, everolimus) have been approved for renal 
cell carcinoma. In addition, ongoing clinical trials are using 
this class of drugs in other carcinomas, including HNSCC 
(Janku et al. 2018; Magaway et al. 2019). Notably, studies with 
PI3K inhibitors that have an impact on mTOR signaling have 
shown effects on CSCs (Hu et  al. 2015; Keysar et  al. 2016; 
Trucco et al. 2018; Zhou et al. 2019). Considering our recent 
observation that MEC CSCs exhibit constitutive activation of 
the mTOR pathway (Adams et al. 2015), we decided to evalu-
ate the impact of therapeutic inhibition of mTOR in preclinical 
models of salivary MEC.

Conventional chemotherapy induces stemness in tumors 
such as HNSCC, glioblastoma, and breast cancer (Chen et al. 
2012; Korkaya et  al. 2012; Nör et  al. 2014). However, the 
effect of mTOR inhibitors on cisplatin-induced MEC CSCs is 
unclear. We observed that cisplatin causes an increase in the 
fraction of CSCs and that therapeutic inhibition of mTOR 
ablates cisplatin-induced stemness in preclinical models of 
MEC.

Materials and Methods
Detailed description of the methods employed in this study can 
be found in the Appendix (i.e., SRB assay, salisphere assay, 
flow cytometry, Western blots, patient-derived xenograft 
model of MEC, and histologic and statistical analyses).

Results

Cisplatin Enhances Self-renewal (Bmi-1)  
and MEC Stemness

To evaluate the effect of a platinum-based chemotherapeutic 
agent on bulk MEC cell viability, human MEC cells 
(UM-HMC-1, UM-HMC-3A, UM-HMC-3B) verified by 
short-tandem repeat profiling (Appendix Fig. 1) were treated 
with increasing concentrations of cisplatin for 24 to 72 h. The 
half maximal inhibitory concentration (IC50) for cisplatin 

ranged from 0.62 to 6.34 µM (48 h) and from 0.06 to 0.24 µM 
(72 h), but treatment for 24 h did not reach IC50 (Appendix 
Fig. 2). As expected, the UM-HMC-3B cell line generated 
from metastasis (same patient as the UM-HMC-3A cells) was 
the most resistant, as we have observed when testing other 
drugs (Andrews et al. 2019). To investigate the effect of cis-
platin on the fraction of CSCs in vitro, we performed flow 
cytometry in MEC cells (Fig. 1A). We observed an increase 
in the fraction of ALDHhighCD44high cells upon treatment with 
cisplatin in 3 MEC cell lines (Fig. 1B). In addition, cisplatin 
increased the number and size of MEC salispheres in ultralow 
attachment plates (Fig. 1C–E) and induced expression of 
Bmi-1, a major activator of stem cell self-renewal (Fig. 2A). 
Notably, cisplatin induced phosphorylation of mTOR and 
S6K1 (downstream target of mTOR signaling) and expres-
sion of Raptor but did not mediate consistent changes in the 
expression of Rictor and pAKT. Collectively, these results 
indicate that cisplatin activates the mTORC1 complex 
(Saxton and Sabatini 2017) and induces MEC stemness in 
vitro.

Temsirolimus Inhibits Bmi-1 Expression  
and MEC Stemness

To examine the impact of different types of the PI3K/mTOR 
pathway inhibitors on the viability of MEC cells, we treated 
UM-HMC cell lines with increasing concentrations of a PI3K 
inhibitor (buparlisib), 2 mTOR inhibitors (temsirolimus and 
AZD8055), or an S6K1 inhibitor (PF4708671). All inhibitors 
exhibited a dose- and time-dependent effect on cell viability in 
MEC cell lines (Appendix Fig. 3). Then, we treated UM-HMC 
cells with one of the mTOR inhibitors and cisplatin for 24 to 
72 h. The combination of temsirolimus and cisplatin was the 
most effective in UM-HMC-1 and UM-HMC-3A cells, 
whereas the combination of AZD8055 and cisplatin was the 
most effective in the UM-HMC-3B cell line at 72 h (Fig. 2B). 
Considering that temsirolimus is a clinically relevant drug in 
the context of oncology (Food and Drug Administration 
approved for renal cell carcinoma), we decided to focus the 
remaining of this project on combination therapies involving 
this drug. The combination index–isobologram method showed 
that 1µM cisplatin displays a synergistic effect when combined 
with ≥0.001µM temsirolimus or when combined with ≥0.1µM 
temsirolimus on the viability of UM-HMC-1 and UM-HMC-3A 
cells, respectively (Appendix Fig. 4).

To begin to understand the impact of temsirolimus in MEC 
CSCs, we performed Western blots that confirmed inhibition of 
mTOR and S6K1 phosphorylation and inhibition of Bmi-1 in a 
dose-dependent manner, suggesting a possible effect of this 
drug on MEC self-renewal (Fig. 2C). Then, we assessed the 
effect of temsirolimus on the CSC fraction using flow cytome-
try for ALDH and CD44 (Fig. 3A). Temsirolimus caused a 
dose-dependent decrease in the fraction of ALDHhighCD44high 
cells in the 3 MEC cell lines evaluated, including the more 
resistant cell line (UM-HMC-3B; Fig. 3B). These data corre-
lated with a decrease in the number of salispheres (Fig. 3C). 



mTOR Inhibition Ablates Cisplatin-Resistant Salivary Gland CSCs	 379

Figure 1.  Cisplatin enhanced the fraction and size of cancer stem cells in vitro. (A) Example of flow cytometry gating strategy for cell lines. To 
identify cells of interest based on size and granularity, the initial analysis region used SSC-A versus FSC-A, FSC-H versus FSC-W, and SSC-H versus 
SSC-W. Viable cells were identified by SSC-A versus DAPI. The identification of ALDHhighCD44high cells was based on IgG versus DEAB control. A, 
area; FSC, forward scatter; H, height; SSC, side scatter; W, width. (B) Flow cytometry analysis of ALDH and CD44 staining status of UM-HMC-1, UM-
HMC-3A, and UM-HMC-3B cells treated with serial dilution of cisplatin (0 to 1 µM) for 24 h. Bar graphs illustrate the percentage of mucoepidermoid 
carcinoma cancer stem cells (i.e., ALDHhighCD44high cells). (C, D) Bar graphs illustrate the average number and size of salispheres per well generated 
from UM-HMC-3A and UM-HMC-3B cell lines treated with cisplatin (0 to 0.1 µM). (E) Representative photographs of salispheres after treatment 
with cisplatin (0 to 0.1 µM). Scale bars represent 200 µm (×40). Values are presented as mean ± SD. Different lowercase letters represent statistical 
significance at P < 0.05 as determined by 1-way analysis of variance followed by post hoc tests. Experiments were performed in triplicate wells per 
condition, and graphs represent at least 3 independent experiments.

Surprisingly, the few salispheres that escaped treatment with 
temsirolimus grew to approximately the same size as those in 
the untreated control group (Fig. 3D). These data were corrobo-
rated with the small molecule inhibitor of Bmi-1 (PTC-209) 

that also caused a decrease in the number of salispheres (P < 
0.05), even when combined with cisplatin (Appendix Fig. 5). 
Collectively, these data showed that temsirolimus inhibited the 
expression of Bmi-1 and reduced MEC stemness in vitro.
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Figure 2.  Effect of cisplatin or temsirolimus on expression of the mTOR signaling pathway, Bmi-1, and cell viability in vitro. (A) Western blot analysis 
of UM-HMC-1, UM-HMC-3A, and UM-HMC-3B cells treated with cisplatin (0 to 1 µM) for 24 h. (B) Combination of mTOR inhibitors with cisplatin was 
more effective than mTOR inhibitor alone in vitro. The cytotoxicity of combination therapy for 24, 48, and 72 h was evaluated by the SRB assay in UM-
HMC-1, UM-HMC-3A, and UM-HMC-3B cell lines. Cisplatin was kept at fixed concentration (1 µM), while mTOR inhibitor was delivered at increasing 
concentrations. Data were normalized against vehicle control. Experiments were performed in triplicate wells per condition, and graphs represent at least 3 
independent experiments. (C) Western blot analysis of UM-HMC-1, UM-HMC-3A, and UM-HMC-3B cells treated with temsirolimus (0 to 10 µM) for 24 h.
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Temsirolimus Blocks Cisplatin-Induced Stemness 
of MEC Cells

To examine the effect of combination therapy and drug 
sequencing on CSCs, we treated MEC cells with temsirolimus 
and/or cisplatin and performed flow cytometry for ALDH and 
CD44 (Fig. 4A). Cisplatin alone consistently increased the 
CSC fraction, while temsirolimus alone decreased it (Fig. 4B). 
Temsirolimus was sufficient to block cisplatin-induced CSC 
fraction increase. Interestingly, when the impact of drug 

sequencing was evaluated, we observed that either temsiroli-
mus first or temsirolimus and cisplatin together were more 
effective in reducing the fraction of CSCs than cisplatin first.

To further assess the effect of combination therapy on MEC 
stemness, salisphere assays were performed in ultralow attach-
ment plates with temsirolimus and/or cisplatin for 8 d (Fig. 4C). 
Consistent with the CSC fraction data, cisplatin alone increased 
the number and size of salispheres when compared with 
untreated groups. In contrast, temsirolimus alone decreased the 
number of salispheres and had a modest effect in the sphere 

Figure 3.  Effect of temsirolimus on cancer stem cells in vitro. (A) Example of flow cytometry gating strategy for cell lines. To identify cells of interest 
based on size and granularity, the initial analysis region used SCC-A versus FSC-A, FSC-H versus FSC-W, and SCC-H versus SCC-W. Alive cells 
were identified by SSC-A versus DAPI. The identification of ALDHhighCD44high cells was based on IgG versus DEAB control. A, area; FSC, forward 
scatter; H, height; SSC, side scatter; W, width. (B) Flow cytometry analysis of ALDH and CD44 staining status of UM-HMC-1, UM-HMC-3A, and 
UM-HMC-3B cells treated with a serial dilution of temsirolimus (0 to 0.1 µM) for 24 h. Bar graphs illustrate the percentage of ALDHhighCD44high cells. 
(C, D) Bar graphs illustrate the average number and size of salispheres per well generated from UM-HMC-3A and UM-HMC-3B cell lines treated with 
temsirolimus (0 to 0.1 µM). Values are presented as mean ± SD. Different lowercase letters represent statistical significance at P < 0.05 as determined 
by 1-way analysis of variance followed by post hoc tests. Experiments were performed in triplicate wells per condition, and graphs represent at least 3 
independent experiments.
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size. We also observed a consistent decrease in the number and 
size of spheres when combination therapy (particularly temsiro-
limus alone first, followed by treatment with temsirolimus and 
cisplatin together) was compared with cisplatin alone. To evalu-
ate the effect of combination therapy in key mediators of stem-
ness, we performed Western blots (Fig. 4D). By itself, cisplatin 
activated the mTOR pathway and induced Bmi-1 expression. 
However, when cisplatin was combined with temsirolimus, we 
observed a shutdown of the mTOR signaling pathway and an 
inhibition of Bmi-1 expression back to baseline levels.

Temsirolimus Abrogates Cisplatin-Mediated 
Increase in CSC Fraction In Vivo

To assess the effect of combination temsirolimus/cisplatin 
therapy in vivo, we generated patient-derived xenograft (PDX) 
MEC tumors and performed a short-term preclinical trial 
focused on the impact of therapy in stemness. When an aver-
age tumor size reached approximately 460 mm3 (Appendix 
Fig. 6A), mice were randomly allocated into the 6 treatment 
regimens (Fig. 5A). All treatment regimens were well tolerated 

Figure 4.  Effect of combination therapy on cancer stem cells in vitro. (A) Flow cytometry analysis of UM-HMC-3A cells stained for ALDH. The 
horizontal axis shows ALDH staining, while vertical axis shows side scatter (SSC) area. (B) Bar graphs illustrate the percentage of ALDHhighCD44high 
cells in UM-HMC-3A and UM-HMC-3B cell lines treated with temsirolimus (red, 0.01 µM); cisplatin (purple, 0.1 µM); temsirolimus (0.01 µM) first, then 
both temsirolimus (0.01 µM) and cisplatin (0.1 µM) 24 h later (light blue); cisplatin (0.1 µM) first, then both temsirolimus (0.01 µM) and cisplatin (0.1 µM) 
24 h later (green); or temsirolimus (0.01 µM) and cisplatin (0.1 µM) at the same time (yellow). (C) Bar graphs illustrate the average number and size 
of salispheres per well generated from UM-HMC-3A and UM-HMC-3B cell lines treated with temsirolimus (red, 0.01 µM); cisplatin (purple, 0.01 µM); 
temsirolimus (0.01 µM) first, then both temsirolimus (0.01 µM) and cisplatin (0.01 µM) 24 h later (light blue); cisplatin (0.01 µM) first, then both 
temsirolimus (0.01 µM) and cisplatin (0.01 µM) 24 h later (green); or temsirolimus (0.01 µM) and cisplatin (0.01 µM) the at same time (yellow).  
(D) Western blot analysis of UM-HMC-1, UM-HMC-3A, and UM-HMC-3B cells treated with temsirolimus (0 or 0.1 µM) and cisplatin (0 or 0.1 µM) 
for 24 h. Values are presented as mean ± SD. Different lowercase letters represent statistical significance at P < 0.05 as determined by 1-way analysis 
of variance followed by post hoc tests. Experiments were performed in triplicate wells per condition, and graphs represent at least 3 independent 
experiments.
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Figure 5.  Effect of combination therapy on cancer stem cells in vivo. (A) Treatment schema. Mice harboring patient-derived xenograft (PDX) tumors 
were treated with phosphate-buffered saline (PBS) intraperitoneally (IP) daily (days 1 to 5 and 8 to 10), temsirolimus alone (5 mg/kg/d, IP, days 1 to 
5 and 8 to 10), cisplatin alone (5 mg/kg/d, IP, days 1 and 8), temsirolimus-first combination therapy (temsirolimus, 5 mg/kg/d, IP, days 1 to 5 and 8 to 
10; cisplatin, 5 mg/kg, IP, day 8), cisplatin-first combination therapy (cisplatin, 5 mg/kg/d, IP, days 1 and 8; temsirolimus, 5 mg/kg/d, IP, days 8 to 10), and 
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by mice (Appendix Fig. 6B) and caused a modest (but signifi-
cant) inhibition of tumor growth as compared with the untreated 
group (Fig. 5B). Histologically, PDX tumors showed similar 
morphology as the primary human tumor, being composed of 
intermediate and squamoid cells exhibiting mitosis, anaplasia, 
some areas of necrosis, and mucinous cell-like differentiation 
(Appendix Fig. 7). Immunohistochemical analyses showed 
that PDX tumors were positive for pan-cytokeratin, and bio-
chemical staining showed PAS-positive cells scattered through-
out the PDX tumors.

We performed flow cytometry to evaluate the effect of 
treatment on CSC fraction (Fig. 5C). Consistent with in vitro 
results, cisplatin alone resulted in an increase in the CSC frac-
tion in MEC PDX tumors (Fig. 5D). In contrast, temsirolimus 
alone mediated a decrease in the CSC fraction. Combination 
therapy showed interesting results. When we started treatment 
with cisplatin alone, followed by combination treatment with 
temsirolimus and cisplatin, the CSC fraction remained higher 
than untreated controls (at levels that were similar to cisplatin 
alone). However, when we used cisplatin and temsirolimus 
together or started with temsirolimus alone followed by combi-
nation therapy, the fraction of CSCs was remarkably decreased. 
Collectively, these data showed that while treatment sequence 
has no major influence on short-term tumor volume, it does 
have a major impact on the fraction of CSCs in vivo.

Western blots of PDX tumor lysates (Fig. 5E, F) showed 
strong correlation with flow cytometry data (Fig. 5D). 
Cisplatin alone caused phosphorylation of S6K1 and potent 
induction of Bmi-1. A similar trend is observed when we did 
combination therapy starting with cisplatin. In contrast, com-
bination therapies starting with temsirolimus alone or both 
drugs showed inhibition of S6K1 phosphorylation and abla-
tion of cisplatin-induced Bmi-1 upregulation. The Akt signal-
ing pathway promotes anti-inflammatory responses in 
macrophages (Vergadi et al. 2017). To evaluate the effect of 
mTOR inhibition combined (or not) with cisplatin on tumor-
associated macrophages, we performed immunohistochemis-
try for F4/80 in PDX tumors treated with temsirolimus and/or 
cisplatin (Appendix Fig. 8). We observed that cisplatin is 
associated with a nonsignificant trend for an increase in the 
number of tumor macrophages, as compared with untreated 
controls. However, temsirolimus caused a decrease in the 

number of macrophages when compared with cisplatin-
treated tumors (P < 0.05).

To verify the results obtained with flow cytometry, we per-
formed immunofluorescence staining for ALDH1 and CD44 in 
the MEC PDX tumors. While most tumor cells exhibited cell 
membrane CD44 staining, only a few cells dispersed through-
out the tissue showed ALDH1 staining (Appendix Fig. 9). The 
results of these histologic analyses (Fig. 5G, H) confirmed the 
same trends showed by flow cytometry (Fig. 5D). 1) Cisplatin 
alone increased the CSC fraction; 2) temsirolimus alone, tem-
sirolimus first followed by combination temsirolimus/cispla-
tin, or combination temsirolimus/cisplatin therapy throughout 
experimental period reduced the CSC fraction; and 3) treat-
ment with cisplatin first followed by combination therapy was 
not effective at reducing CSC fraction (Fig. 5H).

Discussion
Resistance to systemic therapy is a major challenge in the man-
agement of patients with advanced salivary gland MEC. As 
such, today’s treatment for these patients remains largely 
focused on surgery. However, a considerable number of 
patients experience disease progression, exhibiting locore-
gional recurrence and distant metastases. Knowing that CSCs 
mediate therapeutic resistance and drive cancer progression in 
many tumor types (Chen et  al. 2012; Korkaya et  al. 2012; 
Chinn et  al. 2015), we performed here a series of studies 
attempting to find a therapeutic strategy to ablate CSCs in 
MEC.

Cisplatin is the first-line cytotoxic agent for patients with 
advanced head and neck carcinoma, including salivary gland 
MEC. However, cisplatin alone is not an adequate or effective 
treatment of advanced MEC (Laurie and Licitra 2006; Chen 
et al. 2007; Vander et al. 2014; Alfieri et al. 2017). Considering 
that the CSCs may drive resistance to platinum-based agents, 
we looked for possible vulnerabilities in these cells and 
observed that MEC CSCs exhibit a constitutively active mTOR 
pathway (Adams et al. 2015). Here, we evaluated 4 types of 
inhibitors of the PI3K-mTOR signaling pathway for possible 
effects on CSCs. Although we observed varying effectiveness 
for each inhibitor in different cell lines, the combination of 
mTOR inhibitor and cisplatin was consistently more effective 

concurrent therapy (temsirolimus, 5 mg/kg/d, IP, days 1 to 5 and 8 to 10; cisplatin, 5 mg/kg, IP, days 1 and 8). (B) Line graph illustrates the observed 
tumor volume (Vo) normalized against initial tumor volume (Vi) immediately before treatment was initiated. UM-HMC-PDX-18 tumor treated with 
PBS (untreated, n = 6, black), temsirolimus (n = 6, red), cisplatin (n = 6, purple), temsirolimus-first combination therapy (n = 8, light blue), cisplatin-first 
combination therapy (n = 6, green), or temsirolimus and cisplatin at the same time (n = 8, yellow). (C) Flow cytometry analysis of UM-HMC-PDX-18 
stained for ALDH and CD44. The horizontal axis shows ALDH staining, while the vertical axis shows CD44. (D) Bar graphs illustrate the percentage 
of ALDHhighCD44high cells in UM-HMC-PDX-18 treated with PBS (untreated [Unt], n = 6, black), temsirolimus (T; n = 6, red), cisplatin (C; n = 6, 
purple), temsirolimus-first combination therapy (T→T/C; n = 8, light blue), cisplatin-first combination therapy (C→T/C; n = 6, green), or temsirolimus 
and cisplatin at the same time (T/C; n = 8, yellow). (E, F) Western blot analysis of representative UM-HMC-PDX-18 tumor tissue lysates from each 
treatment group: Unt, T, C, T→T/C, C→T/C, and T/C. Bar graphs illustrate the quantification of pS6K1 and Bmi-1 normalized against GAPDH. Band 
densities were quantified with ImageJ software (National Institutes of Health). (G) Images show representative photographs of immunofluorescence 
staining of UM-HMC-PDX-18 tumor tissue sections stained for ALDH1 (green) and CD44 (red). Images were taken at 400× magnification, and scale 
bars represent 50 µm. (H) Bar graph illustrates the number of positive cells for ALDH1 and CD44 per high-power field (HPF; 400× magnification) in 
tissues from UM-HMC-PDX-18 mice treated with temsirolimus (red), cisplatin (purple), temsirolimus-first combination therapy (light blue), cisplatin-
first combination therapy (green), or temsirolimus and cisplatin at the same time (yellow). Values are presented as mean ± SD. Different lowercase 
letters represent statistical significance at P < 0.05 as determined by 1-way analysis of variance followed by post hoc tests.
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than the targeted drug alone or cisplatin alone. Given that com-
bination therapies involving temsirolimus were the most effec-
tive in 2 of the 3 MEC cell lines evaluated and that it is Food 
and Drug Administration approved for another carcinoma (i.e., 
advanced renal cell carcinoma), we decided to focus the major-
ity of our studies on combination therapy involving temsiroli-
mus and cisplatin.

Key findings of this study are as follows. 1) Platinum-based 
chemotherapy with cisplatin induces Bmi-1 expression and 
increases the CSC fraction in MEC in vivo. The increase in 
CSC fraction is attributed to the resistance of CSCs to cisplatin 
and compounded by the induction of Bmi-1 and consequent 
increase in stem cell self-renewal mediated by this drug. 2) 
Targeted inhibition of mTOR signaling with temsirolimus 
blocks expression of cisplatin-induced Bmi-1 and increase in 
the CSC fraction in vivo. These results suggest a possible mech-
anism for the high frequency of tumor relapse when patients 
with MEC are treated with cisplatin; that is, this drug is not only 
ineffective at eliminating CSCs but actually induces the self-
renewal and accumulation of CSCs that are considers “drivers” 
of tumor progression (Chen et al. 2012; Korkaya et al. 2012; 
Chinn et al. 2015). These data also suggest a possible strategy 
to overcome the negative effect of cisplatin in MEC—specifi-
cally, to combine it with an inhibitor of mTOR signaling, as 
MEC CSCs are apparently “addicted” to this pathway.

Multiple signaling pathways regulate Bmi-1 expression in 
cancer, including the Akt, TWIST1, and c-Myc pathways 
(Nacerddine et al. 2012; Liu et al. 2019). As such, it was rather 
surprising that inhibition of mTOR/Akt signaling with temsiro-
limus was sufficient to mediate dose-dependent inhibition of 
Bmi-1 expression and abrogate cisplatin-induced upregulation 
of Bmi-1 in the 3 MEC cell lines evaluated here. One con-
cludes that while there are many upstream regulators of Bmi-1 
expression, the Akt pathway is somewhat dominant at least in 
MEC. Furthermore, we observed that cisplatin induced Bmi-1 
expression in parallel with pS6K1 expression in vitro and that 
cisplatin alone or cisplatin-first combination therapy induced 
both of them in vivo. In contrast, temsirolimus-first or concur-
rent combination therapy blocked increases in pS6K1 and 
Bmi-1 expression. Previous study in ovarian cancer showed 
that knockdown of S6K1 decreased expression of Bmi-1 and 
sphere formation (Ma et  al. 2018). As such, it is likely that 
cisplatin induces Bmi-1 expression through activation of 
pS6K1 signaling. Notably, temsirolimus-first or concurrent 
combination therapy can overcome cisplatin-induced expres-
sion of pS6K1 and Bmi-1 and increase the CSC fraction more 
effectively than combination therapy with cisplatin first.

This work was designed to investigate the impact of therapy 
on CSCs. As such, we had to perform short-term in vivo experi-
ments, and our major readout is not tumor size/volume but rather 
impacts on stemness. We observed significant effects of all sin-
gle and combination therapies on tumor size, but due to the short 
duration of the treatment (10 d), we are unable to distinguish 
effects among different therapeutic combinations. We respect-
fully suggest that this should not be considered a shortcoming of 
this study but rather a by-product of the fact that experiments 

were designed for the study of impacts on CSCs. We are now 
developing a long-term study (1-y follow-up) testing the effect 
of neoadjuvant therapy with temsirolimus and cisplatin (the 
most promising drug combination unveiled here) on the recur-
rence/metastasis of MECs, as we did with an MDM2 inhibitor in 
models of adenoid cystic carcinoma (Nör et al. 2017).

We observed that cisplatin caused an increase in the number 
and size of salispheres in a dose-dependent manner and increased 
the fraction of CSCs in vivo. These data correlate well with 
known clinical shortcomings of cisplatin. While cisplatin has a 
cytotoxic effect on “bulk” MEC tumor cells and may cause tem-
porary tumor regression, it does not kill the uniquely tumori-
genic MEC CSCs. The resistance of CSCs may explain, at least 
in part, the high incidence of tumor relapse experienced by 
patients with MEC. In contrast, temsirolimus inhibited the gen-
eration of salispheres and expression of Bmi-1 and decreased the 
fraction of CSCs in vivo, while it had limited impact at disrupt-
ing existing salispheres in vitro. These data suggest that temsiro-
limus inhibits the formation and clonal expansion of CSCs and 
that this therapeutic strategy might be beneficial for treatment of 
malignancies that follow the cancer stem cell hypothesis.

In summary, this work provides initial preclinical evidence 
for a new treatment strategy for MEC that is based on the use 
of an mTOR inhibitor (to ablate CSCs) with platinum-based 
cytotoxic therapy (to debulk the tumor). We observed that it is 
preferable to start treatment with the mTOR inhibitor and then 
administer cisplatin or to start the mTOR inhibitor and the cis-
platin together to maximize the impact of therapy on the sur-
vival of CSCs. Inspired by recent data from the Wang laboratory 
in HNSCC (Jia et al. 2020), the next steps in this project will be 
to assess the impact of pretreatment with an antistemness agent 
(e.g., small molecule inhibitor of Bmi-1) or an immune check-
point inhibitor (e.g., anti-PD-1 antibody) with an agent target-
ing the mTOR signaling pathway. While this project tested 
well-known agents for cytotoxic “debulking” of the tumor (cis-
platin) and for ablation of CSCs (temsirolimus) in an attempt to 
speed up clinical translation, the field of salivary gland MEC 
research will benefit from the development of new, mecha-
nism-based agents that demonstrate safety and long-term effi-
cacy in the treatment of patients with this rare malignancy.
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