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Abstract: The discoidin domain receptor-1 (DDR1) is a non-integrin collagen receptor recently
implicated in the collective cell migration of other cancer types. Previously, we identified an elevated
expression of DDR1 in oral squamous cell carcinoma (OSCC) cells. Through the data mining of a
microarray dataset composed of matched tumor-normal tissues from forty OSCC patients, we distilled
overexpressed genes statistically associated with angiolymphatic invasion, including DDR1, COL4A5,
COL4A6 and PDPN. Dual immunohistochemical staining further confirmed the spatial locations of
DDR1 and PDPN in OSCC tissues indicative of collective cancer cell invasion. An elevated DDR1
expression at both the transcription and protein level was observed by treating keratinocytes with
collagen of fibrillar or basement membrane types. In addition, inhibition of DDR1 kinase activity
in OSCC TW2.6 cells disrupted cell cohesiveness in a 2D culture, reduced spheroid invasion in a
collagen gel matrix, and suppressed angiolymphatic invasion in xenograft tissues. Taken together,
these results suggest that collagen deposition in the affected tissues followed by DDR1 overexpression
could be central to OSCC tumor growth and angiolymphatic invasion. Thus, DDR1 inhibitors are
potential therapeutic compounds in restraining oral cancer, which has not been previously explored.

Keywords: oral squamous cell carcinoma (OSCC); discoidin domain receptor-1 (DDR1);
angiolymphatic invasion (ALI); collective cancer cell migration

1. Introduction

Head and neck cancer is the sixth most common cancer worldwide; tumors from the oral cavity
constitute the most common type of tumor in head and neck cancer [1]. In Taiwan, owing to betel
quid (BQ) chewing habits, oral cancer incidence and mortality rate has risen rapidly, which prompted
many national acts for preventing this disease, including screening patients whose oral lesions are
still at premalignant stages. According to the latest report of the Taiwan Cancer Registry Database,
the five-year overall survival rate of oral cancer is 55.88% [2].

Similar to other epithelial carcinomas, oral cancer represents the final outcome of a multi-year
progression from benign hyperplasia to dysplasia, and from carcinoma in situ to invasive cancer [3].
The use of BQ itself is regarded as carcinogenic to humans [4]. Indeed, BQ with or without tobacco is
closely associated with various forms of oral premalignant lesions and oral cancer [5]. BQ ingredients
are known to provoke tissue inflammation while weakening the local immune surveillance system [6].
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In addition, biologically active alkaloids, polyphenols, and trace elements of BQ aggressively alter
the integrity of the associated oral epithelium, including the accumulation of collagen in the affected
tissue [7]. Emerging evidence also indicates that, in BQ chewers, TGFB1-collagen deposition plays an
important role in oral cancer progression [8–11].

The discoidin domain receptor-1 (DDR1) acquired its name from sharing extracellular domains
with the discoidin receptors of Dictyostelium discoideum, a social slime mold that dynamically changes
its shape between single amoeba and multicellular slug under starvation. Interestingly, prior results
also demonstrated that DDR1 is involved in cell spreading as well as aggregation via regulation of cell
surface CDH1 stability [12,13]. Molecularly, DDR1 is a non-integrin-type receptor for collagens and is
composed of an N-terminal ligand binding ectodomain, a long juxtamembrane domain intercepted by
a transmembrane motif, and a C-terminal intracellular kinase domain [14]. Upon activation, DDR1
undergoes autophosphorylation at multiple tyrosine residues located at the intracellular regions.
Phosphorylation of DDR1 recruits cytoplasmic signaling adaptors containing Src homology-2 (SH2) or
phosphotyrosine-binding (PTB) motifs, which in turn assemble more signaling molecules to execute
various biological processes involved in cell migration, differentiation, and extracellular matrix (ECM)
remodeling [15,16]. Overexpression of DDR1 has been detected in a variety of tumor types and plays
diverse oncogenic roles, including prosurvival cell growth and chemoresistance (reviewed in [14]).
In addition, Hidalgo-Carcedo et al. recognized that DDR1 also has a role in the collective cell invasion
of cutaneous squamous cell carcinoma and breast cancer [17].

Collective cell invasion, defined as a multicellular movement with polarity, is a common
pathological feature in many cancer types including oral squamous cell carcinoma (OSCC) [18,19].
Mechanistically, collective cell migration requires an array of basal epithelium molecules,
adherent junctions and cadherins to maintain integrity and cell-cell coordination during collective
movement [20–22]. At molecular level, DDR1, PARD3, PARD6, CDH1, and CLDN11 are responsible for
maintaining cell–cell junctions during cluster advancement [17,23]; PDPN, a mucin-like transmembrane
protein frequently expressed in the leading edge of tumor, is implicated in guiding movement
direction [24–26]; matrix metalloproteinases (MMPs) and basement membrane type IV collagens are
required for track clearing and secondary ECM remodeling, respectively [27]. Based on histological
evidence, collective cancer cell migration is likely to be a critical step in cancer metastasis [28].

Previously, we showed that DDR1 is one of the top five protein tyrosine kinases overexpressed in
BQ-associated OSCC cell lines [29]; overexpression of DDR1 in OSCC tissues is statistically associated
with three clinical features: angiolymphatic invasion (ALI), perineural invasion (PNI), and lymph node
metastasis [30]. In the present study, we validated DDR1-associated collective cell invasion in OSCC
tumor sections, and provided evidence that the small molecule inhibitor DDR1-IN-1 suppressed ALI
in a mouse model with statistical significance.

2. Results

2.1. Clinical Relevance of DDR1 Overexpression and ALI

Dataset GSE37991 is a microarray-based transcriptome profile of 40 matched pairs of BQ-associated
OSCC and adjacent normal tissues, dubbed NCKU-OrCA-40TN, established previously [31]. In this
cohort, ALI and PNI, two pathological features that might involve collective cell migration, were noted
in 18 (45%) and 25 (62.5%) of the 40 tumor tissues, respectively. Differential expression analysis
using GSEA [32] and Limma [33] of the 40 tumor transcriptomes consistently revealed DDR1, PDPN,
and COL4A6 as top upregulated genes in tissues with ALI compared to those without (Figure 1a,
Table A1, Figure A1). In addition, functional annotation by using DAVID [34] showed that upregulated
genes in ALI samples are statistically clustered in ‘extracellular region and plasma membrane’,
‘pathways in cancer’, and ‘assembly of collagen fibrils or multimeric structures’. On the other hand,
downregulated genes are enriched in multiple cellular lipid metabolic processes and ‘iron ion binding’
(Figure 1b, left). Individually, upregulation of DDR1, COL4A5, COL4A6 and MMP7 contribute
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to ‘ECM organization’; DDR1 and PDPN are ‘integral plasma membrane’ molecules (Figure 1b,
right). To validate overexpression of DDR1 and PDPN are associated with ALI in OSCC tissues, dual
immunohistochemical staining was conducted in available FFPE tissues, including eight samples with
ALI and three without. As shown in Figure 1c and Figure S1, DDR1 staining is more evident in samples
with ALI than those without, whereas PDPN expression is uniquely localized in the invasion front or
outward regions of ALI positive tumor sections. Note that the PDPN staining is reminiscent of poor
prognosis markers previously documented in oral cancer and premalignant lesions [24,26,35].
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0.05) and selected differentially expressed genes (right panel, fold change > 1.5) in ALI. COL4A5, 
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immunohistochemistry images of OSCC tissues stained for DDR1 (brown) and PDPN (green). Scale 
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cell lines (CGHNK6 and HaCaT) were treated with type I or type IV collagens, followed by RT-qPCR 

Figure 1. Upregulation of DDR1 and co-localization of DDR1 and PDPN in the invasion front of OSCC
tissues with angiolymphatic invasion (ALI). (a) Heat map shows top 100 genes differentially expressed
in ALI-Yes (n = 18) and ALI-No (n = 22). Expression values of high, moderate, low, and lowest
are represented as red, pink, light blue, and dark blue, respectively [32]. DDR1, COL4A6, PDPN,
and MMP7 are marked with orange dots. (b) Enriched gene ontology terms (left panel, FDR < 0.05)
and selected differentially expressed genes (right panel, fold change > 1.5) in ALI. COL4A5, COL4A6,
DDR1, MMP7 and PDPN are denoted with orange dots. (c) Representative immunohistochemistry
images of OSCC tissues stained for DDR1 (brown) and PDPN (green). Scale bars, 50 µm.

2.2. Expression Levels of DDR1 and Basement Membrane Type IV Collagen are Positively Correlated

Because DDR1 is a collagen receptor and collagen accumulation in the oral cavity is an early
event in OSCC pathogenesis, we asked whether DDR1 overexpression is concurrent with collagen
accumulation in the 40 tumor tissues of NCKU-OrCA-40TN. To this end, the gene expression levels
between DDR1 and eight collagen subunits in the dataset, including type I fibrillar (COL1A1, –A2) and
type IV basement membrane (COL4A1, –A2, –A3, –A4, –A5, –A6), were individually evaluated by
using Pearson correlation coefficient test. The results showed that expression of DDR1 is positively
correlated with COL4A5 and COL4A6, but not other subunits (Figure 2a). These data suggest that
basement membrane deposition and DDR1 overexpression were concomitant events in BQ-associated
OSCC tissues.
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Figure 2. Correlation of collagen and DDR1 expression in vivo and in vitro. (a) Pearson correlation
analysis between the expression levels of DDR1 and that of collagen type I (upper panel) and type
IV (lower panel) in the 40 tumor tissues of NCKU-OrCA-40TN. DDR1 is positively correlated with
COL4A5 and –A6, but not COL1A1 or –A2. (b) (upper) RT-qPCR assay of DDR1 mRNA levels in
human keratinocytes treated with collagen (Col I or Col IV, 10 µg/mL) for 12 h. Data are presented as
mean ± SD from triplicate assays. Statistical evaluation was performed with Student’s t-test. * p < 0.05;
** p < 0.01. Similar results were obtained from two experiments; one set of data is shown (lower).
Western blot analysis of DDR1 protein levels in human keratinocytes treated with type I or type IV
collagen for 24 h α-tubulin served as an internal control.

In vitro, we asked whether overexpression of DDR1 could be initiated by continuous collagen
stimulation. To test this, primary human oral keratinocyte (HOK) and immortalized keratinocyte cell
lines (CGHNK6 and HaCaT) were treated with type I or type IV collagens, followed by RT-qPCR
assay and western blot analysis. The results showed that both mRNA and protein level of DDR1 were
increased by collagen treatment in all keratinocytes tested, suggesting that co-culture of keratinocytes
with collagen increased DDR1 expression (Figure 2b and Figure S2).

2.3. DDR1 in OSCC Cells is Ligand-Independent and Constitutively Active

To elucidate detailed molecular functions of DDR1 in BQ related OSCC, we collected four
Taiwanese OSCC cell lines, namely CGHNC9 (abbreviated as C9 hereafter), OC3, OEC-M1, and TW2.6,
from different regional institutions [36–39]. First, western blot analysis of DDR1 protein levels
confirmed that OSCC cells expressed higher levels of DDR1 compared to that in the human embryonic
kidney cell HEK293 and the oral keratinocyte CGHNK2 (Figure 3a and Figure S3). Next, to assess
whether overexpressed DDR1 is autophosphorylated, the tyrosine phosphorylation states of DDR1
in C9, OC3, OEC-M1, and TW2.6 were monitored by immunoprecipitation-western blot analysis.
The breast cancer cell line T-47D was included as a control because its DDR1 has been well characterized
by Vogel et al. [40]. As depicted in Figure 3b, compared to T-47D, DDR1 in OSCC cells showed higher
levels of tyrosine phosphorylation, suggesting that OSCC DDR1 is constitutively active in regular
culture condition. Third, prior results showed that DDR1 phosphorylation was increased in T-47D
cells treated with collagen I but not in cells treated with collagen IV [40]; thus, we performed a similar
experiment for OSCC DDR1 to assess whether its tyrosine phosphorylation could be further augmented
by either types of collagen. The results showed that, unlike T-47D, serum starvation was unable to
completely abolish DDR1 phosphorylation in OSCC cells and neither collagen I nor IV could induce
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further DDR1 phosphorylation in OSCC cells (Figure 3c and Figure S4). Overall, the extent of DDR1
tyrosine phosphorylation correlates with DDR1 protein level, reinforcing the notion that DDR1 in these
OSCC cells is constitutively phosphorylated. Combined, these results suggest that, in OSCC cells,
DDR1 is constitutively active and unresponsive to further collagen stimulation.
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Figure 3. Constitutive phosphorylation of DDR1 in OSCC cells. (a) Western blot analysis of relative
DDR1 expression levels in HEK293, CGHNK2, and six OSCC cells. Thirty µg protein lysates from each
sample were used. α-tubulin served as an internal control. n.s., a nonspecific polypeptide cross-reactive
to α-DDR1 antibody. (b) Total protein extracts of T-47D and OSCC cells were immunoprecipitated with
the DDR1 antibody followed by western blot analysis using antibodies against p-Tyr or DDR1. The ratio
of phosphorylated DDR1 intensity to that of total DDR1 was quantitated using ImageJ, with T-47D set
to one. Similar results were obtained from two independent experiments; one set of data is shown.
(c) T-47D and OSCC cells were cultured in a serum starved medium for 24 h followed by collagen
stimulation (Col I or Col IV, 10 µg/mL) for an additional 24 h. The tyrosine-phosphorylation state of
DDR1 was determined by immunoprecipitation-western blot analysis as described in (b).

2.4. Constitutively Active DDR1 Contributes to Cell Growth and Clonogenicity

By targeting oncogenic tyrosine kinase activities, imatinib and dasatinib are two clinically
approved small molecule inhibitors effective for patients with chronic myelogenous leukemia and acute
lymphocytic leukemia. Noticeably, imatinib and dasatinib are also potent inhibitors for DDR1 [41–43].
On the other hand, DDR1-IN-1 is a recently developed inhibitor specific to DDR1 [44,45]. To inspect the
efficacy of each drug against OSCC cell growth, serial dilutions of imatinib, dasatinib, and DDR1-IN-1
were added to OSCC culture media followed by a WST-1 assay. T-47D was included as a control
since its activation of DDR1 requires collagen I stimulation (Figure 3c). As summarized in Figure 4,
in general, all three drugs exhibited higher potency in restricting OSCC cell growth than the control
cell line, which suggests that DDR1 might be a dominant oncogene in these OSCC cells. Additionally,
clonogenic proliferation assay was used to test the efficacy of DDR1 inhibitors on OSCC cell survival.
The results showed that imatinib efficiently inhibited colony formation of C9, OEC-M1, and TW2.6,
whereas dasatinib and DDR1-IN-1 inhibited all of the four OSCC cells in clonogenic proliferation.
Taken together, these results indicate that DDR1 kinase activity is crucial to OSCC cell growth and
clonogenicity in vitro, a prosurvival or ‘oncogene addiction’ feature previously described in other
cancer types (reviewed in [14]).
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Figure 4. DDR1 kinase inhibitors suppressed OSCC cell growth and clonogenicity. Drug sensitivity
(left part in each panel) was determined by treating cells with 2–10 µM imatinib. (a) 0.01–1 µM dasatinib,
(b) or 0.024–15 µM DDR1-IN-1 (c) for 3 d, followed by WST-1 proliferation assay. VC, vehicle control
(H2O for imatinib; DMSO for dasatinib and DDR1-IN-1). For each treatment, data are presented as
mean ± SD from quadruplicate wells. Breast cancer cell line T-47D served as a control. Similar results
were obtained from two independent experiments; one set of data is shown. Clonogenic survival assay
(right part in each panel) was determined by treating cells in quadruplicate wells with 10 µM imatinib,
(a) 1 µM dasatinib (b) or 10 µM DDR1-IN-1 (c) for 24 h, followed by cultivating cells in drug-free media
for an additional 10–14 d. Representative photographs of crystal violet staining for each treatment are
shown. Colony counts from two independent experiments are presented as mean ± SD, with the VC
group set to 100%. * p < 0.05.

2.5. DDR1 is Involved in Collective Cell Invasion of OSCC TW2.6 Cells

Previously, Hidalgo-Carcedo et al. demonstrated that DDR1 participates in the collective migration
of A-431 squamous cancer cells by coordinating the cell polarity regulators to reduce actomyosin
activity at the cell–cell contact area [17]. To test whether OSCC DDR1 exerts similar functionality,
immunostaining of an active myosin light chain, pMLC (Ser19), was performed to determine the
actomyosin organization of OSCC cells on a 2D culture. We observed that cell cohesiveness was most
evident in TW2.6, compared to that in C9, OC3 and OEC-M1 (Figure 5a). Next, A-431 and TW2.6 cells
were studied in parallel with the same methodology. While multi-cell cohesiveness was prominent in
both cells, cohesiveness was disrupted in either cell treated with DDR1 inhibitors, indicating that intact
DDR1 kinase activity is crucial to multi-cell cohesion (Figure 5b). This result is consistent with the role
of DDR1 in controlling appropriate actomyosin activity at the cell–cell contacts described before [17].
In addition, the reduction of CDH1 staining at the cellular junctions was concurrent with the blockade
of DDR1 kinase activity (Figure 5c), reinforcing that DDR1 kinase activity is required for coherently
holding multiple cells.
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Figure 5. Kinase activity of DDR1 is involved in cohesive cell cluster formation. (a) Confocal-microscopic
cell images of Ser19-phosphorylated myosin light chain (pMLC (S19)) staining (green) in the indicated
OSCC cell lines. Nuclei were counterstained with DAPI (blue). Multi-cell cohesiveness, as evident by
decreased pMLC (S19) staining at cell–cell contacts, was only observed in TW2.6 cells. (b) Confocal
images of pMLC (S19) staining in A-431 (left) and TW2.6 (right) cells treated with vehicle control (VC)
or DDR1 inhibitors (10 µM imatinib, 0.1 µM dasatinib, or 10 µM DDR1-IN-1). (c) Confocal images of
CDH1 staining (red) in A-431 and TW2.6 treated with VC or DDR1 inhibitors. Scale bars, 20 µm.

An alternative approach to assess collective cell migration is spheroid invasion assay [27,46].
To this end, multicellular spheroid of TW2.6 was implanted into a 3D collagen gel matrix supplemented
with a serum-free medium. Invasive cells emerged from the cell clusters, with astral outgrowing
structures (branches) quantified as described by Andersen et al. [47]. OC3, a mesenchymal subtype of
OSCC cell with low CDH1 and CDH2 expression, was included as a control. As expected, while no
branching was observed in any OC3 spheroid, TW2.6 cells were able to invade collectively in either
collagen type I alone (Figure 6a), or combination of collagen types I and IV (Figure 6b). Note that
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spheroid invasion was severely repressed by dasatinib and DDR1-IN-1, suggesting that the kinase
activity of DDR1 is required during collective cell invasion. Interestingly, the branching process of
TW2.6 continued to extend after a nine-day incubation, at which the OC3 spheroid was collapsed
(Figure 6c).
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Figure 6. Kinase activity of DDR1 is involved in spheroid invasion. (a) Representative bright-field
images of two-day TW2.6 cell spheroids embedded in collagen I gel matrix with vehicle control (VC) or
DDR1 inhibitors (10 µM imatinib, 0.1 µM dasatinib, 10 µM DDR1-IN-1). In each assay, a protrusion with
>100 µm extension from its spheroid central body was counted as a branch; a spheroid with at least
two branches was scored positive for collective invasion. The results of two independent experiments
are summarized on the right. The fraction on each graph bar denotes positive (numerator) and total
(denominator) numbers of spheroids examined. (b) Bright-field images of three-day TW2.6 and OC3
spheroids embedded in collagen I and IV gel matrix with VC or 10 µM DDR1-IN-1. (c) Bright-field
images of nine-day TW2.6 and OC3 spheroids embedded in collagen I and IV gel matrix with VC only.

2.6. DDR1 Specific Inhibitor, DDR1-IN-1, Suppressed ALI and PNI in TW2.6 Xenograft Tissues

To explore the applicability of DDR1 inhibitor in blocking collective OSCC cell invasion in vivo,
a TW2.6 derived xenograft mouse model was carried out by subcutaneous injection of TW2.6
cells to form tumor mass ~500 mm3 in size, followed by intraperitoneal injection of DDR1-IN-1
(25 mg/kg) for five consecutive days (Figure 7a). While neither body weight nor tumor weight showed
statistical difference between the control and the DDR1-IN-1 mice, results of the CDH1/PDPN dual
immunohistochemical stained sections from two groups were distinct. The intensities of CDH1 and
PDPN were concomitantly decreased in xenograft tissues from mice administered with DDR1-IN-1,
compared to that in tissues from the control mice (Figure 7b and Figure S5). This phenomenon
is consistent with in vitro observations in that DDR1-IN-1 reduced CDH1 level (Figure 5c) and
recapitulates the clinical finding that PDPN staining is strongly correlated with collective cell invasion
(Figure 1c). Finally, quantitation of ALI and PNI for each xenograft revealed that DDR1-IN-1 was
capable of reducing these two pathological features, of which ALI achieved statistical significance
(p < 0.001) (Figure 7c). Taken together, these results suggest that DDR1-IN-1 could be an effective
therapeutic adjuvant in disruption of collective OSCC cell invasion in vivo.
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Figure 7. Suppression of collective TW2.6 cell invasion by DDR1-IN-1 in vivo. (a) (left) Schematic
workflow of animal study. (right) Box plots show neither body weight nor tumor weight of mice in the
control (PBS) and DDR1-IN-1 groups is statistically different. (b) Representative immunohistochemistry
images of indicated TW2.6 xenograft tissues stained for CDH1 (brown) and PDPN (green).
(c) Representative hematoxylin and eosin (H&E) stained xenograft sections with angiolymphatic
invasion (ALI+) or perineural invasion (PNI+). Scale bars, 50 µm. Quantitative comparisons of ALI/PNI
between PBS and DDR1-IN-1 mice are summarized on the right.

3. Discussion

Collagens are a group of ECM proteins crucial to the organization and shape of tissues. Under
disease conditions, abnormal collagen deposition is attributable to initiate tissue fibrosis and cancer
development [48]. The excessive deposition of collagen in the connective tissue is a key feature
of oral premalignant and cancerous tissues in patients with BQ chewing habits [8,9,49]. In our
NCKU-OrCA-40TN cohort, we noticed that five collagen subunits are upregulated genes in the tumor
tissues compared to that in the normal counterparts, including COL1A1 (3.5×), COL4A1 (2.1×), COL4A2
(3.3×), COL4A5 (5.6×), and COL4A6 (9.2×). Among these, COL4A5 and COL4A6 were each statistically
co-overexpressed with DDR1 in the 40 tumor tissues (Figure 2a). In vitro, cultivating primary or
immortalized oral keratinocytes in the presence of collagen led to increased levels of DDR1 mRNA
and protein (Figure 2b). Combined, it is tempting to hypothesize that collagen accumulation in injured
tissue is a key driver for DDR1 expression in OSCC cells. Interestingly, Gross et al. demonstrated that
loss of DDR1 expression in kidney glomerular epithelial cells delayed renal fibrosis in a mouse model
of Alport syndrome, a hereditary collagen IV disease, suggesting that DDR1 and type IV collagen
are critical drivers in renal fibrosis [50]. Whether the progression of oral cancer also involves similar
pathologic interactions between DDR1 and type IV collagen is worth further investigation.

Overexpressed DDR1 was previously documented as a common survival driver for a panel of
cancer cell lines derived from breast, pancreatic, and ovarian cancers [51]. Similarly, in OSCC cells,
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we showed that most of the overexpressed DDR1 are constitutively active and ligand-independent
(Figure 3). Forced inhibition of DDR1 kinase activity in the OSCC cells greatly reduced cell growth
and clonogenicity (Figure 4). These results imply that the OSCC cells might have been addicted to
overexpressed DDR1 for their survival. In the same vein, targeting DDR1 alone or in combination
with other chemotherapies have been suggested in several neoplasms, including metastatic colorectal
cancer, K-RAS driven lung adenocarcinoma, and breast carcinoma [14,52–54].

Collective cell migration is a context-dependent process that is accompanied by three hallmarks:
(1) cells remain connected during movement; (2) the traction and protrusion force for migration are
generated by a multicellular organization of actin cytoskeleton; (3) the creation of a migration path
in the tissue, through either secondary ECM installation (e.g. basement membrane) or clearing the
track by stromal proteinases [27]. Growing evidence from analysis of patient samples indicates that
collective cancer cell migration might be an efficient way for tumor cells to invade the underlying
tissue and metastasize to other sites within the body [28,55].

Previously, collective migration of A-431 squamous cancer cells was linked to DDR1-directed low
actomyosin activity at the cell–cell contact area [17]. By using 2D cell cohesiveness staining and 3D
collagen gel matrix invasion assay, we showed that OSCC DDR1 exerts similar functionality in TW2.6
cells (Figures 5 and 6). In addition, TW2.6 derived xenografts from mice treated with DDR1-IN-1
displayed significant reductions in ALI and PNI, two pathological features indicative of collective cell
migration (Figure 7). Taken together, these results partially recapitulate the associations of DDR1 and
PDPN with ALI detected in OSCC tumor tissues (Figure 1c).

By using single cell RNA-seq analysis, Puram et al. recently established the first transcriptomic
landscape of tumor ecosystems comprising ~6000 single cells from 23 head and neck squamous cell
carcinoma specimens, including five matched lymph node metastases [56]. In their study, PDPN was
consistently expressed in the leading edge or periphery region of malignant cell ‘nests’. These large
intact tumor clusters were evident in both primary tumor and lymph node metastasis. Designated as
partial epithelial-to-mesenchymal transition (p-EMT), this collective cell invasion-like phenotype is
statistically associated with overexpression of PDPN, TGFBI, and SERPINE1, among others. Intriguingly,
these three markers are also top-ranking genes associated with the ALI phenotype identified in our
cohort (Table A1 and Figure A1), suggesting that ALI and p-EMT might share certain similarities.
Furthermore, p-EMT was recapitulated as a dynamic and invasive process in vitro by using oral cancer
cell line, SCC9. In vivo, the p-EMT program is likely regulated by stromal components residing in the
microenvironment, including cancer associated fibroblasts and an array of ECM [56].

In summary, the present study provided two potential oncogenic roles of DDR1 in OSCC
pathogenesis: prosurvival cell growth and collective cancer cell invasion. Tyrosine kinase activity of
DDR1 is required for both malignant functions; thus, clinically approved DDR1 kinase inhibitors could
be considered as novel or adjuvant therapies for oral cancer treatments.

4. Materials and Methods

4.1. Cell Culture and Drug Sensitivity Assay

CGHNK2, CGHNK6, CGHNC9 [39], OC3 [38], OEC-M1 [36], TW2.6 [37] were kindly provided
by researchers at different Institutions in Taiwan. A-431 (CRL-1555, ATCC) and T-47D (HTB-133,
ATCC) was kindly provided by Dr. Dan Robinson (MCTP, University of Michigan, Ann Arbor, MI,
USA). The primary human oral keratinocytes were purchased from ScienCell Research Laboratories
(Carlsbad, CA, USA) and Rheinwald Lab [57]. All cells were cultivated in specified media as described
in the original literature or manufacturer’s instructions. The cells were grown in a humidified 37 ◦C
incubator with 5% CO2. The drug sensitivity of imatinib, dasatinib, and DDR1-IN-1 was determined
by using a WST-1 assay (Roche, Indianapolis, IN, USA). Briefly, 2,000 cells were seeded in a 96-well
plate overnight before drug treatments. The cells were incubated with indicated concentrations of
drugs for three days. Ten µL of WST-1 reagent was added to one well of culture containing 100 µL
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of medium. Two hours after incubation at 37 ◦C, the microplate was gently mixed for 1 min and the
absorbance was measured by using an ELISA reader (Infinite M200, Tecan, Männedorf, Switzerland) at
450 nm with a reference wavelength of 690 nm.

4.2. Antibodies and Reagents

The antibodies and reagents used in this study were purchased from the following sources:
anti-CDH1 (#3195) and anti-p-MLC (S19) (#3671) was from Cell Signaling (Danvers, MA, USA);
anti-α-tubulin (#05-829) and anti-p-Tyr (4G10) (#16-316) was from Millipore (Billerica, MA, USA);
anti-DDR1 was from Santa Cruz Biotechnology (sc-532, Santa Cruz, CA, USA); anti-PDPN was from
Biocare Medical (CM 266, Pacheco, CA, USA); imatinib mesylate was from Sigma-Aldrich (SML1027,
St. Louis, MO, USA); dasatinib was from Selleckchem (S1021, Houston, TX, USA). DDR1-IN-1 was
from MedChemExpress (HY-13979, Monmouth Junction, NJ, USA). Type I and type IV collagens were
from BD Biosciences (San Jose, CA, USA).

4.3. Reverse Transcription-Quantitative Real-Time PCR (RT-qPCR)

One microgram of RNA was reverse transcribed to cDNAs by using SuperScript III reverse
transcriptase (Invitrogen, Carlsbad, CA) in a 20 µL reaction mixture. For each real-time PCR
reaction, 4 µL diluted cDNAs templates were thoroughly mixed with 1 µL primer mix (2 µM) and
5 µL Power SYBR Green MasterMix (Applied Biosystems, Foster City, CA, USA). The reaction
was conducted and detected by StepOne Plus Real-Time PCR system according to manufacturer’s
instructions (Applied Biosystems, Foster City, CA, USA). For each sample, the expression level of
DDR1 was normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using the
∆CT method. The DDR1 primer sequences: forward 5′-GGCCAAACCCACCAACAC-3′; reverse
5′-AACAATGTCAGCCTCGGCATA-3′.

4.4. Western Blot Analysis and Immunoprecipitation

The cells were lysed in an RIPA buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 0.1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride, 200 µM sodium
orthovanadate, 1× protease inhibitors, 1× phosphatase inhibitors). The protein concentration
was measured spectrophotometrically at 562 nm by using the BCA PierceTM protein assay kit
(Thermo Fisher Scientific, Waltham, MA, USA). For an immunoprecipitation assay, the cells were lysed
in cold EBC lysis buffer (50 mM Tris-HCl, pH 7.4, 0.5% NP-40, 120 mM NaCl, 50 mM NaF, 1 mM
phenylmethylsulfonyl fluoride, 200 µM sodium orthovanadate, 1× protease inhibitors, 1× phosphatase
inhibitors). The protein extracts were gently mixed with anti-DDR1 bound Dynabeads-Protein G
(Invitrogen, Carlsbad, CA, USA) on a nutator with continuous rotation at 4 ◦C overnight. After magnetic
separation, the Dynabeads were washed thoroughly with washing buffer three times followed by
immunocomplex elution. The cell lysates or the eluted immunocomplex was subjected to standard
western blot analysis as described previously [58].

4.5. Clonogenic Survival Assay

Cells were cultured in six-well plates (250 cells per well for C9; 100 cells per well for OC3, OEC-M1,
TW2.6) overnight followed by 10 µM imatinib, 1 µM dasatinib or 10 µM DDR1-IN-1 treatment for
24 h. After washed with PBS twice, cells were maintained in drug-free medium for an additional 10 to
14 d. Cells were fixed with 70% ethanol for 30 min at 4 ◦C, stained with 1% crystal violet for 30 min,
and rinsed with water thoroughly. The stained colonies (>50 cells) were counted under a microscope.
The colony count for each treatment was presented as mean ± SD derived from quadruple wells.
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4.6. Immunofluorescence Assay

The cells grown on glass coverslips were fixed with 1% paraformaldehyde for 10 min and
permeabilized with 0.1% Triton X-100 in PBS for 5 min. The samples were blocked with 1% BSA in PBS
for 30 min before incubation with anti-p-MLC (S19) or anti-CDH1 in blocking solution overnight at
4 ◦C. After washing with PBS, the samples were incubated with secondary antibodies (#111-095-144
(FITC), #111-295-045 (Rhodamine), Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for
1 h at room temperature. After DAPI staining for the nuclei, the slides were mounted with Prolong
Gold (P36930; Invitrogen, Carlsbad, CA, USA). The images were acquired with a Leica TCS SP5 II
confocal microscope and processed with LAS AF software (Leica, Wetzlar, Germany).

4.7. Spheroid Invasion Assays

Distinguished by collagen types, two protocols were used. In Figure 6a, only collagen I was used
as a matrix. Briefly, 1500 TW2.6 cells were seeded in a 1% agar-coated 96-well round bottom plate to
form aggregated spheroids. After 48 h, spheroids resuspended in serum free medium were mixed
with an equal volume of bovine type I collagen (2.4 mg/mL, pH 7.5). The spheroid-collagen mixture
(in 400 µL) was seeded into a 24-well plate, incubated for 30 min at 37 ◦C, followed by overlaying 100 µL
culture medium with or without DDR1 inhibitors on top of the solidified mixture for collective cell
invasion (48 h). In Figure 6b,c, Cultrex 96 Well 3D Spheroid BME Cell Invasion Assay kit (#3500-096-K;
Trevigen, Gaithersburg, MD, USA) was used, in which collagen I and -IV were both included as the
invasion matrix. In this assay, 1500 OC3 or TW2.6 cells resuspended in spheroid formation solution
were seeded in a 96-well round bottom plate to form aggregated spheroids (72 h), followed by adding
invasion matrix with or without DDR1-IN-1 for collective cell invasion (72 h). For both methods,
bright-field spheroids images were captured by using an Olympus IX73 microscope. A spheroid with
at least two branches extending from its central body (> 100 µm) was scored positive as described by
Andersen et al. [47].

4.8. Dual Immunohistochemical Staining

OSCC sections were dewaxed, rehydrated and incubated with TrilogyTM (Cell Marque, CA,
USA) at 121 ◦C for 10 min to unmask antigens. At room temperature (RT), the slides were immersed
in 3% hydrogen peroxide for 15 min to quench endogenous peroxidase activity; 1% bovine serum
albumin was used for 60 min to block nonspecific antigenic sites. Slides were incubated with
anti-PDPN and anti-DDR1 (Figure 1c) or anti-PDPN and anti-CDH1 at 4 ◦C overnight (Figure 7b).
After washing with TBS, slides were incubated with alkaline phosphatase (AP)- and horseradish
peroxidase (HRP)-conjugated secondary antibodies (MRCT523, Biocare Medical) for 30 min at RT.
The color development of tissue sections was conducted by using chromagen StayGreen for AP (Abcam,
Cambridge, UK) and diaminobenzidine (Agilent, CA, USA) for HRP. The slides were scanned by a
Pannoramic MIDI scanner (3DHISTECH, Budapest, Hungary). This study was reviewed and approved
by the Research Ethics Committee of National Health Research Institutes (Protocol No: EC1040407-E)
for the use of clinical samples.

4.9. Animal Experiment

For each mouse, one million mycoplasma-free TW2.6 cells mixed with equal volume of Corning®

Matrigel® matrix (Corning, NY, USA) was subcutaneously implanted into the flank of an 11 week-old
NOG (National Institute of Infectious Diseases and Vaccinology, Taiwan). When the tumor mass
reached 500 mm3, mice were divided into PBS (n = 3) and DDR1-IN-1 (n = 4) groups, for intraperitoneal
injection of PBS and DDR1-IN-1 (25 mg/kg), respectively. PBS or DDR1-IN-1 were administered twice
a day, five days consecutively, followed by euthanization of mice and tumor collection. All procedures
were approved by the Institutional Animal Care and Use Committee of National Health Research
Institutes, Taiwan (Protocol No: NHRI-IACUC-106057-M1-A).
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4.10. Bioinformatics and Statistical Analysis

The normalized microarray dataset GSE37991, comprising an expression matrix of 17,544 genes ×
80 samples (40T + 40N) [31], were downloaded from the NCBI GEO portal and analyzed by various
R (3.6.1) packages in a Bioconductor (3.10). Specifically, Limma was used to identify differentially
expressed genes (DEGs) accountable for angiolymphatic invasion (ALI) [33] (Table A1). The results were
highly similar to DEGs identified by GSEA [32] (Figure 1a). Selected DEGs (FC > 1.5) were subjected
to gene ontology and pathway enrichment analyses by DAVID (v6.8) [34] (Figure 1b). The Pearson
correlation test of DDR1 and collagen subunits were evaluated by cor.test (Figure 2a). For the rest
of the study, the statistical analysis was carried out by Prism 5.0 (GraphPad Software). Specifically,
an unpaired two-tailed t-test was applied to evaluate the results in RT-qPCR (Figure 2b), clonogenicity
assay (Figure 4), and quantitation of ALI and PNI (Figure 7c). Differences were considered significant
when p < 0.05.

5. Conclusions

Excessive deposition of collagen in the connective tissue is an adverse feature of oral cancer and
premalignant disorders. Through meta-analysis of a microarray dataset comprising 40 OSCC tissues,
we showed that co-overexpression of DDR1 and COL4A5 or COL4A6 is statistically significant. In vitro
elevated DDR1 mRNA and protein levels were observed by treating oral keratinocytes with collagen
of fibrillar or basement membrane types. Overexpressed OSCC DDR1 is ligand-independent and
constitutively phosphorylated. OSCC cells treated with DDR1 kinase inhibitors displayed reduced cell
growth and clonogenicity. DDR1 kinase activity in the OSCC TW2.6 cell is required for multicellular
cohesiveness, spheroid invasion, and collective cell invasion in xenograft tissues. Taken together,
these data strongly suggest that constitutively active DDR1 is crucial to collective OSCC cell invasion
in vivo, including angiolymphatic invasion. Since DDR1 is a druggable target, our results provide an
alternative therapeutic approach in blocking tumor cell growth and metastasis for oral cancer patients.
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Western blots in Figure 3c, Figure S5: Two magnifications (400× and 800×) of IHC images in Figure 7b.
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Appendix A

Table A1. Top 90 genes differentially expressed between ALI-Yes and ALI-No identified by Limma
topTable function.

Gene
SYMBOL

Fold 1

(Yes/No) Probability 2 Gene
Symbol

Fold
(Yes/No) Probability Gene

Symbol
Fold

(Yes/No) Probability

LDHD 0.351 65.7 MMP3 1.346 19.0 GRHL3 0.481 11.9
SORCS2 2.233 62.9 TRIM56 1.241 19.0 LRRC73 1.438 11.8
NELL2 0.390 60.7 AAMDC 1.420 18.9 FBXO2 1.878 11.7
ACSF2 1.778 52.5 TMPRSS7 2.135 18.9 CYB561A3 1.388 11.2
MMP1 1.457 45.7 ITGA3 1.701 18.6 ITGA2 1.221 11.1

SERPINE1 2.103 45.6 TNK1 1.717 18.2 IQCE 1.415 11.1
DDR1 1.569 45.4 CHST3 1.232 17.8 ZNF114 1.927 11.0

CHST15 1.304 44.3 MCOLN3 2.266 17.0 PRODH 0.414 11.0
GRINA 1.257 38.5 HECTD1 0.877 16.5 ME1 0.758 10.8

CCDC30 1.313 38.3 PTGER1 0.680 15.8 NBPF3 1.539 10.8
ZNF704 2.084 33.4 PPP2R2B 2.034 15.6 ASB4 0.806 10.6
RNF5P1 1.425 33.3 GPR107 1.662 15.5 LYRM1 0.910 10.6
APCDD1L 2.075 32.3 SLC16A9 0.595 15.4 CYP4F22 0.276 10.6
CYP24A1 1.540 31.3 MCRIP1 1.522 15.1 XYLT2 1.176 10.4

REPS2 1.951 29.1 DLL1 1.428 14.8 KLC4 1.482 10.2
CAMK2N1 1.613 27.1 CDCA7L 1.440 14.8 CGB5 2.487 10.2
TINAGL1 1.751 27.1 FOXC2 1.850 14.6 EVA1A 1.926 10.1

KLK14 0.269 26.1 RTN4RL2 1.204 14.4 MDFIC 0.780 10.0
TGFBI 1.192 23.2 SPECC1 1.479 14.0 PRKCH 0.813 9.9
NOS3 0.606 21.3 NCS1 1.581 13.6 SLC2A6 1.359 9.8

ZDHHC21 0.625 21.1 CCM2 1.197 13.5 EFHB 0.487 9.8
FSTL3 1.753 20.8 UPK1A 0.349 13.3 EPHB2 2.235 9.8
AUH 1.562 20.7 GLB1 1.318 13.1 FREM1 0.681 9.6
ITGB4 1.320 20.3 SYK 0.633 13.0 MFSD6 0.789 9.5

C4orf26 2.344 20.2 GLTP 0.795 12.8 GUCA2B 0.728 9.5
GPAT3 0.680 20.1 COL4A6 1.842 12.7 ZBTB18 0.889 9.4
RRAS 1.308 19.6 BMP8B 1.412 12.5 NELFB 1.364 9.2

GPRC5D 0.672 19.4 PDPN 1.585 12.5 LYN 1.207 9.1
SEMA3G 0.731 19.3 HPSE 0.636 12.1 ABHD12 0.812 9.0
PRRC2A 1.329 19.2 SLC43A2 1.763 12.0 TMEM63C 0.565 8.9

1 Transformed from log2-fold-change (LogFC) 2 Calculated from B statistic ((EXP(B)/(1 + EXP(B))) ∗ 100).
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