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The Src family kinase inhibitor drug 
Dasatinib and glucocorticoids display 
synergistic activity against tongue squamous 
cell carcinoma and reduce MET kinase activity
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Abstract 

Background  Tongue squamous cell carcinoma (TSCC) is an aggressive cancer associated with a poor prognosis 
and limited treatment options, necessitating new drug targets to improve therapeutic outcomes. Our current work 
studies protein tyrosine kinases as well-known targets for successful cancer therapies. It focuses on Src family kinases 
(SFK), which are known to play a critical role in some head and neck tumors.

Methods  Western blot analyses of phospho-tyrosine protein patterns in 34 TSCC lines facilitated the investigation 
of SFK as contributors to these phosphorylations. The SFK inhibitors PP2 and Dasatinib were utilized to determine SFK 
contributions to cell motility and survival. A high-throughput screen with 1600 FDA-approved drugs was performed 
with three TSCC lines to discover drugs that act synergistically with Dasatinib against TSCC cell viability. Glucocor-
ticoids emerged as potential candidates and were further investigated in 2D culture and by 3D soft agar colony 
formation. Dexamethasone was chosen as the major tool for our analyses of synergistic effects of Dasatinib and glu-
cocorticoids on TSCC lines. Effects on the cell cycle were investigated by flow cytometry and expression levels of cell 
cycle regulators. Senescence was analyzed by senescence-associated β galactosidase detection and p27Kip1 protein 
expression. Autophagy was measured by Acridine Orange staining.

Results  A panel of 34 TSCC lines showed a surprisingly homogenous pTyr-protein pattern and a prominent 130 kDa 
pTyr-protein. Inhibition of SFK activity greatly reduced overall pTyr-protein levels and p130Cas tyrosine phosphoryla-
tion. It also impaired TSCC viability in 2D cell culture and 3D soft agar colony formation. A high-throughput drug 
combination screen with Dasatinib identified glucocorticoids as promising candidates for synergistic activity. Dasat-
inib and Dexamethasone combination treatment showed strong synergistic effects on Src and p130Cas phosphoryla-
tion and led to reduced p130Cas expression. Dexamethasone also suppressed phosphorylation of the MET kinase 
and its key substrate Gab1. On the cellular level, Dasatinib combination with glucocorticoids led to G1 cell cycle arrest, 
appeared to increase senescence and enhanced autophagy. This was also reflected by effects on cell cycle regulatory 
proteins, including CDKs and cyclins.

Conclusion  This work is the first to show a strong synergistic activity of Dasatinib in combination with clinically 
used glucocorticoids in solid tumors. Furthermore, the tyrosine kinase MET and its effector protein Gab1 are newly 
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Introduction
Tongue squamous cell carcinoma (TSCC) is a serious 
public health problem with significant morbidity and 
mortality [1]. Surgery, in combination with radiotherapy, 
is often the primary treatment option [2]. Total glos-
sectomy, associated with a high level of morbidity, is 
performed for advanced carcinomas [3, 4]. With these 
limited options, more effective treatment options are 
urgently needed.

Previous analyses, which investigated the mutational 
features of head and neck squamous cell carcinomas 
(HNSCC), including different TSCC, revealed various 
mutations in genes of therapeutic and prognostic signifi-
cance [5, 6]. In these studies, apart from the mutations 
in the prominent tumor suppressor gene p53, affected 
pathways include EGF family receptor signaling, the 
mitogen-activated protein kinase (MAPK) and NOTCH 
signaling pathways, as well as adherens junction and focal 
adhesion pathways. However, many other mutations and 
dysfunctional regulatory mechanisms likely remain to be 
discovered.

Molecularly targeted therapies currently play a lim-
ited role in head and neck cancers (HNCs). Treatment 
with the monoclonal anti-EGFR antibody Cetuximab 
has shown some clinical benefits. However, although 
there are now numerous additional targeted therapies for 
patients with HNC in clinical testing [7], there is no par-
ticularly effective molecularly targeted therapy for TSCC 
available until now. Due to the high risk of recurrence 
and the poor prognosis in TSCC, the search for effective 
clinical treatments remains an important topic. Identifi-
cation of new molecular targets may enable significantly 
improved treatments.

Protein tyrosine kinases (PTKs) play key roles in cellu-
lar signal transduction, cell cycle regulation, cell division, 
and cell differentiation. The signaling pathways regulated 
by protein kinases are frequent targets of mutations, 
leading to many human cancers [8]. Dysregulation of 
PTK-activated pathways, often by overexpression, gene 
amplifications, or genetic mutations, are causal factors 
underlying numerous cancer developments, as well as 
disease progression and drug resistance [9]. The inhibi-
tions of kinases with drugs have produced substantial 
antitumor effects for some cancer types.

To detect tyrosine kinases which might become ther-
apeutic targets in TSCC treatment we have studied 

tyrosine phosphorylation in a panel of 34 TSCC lines. 
Western blot analysis of their protein tyrosine phospho-
rylation status, using a well-established anti-phospho-
tyrosine antibody, revealed a surprisingly homogenous 
pTyr-protein pattern throughout the TSCC panel 
with a prominent 130 kDa pTyr-protein. This led us 
to focus initially on the potential involvement of the 
multi-site docking protein p130Cas (BCAR1) and Src 
family kinases (SFK), which are readily known to play 
important roles in some head and neck cancers [10]. 
Inhibition of SFK activity with two inhibitors, the tool 
compound PP2 [11] and the clinically used drug Dasat-
inib (DAS) [12], greatly reduced overall pTyr-protein 
levels and p130Cas tyrosine phosphorylation on spe-
cific epitopes. Moreover, TSCC viability in standard cell 
culture and 3D soft agar colony formation was greatly 
diminished.

Since monotherapies with anti-cancer drugs are fre-
quently ineffective or short lasting in their activity 
and thus require additional drugs to accomplish use-
ful clinical responses [13–15], we performed a high-
throughput screen with 1600 FDA-approved drugs, to 
discover candidate molecules that achieve synergistic 
activity against TSCC lines when combined with DAS. 
This screen identified glucocorticoids (GCs), including 
Dexamethasone and Fluticasone, as a promising group 
of drugs for further analyses. GCs have been widely 
used in medicine for decades, including as part of some 
cancer treatment regimens [16, 17]. The expansion of 
their clinical use in cancer therapies could be swift and 
cost-effective, with only moderate concerns about off-
target toxicities. After more detailed studies, GCs were 
found to induce rapid and prolonged inhibition of the 
MET tyrosine kinase. This suggests that GCs may have 
a useful role to play in the clinical inhibition of MET 
signaling in tumors. MET has a range of substrate pro-
teins. However, for this study, we decided to focus on 
its key substrate Gab1, a ubiquitous multi-site dock-
ing protein, which shows, when eliminated by targeted 
disruption in mice, a phenotype very similar to a MET 
knockout [18, 19]. Effects elicited on MET were echoed 
in the Gab1 phosphorylation patterns, suggestive of a 
functional role for Gab1 in at least some of the pleio-
tropic effects of GCs.

identified glucocorticoid targets. Given the extensive research on MET as a drug target in various cancers, our findings 
have the potential to advance future cancer treatments.

Keywords  Tongue squamous cell carcinoma, Combination therapy, Targeted therapy, Glucocorticoids, Src family 
kinases
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Results
Similarity of tyrosine phosphorylation patterns 
and prominence of a 130 kDa pTyr‑protein in a panel of 34 
TSCC lines
Tyrosine kinases are frequent drivers of human tumor 
development but remain only marginally studied in 
TSCC. Identifying tyrosine kinases that are overex-
pressed or hyperactivated in TSCC should enable us to 
think more rationally about targets to counteract this 
devastating disease. To gain a first insight into the abun-
dance and sizes of pTyr-proteins in TSCC, total cell 
lysates from 34 cell lines (30 established from primary 
tumors, 4 from metastases) were subjected to Western 
blot analysis of the protein tyrosine phosphorylation sta-
tus using an anti-phosphotyrosine antibody (Figure S1). 
Further information on the cell lines can be found in 
Suppl. Table 1 and in [20].

Cells were fed with an excess of culture medium 48 h 
before harvesting, to minimize medium effects on pTyr-
protein and to obtain information on the cells’ ‘steady 
state’ phosphorylation. Unexpectedly, all TSCCs exhibit 
fairly similar tyrosine phosphorylation patterns with 
particularly notable bands at around 130 kDa, possibly 
indicative of a prominent role of a single kinase or kinase 
family in TSCC. This is in stark contrast to the diverse 
pTyr patterns seen in other cancer cell line panels, for 
example a panel derived from colorectal carcinomas, 
which display a much greater variability concerning pTyr-
protein abundances and band patterns [21]. p130Cas 
is a well-known and major substrate protein of several 
oncogenic tyrosine kinases, including Src and Abl family 
kinases [22–24] and was therefore analyzed in the TSCC 
panel.

Identification of p130Cas (BCAR1) as ubiquitous 
pTyr‑protein in the TSCC line panel
p130Cas contains numerous potential tyrosine phos-
phorylation sites that are mostly clustered in the ‘sub-
strate region’ of the protein. p130Cas (later also named 
BCAR1) has been characterized as a docking and signal 
processing platform for multiple signal transduction pro-
teins [25–27]. To check for the total protein levels and 
phosphorylation status of p130Cas, total cell lysates from 
the 34 TSCC lines were analyzed by Western blotting 
(Figs. 1A and S1).

The p130Cas protein is expressed throughout all cells 
of the cell line panel. It had been shown previously to 
travel as multiple bands in gel electrophoresis [22, 28]. 
The protein is also phosphorylated in all TSCC lines on 
Tyr 410 (Y410), a major phosphorylation site and bind-
ing motif for Crk family adaptor proteins [29]. However, 
since p130Cas is well known to be phosphorylatable on 
more than a dozen tyrosines (see phosphosite.org and 

references therein), this phospho-antibody, raised against 
a single phosphorylation site of p130Cas, does not neces-
sarily reflect the overall phosphorylation detected by the 
pTyr-antibody. From these initial results, we surmised 
that p130Cas is probably a major component of the 130 
kDa phospho-tyrosine band detected in all TSCC lines 
of the panel and that it might be a potential therapeu-
tic target for tongue cancer. However, the non-catalytic 
nature of p130Cas makes it difficult to develop specific 
inhibitors. Therefore, alternative strategies are needed to 
inhibit p130Cas activity.

Src family kinases are essential for maintaining 
the tyrosine phosphorylation of p130Cas and other 
pTyr‑proteins in TSCC lines
Previous work has shown that the C-terminal region 
of p130Cas contains a Src kinase binding domain and 
that the association between p130Cas and activated Src 
kinase is essential for the tyrosine phosphorylation and 
activation of p130Cas by Src at least in some cells [30]. 
Therefore, SFK inhibitors have been proposed as use-
ful tools to inhibit p130Cas activity. Hence, the effect of 
the SFK inhibitor compound PP2 [31–33] on the overall 
pTyr-protein levels and p130Cas activity was analyzed in 
SAS cells (Figure S2A). SAS cells were chosen for these 
initial experiments since they are widely studied, fast 
growing and highly motile, presumably representing a 
particularly aggressive form of TSCC.

Upon PP2 treatment of SAS cells, a substantial drop in 
tyrosine phosphorylation was observed at all time points. 
A control compound, PP3, which lacks SFK blocking 
activity, did not lead to detectable pTyr pattern changes. 
p130Cas pY410 phosphorylation was also clearly reduced 
after PP2 application. During these experiments, strik-
ing effects on SAS cell survival and proliferation were 
noticed, which led us to investigate the crucial prolif-
eration-regulating MAP kinases Erk1 and Erk2 as well. 
Severe reductions in the levels of active Erk1/2 were 
apparent. Blotting with a Src pY416 antibody, expectedly, 
also showed a rapid decline in the activity-regulating 
tyrosine phosphorylation of SFK. This tyrosine residue is 
well-known to contribute to the regulation of Src activity 
[34] and the Tyr416 phospho-antibody recognizes several 
SFK members that share a high degree of homology in 
their relevant protein epitopes [21].

Live cell imaging of SAS cells reveals pleiotropic effects 
of tyrosine kinase inhibition with PP2
SAS cells treated with PP2 show a striking growth inhibi-
tion compared to DMSO-treated control cells. To analyze 
this further, live cell imaging was performed. Detailed 
inspection of the videos of SAS cells treated with DMSO 
or PP2 further documented that PP2 can exert several 
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biological effects (Video S1). Not only does PP2 inhibit 
the swarm-like cell migration of SAS cells and their cell 
proliferation, but it also induces a substantial change in 
cell morphology, and, possibly, a reversion of epithelial-
mesenchymal transition (EMT) [33]. Before PP2 applica-
tion, individual cell boundaries are clearly visible. These 
disappear upon cell exposure to PP2, but not DMSO 
alone, yielding more dense epithelial sheets. Starting 
after approximately 24 h of treatment and more promi-
nently visible from ca. 40 h onward, membrane bleb-
bing and cell death is also observed. All of these effects 
of tyrosine kinase inhibition would be expected to be 
anti-oncogenic.

Dasatinib reduces TSCC lines growth in a dose‑dependent 
manner and inhibits Src family kinase activity
Since PP2 is just a tool compound and not approved for 
cancer treatments, we decided to further investigate the 

SFK inhibition effect on the reduction of p130Cas activ-
ity and the growth of TSCC using the clinically important 
SFK inhibitor Dasatinib (DAS) [35]. DAS is approved, for 
example, for the treatment of chronic myelogenous leu-
kemia (CML) refractory to or intolerant of Imatinib, but 
also as first-line treatment of chronic-phase CML and for 
patients with Philadelphia chromosome-positive acute 
lymphoblastic leukemias [35].

Initially, SAS cells were treated with 100 nM DAS, a 
clinically achievable concentration [36], for increasing 
durations (from 4 h up to 72 h). DAS caused an almost 
complete inhibition of SFK and p130Cas phosphoryla-
tions, as determined by western blots with anti-pY416 
Src and anti-pY410 p130Cas, respectively (Fig. 1B). This 
inhibition was apparent at all time points.

It should be noted that DAS inhibits not only Src but 
also Abl family kinases, which could contribute to the 
suppression of overall pTyr levels in the TSCC lines. 

Fig. 1  Dasatinib reduces the growth of TSCC cells and causes inhibition of Src pTyr416 and p130Cas pTyr410 phosphorylation. A Total TSCC cell 
lysates were separated by SDS-PAGE and analyzed by Western blotting with the indicated antibodies. Actin serves as loading control. Cell lines 
derived from metastases are marked by asterisks. B Western blot analysis of the total level and the phosphorylation level of Src and p130Cas in SAS 
cells treated with DMSO as vehicle control (mock) or 100 nM of Dasatinib (DAS) for the indicated time points. C Dose–response curves for DAS 
in TSCC lines as determined by resazurin assay after 72 h treatments. Values are normalized to mock-treated cells. The dose–response curves show 
mean values ± SD for three independent experiments with six parallel measurements each. D Dose–response curves of TSCC lines treated with DAS 
as determined by colony formation in 3D soft agar assay. Cells were treated with DMSO as vehicle control (mock) or different concentrations of DAS. 
Colony numbers were normalized to mock-treated cells. The dose–response curves show mean values ± SD of three independent experiments 
with at least 2 wells counted in each case
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The reduced p130Cas phosphorylation may also be the 
result of Abl inhibition since p130Cas is also well-known 
Abl substrate [37, 38]. To determine if SFK inhibition 
accounts for the observed reduction of overall pTyr lev-
els and p130 Cas pY410, we also tested the clinically used 
Abl family kinase inhibitor Imatinib on SAS cells. In 
addition to Abl family kinases, Imatinib can also inhibit 
c-Kit, PDGFR and other kinases, but it has no prominent 
effect on SFKs [39]. DAS, but not Imatinib, reduced pTyr, 
p130Cas pY410 and SFK pY416 levels in a dose-depend-
ent manner (Figure S2B). These data indicate that SFK 
inhibition by DAS and not Abl inhibition is very likely 
responsible for massively decreasing pTyr-protein levels 
in TSCC.

Subsequently, three TSCC lines (SAS, CAL27 and 
BICR56) were selected from the large TSCC panel to 
represent different patterns and levels of tyrosine phos-
phorylation (Figure S1). The cell lines also represent dif-
ferent mutational backgrounds [40], are easily available 
and are suitable for xenografts [41–43]. These cell lines 
were treated with different concentrations of DAS for 72 
h. Cell viability under standard cell culture (2D) condi-
tions was then determined by resazurin assay. As shown 
in Fig.  1C, cell viability was reduced in a dose-depend-
ent manner in all three cell lines. These results indicate 
that DAS has clear activity against TSCC cells in 2D cul-
ture. The SAS cell line shows a lesser response to DAS 
compared to the other 2 cell lines, with BICR56 being 
the most sensitive cell line. DAS did not eliminate all 
SAS and CAL27 cells, even at very high concentrations 
(10 µM) after 72 h of exposure, which suggests that the 
effects of DAS on cell growth are, at least in part, antipro-
liferative/cytostatic and not entirely cytotoxic.

To investigate the effects of DAS on TSCC cell lines in 
3D culture, a classical soft agar assay, which can, to some 
degree, mimic the growth of cancer cells in actual tissues, 
was employed. TSCC cells were seeded into soft agar 
layers and treated with different concentrations of DAS. 
Cells were maintained in culture for 14 days to allow the 
formation of colonies. DAS greatly reduces colony for-
mation SAS, CAL27 and BICR56 in a dose-dependent 
manner, as shown in Figs. 1D and S4C.

A high‑throughput drug combination screen identifies 
drugs acting synergistically with Dasatinib on TSCC lines
Small, early phase clinical trials with exploratory SFK 
inhibitor treatments of unselected head and neck can-
cer patients have so far failed to show significant clinical 
benefits [13–15]. The underlying reasons for this lack of 
clinical activity as monotherapies remain to be identified. 
However, nearly all effective cancer treatments are cur-
rently based on the additive or even synergistic actions of 
several drugs applied in combination [44, 45].

To identify drug candidates that display synergis-
tic activity together with DAS from the large collec-
tion of existing FDA-approved drugs, we performed 
high-throughput screens using the Pharmakon 1600 
library on SAS, CAL27 and BICR56 cells. Details of 
the screens are described in Materials and Methods. 
Briefly, drugs that showed an outstanding ratio of cell 
metabolic activity impairment in combination with 
DAS compared to cell metabolic activity impairment 
for the drug alone, in more than one cell line, were 
considered for further analyses (Supplementary Data 
S1). For the SAS cell line, a majority of candidate drugs 
were effectors of glucocorticoid or β-adrenergic signal-
ing stress receptor signaling pathways. Two drugs, the 
glucocorticoid Fluticasone and β2-adrenergic receptor 
agonist Isoproterenol were also found to have synergis-
tic activity on the BICR56 cell line. Initial experiments 
with β2-adrenergic receptor agonists were not success-
ful and so it was decided to focus on the potential syn-
ergy of DAS and glucocorticoids for further work.

To assess the possible synergistic activity between 
DAS and Fluticasone (FL), SAS cells were initially 
treated with increasing concentrations of FL as single 
agents, or with a fixed concentration of FL in combi-
nation with increasing concentrations of DAS. Cell 
viability was examined by resazurin assay after 72 h of 
treatment. FL alone has no significant effect on SAS cell 
viability up to a concentration of 10 µM (Figure S3A). 
Next, clinically relevant concentrations up to 100 nM of 
FL [46] were tested in combination with DAS. 25 nM of 
FL was sufficient to significantly enhance the cell toxic-
ity of DAS in the SAS cells (Figure S3B).

To confirm the cytotoxic effect of the DAS + FL 
against TSCC, trypan blue dye exclusion assays were 
performed. 50 nM of DAS was combined with 25 nM of 
FL. After 72 h treatments, cells were trypsinized, mixed 
with dye and the numbers of viable cells were counted 
with an automated cell counter and normalized to 
mock-treated cells (Figure S3C). The proliferation of all 
TSCC lines tested was strongly reduced in the presence 
of DAS + FL versus DAS alone. Again, individual appli-
cation of FL showed no significant effect. The trypan 
blue assay results thus confirm the synergistic activity 
of the DAS + FL combination treatment found in the 
resazurin assay.

While these results were certainly encouraging, it 
should be noted, that FL suffers from low oral bioavail-
ability and its clinical utilization is limited to topical 
routes of administration [47]. Therefore, it was decided 
to investigate systemically applicable GCs, to determine 
whether they also show synergistic effects in TSCC 
lines in combination with DAS.
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Dasatinib + Dexamethasone combination treatment shows 
a strong synergistic effect against TSCC cells in 2D and 3D 
cultures
Dexamethasone (DX) is a long-acting GC, available in 
multiple dosage forms, which is used to treat a large vari-
ety of diseases [48]. It therefore seemed to be a highly 
suitable candidate in search for synergistic GC—DAS 
activities. SAS cells were thus treated with DX or DAS 
as single agent or with DAS + DX combinations and the 
cell viability was measured by resazurin assay after 72 h. 
DX treatment alone showed no substantial effect on the 
metabolic activity of SAS cells at concentrations of up to 
10 µM (Fig.  2A). 100 nM of DX sensitized SAS cells to 
DAS and synergistically enhanced its effect on cell viabil-
ity (Fig.  2B). All investigated TSCC lines showed clear 
responses, with the effect being more pronounced for the 
SAS cell line than for CAL27 and BICR56 (Figures S4A 
and S4B). To further examine this synergistic interaction 
in 2D culture, trypan blue dye exclusion assays were con-
ducted to determine the number of viable cells after each 
treatment. 50 nM of DAS was combined with 100 nM of 
DX. After 72 h, viable cells were counted and normalized 
to mock-treated cells. A combination of DX and DAS 
reduced the number of viable cells drastically and more 
strongly than DAS alone (Fig. 2E).

Subsequently, soft agar colony formation assays were 
performed to investigate the effects of DAS + DX treat-
ment on anchorage independent growth. As shown in 
Fig. 2C, DX by itself did not cause any substantial colony 
formation reduction in SAS cells, even at a very high dose 
of 10 μM. In contrast, DAS on its own reduced colony 
formation in a dose-dependent manner (Fig.  2D, Figure 
S4C). This was also observed in Cal27 and BICR56 cells 
(Figures S4D and S4E). The dose–response curves for the 
combination treatments show that 100 nM of DX and 
DAS synergistically reduce colony formation in TSCC 
lines. SAS cells, which showed the weakest response to 
DAS treatment alone, with an IC50 value of around 2000 
nM, displayed high sensitivity to the combination treat-
ment. The IC50 value was reduced by a factor of 58 when 
adding 100 nM DX (Fig.  2F). CAL27 cells displayed an 
even greater responsiveness to the DAS + DX treatment. 
The IC50 decreased by a factor of 145 from around 500 
nM with DAS alone to 3.2 nM with DX + DAS. DAS + DX 
treatment showed less synergistic activity in BICR56 
cells, but the IC50 was still reduced 11 times by the com-
bination treatment.

Dasatinib + Dexamethasone combination treatment leads 
to a pronounced reduction of p130Cas expression
Next, we investigated the molecular effects of DAS in 
combination with DX on Src and p130Cas. TSCC lines 
were treated with DMSO (mock), 50 nM of DAS, 100 nM 

of DX or 50 nM DAS plus 100 nM DX for 72 h, followed 
by Western blot analyses. As before, DAS alone strongly 
inhibited Src and p130Cas phosphorylation. This was not 
enhanced by addition of DX (Fig. 3). However, DAS + DX 
reduced the total levels of p130Cas (Figure S9A). The 
same was also observed for DAS + FL treatment (data not 
shown). This suggests that the biological effects seen with 
DX could, at least to some degree, result from effects on 
the p130Cas protein. However, GCs are well-known to 
induce rather pleiotropic effects on cell signaling in dif-
ferent cell contexts [49], so various other signaling path-
ways have to be considered.

Dexamethasone treatment suppresses MET kinase 
signaling in TSCC lines
Src has been shown to interact with a range of receptor 
tyrosine kinases (RTKs), either as a downstream target, 
or even as an upstream effector, as we have previously 
shown for the RTK mesenchymal-epithelial transition 
factor (MET) in colorectal cancer cell lines [21]. Overex-
pression of MET has been observed in more than 80% of 
head and neck squamous cell cancers and preclinical and 
clinical studies have linked MET overexpression to cellu-
lar proliferation, invasion, migration, and poor prognosis 
[50]. Thus, we next analyzed the expression and phos-
phorylation of MET and its key substrate protein Gab1 
upon treatment with DAS and DX, either alone or in 
combination for 72 h, in the three TSCC lines.

MET phosphorylation at Y1234/1235, Gab1 phospho-
rylation at Y627 (a docking site for the proliferation-
driving phosphatase Shp2) and total protein levels were 
assessed by Western blotting. As shown in Fig. 4A, MET 
phosphorylation was somewhat reduced by DAS, but, 
surprisingly, greatly diminished upon DX treatment. The 
same pattern was observed for Gab1 pY627. Both drugs 
showed no major effect on the total MET and Gab pro-
tein levels, although the mature form of the MET recep-
tor kinase (upper band [51]) may be somewhat reduced, 
possibly indicating some effect on proteolytic MET 
processing.

To determine how fast the DX effects on MET and 
Gab1 phosphorylation occur, we incubated SAS cells 
with DX for up to 72 h and collected samples at differ-
ent time points. As shown in Fig. 4B, MET dephospho-
rylation became obvious after 4 h, reached a maximum 
at 24 h and persisted for at least 72 h. This correlated 
with the repression of phosphorylation at Y627 of the 
MET downstream target Gab1. The somewhat delayed 
inhibition of MET phosphorylation suggested to us 
that DX is probably not a direct inhibitor of MET 
kinase activity. To test this assumption, a MET kinase 
activity assay was performed. Briefly, MET was immu-
noprecipitated from SAS cell lysates and incubated 
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Fig. 2  Dasatinib + Dexamethasone combination treatment shows a synergistic effect on TSCC cells in 2D and 3D cell cultures. A Dose–response 
curves of SAS cells treated with different concentrations of DX in 2D culture for 72 h as analyzed by resazurin assay. B Dose–response curves of SAS 
cells treated with different concentrations of DAS with or without 100 nM DX for 72 h. Cell viability was measured by resazurin assay. C Colony 
numbers in 3D soft agar culture for SAS cells treated with different concentrations of DX. D Dose–response curves of SAS cells treated with DAS 
with or without 100 nM DX, as determined by colony numbers in 3D soft agar culture. E TSCC lines were treated with DMSO as vehicle control 
(mock), 50 nM of DAS, 100 nM of DX, or DAS + DX for 72 h. Cell numbers were evaluated by staining cells with trypan blue and counting of viable 
cells with an automated cell counter. Asterisks indicate statistical significance for T-tests with p-values at less than 0.05 (*), less than 0.01 (**) 
or less than 0.001 (***), respectively. In A to E, data were normalized to mock-treated cells and values are expressed as means and standard deviation 
obtained from three independent experiments. F Comparison of the average IC50 values for DAS alone and DAS + 100 nM DX in TSCC lines assessed 
by 3D soft agar culture. IC50 values were derived by fitting a four-parameter log-logistic function. Values are presented as the means ± SEM for three 
independent experiments



Page 8 of 20Hmedat et al. Cell Communication and Signaling          (2025) 23:293 

with ATP plus a recombinantly expressed fragment 
of Gab1 (aa 613–694) as kinase substrate. DMSO, 100 
nM DX, 500 nM DX or 100 nM Crizotinib (a potent 
and direct MET kinase inhibitor) were added to the 
kinase reaction. The results, shown in Figure S5, indi-
cate that, unlike Crizotinib, DX is no direct inhibitor 
of MET kinase activity at a concentration of 500 nM, 
which is approximately 5 times higher than the phar-
macologically achievable plasma concentration.

To define the potency of DX and to investigate, if the 
inhibitory effect on MET can also be seen with another 
GC, SAS cells were treated with different concentra-
tions of DX or FL for 72 h in the absence of any DAS. 
Strikingly, subnanomolar concentrations of either GC 
were already sufficient to inhibit MET phosphoryla-
tion substantially (Fig. 4C). The exact mechanism of the 
surprising and potent effect of GC on the MET—Gab1 
signaling pathway remains to be further investigated. In 
addition, GCs, as mentioned above, may have signifi-
cant effects on additional cellular signaling pathways.

Dasatinib + Dexamethasone combination treatment 
induces G1 cell cycle arrest and may increase senescence 
in TSCC cells
In a subsequent set of experiments, we aimed to deter-
mine the effects of DAS, DX and their combination 
on the cell cycle and its regulatory proteins. The three 
TSCC lines were treated with DMSO (mock), 50 nM 
DAS, 100 nM DX, or a combination of DAS + DX for 
72 h and thereafter stained with DAPI for determina-
tion of their DNA content by flow cytometry (Fig. 5A). 
Individually, both compounds induced a slight increase 
of cells in the G1 phase, while combination treat-
ment caused more significant G1 arrests (SAS: mock 
59.7% ± 1.9% vs. DAS + DX 86.2% ± 0.8%, n = 3). As 
expected, cells in S phase were notably reduced (SAS: 
mock 29.2% ± 0.1% vs. DAS + DX 7.6% ± 0.1%, n = 3), as 
were cells in G2/M phase (SAS: mock 11.1% ± 0.3% vs. 
DAS + DX 6.2% ± 0.1%, n = 3). No significant sub-G1 
peak increases, indicative of substantially elevated cell 
death, were found (data not shown).

Fig. 3  Dasatinib inhibits phosphorylation of Src and p130Cas, Dasatinib + Dexamethasone co-treatment reduces p130Cas protein levels. Western 
blot analysis of Src and p130Cas expression, as well as Src and p130Cas phosphorylation, in SAS, CAL27 and BICR56 cells treated with DMSO (mock 
control), 50 nM DAS, 100 nM DX, or a combination of DAS + DX for 72 h

(See figure on next page.)
Fig. 4  Dasatinib + Dexamethasone combination treatment suppresses MET kinase signaling. A Western blot analysis of MET and Gab1 expression 
and phosphorylation in TSCC cells treated with DMSO (mock), 50 nM of DAS, 100 nM of DX, or a combination of DAS + DX for 72 h. Antibodies 
that detect the phosphorylation of MET at Tyr1234/1235 and of Gab1 at Tyr627 were used to monitor changes in phosphorylation levels. B Western 
blot analysis of MET phosphorylation in SAS cells treated with DMSO (mock) or 100 nM of DX for the indicated time points. C Western blot analysis 
of MET phosphorylation in SAS cells treated with the indicated concentrations of FL or DX for 72 h
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Fig. 4  (See legend on previous page.)
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Next, the protein expression levels of several cru-
cial cell cycle regulators were examined in SAS, CAL27 
and BICR56 cells using the same treatment conditions 
(Fig. 5B and Figure S9B). Western blot analyses showed 
that the levels of the cyclin-dependent kinases CDK1, 
possibly CDK4 and, especially, CDK6 were reduced 
upon DX + DAS co-treatment. In addition, we investi-
gated the expression of Cyclin B1, together with CDK1, 

a gatekeeper for the entry into mitosis, and Cyclin D3 
which interacts with CDK4 and CDK6 to regulate G1/S-
transition. Both cyclins were reduced by DAS + DX treat-
ment. This agrees with the observed changes in cell cycle 
phase distributions (Fig.  5A). An additional key player 
of cell cycle regulation, the Wee1 kinase, an inhibitor of 
mitosis entry [52], was also examined. The observed total 
reduction in Wee1, together with dephosphorylation 

Fig. 5  Dasatinib + Dexamethasone combination treatment induces cell cycle arrest in G1 and senescence. Cells were treated with DMSO (mock), 50 
nM of DAS, 100 nM of DX or a combination of DAS + DX for 72 h. A Treated TSCC lines were stained with DAPI and DNA contents were determined 
by flow cytometry. 10,000 cells were analyzed for each experiment. Cell populations are displayed as percentage of cells at each cell cycle phase 
relative to the total population. Results are expressed as means and standard deviation obtained from 3 independent experiments. B Western blot 
analyses of CDKs, cyclins and Wee1 as indicated. C Representative pictures of SAS monolayer cultures stained with senescence-associated-β-Galac
tosidase (SA-β-Gal). SA-β Gal positive staining (blue color) indicates aged cells. The scale bar length indicates a length of 100 µm. D Western blot 
analysis of p27Kip1 protein expression
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of pSer642 upon treatment with DAS + DX (Fig.  5B), is 
expected to reduce nuclear Wee1 and increase its cyto-
plasmic localization [53]. The changes in CDKs, Cyc-
lins and Wee1 levels, observed so far, warrant a more 
extended and detailed future investigation of cell cycle 
regulator signaling in order to determine the functionally 
relevant alterations elicited by DAS + DX combination 
treatment.

Besides cell cycle changes, glucocorticoids have also 
been reported to affect other cell fates, including cellu-
lar senescence [54, 55]. These effects can vary, depending 
on cell type, length of exposure and physiological con-
text [56–58]. Therefore, the consequences of DAS + DX 
treatment in relation to cellular senescence are hard 
to predict. To gain a first insight into this, senescence-
associated beta-galactosidase (SA-β-gal) assays were per-
formed as described in the methods section. SA-β-gal 
positive blue staining, which indicates senescent cells, 
was detected by light microscopy (Fig. 5C and S6A + B). 
Co-application of DAS and DX for 72 h increased the 
blue staining. These findings are very preliminary and 
further studies with a quantification of stained cells 
would be required. In the following, the expression levels 
of p27Kip1 were evaluated. p27Kip1 has been reported 
as a driver for DX-induced senescence and is also a more 
general inducer of cell cycle blockades due to its interac-
tions with CDK/Cyclin complexes in various normal and 
cancer cells [56, 59] (Fig. 5D and Figure S9C). Not unex-
pectedly, p27Kip1 was upregulated in all three TSCC 
lines after co-treatment with DAS + DX.

Dasatinib + Dexamethasone treatment induces autophagy 
in TSCC cells
Another biological response altered in cancer cells by 
some drugs is autophagy, the degradation of cellular 
material by lysosomes [60]. GCs have been shown to 
induce autophagy in lymphoid leukemia [61] and pan-
creatic ductal adenocarcinoma cells [62]. Autophagy 
has context-dependent roles in cancer. It is thought that 
autophagy can prevent the development of some cancers, 
but, once established, it may help cancer cells to survive 
under supply stress conditions [63–65].

To examine if DAS alone, DX alone, or the combination 
of DAS plus DX impact on autophagy in SAS, CAL27 
and BICR56 cells, accumulation of acidic components 
and increased volume of acidic vesicular organelles was 
assessed by Acridin Orange (AO) staining. AO is a fluo-
rophore that accumulates as protonated form in acidic 
vesicular organelles such as autolysosomes and is com-
monly used to study late-stage autophagy by fluorescence 
microscopy or flow cytometry [66]. As shown in Figure 
S7A, DX treatment alone caused only a small increase 
in AO fluorescence in SAS cells. DAS alone more than 

triples the percentage of autophagic cells. DAS + DX co-
treatment further increased the proportion of cells with 
high fluorescence. Repeated measurements (n = 3) for all 
TSCC lines showed a similar response in all TSCC lines 
(Figure S7B). Upon DAS + DX co-treatment, an especially 
striking effect was seen for CAL27 cells, again pointing to 
pleiotropic effects of GCs when combined with DAS.

The glucocorticoids hydrocortisone 
and methylprednisolone synergize with dasatinib 
to suppress growth
Since many different glucocorticoids are in clinical use, 
we also wanted to explore whether other commonly pre-
scribed drugs like Hydrocortisone (HC) and Methylpred-
nisolone (MP) display DX-like activity in TSCC cells. For 
this, SAS cells were treated with DMSO (mock), 50 nM 
DAS, 300 nM HC or 150 nM MP, as well as combinations 
of DAS + HC or DAS + MP for 72 h.

As Fig.  6A shows, the cell density of SAS cells in 
2D culture is clearly reduced after DAS treatment. 
This reduction is more pronounced after DAS + HC 
and DAS + MP combination treatments. To quantify 
cell numbers, cells were stained with trypan blue and 
counted. The cell number was reduced upon DAS treat-
ment to ca. 65% of DMSO-treated cells. HC and MP 
treatment alone reduced viable SAS cells to approxi-
mately 80%. The antiproliferative activity of DAS was fur-
ther increased after addition of HC or MP. The number of 
viable cells was reduced further from 65 to 48% follow-
ing DAS + HC or to 42% following DAS + MP combina-
tion treatment (Fig.  6B). In follow-up experiments, 3D 
soft agar colony formation was employed to examine the 
effects of HC or MP in a slightly more physiological con-
text. Initially, SAS cells were treated with serial dilutions 
of HC or MP (Fig. 6C + D). Data for CAL27 cells can be 
found in Supplementary Figure S8A + B. Colonies were 
counted after 14 days. As already seen for DX (Fig. 2C), 
no noticeable decrease in colony formation was found 
for up to 10 µM with either of the GCs (Fig. 6C for SAS 
and Figure S8A for CAL27). Increasing concentrations of 
HC or MP were then combined with a marginally active 
concentration of 1 µM DAS for SAS cells (deduced from 
Fig. 2D) or 100 nM for CAL27 cells (deduced from Figure 
S4D). DAS + HC and DAS + MP combination treatments 
exhibit strong colony formation reduction in a dose-
dependent manner (Fig.  6Dand S8B). For HC, which is 
less potent than MP, a concentration of at least 300 nM 
was needed to show a notable effect in combination with 
DAS. MP displays a synergistic activity together with 
DAS at a concentration comparable to DX (100 nM). 
This indicates that at least four different GC show similar 
effects on TSCC growth in 2D and 3D culture. It should 
be noted that the investigated concentrations of HC and 
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Fig. 6  Hydrocortisone and Methylprednisolone show synergistic activity with Dasatinib. A SAS cells were treated with DMSO (mock), 50 nM 
of DAS, 300 nM of HC, 150 nM of MP, a combination of DAS + HC or a combination of DAS + MP for 72 h. Bright-field images of SAS cell growth 
in 2D monolayer culture after 72 h of treatment. Images of SAS cells were captured with an inverted microscope using 10 × magnifications. B SAS 
cells were treated with DMSO (mock), 50 nM of DAS, 300 nM of HC, 150 nM of MP, a combination of DAS + HC or a combination of DAS + MP for 72 
h. Viable SAS cell counts against mock control were evaluated by staining cells with trypan blue and counting of viable cells with an automated 
cell counter. Values are expressed as means and standard deviation obtained from three independent experiments. Asterisks indicate statistical 
significance for T-tests with p-values less than 0.01 (**).C HC and MP as single treatments show no reduction in the 3D soft agar colony formation 
of SAS cells as determined by colony counting. Data represent colony numbers normalized to mock-treated cells and show mean values ± SD 
of three independent experiments. D Concentration-dependent colony formation reduction of SAS cells in response to a fixed concentration 
of DAS (1 µM) and increasing concentrations of HC or MP in 3D soft agar culture. Data again represent colony numbers normalized to mock-treated 
cells and show mean values ± SD of three independent experiments
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MP are pharmacologically achievable in human patient 
plasma upon normal dose administration [67, 68].

Discussion and conclusions
Molecularly targeted therapies are so far benefiting only a 
limited number of cancer patients. This is in part result-
ing from the high cost of these medicines [69], but also 
due to a limited arsenal of available drugs and our ina-
bility to reliably identify some of the patients who would 
significantly benefit from a particular type of targeted 
therapy [70]. The enormous heterogeneity of cancers 
on the molecular and biological level is at present only 
marginally understood. Even cancers arising in the same 
organ or body part can display an astounding degree of 
diversity. This has not yet been taken into sufficient con-
sideration in the context of HNCs. Numerous preclini-
cal and clinical studies have analyzed cancers originating 
from distinct sites of the head and neck as a more or less 
single entity rather than focusing on a specific tumor site 
[71]. However, epidemiological evidence and numer-
ous studies by pathologists clearly show that major bio-
logical differences and clinical characteristics do exist 
between the different head and neck cancer sites and 
even sub-sites, as well as between different populations 
and individual patients with distinct underlying molecu-
lar defects [6, 72, 73]. Although there are now several tar-
geted therapies for patients with HNSCC in clinical use 
[74], no particular targeted therapy for TSCC is available 
until now. More effective and more benign TSCC thera-
pies are urgently needed. Identifying predictive tumor 
markers and new treatment targets, starting with cellu-
lar tumor models, is considered a valuable approach to 
achieving this.

Tyrosine kinases are frequent drivers of human tumor 
development but remain marginally studied in TSCC. 
Their mutation or hyper-activation often leads to consti-
tutively elevated pTyr-protein levels that promote tumor 
progression. Our current preclinical approach, to find 
tyrosine kinases that are functionally implicated in the 
survival and growth of many different TSCC lines and 
to combine kinase inhibitor treatment by re-purposing 
other readily approved drugs, is hoped to be a rapid and 
cost-effective way forward in the quest for much better 
tumor treatments. Our starting point, a large panel of no 
less than 34 TSCC lines, was chosen in order to ensure 
that we focus on molecular targets shared by most, if not 
all, TSCC. Surprisingly, we found a high degree of simi-
larity in the pTyr-protein patterns of our TSCC panel 
(Fig.  1A and Figure S1). A broad 130 kDa pTyr-protein 
band immediately reminded us of p130Cas [21], the 
major substrate of the Src kinase, which was discovered 
as the first oncogene more than 100 years ago in the form 
of a tumor virus [75]. Strikingly, inhibition of SFKs had 

a massive impact on overall pTyr-protein levels as well 
as p130Cas phosphorylation, thereby documenting that 
SFKs are major drivers of tyrosine phosphorylation in 
TSCC lines. Alterations of p130Cas expression and inter-
actions and the resulting regulatory signals are deter-
minants for the occurrence of different types of human 
tumors [76, 77].

In the past years, several observations suggested that 
aberrant activation of the p130Cas signaling network sig-
nature leads to up-regulation of key regulatory signaling 
pathways promoting cell transformation. For example, 
p130Cas silencing in HER2-dependent breast carcinoma 
reduces HER2 levels and impairs migration and inva-
sion in vitro, as well as the formation of lung metastases 
in  vivo [78–80]. Taken together, these results suggested 
to us that DAS could be a useful drug for TSCC therapy.

However, since targeted therapies are very frequently 
of time-limited use due the development of tumor resist-
ances, and DAS may not be sufficiently effective when 
applied as monotherapy in head and neck cancer patients 
[13], we decided to screen for FDA-approved drugs that 
can be used in combination with DAS. One of the sub-
stance classes that emerged from this screen and became 
the central focus of the current work are glucocorticoids. 
They are in abundant and manifold clinical use, inex-
pensive and well-characterized. Interestingly, the inhibi-
tory effects seen with DAS + GC combinations tended to 
be more striking in the soft agar assay, which monitors 
anchorage-independent (3D) growth, than in regular 2D 
cell culture. This implies that we may not have seen some 
possibly useful drug combination synergies in our high-
throughput screen, carried out in classical 2D culture.

One of the most striking results from our experiments 
is the profound, albeit probably indirect, effect of even 
low GC concentrations on MET—Gab1 signaling in 
TSCC lines. Clinical MET inhibition in various cancers is 
highly desirable and therefore an area of intense research, 
but so far hampered by significant toxicity and, at least 
in some cases, a lack of sufficient efficacy, of clinically 
tested MET-targeting kinase inhibitors [81–83]. More 
specifically, MET signaling is also known to play a role in 
HNCs with respect to tumor development, therapeutic 
resistance and the behavior of the tumor microenviron-
ment [84]. All three analyzed TSCC lines display a basal 
activity of MET—Gab1 signaling (Fig.  4A). This activ-
ity is sensitive even to subnanomolar concentrations of 
DX and FL (Fig.  4C). The exact mechanism behind this 
remains unclear, as DX does not directly inhibit MET 
kinase activity (Figure S5).

Some reports of glucocorticoid activity on the HGF—
c-Met—Gab1 signaling pathway have been previously 
published, including a link between GC and Gab1 signal-
ing related to asthma [85]. GCs have also been shown to 
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reduce HGF expression in cells for primary rat osteoblast 
cells [86]. This could potentially also occur in the TSCC 
lines, an avenue which remains to be explored.

Moreover, Gab1 has been shown to be important for 
the survival of HNSCC cells and a reduction of Gab1 
expression led to impaired MAPK and PI3K—Akt sign-
aling [87, 88]. This may, at least in part, be linked to the 
Gab1 effector phosphatase SHP2, since HNSCC cell lines 
were found to be particularly sensitive to the SHP2 inhib-
itor SHP099 when a large panel of over 800 cell lines of 
different tumor types was screened [88].

In any case, our current experiments have already pro-
vided several interesting leads into the pleiotropic func-
tional biology of GCs in TSCC lines, which can now be 
followed up with more in-depth studies, in particular ani-
mal experiments. The full spectrum of bioactivity from 
DAS + GC treatments of TSCC lines will only become 
apparent once multiple signal transduction pathways and 
bioactivities are integrated and evaluated in  vivo. The 
final functional outcomes of these integrative processes 
in the TSCC cell signaling networks are hard to predict. 
Consequently, the exact effects may vary from tumor to 
tumor, depending on the specific genetic and epigenetic 
alterations acquired during cancer development. Nev-
ertheless, key results were found to be similar in three 
different cell lines, suggesting that they are likely to be 
representative for many other TSCC lines.

DAS, although clearly clinically useful and at present 
part of the standard anti-cancer drug portfolio in hospi-
tals, may also be replaced in the future by more potent or 
more selective molecules, at least in some contexts. For 
example, the SFK inhibitor NXP900 [89], which is cur-
rently evaluated in early clinical trials, has shown striking 
activity in animal studies. NXP900 is reported to not only 
inhibit the kinase activity of SFK but also their kinase-
independent scaffolding ability, increasing the potency 
of the inhibitor. Like DAS, its activity is enhanced when 
combined with other drugs. For example, NXP900 syn-
ergizes with the MEK inhibitor Trametinib in low grade 
serous ovarian cancer [90]. It is certainly worthwhile to 
test such newly arising, promising molecules in combina-
tion with different GCs for increased efficacy in TSCC in 
the near future. Moreover, the impact of GCs should be 
explored further in other squamous carcinomas of the 
head and neck region, in the hope of reducing the burden 
that our current HNC therapies elicit.

Methods
Reagents
PP2 (#529573) and PP3 (#529574) were purchased from 
Calbiochem, Dasatinib (#HY-10181) from Hycultec, 
and Crizotinib (#S1068) from Selleckchem. Dexa-
methasone (#D4902), Hydrocortisone (#H4001) and 

Methylprednisolone (#S1733) were obtained from 
Sigma-Aldrich. Antibodies against Src (#2108), pTyr416 
Src (#2101), pTyr410 p130Cas (#4011), CDK1 (#9116), 
CDK2 (#2546), CDK4 (#12790), CDK6 (#13331), Cyc-
lin B1 (#12231), WEE1 (#4936), pSer462 WEE1 (#4910), 
MET (#3148), pTyr1234/1235 MET (#3077), pTyr627 
Gab1 (#3233) and pThr202/Tyr204 ERK 1/2 (#9101) were 
bought from Cell Signaling Technologies. Antibodies 
against p130CAS (#610271), Cyclin D3 (#610279) and 
p27Kip1 (#610241) were acquired from BD Biosciences. 
The antibody against Actin was purchased from Sigma-
Aldrich (#A5441), anti-ERK 1/2 (#06–182) from Upstate 
Biotechnology and anti-Gab1 (#A303-288A) from Bethyl 
Laboratories. Secondary antibodies, HRP anti-mouse 
IgG (#715–036–151) and HRP anti-rabbit IgG (#711–
036–152), were bought from Jackson ImmunoResearch 
Labs.

Cell lines and culture conditions
The origin of the 34 TSCC lines used in this study is 
described in Supplemental Table  S1 and the literature 
[20]. All cell lines were initially established from pri-
mary tumors, except for the HSC-3, HSC-4, OSC-19 and 
OSC-20 cell lines, which were established from meta-
static sites. Cells were cultured in Dulbecco’s Modified 
Eagle Medium with high glucose and glutamine (DMEM, 
Gibco, #41966–029) supplemented with 10% heat-inacti-
vated fetal bovine serum (FBS, Biowest, #S1860-500), 1% 
non-essential amino acids (NEAA, Gibco, #11140–035), 
and 1% penicillin/streptomycin (Gibco, #15140–122) at 
37 °C in a humidified atmosphere with 10% CO2. Cells 
were grown to 85–90% confluency and then passaged by 
trypsinization to avoid overgrowth.

Western blot analyses
TSCC cells were plated in 10-cm culture dishes and 
treated with the indicated compounds and concen-
trations. At the end of the treatments, proteins were 
extracted with RIPA lysis buffer (20 mM Tris–HCl pH 
7.5, 1 mM EDTA, 100 mM NaCl, 1% (v/v) Triton X-100, 
0.5% (w/v) DOC and 0.1% (w/v) SDS) in the presence 
of protease (1:40 cOmplete™ Protease Inhibitor Cock-
tail (Roche, #11836145001)) and phosphatase inhibitors 
(1:100 Phosphatase inhibitor cocktail 2 (Sigma Aldrich, 
#P5726), 1:100 Phosphatase inhibitor cocktail 3 (Sigma 
Aldrich, #P0044)). Protein concentrations were deter-
mined according to the method of Bradford. Equal 
amounts of proteins were separated by SDS-PAGE and 
transferred to a PVDF membrane by semi-dry trans-
fer blotting. The membrane was then incubated for 1 
h at room temperature (RT) in a blocking buffer (5% of 
BSA or milk in TBST (20 mM TrisHCl pH 7.5 and 100 
mM NaCl with 0.1% (v/v) Tween 20)) as appropriate for 
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the individual antibody. It was then incubated with the 
respective primary antibody in blocking buffer over-
night at 4 °C on a nutator. After washing three times with 
TBST, the membrane was incubated with horseradish 
peroxidase (HRP)-coupled secondary antibody for 1 h at 
RT. After washing three more times with TBST, a freshly 
mixed enhanced chemiluminescence (ECL) detection 
solution (Advansta, #K-12043-D10) was applied. The 
protein signals were detected on a chemiluminescence 
imaging system (Syngene G:BOX, Avantor).

MET kinase assays
SAS cells were seeded in 10 cm cell culture dishes, 
grown for 24 h and lysed with kinase lysis buffer (50 
mM TrisHCl pH 7.5, 150 mM NaCl, 1% (v/v) Triton 
X-100, 1 mM EGTA, 1 mM EDTA and 1% (v/v) Glyc-
erol) containing the appropriate inhibitors (0.5 ng/
ml Leupeptin, 10 ng/ml Aprotinin, 200 ng/ml PMSF 
(DMSO), 1 mM Sodium orthovanadate, 1:100 Phos-
phatase inhibitor cocktail 2, 1:100 Phosphatase inhibi-
tor cocktail 3 and 1:40 cOmplete™ Protease Inhibitor 
Cocktail). The cell lysate was agitated at 4 °C for 1 h, 
centrifuged and the supernatant was transferred to a 
new tube. The protein concentration was determined 
by Bradford assay. For pre-clearing, 10 µl amounts of G 
Sepharose beads (Cytiva, #17061801) were transferred 
into 1.5 ml tubes, washed twice with 500 µl of lysis 

buffer and mixed with 500 µg of protein cell lysate on 
a nutator at 4 °C for 1 h. Samples were centrifuged, the 
beads were discarded and the pre-cleared supernatants 
were transferred into new tubes. Subsequently, three 
types of immunoprecipitations were prepared (Table 1). 
5 µg of mouse isotype control (Cell Signaling Technol-
ogy, #5415) or 5 µg of MET antibody (Cell Signaling 
Technology, #8198) were added into the tubes contain-
ing pre-cleared lysates. Samples were agitated for 2 h 
at 4 °C, 10 µl G Sepharose beads were added and then 
mixed for 1 h at 4 °C. Then, the samples were centri-
fuged and the supernatants were discarded. The immu-
nocomplexes were 3 × washed with 500 µl of washing 
buffer (20 mM TrisHCl pH 7.5, 100 mM NaCl, 1% (v/v) 
Triton X-100, 1 mM EGTA, 1 mM EDTA and 2.5% (v/v) 
glycerol) and kept on ice.

Samples were prepared as described in Table 2, added 
onto the immunocomplexes and incubated in a thermo-
mixer (22 °C, 500 rpm) for 5 min. 5 µl of 20 mM ATP (pH 
7.0) was added to all of the samples (except for the ’No 
ATP’ control) to start the kinase reaction. Samples were 
again incubated in a thermomixer (22 °C, 500 rpm) for 
30 min and the kinase reaction was stopped by addition 
of 50 µl SDS-PAGE sample buffers. Samples were imme-
diately boiled at 95 °C for 15 min and centrifuged. 7.5 
µg of the total cell lysate and 30 µl of the supernatants 
were separated by SDS-PAGE and analyzed by Western 

Table 1  Types of samples generated for immunoprecipitation (IP) 

Sample Isotype control No lysate control Immunoprecipitation (IP)

Lysis buffer X same volume as lysate X

Lysate 500 µg X 500 µg

Antibody 5 µg isotype control 5 µg MET antibody 5 µg MET antibody

Table 2  Sample preparation for the MET kinase assay

*Dilutions of DX, Crizotinib and DMSO were prepared in washing buffer

**A recombinantly expressed His-tagged Gab1 (613-694) fusion protein was used as a kinase substrate. A pET42-based plasmid encoding for a His-tag and amino 
acids 613-694 of the human Gab1 protein, containing two tyrosine residues known to be phosphorylated in response to upstream receptor activation (Tyr627 and 
Tyr659), was expressed in E.coli BL21(DE3). The bacterial pellet was lysed by sonication in a buffer containing 20 mM sodium phosphate pH 7.3, 500 mM NaCl and 
protease inhibitors. Lysates were, after removal of bacterial debris by centrifugation, loaded onto a HiTrap IMAC FF column (Cytiva, Little Chalfont, UK) charged with 
Co2+-ions. The His-tagged protein was eluted with a 15 mM to 500 mM imidazole gradient over 10 column volumes. The peak fractions were applied onto a HiLoad 
S75 pg column (Cytiva, Little Chalfont, UK) equilibrated with 50 mM sodium phosphate pH 7.3, 50 mM NaCl and finally concentrated in Vivaspin concentrator tubes 
with a molecular weight cut-off of 3000 Da (Sartorius, #VS2091)

Sample Isotype control No lysate control No substrate 
control

No ATP 
control

Mock Drug*

UC water (µl) 80 80 85 80 80 - drug volume 80 - drug volume

10x kinase buffer (µl) 10 10 10 10 10 10

Substrate (µl)** 5 5 X 5 5 5

DMSO (µl) X X X X drug volume X

Drug (µl) X X X X X drug volume

IP type (from table above) Isotype control No lysate control IP IP IP IP
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blotting as described above with pTyr627 Gab1, total 
MET and pTyr1234/1235 MET antibodies.

Resazurin cell viability assays
The cytotoxicity of all compounds in 2D culture was 
evaluated by a resazurin assay. TSCC cells were washed 
with PBS, trypsinized, counted and seeded into 96-well 
plates at the appropriate cell densities to prevent con-
fluence of the cells during the period of the experiment. 
For SAS, CAL27, and BICR56 cell lines 8000, 5000, and 
3500 cells/well were seeded, respectively. After 24 h, the 
cells were treated with the investigated compounds or 
DMSO as vehicle control (mock). After treatment, the 
medium was discarded and each well was washed with 
100 µl of PBS. The wells were then stained with 100 μl of 
0.1% (w/v) resazurin (Sigma Aldrich, #199303) in DMEM 
without phenol red (Gibco, #21063–030) for about 2 h 
at 37 °C. The fluorescence at 590 nm was measured after 
excitation at 531 nm using a Infinite M Plex plate reader 
(Tecan, Männedorf, Switzerland). The percentages of 
surviving cells related to mock-treated cells were deter-
mined. Each experiment was repeated at least 3 times. 
Results are presented with the mean ± standard deviation.

Trypan blue exclusion assays
The Trypan Blue dye exclusion assay was used to deter-
mine the number of viable and dead cells in a cell sus-
pension. For this, cells were plated in 6-well plates at 
the suitable cell numbers per well. For SAS, CAL27, and 
BICR56 cell lines, 240,000, 150,000, and 100,000 cells/
well were seeded, respectively. On the following day, 
cells were exposed to different concentrations of agents 
or DMSO as vehicle control (mock). After 72 h of drug 
exposure, 10 µl of cell suspension was mixed with 10 µl 
of Trypan Blue (Invitrogen, #T10282) and pipetted into 
a disposable Countess cell counter chamber slide (Invit-
rogen, Waltham, MA, USA). Cell numbers were deter-
mined with an automated Countess II FL cell counter 
(Invitrogen, Waltham, MA, USA). Cell viability was cal-
culated using the ratio of total live cells normalized to 
total live cells in the mock-treated sample. Each experi-
ment was replicated three times.

Morphological evaluation by phase‑contrast inverted 
microscope
Microscopic investigation was performed to identify the 
morphological features of treated cancer cells in com-
parison to mock-treated controls. For this, cells were 
seeded in 6-well plates and then treated with different 
concentrations of the investigated compounds or DMSO 
as vehicle control (mock). After 72 h of drug exposure, 
cell growth was evaluated with an inverted microscope 
(Eclipse TS100, Nikon) and photos were captured with 

a digital camera (Coolpix E5400, Nikon) at 10 × and 
20 × magnifications.

3D soft agar assays
The anchorage-independent colony formation assay 
(soft agar assay) was performed as described previously 
[91]. 0.6% (w/v) Noble agar (BD Biosciences, #214,220) 
in 1 × DMEM was plated as a bottom layer into 48-well 
plates placed on a pre-warmed glass plate (42 °C). Only 
the inner 24 wells of the 48-well plates were used, to 
avoid edge effect. Plates were left to harden for at least 30 
min at RT in the cell culture hood. During that time, cells 
were trypsinized, diluted with 1 × DMEM and counted. 
The cells were diluted with DMEM and mixed into 0.6% 
agar for a final agar concentration of 0.4% (6000 cells per 
well). This second layer was plated on top of the bottom 
(0.6% agar) layer. The plates were left again for at least 30 
min at RT to solidify.

After solidification, 200 µl of DMEM with DMSO or 
compounds was added into each well. The cells were 
cultured at 37 °C in 10% CO2 and the wells were fed 
every 3 to 4 days with 70 µl of DMEM with DMSO or 
compounds, stored since day 1, to prevent desiccation. 
After 14 days of incubation, cells were stained overnight 
at 37 °C by adding 70 μl of 0.5% nitroblue tetrazolium 
chloride (Roth, #4421.3) solution per well. Once colo-
nies were stained, photographs of wells were taken using 
a Sony Alpha 5100 camera with a SEL30M35 macro 
lens. The colonies were counted using image analysis 
software (ImageJ 1.50i) using a minimum diameter of 
50 µm as a cut-off for viable colonies. All experiments 
were conducted in triplicates. Calculation of IC50 values 
was performed in R 4.2.3. Values are presented as the 
means ± SEM from three independent experiments.

Cell cycle analyses
TSCC cells were seeded in 6-well plates for 24 h and 
treated with the indicated concentrations of each com-
pound or DMSO as vehicle control (mock) for 72 h. 
The supernatant with the floating dead cells and the 
attached cells from each well were collected and fixed 
in 3 ml of cold ethanol at −20 °C overnight. Cells were 
stained with DAPI (1:10,000 dilution of a 20 mg/ml DAPI 
(Sigma Aldrich, #D9542) stock and 1:5,000 of 10 mg/ml 
RNAse A in PBS) for 30 min at 37 °C in the dark and then 
washed with PBS. Cell fluorescence was measured with a 
MACSQuant Analyzer 10 (Miltenyi Biotec) flow cytom-
eter. Histograms of cell numbers vs. blue fluorescence 
were recorded and the distribution of cells in different 
cell cycle phases was determined based on the mean fluo-
rescence intensity values. A total of 10,000 events were 
analyzed using the FlowJo (version 10) software.
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Analysis of autophagy by acridine orange staining
Autophagy was investigated by the staining of acidic 
vesicular organelles with Acridine Orange (AO). TSCC 
cells were trypsinized, counted, seeded in 6-well plates 
for 24 h and then treated with the indicated concentra-
tion of each compound or DMSO as vehicle control 
(mock) for 72 h. Cells were then collected, washed with 
PBS and stained with 500 µl of 10 μM AO solution (Sigma 
Aldrich, #235,474) for 15 min at 37 °C in the dark. After-
wards, cells were washed with PBS to remove excess AO 
and the cell pellet was resuspended in 500 μl PBS for flow 
cytometry analysis with the MACSQuant Analyzer 10 
(Miltenyi Biotec) flow cytometer. A total of 10,000 events 
were analyzed using the FlowJo (version 10) software.

Senescence detection by β‑Galactosidase staining
To detect the senescence state of the cells, treated 
TSCC were stained using a Senescence associated 
β-galactosidase (SA-β-gal) Staining Kit (Cell Signal-
ing Technology, #9860) according to the manufacturer’s 
instructions.

Briefly, TSCC cells were seeded in 6-well plates for 24 
h and treated for 72 h with the investigated compounds 
or DMSO as vehicle control (mock). The growth medium 
was discarded, the cells were washed with PBS and fixed 
in 2% paraformaldehyde for 15 min at RT. After washing 
twice with PBS, they were incubated overnight with the 
β-Galactosidase staining solution at 37 °C in a dry incu-
bator without additional CO2. On the next day, while the 
β-Galactosidase was still on the plate, the cells were ana-
lyzed under the Eclipse microscope for the development 
of blue color and photographed with a digital camera 
(Coolpix E5400, Nikon).

Life cell imaging
SAS cells were seeded at 150,000 cells per well into 
24-well plates and left to attach for 24 h. The medium 
was then replaced with fresh medium containing 0.05% 
DMSO or 30 µM PP2. The plates were transferred into 
the Cell-IQ imaging system (Chip-Man Technologies 
Ltd). Photographs were taken at the same location every 
20 min over 5 days. The Cell-IQ ImgenTM Software 
Package and Cell-IQ Analyser® software package were 
used to analyze the images and to create movie files.

High‑throughput screening and analysis
Three cell lines (BICR56, CAL27, and SAS) were used for 
high-throughput screening. Their identity was confirmed 
by STR profiling (Microsynth AG, Balgach, Switzerland) 
and the cells were free of mycoplasma as determined 
by PCR testing [92]. The cells were treated with a com-
bination of DAS (0 µM or 0.03 µM) and FDA-approved 

drugs from the Pharmakon 1600 library (MicroSource 
Discovery Systems, Inc.; Gaylordsville, CT, USA) at three 
concentrations (0.4 µM, 2 µM, 10 µM). There was one 
biological replicate per treatment.

The compound library consisted of 20 library plates 
with 80 compounds each. The treatment was performed 
on seven different days as a maximum of three library 
plates could be processed within one day.

In preparation for each treatment day, cells were 
thawed from a frozen stock and passaged twice. The 
cells were then trypsinized, seeded into 96-well plates at 
2700 (SAS), 4700 (CAL27) or 3400 (BICR56) cells/ well 
using a Flexdrop Plus dispenser (PerkinElmer, Waltham 
(MA), USA) and grown for one more day at 37 °C and 
10% CO2. Compounds and controls were applied onto 
96-well plates in a Janus MDT workstation (PerkinElmer, 
Waltham (MA), USA). On all plates, four wells each were 
reserved for medium-only, Staurosporine, DMSO, and 
DAS-only controls. All plates were prepared in duplicate.

The medium was replaced after three days on the Janus 
MDT workstation against DMEM without phenol red 
but containing resazurin (100 µg/ml). After another 2 h 
incubation, the metabolic activity was assessed by fluo-
rescence measurement (excitation 531 nm, emission 595 
nm) on an Envision Multilabel Reader (PerkinElmer, 
Waltham, MA, USA). r2 values (linear regression) were 
determined for plate duplicates. Plates with an r2 of 
less than 0.7 were excluded from further analysis (26 of 
720 plates). Ratios for the two replicate wells, on differ-
ent plates, were calculated. Outliers (1.5 × interquartile 
range) were excluded from further analysis (45 of 34,560 
pairs). All sample wells on each plate were then normal-
ized with the mean of their four DMSO-control wells. 
The mean of the two replicate sample wells from these 
DMSO-normalized plates was used for further analysis.

Ratios of cells treated with a combination of com-
pound and DAS against the compound alone were 
log2-transformed for an approximately normal distribu-
tion and analyzed for outliers (1.5 × interquartile range). 
Drugs that showed potential synergy in more than one 
cell line were considered to be the most promising candi-
dates for further analyses.

Statistical analyses
Data are presented as mean ± standard deviation, unless 
indicated otherwise. Model fits for EC50 estimation and 
standard error calculation were performed in R 4.2.3 
[93] using the ’drc’ 3.0–1 package ‘LL.4’ four-parameter 
log-logistic function [94]. T-tests were calculated with 
pingouin 0.5.4 [95]. Further statistical analysis was done 
with pandas 2.0.3 [96] and numpy 1.24.3 [97]. Charts 
were generated in Python 3.11.5 using the matplotlib 
3.7.2 [98] and Seaborn 0.12.2 [99] libraries.
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