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Head and neck cancers are often diagnosed at later stages with poor outcomes. Mesenchymal stem cells (MSC) are recruited to 

primary tumor sites where they can have pro- and antitumorigenic influence. In trying to better understand the dynamics between 

MSC and cancer cells, we found that head and neck cancer-MSC exposure resulted in mesenchymal features, elevated proliferation 

rate, and were more motile, like the same cells that fused with MSC. We orthotopically grafted the parental head and neck cancer 
cells, those fused with MSC, or those exposed to MSC into the tongues of mice. The cancer cells originally incubated with MSC 

developed larger more aggressive tumors compared to the parental cell line. RNA sequencing analysis revealed the expression of genes 
associated with drug resistance in the cancer cells exposed to MSC compared to parental cancer cells. Strikingly, MSC exposed cancer 
cell lines developed paclitaxel resistance that could be maintained up to 30 d after the initial co-incubation period. The secretory 
profile of the MSC suggested IL-6 to be a potential mediator of epigenetic imprinting on the head and neck cancer cells. When the 
MSC-imprinted cancer cells were exposed to the demethylation agent, 5-aza-2’deoxycytidine, it restored the expression of the drug 
resistance genes to that of parental cells. This study demonstrated that the recognized recruitment of MSC to tumors could impart 
multiple protumorigenic properties including chemotherapy resistance like that observed in the relatively rare event of cancer/MSC 

cell fusion. 

Neoplasia (2021) 23, 118–128 
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Introduction 

Head and neck cancer is the fifth most common type of cancer worldwide
among all neoplasms, affecting more than 500,000 individuals each year.
Head and neck squamous cell carcinoma (HNSCC) is the most common
histological type with rising incidence worldwide. Approximately 40% of
them occur in the oral cavity. Its pathogenesis is multifactorial but is mostly
∗ Corresponding authors. 
E-mail addresses: zhouhm@scu.edu.cn (H. Zhou), bhowmickn@cshs.org (N.A. 

Bhowmick). 
✩ Funding: The work was supported by the Department of Veterans Affairs USA 

( I01BX001040 ) to NAB and the National Nature Science Foundation of China (No. 
81772898 ) to HZ and China Scholarship Council to CL 
✩ Conflict of interest: The authors declare no conflict of interest. 
Received 8 October 2020; received in revised form 19 November 2020; accepted 25 
November 2020 

Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
https://doi.org/10.1016/j.neo.2020.11.012 

c
e
t

 

o  

s
a
i
s  

r
c
s

ssociated with cigarette smoke, alcohol, snuff, as well as papilloma virus, 
mong others [1–3] . Currently tobacco and alcohol consumption are the 
ajor risk factors and seem to have a synergic effect [4] . Oral squamous cell

arcinomas (OSCC) arise from the accumulation of genetic and epigenetic 
hanges as well as abnormalities in cancer-associated signaling pathways. This 
ncludes limitless replicative potential, increased proliferation, ability to evade 
poptosis, angiogenesis, invasion and metastasis. Drivers of OSCC include 
yclin D1, p53, epidermal growth factor receptor, retinoblastoma, vascular 
ndothelial growth factor receptor, and signal transducer and activator of 
ranscription 3 [2 , 5] . 

The majority of OSCC are diagnosed at a late phase, in stages III
r IV, which markedly decreases the chances of survival and leads to a
ignificant deterioration in patient quality of life. Despite the currently 
vailable therapeutic strategies, which include the excision of malignant tissue 
n combination with radiotherapy and chemotherapy, the 5–yr survival rate is 
till around 50% [6–8] . In addition, a high percentage of patients have a poor
esponse to therapy and high recurrence rates. In particular, tongue cancer is 
haracterized by a massive potential for regional metastasis even in the early 
tages [9 , 10] . 
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Figure 1. Co-culture of MSC cells and head and neck cancer cells influenced morphology of SCC-25 cancer cells. (A-B) Co-culture of green CMFDA-labeled 
MSC and mCherry-expressing SCC-25 at a 1:1 ratio for 4 days and observation under a fluorescent microscope. Spontaneous cell fusion was observed at very 
low rate (yellow cells). (C) Phalloidin staining of F-actin of the 4 cell types by immunofluorescence demonstrated a morphological change with the appearance 
of polynucleated cells (fused cells). MSC, Mesenchymal stem cells; SCC, squamous cell carcinoma. (Color version of figure is available online.) 
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Mesenchymal stem cells (MSCs), also called multipotent mesenchymal
stromal cells, reside within the stromal compartment of most solid tissues
and bone marrow space, are characterized to have multilineage differentiation
potential [11 , 12] . Bone marrow MSC can differentiate into osteogenic,
adipogenic, and chondrogenic lineages when placed in the appropriate
environments. MSCs are also identified in various organs including those
that occupy a perivascular niche [13–15] . MSCs express stromal fibroblastic
markers (CD90, CD105, CD73) in the absence of hematopoietic markers
(CD45, CD34, and CD14) and endothelial markers (CD31, CD34, vWF)
[16 , 17] . MSCs tend to be recruited by injured tissues where they are
thought to contribute to tissue repair, remodeling, and wound healing.
As tumors are often considered to have characteristics of “injured tissues,”
MSCs are recruited to hypoxic tumor microenvironments. This property has
brought MSC to the spotlight as potential therapeutic vehicles for anticancer
drug/gene delivery [18 , 19] . 

MSCs can grow, proliferate, and transition into tumor-associated
fibroblasts which ultimately promote tumor progression through their
contribution in the microvascularization, stromal networks, and the
production of tumor-stimulating paracrine factors [20 , 21] . Nevertheless,
the role of tumor-associated MSC remains controversial with a number of
studies showing that MSCs play an important role in tumor progression
[22] . MSCs can migrate to the tumor site under a variety of cytokines and
chemokines released from the tumor, such as SDF-1, VEGF-A, VCAM-
1, HGF, and bFGF. MSC can evade the recognition of T cells and react
with B cells, NK cells, and antigen-presenting cells. The immunosuppressive
nature of MSCs favors tumor growth [23 , 24] . MSCs are primarily distributed
in the tumor stroma after intravenous injection with a low frequency of
epatocellular carcinoma fusion [25] . Others have found that spontaneous
ell fusion of bone marrow-derived MSC and breast cancer cells can promote
he development of a more invasive/metastatic state [26] . However, fusion of
uman MSC with esophageal carcinoma cells declined cell growth, elevated
poptosis and reduced tumorigenicity [27] . While the differential effects of

SC fusion with cancer cells are primarily reported to favor a greater tumor-
nductive state, the significantly more frequent association of the 2 cell types
s less well characterized. In our present study, we investigated the effect of
one marrow-derived MSC recruitment to HNSCC tumors. We used human
ongue SCC lines as models to establish how MSC impact cancer cell growth,
etastasis, and chemotherapy sensitivity. 

esults 

o-culture of bone marrow MSCs and head and neck cancer cells 

To study the role of MSC on HNSCC we established co-cultures of
uman MSCs, derived from human bone marrow with SCC-25 cells at a
atio of 1:1. The MSC and the cancer cells were fluorescently tagged by a
reen CMFDA cell tracker and by stable transfection with mCherry vector,

espectfully ( Figure 1 A and B). 
Spontaneous cell fusion was observed in the culture after the fourth

ay and mesenchymal morphological characteristics of binucleated yellow 

uorescent hybrids cells had formed. However, this event was observed at very
ow frequency of 1.6%. These cells were then separated on a fluorescence basis
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Figure 2. Changes in gene expression of SCC-25 cancer cells with the effect of MSC. (A) Pattern of gene expression of sorted SCC-25 and fused MSC/SCC 

cells were compared to naïve SCC-25. Heatmap showing gene-level counts with lower than median (green), greater than median (red) and median (black) 
levels of expression. (B) Each row represents a single gene. (C) Network modeling of the interacting genes implicated mostly in drug resistance. (D) PCR 

of CD36, GDF15, CXCL11, TFPI-2, DAPK,1 POSTN, and IGFBP5 to validate genes obtained in the RNA-seq heatmap. MSC, Mesenchymal stem cells; 
SCC, squamous cell carcinoma. (Color version of figure is available online.) 
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by flow cytometry; green MSC, red SCC-25, and double fluorescent cells
(fused SCC/MSC) and re-cultured individually for expansion. We cultured
the MSCs, naïve SCC-25, the fused SCC/MSC cells and sorted SCC-25
on poly-L-lysine for morphology assessment. The sorted SCC-25 grew at a
normal rate after 24 h of culture, where the adherent fused cells displayed
either a SCC-25-like or MSC-like morphology. Nevertheless, the epithelial
morphology was predominant with some larger multinucleated cells. Within
10 days, nearly all the cells were of epithelial morphology with distinct
red fluorescence. The morphologic differences were better characterized
by phalloidin staining for F-actin, where we identified the mesenchymal
morphology of the MSC and certain sorted SCC had prominent stress
fibers and little to no cortical actin. The epithelial morphology of the naïve
SCC-25, majority of the sorted SCC-25, and even the fused SCC/MSC
had prominent cortical actin staining with few stress fibers. Compared with
pindle-shaped parental MSC cells, the co-cultured MSC cells gained a 
horter more triangular shape. 

To further evaluate whether MSC fusion or its proximity resulted in 
he observed increased mesenchymal morphology, we performed ribonucleic 
cid (RNA) sequencing for the 4 cell types. The gene expression profile 
as consistent with their derivatives from both parental partners, with 650 
ifferentially expressed genes between SCC and sorted-SCC cells ( Figure 2 A 

nd B). KEGG enrichment analysis revealed multiple differentially expressed 
icrotubular and cytoskeletal genes (36) between SCC and sorted-SCC, 

n support of the observed structural changes in the sorted-SCC toward a 
ore mesenchymal phenotype, reminiscent of an epithelial to mesenchymal 

ransition (EMT)-like change ( Figure 2 C and Supplemental Figure S1). 
There were added changes in cell cycle and biochemical pathways, 

ighlighting genes implicated in drug resistance. Among the differentially 
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Figure 3. Co-existence of MSC cells and head and neck cancer cells promoted EMT. (A) Immunofluorescence staining for ß-catenin in SCC-25, MSC, sorted- 
SCC and fused MSC/SCC cells demonstrated both plasma membrane and cytoplasmic localization. (B) Western blot analysis of EMT associated genes were 
evaluated for the expression of E-cadherin and vimentin. (C) Flow cytometry revealed epithelial EpCAM and mesenchymal CD90 expression. (D) Transwell 
migration assay showed differential mobility of naïve SCC, sorted-SCC and fused MSC/SCC cells. (E) Cell migration capacities of the 4 cell types seeded in 
collagen had differential rates of escape from the plugs was quantitated by light microscopy ( ∗P < 0.05). EMT, epithelial to mesenchymal transition; MSC, 
Mesenchymal stem cells; SCC, squamous cell carcinoma. 
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expressed genes, we observed POSTN, GDF11, IGFBP5, CXCL11
upregulated, and DAPK1 downregulated in the sorted-SCC exposed to
MSC and MSC/SCC fused cells, compared to the naïve SCC. These RNA
sequencing findings were validated by reverse transcriptase polymerase chain
reaction (rtPCR) to be consistent with markers of poor prognosis ( Figure 2 D).

MSC-induced transdifferentiation of SCC-25 

The morphological and gene expression changes suggested MSC fused
and sorted SCC-25 exposed to MSC underwent EMT. To this end,
immunofluorescence detection of β-catenin protein at the plasma membrane
was absent in the MSC and sorted-SCC-25 with positive staining in
the cytoplasm and nucleus. Both the SCC-25 and MSC/SCC fused cells
expressed β-catenin at the plasma membrane ( Figure 3 A). 

Additional western blotting for E-cadherin in the sorted SCC-25 and
MSC/SCC fused cells had similarly high levels to naïve SCC-25 with co-
expression of vimentin sorted SCC-25 and MSC/SCC fused cells ( Figure 3 B).
Characterization on these cells was also performed by flow cytometry analysis
of typical epithelial marker, EpCAM, as well as a typical mesenchymal surface
marker, CD90 ( Figure 3 C). Sorted SCC-25 and MSC/SCC fused cells had
a similar EpCAM expression levels as SCC-25 cells (approaching 100%),
whereas MSC had negligible expression. However, the sorted SCC-25 and
fused cells has similar expression of CD90, like MSC. Together, examining
the classic markers of EMT would suggest that the SCC exposure to MSC
resulted in a mixed differentiated status. 
Cell motility was measured using the transwell migration assay and a
ollagen evasion assay. After plating cells in the transwell chambers the
ells were allowed to migrate for 6 h and visualized following crystal violet
taining. The sorted-SCC-25 exposed to MSC and MSC/SCC fused cells had
ignificantly greater migratory capacity compared to naïve SCC-25 ( n = 5,
igure 3 D). The collagen evasion assay where equal number of cells were seed
n collagen supported the same conclusion as the migration assay ( n = 20,
igure 3 E). The results showed that SCC-25 and fused cells similarly escaped
he collagen plug and migrated on the dish significantly more than the naïve
CC-25 cells. While EMT marker expression was equivocal in the MSC/SCC
used and sorted-SCC cells, they similarly demonstrated greater motility 
ompared to naïve SCC, in support of the concept that recruitment of MSC
o tumors can promote tumor migration regardless of the low frequency
usion events. 

SC-induced proliferation of SCC-25 

Characterization of these cells was further explored on a functional aspect,
y evaluating their viability. The result showed that sorted-SCC-25 and fused
ells proliferated about 2-fold faster than the parental naïve SCC cells and that
rowth ( P < 0.001; Figure 4 A). 

However, flow cytometry of propidium iodide stained cells revealed an
levated number of sorted-SCC in S phase compared to naïve SCC-25
r MSC/SCC fused cells ( Figure 4 B). Predictably, the fused SCC/MSC
aintained elevated levels of aneuploidy and polyploidy by propidium 
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Figure 4. Effect of MSC co-culture or fusion on proliferation and cell cycle of SCC-25 cancer cells in vitro. (A) MTT assay evaluating cell proliferation of 
SCC-25, MSC, sorted SCC-25 and fused MSC/SCC cells at 24, 48, and 72 h ( P < 0.001 compared to SCC-25). (B) Cell cycle analysis was performed in 4 
cell types by flow cytometry following propidium iodine staining for cell cycle determination. (C) Proliferation pathway evaluated by Akt phosphorylation by 
western blot in the studied cell types. MSC, Mesenchymal stem cells; SCC, squamous cell carcinoma. 
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iodide stained fluorescent assisted cell sorting (FACS) analysis. The
PI3K/PTEN/AKT signaling cascade plays a critical role in the transmission
of signals from growth factor receptors to regulate gene expression and
prevent apoptosis. Components of this pathway are mutated or aberrantly
expressed in human cancers, playing critical roles in promoting cancer
growth. In this study, we tested phosphorylated-AKT expression by western
blot in the 4 cell types, to find that there was elevated AKT activation
in sorted-SCC and fused cells in comparison to either the naïve SCC-25
cells or MSC ( Figure 4 C). Thus, despite the similarities in proliferative
status of the MSC/SCC fused and MSC exposed sorted SCC-25 cells, the
sorted SCC-25 uniquely increased proliferation associated with elevated PI3K
signaling. 

The role of bone marrow-derived MSC on tumor progression and 
chemotherapy resistance 

To confirm the migration capacities of these cells in a more physiological
setting, mimicking stromal and epithelial interaction in tumors, we generated
3D cell cultures of the four cell types in Matrigel/collagen matrix [28 , 29] . The
spheroid cultures of the sorted SCC-25 and MSC/SCC fused cells were found
to sprout into processes that extended from the core cell cluster, an indication
of an invasion behavior. Conversely, the naïve SCC-25 cells maintained a
spheroid morphology ( Figure 5 A). 

To investigate whether these cells could promote cancer expansion in vivo ,
we used the 4 cell types to establish an orthotopic xenograft tumor models in
mouse tongues ( Figure 5 B). The tongue tumors were allowed to grow for 4 wk
in Nude mice. Histological evaluation of the tissue sections illustrated a more
aggressive pattern for the sorted-SCC and MSC/SCC fused cells, compared
to the naïve SCC-25 cells. It was not surprising that the MSC/SCC fused cells
developed larger tumors with an uneven invasive front. We also found that
exposure of SCC-25 cells to MSC rendered the tumors more proliferative,
based on the significantly greater Ki-67 staining with a ragged invasive front.
These observations in the mice were consistent with the culture models. 

In the light of the evidence in support of EMT in the sorted-SCC
described and the reported impact of EMT on chemotherapy sensitivity, we
examined if such changes were imparted on SCC by MSC exposure [30] .
The specific differentially expressed genes (i.e. , GDF15, CXCL11, TFPI-
2, POSTN, IGFBP5, CD36, and DAPK1) in the sorted-SCC have been
implicated in cancer drug resistance. For the next set of experiments to
determine the role of MSC on chemosensitivity we selected paclitaxel, as
he cytotoxic chemotherapeutic as it is the standard of care for several solid
umors including those of squamous tongue type like SCC-25. Dose response 
urves for paclitaxel revealed naïve SCC-25 cells to be significantly more 
ensitive, compared to the sorted-SCC and the MSC/SCC fused cells ( P <

.01; Figure 6 A). 
The IC 50 for the sorted-SCC was comparable to the MSC/SCC fused 

ells at over a log paclitaxel concentration greater than that for the naïve
CC-25 cells. Consistent with a protective effect of the MSC on cancer cells
egarding drug-induced apoptosis [31 , 32] , we observed a significantly lower 
xpression of cleaved-caspase 3 and cleaved-PARP-1 by the sorted-SCC and 

SC/SCC fused cells, compared to naïve SCC-25 by western blotting in a 
ime dependent manner with paclitaxel treatment. The longer the cells were 
xposed to the paclitaxel the greater the difference in apoptosis markers were 
isible among the cell types with a maximal effect observed at 48 h. These
ndings were consistent with the elevated BCL2 expression by the sorted- 
CC and MSC/SCC fused cells ( Figure 6 B). The genes originally identified
y RNA sequencing incidentally have also been implicated in drug resistance, 
 e.g., GDF15, CXCL11, TFPI-2, POSTN, IGFBP5, and DAPK1) were 
ifferentially expressed in the naïve SCC-25, MSC/SCC fused and sorted 
CC-25. Accordingly, mice grafted with naïve- and sorted-SCC were grafted 
nto mice and administered paclitaxel. It was evident that the sorted-SCC 

ere more resistant to paclitaxel compared to naïve SCC-25 based on the 
ifference in tumor size (Supplemental Figure S1). 

The specificity of cell-cell interaction was interrogated by titrating the 
atio of MSC and SCC-25 to evaluate the durability of the MSC effects on
he SCC-25. The MCS capacity for SCC-25 conversion to a chemoresistant 
tate was measured through the expression of the resistance gene panel. The 

SC and SCC-25 were mixed at a ratio from 1:1 to 1:10, respectively. We
ound that POSTN, ABCG, and MRP1 were upregulated in the sorted- 
CC, compared to the naïve SCC-25 cells at ratios of MSC:SCC-25 of 1:10
 Figure 7 A). 

At the 1:10 proportion of MSC:SCC-25, the expression of POSTN, 
BCG, and MRP1 by sorted-SCC was similar to MSC/SCC fused cells. 
o determine the stability and duration of the acquired chemoresistance of 
orted-SCC cells, dose-response curves with paclitaxel were compared for 3 to 
0 days following co-incubation with MSC ( Figure 7 B). The MSC effect on
he drug resistance of sorted-SCC cells lasted as long as 30 d with a maximum
ffect after 3 d of MSC exposure (IC 50 = 2.02 compared to parental SCC-25
C 50 = 1.4; P < 0.0001), that was maintained significantly for 7 (IC 50 = 1.9,
 < 0.005) and 15 days (IC 50 = 1.8, P < 0.05). There was a lesser effect
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Figure 5. MSC cells promoted invasion and tumor growth. (A) 3D cultures of naïve SCC-25, sorted SCC-25 and fused MSC/SCC cell in Matrigel/collagen 
allowing the cells to present a spheroidal morphology indicating invasion capacity was visualized by H&E. (B) Naïve SCC-25, sorted SCC-25, and fused 
MSC/SCC cell were injected in nude mice. Presented H&E and Ki67 IHC histological stains of the tumor observed in the tongue. MSC, Mesenchymal stem 

cells; SCC, squamous cell carcinoma. 

Figure 6. Co-existence of MSC cells and head and neck cancer cells promoted drug resistance. (A) Sensitivity of parental SCC-25 to paclitaxel compared to sorted- 
SCC and fused MSC/SCC cells observed in a dose dependent manner a protective effect of MSC presence or fusion ( P < 0.01). (B) Apoptotic pathway 
was evaluated by western blot after time dependent treatments with paclitaxel of the different cell types. MSC, Mesenchymal stem cells; SCC, squamous cell 
carcinoma. 
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with MSC exposure to HSC-2 cells having a significant difference compared
to the parental HSC-2 up to 7 d (IC 50 = 15.35 compared to IC 50 12.7 for
parental HSC-2; P < 0.01). Since the drug resistance memory was imparted
merely by the proximity to MSC, we performed a human cytokine array
to determine the secretory status of the lines to find that IL-6 to be the
most elevated cytokine in the co-cultured cells ( Figure 7 C and Supplemental
Figure S2). As IL-6 is known for its capacity to regulate DNA methylation,
e subjected these cells to 5-aza-2 ′ -deoxycytidine (5-azaDC), a DNA methyl
ransferase inhibitor. We observed an elevated expression of ABCG, MDR1,

RP1, and POSTN by the naïve SCC-25 cells, compared to sorted-SCC
ells by western blot following 5-azaDC treatment ( Figure 7 D). Together,
he effects of bone marrow-derived MSC proximity to SCC were revealed to
mpact morphology, cell expansion, invasive capacity, and a lasting resistance
o chemotherapy ( Figure 8 ). 
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Figure 7. Co-existence of MSC cells and head and neck cancer cells promoted drug resistance and memory through epigenetic modifications . (A) Gene expression of 
POSTN, ABCG, DAPK2, MDR1, and MRP1 on SCC-25 and associated MSC and cancer cells at different ratios from 1:1 to 1:10. (B) Cell viability analysis 
of 30 days. The results showed that co-existence of MSC cells and head and neck cancer cells promoted drug resistance and memory for SCC-25 cells with 
an effect up to 15 days ( P < 0.0001 to 0.05) and HSC-2 with an effect for 7 days ( P < 0.01). (C) Heat map resulted from a human cytokine array of the 4 
cell types demonstrated differential IL-6 expression. (D) 5-AzaDC mediated changes in genes associated with drug resistance comparing SCC-25 and sorted 
SCC-25. MSC, Mesenchymal stem cells; SCC, squamous cell carcinoma. 

Figure 8. Model of the MSC-induced phenotype on SCC-25 . The proximity of MSC and head and neck cancer cells can mediate paclitaxel resistant and this 
resistance can be maintained through epigenetic modifications up to 30 days. MSC, Mesenchymal stem cells; SCC, squamous cell carcinoma. 
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Discussion 

Bone marrow-derived stromal cells such as MSCs infiltrate solid tumors.
Much has been reported on the role of MSC on promoting tumor progression
as well as its potential application as a means of delivering anticancer agents
based on their reliable tumor recruitment and fusion with cancer cells [33–
35] . The 2 methods by which MSC can influence cancer progression include
the direct fusion with cancer epithelia and via paracrine signaling impacting
the proximal cancer and immune cells [36 , 37] . The relatively rare event
of cancer cell fusion with MSC as well as leukocytes are recognized as a
protumorigenic event that contributes to tumor heterogeneity [38 , 39] . We
investigated the effect of the co-existence of bone marrow MSCs with head
and neck cancer models compared to that of naïve and cancer cell/MSC
fusion. Our experiments demonstrated that bone marrow-derived MSCs
promoted the proliferation, invasion, tumorigenicity, and paclitaxel resistance
of HSC-2 cells ( Figure 8 ). The role of carcinoma associated fibroblasts in
the support and promotion of tumor progression is well documented [40–
43] . However, the origin of carcinoma associated fibroblasts can include bone
marrow-derived MSC, expansion of resident fibroblasts, or EMT. Although
MSCs have been reported in the progression of head and neck cancer
cells [44] , the underlying mechanisms remain underexplored. Therefore, we
further investigated the interaction of MSC with head and neck cancer cell
lines and the associated mechanisms in this study. 

EMT is the usual process during wound healing and organ fibrosis in
which epithelial cells undergo morphological changes that result in increased
cell plasticity and mobility as they transition into a mesenchymal-like cell
phenotype. EMT can be also observed in a variety of cancer tissues. In human
head and neck cancer, EMT is often detected at invasive lesions and tumor
peripheries at the interface between cancer cells and host cells surrounded
by extracellular matrix. MSCs have been reported to promote the expression
of an EMT phenotype in several cancer cell types [45–47] . In the present
study, we demonstrated that direct contact between cancer cells and MSCs
can support an EMT status that involve both the expression of ß-catenin
at the plasma membrane as well as vimentin, all the while promoting cell
motility. 

Our results revealed that MSC promoted the proliferation and affect
cell cycle of SCC-25 cancer cells. The MTT, Ki67, and BrdU staining
assays demonstrated that MSC conditioned media significantly enhanced the
proliferation of cancer cell lines. To further support the tumor promoting
effect of MSC, these modified cancer cells were injected in the tongue of
nude mice to establish xenograft tumor models. Likewise, Jung Y et al
found that the recruitment of MSC into prostate tumors promoted tumor
metastasis [48] . Further, human bone marrow MSC induce tongue cancer
invasion [49] . De Boeck et al found that MSC promoted colorectal cancer
progression through paracrine neuregulin 1/HER3 signaling [50] . Together,
these observations indicated that bone marrow MSC promoted the invasion
and tumor growth of head and neck cancer. 

Our results revealed that the morphology and biological characteristics
of SCC-25 could be changed when co-cultured or fused with MSC. These
findings are especially relevant, as MSCs enrichment in head neck squamous
cell carcinoma has been correlated increased tumor size and inhibition of
T-cell proliferation [36] . Previously, bone marrow-derived MSC fusion was
observed in the processes of prostate epithelial regrowth following restoration
of androgen signaling and hepatocellular carcinoma expansion [25 , 28] . Here
we analyzed the gene expression pattern of SCC-25 cancer cells in response
to MSC fusion as well as its association. The striking number of overlapping
genes in the cancer cells fused and sorted from recent association with MSC
seemed to be primarily cytoskeletal and nuclear lumen proteins. Interestingly,
we identified a number of stem genes common to the fused and sorted cancer
cells as well. 

MSC recruited to tumors as part of its microenvironment have been
demonstrated to increase drug resistance [51 , 52] . The stem genes elevated
n cancer cells by MSC association or fusion was consistent with this model.
or example, MSC-derived exosomes induced expression of the stem marker,
D133, by gastric cancer cells to similarly support chemotherapy resistance

53 , 54] . While we have not ruled out the role of exosomes in our current
tudy, we found that the presence of MSC supported the resistance of
ead and neck cancer lines (i.e., SCC-25 and HSC-2) to paclitaxel by an
pigenetic manner potentially induced by paracrine IL-6 expression. MSC in
he microenvironment can influence tumor progression, drug resistance, and 
 target for cancer treatment. 

aterials and methods 

ell culture 

Human MSCs were obtained from Lonza (Morristown, NJ, USA). These
ells were characterized both through standard surface markers and functional
nalysis. The cells were validated to express CD29, CD44, CD105, CD90,
nd CD166 and to not express CD14, CD34, CD19, and CD45. The
ells were tested to differentiate down each of the 3 lineages (adipogenic,
hondrogenic, osteogenic). The cells were cultured in α-modified Eagle’s 
edium supplemented with 10% Hyclone fetal bovine serum, 100 units/mL

enicillin and 100 μg/mL streptomycin (all from Fisher Scientific Waltham, 
A, USA) at 37 °C in a humidified 5% CO 2 atmosphere for ≤6 passages.

he human SCC-25 cell lines (ATCC, Manassas, VA, USA) were cultured in
ulbecco’s modified Eagle’s medium (Fisher Scientific) supplemented with 

0% FBS, 100 units/mL penicillin and 100 μg/mL streptomycin at 37 °C in
 humidified 5% CO 2 atmosphere. 

luorescent labeling of MSC and SCC-25 

Cell Tracker Green (CMFDA, Invitrogen, Carlsbad, CA, USA) was used
o label MSC cells seeded in 100-mm cell culture dish, when they reached
0% confluency. The cells were washed 3 times with phosphate buffered
aline (PBS), incubated 2 × 30 min at 37 °C with 2-μM Cell Tracker dye,
nd washed subsequently 3 × with PBS. MCherry plasmid DNA (TaKaRa 
io, Mountain View, CA, USA) was used to label SCC-25 cells. This plasmid
as transfected by electroporation using Amaxa Cell Line Nucleofector Kit

ccording to manufacturer protocol (Lonza). The cells were then seeded on
oly-L-Lysine precoated plates and fluorescence intensity was evaluated under 
 fluorescent microscope (Olympus Waltham, MA, USA). G418 was used as
 selection antibiotic for stable expression of mCherry in SCC-25 cells. 

o-culture of MSC and SCC 25 in vitro 

Green fluorescent MSC and mCherry SCC-25 cells were counted, mixed
t a ratio of 1:1, and plated in a 100mm cell culture dish. After co-culturing
f green MSC and mCherry SCC-25 fluorescent cells for 4 d a few cells could
e observed to have spontaneously fused. The fused SCC/MSC (green and
ed) and sorted-SCC (red) cells were segregated by FACS. Each cell was then
ultured separately. 

ell viability assays 

MTT assay was used to detect the viability of each cell type
y manufacturer’s guidelines (Sigma, USA). Briefly 2 × 10 4 cells were
ounted and seeded in 96-well plate, 5 mg/mL MTT solution (3-(4,5-
imethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added in each 
ell and incubated for 4 h at 37 °C at 24, 48, and 72 h time points. MTT

olution was replaced by dimethyl sulfoxide (DMSO) and absorbance was
easured at 490 nm using a μQuant plate reader (Thermo Varioskan Flash,
A, USA). 
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FACS analysis 

FACS experiments were performed with eBiosciences (San Diego, CA
USA) antibodies: anti EpCAM, anti-human CD90 and anti-human Stro-
1 following standard protocol. All events were acquired on LSR II flow
cytometry (Becton, Dickinson, Franklin Lakes, NJ) and files were analyzed
using Flow-Jo software v10.3. Cell cycle status was evaluated following
fixation of 1 × 10 6 cells in ice-cold 70% ethanol then incubated in 10
μg/mL propidium iodide solution containing 200 μg/mL RNase A. For each
experiment, 10,000 events were evaluated by FACS analysis and cell cycle
profiles were modeled using FlowJo software. 

Motility/invasion assays 

Transwell assay was used to detect the migration ability of parental SCC-
25, sorted SCC-25 and fused SCC/MSC. 5 × 10 4 cells were resuspended in
100 μL serum-free medium and inoculated into the upper transwell chamber,
and 400 μL complete medium with 10% FBS was put in the lower chamber.
After 6 h of culture, the cells have migrated toward the lower side of the
membrane, they were fixed by 100% methanol, washed with PBS, and stained
with 0.1% crystal violet solution. The nonmigrating cells were removed from
the upper side of the chamber with a swab allowing the migrated cells to be
counted under a microscope. 

1 × 10 6 SCC-25, sorted SCC-25 and fused MSC/SCC cells were
prepared in 1 mL collagen I and neutralized by setting solution. The cell
suspensions were then seeded 1 μL per spot for each cell type with 20
replicates per cell type. After the collagen culture was solidified medium
containing 5% FBS was added to the dish. The collagen grafts were imaged
by phase contrast light microscope after 6, 12, 24, and 48 h of culture. 

3D cell culture 

Three-D cell culture was used to confirm the migration capacity of the
cell types. Briefly, on day 1: the basement gels were prepared using 3.5
volumes of type I collagen and 3.5 volumes of Matrigel, with 1 volume of
10 × DMEM, 1 volume of FBS and 1 volume of medium. 300 μL of this
mixture was pipetted into each well of a 48-well plate and allowed to solidify
prior to adding 1 mL of medium to each well for equilibration. On day 2:
2 × 10 5 SCC-25, sorted SCC-25, or fused MSC/SCC cells were seeded on
the gel after the medium was aspirated from the wells. On day 3, after the
cells settled on the gels, they were placed on collagen-coated nylon sheets
supported on metal grids to limit lateral contraction of the gel. The medium
covering the gels was carefully aspirated without disturbing the surface of the
gels, thus allowing the gels to be removed from the 48-well plate and placed
onto individual collagen-coated nylon discs resting on the steel using a sterile
spatula in 6 well plates. Then 2 mL growth medium was added to each well
to reach the undersurface of the grid. The medium was changed every 2 d.
After 14 d, the 3D cultures were harvested and histopathologically processed
for imaging. 

Immunofluorescence 

Phalloidin staining of F-actin was done by immunofluorescence. Briefly,
MSC, SCC-25, sorted SCC-25 and fused cells were seeded onto glass slides
in 6 well plates. After 24 h, the cells, at about 50% confluence were fixed
by paraformaldehyde (4%). After the slides were washed three times with
PBS, they were blocked with 5% normal goat serum in PBS for 1 h at room
temperature. Fluorescein-conjugated phalloidin (Sigma) was incubated for 10
min at room temperature, then washed again 3 times with PBS prior to being
counterstained with 4,6-diamidino-2-phenylindole for 2 min. After 3 more
washes, cover glass was placed with antifade mounting medium for imaging.
estern blot analysis 

MSC, SCC-25, sorted SCC-25 and fused MSC/SCC cells were 
eeded at 5 × 10 5 cells/dish in 100-mm cell culture dishes. Cell lysates 
20 μg) were electrophoresed and transferred to polyvinylidene fluoride 
PVDF) membranes for probing for p-AKT (Cell Signaling Technology, 
anvers, MA USA), p-STAT3 (Cell Signaling Technology), β-actin antibody 

Santa Cruz Biotechnology, Santa Cruz, CA, USA), E-cadherin (Cell 
ignaling Technology), vimentin (Santa Cruz Biotechnology), PARP1 (Santa 
ruz Biotechnology), capase-3 (Cell Signaling Technology), and Bcl2 

Cell Signaling Technology). Western blots were visualized using alkaline 
hosphatase-conjugated secondary antibodies (Sigma-Aldrich, St Louis MO, 
SA). 

nimal experimental procedure 

Animal studies were carried out in accordance with Institutional Animal 
are and Use Committee approved protocol. All surgeries were performed 
nder anesthesia. The xenograft experiment was implemented in male 
ALB/c nude mice (about 4 wk old). The mice were randomly divided into
 groups with 10 mice in each group. SCC-25, sorted SCC-25 or fused
SC/SCC 5 × 10 5 cells were prepared in 30 μL type I collagen solution

njected into the middle tongue of the mouse. Two weeks after injection, 
umors could be visualized, and mice were harvested 4 wk after injection. 
he tumors were fixed with 4% paraformaldehyde. H&E and Ki67 staining 
ere accomplish by IHC. 

mmunohistochemical analyses 

Ki67 staining was done by immunochemistry (Abcam, Cambridge, 
K). Briefly, paraffin-embedded sections were deparaffinized in xylene, 

ehydrated through graded ethanols, and then submerged into citric acid 
uffer for heat-induced antigenic retrieval, blocked with 10% bovine 
erum albumin, incubated with Ki67 primary antibodies at 4 °C overnight 
nd developed using the DAKO ChemMate Envision Kit HRP (Dako- 
ytomation, Carpinteria, CA, USA) followed by counterstaining with 
ematoxylin, dehydration, clearing and mounting. 

T-PC 

To confirm and validate data obtained by the RNA-Seq, DNA was 
xtracted with a RNA Easy Qiagen kit following manufacturer’s protocol. 
he sequence of the primers are detailed in Supplemental Table 1. 

uman cytokine array 

Human cytokine arrays (Ray Biotech Inc, Norcross, GA, USA) consists 
f a total of 120 different cytokines and chemokines antibodies spotted 
n a membrane to detect the cytokine secretion profile of MSC, SCC-25, 
used cells and the co-culture cells of MSC and SCC-25. First, conditional 
edium was prepared. Total numbers of 1 × 10 6 cells were seeded on 100-
m dish. After 24 h, cells were washed 3 times with 10 mL PBS and

ncubated for another 48 h at 37 °C in 10 mL α-MEM medium without
etal bovine serum. The medium was harvested and centrifuged at 1000 
pm for 10 min at 4 °C and the supernatant was stored at −80 °C. Control
edium was collected in parallel from tissue culture dish containing no cells. 
he proteins secreted were then evaluated according to the manufacturer’s 

nstruction. Briefly, protein array membranes incubated in blocking buffer for 
0 min and then incubated with conditioned media at 4 °C overnight. After
eing washed, membranes were incubated with biotin-conjugated antibodies 
t room temperature for 2 h and then visualized after incubation with 
orseradish peroxidase-conjugated streptavidin (1:1000 dilution). The signal 
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intensities were quantified by densitometry and fold changes in protein
expression were calculated. 

Statistical analysis 

Data analysis was performed using SPSS 13.0 statistical software.
Comparison between 2 groups were performed by unpaired Student t test,
while multiple group comparison was performed by 2-way ANOVA using
Prism Stat view software. All tests were 2-sided and P values < 0.05 was
considered to be significant. 

For the RNA-seq data, raw sequencer data was processed using Illumina’s
RTA and CASAVA pipeline software, which includes image analysis, base
calling, and sequence quality scoring. Moreover, we analyzed the RNA-seq
data with our transcriptome analysis pipeline, which uses the TOPHAT
software package for performing gapped alignments against the reference
genome, DESeq for detecting differential gene expression. The log-fold
change and a noise filter of minimum number of FPKM for a gene
were used to identify differentiated genes. The complete data set was
uploaded in the GEO repository, accession #ref. The lowest sum value
had the lowest rank, which inversely correlated with the most significant
gene expression. MATLAB was used for heat map creation with gene-
wise hierarchical clustering. Average linkage and Euclidean distances were
calculated unsupervised. Two-way ANOVA analysis over all genes indicated
statistically significant variations in expression patterns. Comprehensive
bioinformatics analysis was used to enrich the dataset for genes of interest
including analysis of differential genes, series test of clusters, gene ontology,
pathways, and gene co-expression networks. 
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