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DCLK1-mediated regulation of invadopodia =

dynamics and matrix metalloproteinase
trafficking drives invasive progression in head
and neck squamous cell carcinoma
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Abstract

Background HNSCC presents a significant health challenge due to its high mortality resulting from treatment
resistance and locoregional invasion into critical structures in the head and neck region. Understanding the inva-
sion mechanisms of HNSCC has the potential to guide targeted therapies, improving patient survival. Previously, we
demonstrated the involvement of doublecortin like kinase 1 (DCLK1) in regulating HNSCC cell invasion. Here, we
investigated the hypothesis that DCLK1 modulates proteins within invadopodia, specialized subcellular protrusions
that secrete matrix metalloproteinases to degrade the ECM.

Methods We employed tandem mass tag (TMT)-based proteomics to identify the role of DCLK1 in regulating pro-
teins involved in HNSCC invasion and validated the findings using immunoblotting. The Cancer Genome Atlas (TCGA)
database was interrogated to correlate DCLK1 expression with tumor stage, grade, and invasion-associated proteins.
In vitro invasion was assessed using a Boyden chamber assay, and immunohistochemistry on patient samples deter-
mined DCLK1's distribution within tumors. Gelatin invadopodia assay was used to establish DCLK1 localization to inva-
dopodia related gelatin degradation. Super-resolution confocal microscopy demonstrated colocalization of DCLK]1
with invadopodia markers and MMP trafficking proteins. ECM degradation by MMPs in HNSCC cells with wild-type
and knockdown DCLKT was evaluated using a dye-quenched tracer, while gel zymography and MMP array identified
secreted proteases. Proximity ligation assay (PLA) and co-immunoprecipitation assays were used to confirm interac-
tions between DCLKT, MMP9, KIF16B, and RAB40B.

Results Proteomic analysis demonstrate DCLK1's role in regulating proteins involved in cytoskeletal and ECM remod-
eling. Clinically, rising DCLKT1 levels correlate with higher histological grade and lymph node metastasis, with height-
ened expression observed at the leading edge of HNSCC patient tissue. DCLK1 is localized with markers of mature
invadopodia including TKS4, TKS5, cortactin, and MT1-MMP. Knockdown of DCLK1 led to reductions in invadopodia
numbers and decreased in vitro invasion and ECM degradation. MMP9 colocalizes with DCLK1 within invado-

podia structures and its secretion is disrupted by DCLK1 knockdown. Further, PLA and co-immunoprecipitations
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studies demonstrate DLCK1 complexes with KIF16B and RAB40B enabling trafficking of degradative MMP9 cargo

along the invadopodia to degrade local ECM.

Conclusion This work unveils a novel function of DCLK1 in regulating KIF 168 and RAB40B to traffic matrix degrading
MMP9 cargo to the distal end of the invadopodia facilitating HNSCC invasion.

Keywords Doublecortin-like kinase 1, HNSCC, Invadopodia, Loco-regional invasion, Tumor microenvironment

Background
Head and neck squamous cell carcinoma (HNSCC) poses
a significant global health challenge due to its high inci-
dence rates and adverse effects on patient survival [1]. A
key feature of this malignancy is its propensity for locore-
gional invasion, which greatly contributes to patient mor-
tality and treatment-related complications [2]. The tumor
cells’ ability to breach local extracellular matrix (ECM)
barriers, invading critical structures such as the carotid
artery or metastasizing to distant sites contributes to
mortality [3]. Understanding these early metastatic
events is crucial for shedding light on HNSCC patho-
genesis and identifying potential therapeutic targets in a
largely underexplored aspect of HNSCC research.
Invadopodia, actin-rich, finger-like cellular projections,
play a pivotal role in cancer cell invasion by puncturing
the ECM through the secretion of MMPs [4, 5]. Invado-
podia formation involves three stages: initiation, assem-
bly, and maturation [6]. Initiation, stimulated by growth
factors or other signals, involves the rapid recruitment of
key molecular components, that polymerizes actin fila-
ments near the plasma membrane [7]. In the assembly
phase, RGD-binding integrins, integrin-linked kinase,
vinculin and paxillin create an adhesion ring around the
invadopodia [8]. During the maturation phase, cofilin-
driven actin polymerization and Arp2/3-dependent actin
nucleation facilitate the development of fully functional
invadopodia [9]. Importantly, microtubules elongate into
invadopodia, providing structural rigidity and serving
as a tract for trafficking vesicles containing MMPs [10].
Additionally, emerging research highlights the localiza-
tion of adaptor protein, tyrosine kinase substrate with
four Src homology 3 domains 4 (TKS4) and recruitment
of MT1-MMP to the distal end of the invadopodia [11,
12]. Adaptor protein TKS5, acts as a tether for RAB40B
that binds to vesicles containing MMPs and transports
them to the elongating invadopodia [13]. The develop-
ment of invadopodia and molecular mechanisms regulat-
ing its invasive phenotype are not fully characterized.
Doublecortin like kinase 1 (DCLK1), originally char-
acterized as a microtubule-binding protein, has pre-
dominantly been associated with cancer stem cell
properties, particularly in colorectal cancer [14]. We
recently reported that genetically attenuating DCLK1
or targeting it with a small molecule inhibitor, DiFiD,

reduces the ability of HNSCC to degrade and invade
through the ECM [15]. Notably, DCLK1’s history extends
beyond cancer studies and finds its origins in neuro-
biology. Early research identified DCLK1’s presence at
the growth cones of axons, where it plays a pivotal role
in neural elongation [16]. Studies by Lipka et al. further
elaborated on DCLK1’s function in the transportation
of dense core vesicles, notably in collaboration with the
kinesin superfamily, particularly members of the Kinesin
3 family [17].

In our current research, we aimed to unravel the role
of DCLK1 in tumor cell invasion, employing proteomic
analysis. Our investigations unveiled that DCLK1 exerts
significant influence over proteins involved in cell-ECM
interactions, cell movement, and cell invasion. Fur-
thermore, our findings demonstrate that DCLK1 forms
complexes with KIF16B and RAB40. These complexes
facilitate the trafficking of ECM degradative cargo to
the distal aspect of invadopodia. Crucially, our research
demonstrates that the abrogation of DCLKI1 results in a
reduction in the secretion of matrix metalloproteases by
HNSCC cells. These findings reveal the pivotal role of
DCLK1 in cancer invasion and enhance our understand-
ing of invadopodia and HNSCC locoregional invasion.

Results

In the context of HNSCC, the impact of DCLKI1 on pro-
teins regulating tumor invasion remains a subject that
lacks comprehensive understanding. To address this
knowledge gap, we generated shRNA-mediated near
complete knockdown of DCLK1 compared to control
cells in the FaDu cell line (Fig. 1A). FaDu, is a well-char-
acterized invasive HNSCC cell line with a p53 mutation
common in~70% of HNSCC cases, and ideal growth
parameters for scaling up cell numbers was chosen for
these studies [18]. Five biological replicates of shControl
and shDCLK1 cells were then subjected to tandem mass
tag spectrometry. The log fold change analysis of DCLK1
knockdown vs control cells were assessed in 6474 pro-
teins and 8477 phospho proteins (Sup. Table 1). The
proteomic and phosphoproteomic signatures displayed
distinct clustering patterns, highlighting substantial dif-
ferences in the molecular profiles regulated by DCLK1
(Sup. Figure 1A, B). Between the shControl cells and
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the DCLK1 knockdown cells, we identified a substantial
alteration in protein expression. While 376 proteins were
downregulated in the DCLK1 knockdown cells when
compared to the controls, 359 proteins showed upregu-
lation (Fig. 1B). Network ontological analysis of DCLK1-
enriched proteins revealed specific interactions related to
cell-ECM interaction (Fig. 1C). Hierarchical analysis fur-
ther identified terms associated with ECM interactions,
cytoskeleton reorganization, and cell adhesion (Fig. 1D
and E). To understand the functional implications of
the identified proteomic and phosphoproteomic altera-
tions, we conducted further analysis using the Metascape
tool [19]. The results unveiled a diverse array of roles for
DCLK1 in various cellular processes. Notably, there was
an enrichment of proteins involved in membrane inter-
actions, particularly in the context of trafficking, suggest-
ing DCLK1’s involvement in regulating the transport of
cellular components across membranes (Sup. Figure 24,
Sup. Table 2). The data also showed that DCLK1 may be
involved in cytoskeletal rearrangement as evidenced by
increased expression of associated proteins such as cave-
olin 3 (CAVIN3), caveolin 1 (CAV1), vimentin (VIM),
cortactin (CTTN), cofilin 1 (CFL1), and Actinin Alpha
4 (ACTN4) (Sup. Tables 1, 2). Gene Ontology analy-
sis derived from phospho-kinase profiles (normalized
to the respective total proteins levels) demonstrated a
high prevalence of proteins involved with cell junctions,
actin filament assembly, microtubules and actin cross-
link formation in cells expressing DCLK1 compared to
cells with knockdown DCLK1 (Sup. Figure 2B). Moreo-
ver, these data suggest that DCLK1 contributes to the
enhanced motility of tumor cells. To further understand
the biological functions regulated by DCLK1, we con-
ducted specific gene ontology studies using the Database
for Annotation, Visualization, and Integrated Discov-
ery (DAVID) Bioinformatics tool [20]. We demonstrate
that the categorical term "cell projection” is significantly
upregulated in DCLK1 control cells compared to DCLK1
knockdown cells. This integrative analysis on phospho
and total proteins in the DCLK1 control and knock-
down cells highlights the relationship between DCLK1
knockdown and invadopodia and metastasis-associated
genes (Sup. Table 1). The analysis revealed that the most
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significant cluster of terms was related to cellular pro-
jections and growth cones (Sup. Figure 2C). These find-
ings further emphasize the role of DCLK1 in regulating
cytoskeletal dynamics and enhancing the invasive poten-
tial of tumor cells.

Building on this understanding, we sought to determine
the broader functional significance of DCLK1-mediated
proteomic and phosphoproteomic changes by conduct-
ing further integrative analysis. Specifically, we aimed to
identify the regulatory kinases that could be driving these
DCLK1-dependent processes. To achieve this, we utilized
curated libraries like BioGRID [21], MINT [22], STRING
[23], and others, facilitated by the KEA3 web tool [24].
Notably, the analysis revealed reduction in the levels of
several kinases in the DCLK1 knockdown cells, including
Src kinase, epidermal growth factor receptor (EGFR), and
P21 (RAC1)-activated kinase 1 (PAK1), aligning with our
earlier gene ontology analysis emphasizing roles in loco-
motion and cytoskeletal rearrangement (Sup. Figure 3A,
Sup. Table 3).

Given the complexity of the human kinome, which
comprises over 500 kinases grouped into distinct super-
families, we utilized Coral, a quantitative kinase visuali-
zation tool, to better understand the effects of DCLK1
knockdown [25]. This analysis revealed significant down-
regulation of various kinases, with EGFR emerging as a
prominently affected kinase in DCLK1 knockdown cells.
Additionally, the CAMK kinase family showed a notable
susceptibility to DCLK1 downmodulation, underscoring
DCLKT’s significant role within this kinase family (Sup.
Figure 3B). We validated these findings using immu-
noblotting to demonstrate decreased EGFR expression
on DCLK1 knockdown across three HNSCC cell lines
(FaDu, UMSCC1, and CAL33) (Sup. Figure 4A). Further-
more, analysis of patient mRNA data revealed an increas-
ingly positive correlation between DCLK1 expression
and EGER levels across tumor stages, underscoring the
potential clinical relevance of DCLK1 in regulating key
pathways involved in tumor progression (Sup. Figure 4B).

Given that phosphorylation is a key post-trans-
lational modification that regulates a wide array of
cellular processes, including signal transduction,
cytoskeletal dynamics, and cellular motility, we next

Fig. 1 DCLK1 knockdown regulates expression of several genes. A Immunoblot analysis of DCLK1 knockdown in HNSCC FaDu cells is presented,
with five independent experimental replicates confirming consistent reduction in DCLK1 levels compared to the control. Actin was used

as a loading control to ensure equal protein loading across all lanes. B A volcano plot is provided, depicting proteins that are either downregulated
(in red) or upregulated (in blue) in shDCLK1 cells relative to the control, with log2 fold change greater or less than 1.0. Functional annotation

of DCLK1 is detailed, including gene ontology enrichment analysis of (C) pathway network enrichment, (D) biological processes, and (E) hierarchical
dendrogram. Fisher’s exact test was employed for the functional annotation, with a significance threshold of P-value < 0.05 determined using

the Benjamini-Hochberg procedure to identify statistically significant values. The figures were generated using ShinyGO
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turned our attention to the phosphoproteome to better
understand DCLK1’s broader impact. Our phosphopro-
teomic analysis revealed significant differences in phos-
phorylation patterns, with 824 unique phosphopeptides
exhibiting higher levels in DCLK1 knockdown cells com-
pared to controls, while 1,249 unique phosphopeptides
were significantly reduced (Fig. 2A, Sup. Table 1). To fur-
ther clarify the functional implications of these phospho-
rylation changes, we examined kinase activity associated
with DCLK1 using the RoKAI/RoKAI Explorer tool [26].
Additionally, functional ontology analysis based on the
comparison of total phosphopeptides to total peptides
identified key biological processes linked to cytoskeletal
rearrangement and movement, particularly involving
actin filaments and microtubules. This analysis also high-
lighted significant enrichment of terms associated with
membrane interactions, including plasma membrane
localization, cell junctions, and focal adhesion in DCLK1-
enriched samples (Fig. 2B). These findings strongly sug-
gest that DCLK1 plays a crucial role in regulating cellular
motility, invasion, and cytoskeletal interactions. Further
analysis of individual kinase activity revealed significant
associations between DCLK1 and key kinases, including
EGFR, ERK1/2, Src, and PAK1 (Fig. 2C, Sup. Table 4).
Together, these insights provide a more comprehensive
understanding of DCLK1’s influence on essential cellu-
lar functions, particularly its regulatory role in pathways
governing cell invasion. Together, these insights provide
a more comprehensive understanding of DCLK1’s influ-
ence on essential cellular functions, particularly its regu-
latory role in pathways governing cell invasion.

DCLKT1 localizes to HNSCC invadopodia, driving cellular
invasion

Unfavorable outcomes in HNSCC patients are often
associated with locoregional invasion, a less explored
aspect of the disease. Our previous work demonstrated
that DCLK1 knockdown reduces cell invasion [15]. Anal-
ysis of The Cancer Genome Atlas (TCGA) data revealed
a significant correlation between DCLKI1 expression
and advanced HNSCC, particularly in relation to higher
lymph node staging and tumor histologic grade (Fig. 3A
and B).

(See figure on next page.)
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Further investigation wusing immunohistochemi-
cal (IHC) analysis of specimens from HNSCC patients
(n=40) revealed that DCLK1 expression is markedly ele-
vated in poorly differentiated tumor cells at the invasive
boundary, where the tumor interacts with the surround-
ing stroma (Fig. 3C). We observe that the well-differenti-
ated regions of the tumor have low expression of DCLKI.
Quantification of DCLK1 staining from the differentiated
core of the tumor to the leading edge with poorly differ-
entiated SCC clearly demonstrates a higher intensity of
staining close to the edge of the tumor (Sup. Figure 5A).
In contrast, normal oral mucosa exhibited little to no
DCLK1 expression (Sup. Figure 5B). Notably, DCLK1
expression was observed in collective invasive strands
(blue arrow), detached groups (red arrow) and individual
tumor cells (black arrow) (Sup. Figure 5C).

Given DCLKI’s known function in trafficking pro-
teins within neuronal cells, we hypothesized that DCLK1
could similarly facilitate HNSCC invasion by transport-
ing MMP cargo to the distal ends of lengthening inva-
dopodia. Invadopodia are crucial for initiating ECM
degradation, thereby allowing tumor cells to penetrate
the surrounding matrix. There are no molecular mark-
ers that define cell protrusions including filopodia and
invadopodia. However, invadopodia are characterized
by ECM degradation accompanying cancer cell invasion
[27]. Cellular protrusions seen in non-cancer with similar
structure and function are called podosomes. The deg-
radative activity of invadopodia distinguish them from
other cell protrusions with adhesive properties like focal
adhesions, lamellipodia or filopodia [28].

To confirm DCLK1’s role in invadopodia function, the
small molecule inhibitor DiFiD, which effectively binds
to and inhibits DCLK1 kinase activity [15], was utilized
alongside a well-established conventional 2D gelatin inv-
adopodia assay commonly employed in the field (sche-
matic in Sup. Figure 5D) [29, 30]. HNSCC cells plated
on FITC labeled gelatin displayed invadopodia, with
DCLK1 localizing with actin in areas of gelatin degrada-
tion under DMSO control conditions. In contrast, treat-
ment with 10 nM DiFiD resulted in a reduction of gelatin
degradation, and the localization of DCLK1 with actin

Fig. 2 DCLK1 regulates the phosphoproteome. A A volcano plot is provided, depicting phosphopeptides that are either downregulated (in red)

or upregulated (in blue) in shDCLK1 cells relative to the control, with log2 fold change greater or less than 1.0 in FaDu cells. B The volcano plot
showcases the outcomes of Gene Ontology analysis derived from inferred phospho-kinase analysis of phosphopeptides using the RoKAI Explorer
web tool [26]. The dashed line indicates the significance threshold, with significant Gene Ontology terms highlighted in red and insignificant

terms in blue. The maximum false discovery rate is set at 0.05, and the minimum absolute log2-fold change is set at 1.0. C The bar chart represents
inferred phospho-kinase activity generated through the RoKAI web tool [26]. Each bar’s color corresponds to the z-score level of the kinase, with red
indicating a higher score and blue indicating a lower score. Activity levels are determined based on the log2-fold change of phosphopeptides

that are differentially expressed between shControl cells and shDCLK1 cells
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within invadopodia was also diminished (Fig. 3D, Sup.
Figure 5E, F).

In addition to the conventional 2D assay, we also tested
invadopodia formation in a 3D assay. To better approxi-
mate the spatial constraints and ECM interactions of
HNSCC cells within a 3D environment, a base layer of
VitroGel, a well-defined hydrogel that closely mimics the
extracellular environment, was laid down [31]. HNSCC
cells, suspended in VitroGel, were then seeded onto this
base layer, forming a thin, uniform layer that facilitated
predictable localization of the cells after polymeriza-
tion. This setup allowed the cells to be seeded precisely
within a single plane to facilitate imaging. After allowing
the cell-laden VitroGel layer to polymerize, an additional
layer of VitroGel was applied over the cells (schematic in
Sup. Figure 5G). This structure was designed to maintain
cell viability while also providing a controlled environ-
ment for studying invasive behavior and matrix interac-
tions [32-37]. Additionally, we performed comparative
analyses to validate the effectiveness of VitroGel using
the traditional 2D invadopodia assay, comparing it
against gelatin and Matrigel matrices. These assays dem-
onstrated that HNSCC cells exhibited similar patterns of
focal degradation across all tested matrices, with DCLK1
and actin prominently co-localizing at the degradation
sites (Sup. Figure 5H, 51, 5]).

Because DCLK1 modulation can influence cell prolif-
eration, we evaluated its effect on invadopodia formation
in under 12 h. With FaDu cells having a doubling time of
48 h, we fixed and assessed the cells using microscopy
within 12 h post-seeding. Our results revealed a sig-
nificant reduction in the number of cellular projections
(pseudo colored in red) in DCLK1 knockdown cells com-
pared to wild-type controls (Fig. 3E).

To confirm the role of DCLK1 in invadopodia forma-
tion, we evaluated its localization within the cell using
super-resolution microscopy. The data demonstrate
that DCLK1 (green) localizes to HNSCC invadopodia
(Fig. 3F). Additionally, we observed filamentous actin
(F-actin, red) localization, consistent with established

(See figure on next page.)
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knowledge of the actin-rich nature of invadopodia [38].
Importantly, the localization patterns of DCLK1 and
actin within invadopodia were not extensively over-
lapping (Fig. 3F insets). The observed elongated, lin-
ear patterns of DCLKI, protruding parallel to cellular
extensions, indicate that the localization of DCLK1
to invadopodia is not contingent upon actin-DCLK1
co-localization.

Invadopodia are the functional cellular units of invasive
tumor cells; so, we conducted a transwell Boyden cham-
ber experiment to assess the impact of DCLK1 on the
invasive potential of HNSCC cells. In this experiment,
HNSCC cells were seeded onto a VitroGel substrate
in the upper chamber and allowed to invade through
the substrate towards the lower chamber. Our find-
ings demonstrated that DCLK1 knockdown resulted in
a significant reduction in the number of cells capable of
effectively penetrating the gel and traversing to the lower
chamber (p=0.014). (Fig. 3G).

To establish DCLKI1 as a bona fide component of inva-
dopodia, we conducted co-immunofluorescence studies
with DCLK1 and TKS4, TKS5, cortactin, or MMP14 (also
called MT1-MMP) which are well characterized markers
of mature invadopodia [39-42]. The analysis revealed
significant colocalization between DCLK1 and TKS4,
an adapter protein predominantly present in mature
invadopodia (Fig. 3H). Additionally, DCLK1 exhibited
colocalization with TKS5, an adapter protein involved
MMP transport (Fig. 3I). FaDu cells have an amplifica-
tion on chromosome 11q13, a region amplified in nearly
25% of all HNSCC patients, that carries the cortactin
gene. The cells exhibit elevated levels of cortactin (COS-
MIC database, data not shown). However, despite the
increased levels of cortactin in FaDu cells, it colocalizes
with DCLK1 in invadopodia of HNSCC (Fig. 3J). Lastly,
DCLK1 and MMP14, a membrane-bound metallopro-
tease responsible for ECM degradation, were both seen
in invadopodia (Fig. 3K). Quantitative analysis of protein
colocalization was performed on the confocal micros-
copy images from Fig. 3G-] as previously described [43].

Fig. 3 DCLK1 promotes HNSCC cellular invasion. Clinical data from TCGA reveal heightened DCLK1 expression in (A) progressed lymph node
stage, and (B) escalating histologic grade of head and neck squamous cell carcinoma (HNSCC). C Representative immunohistochemistry (IHC)
staining of a HNSCC patient sample depicts elevated DCLK1 staining at the tumor-stroma interface (400X magnification, n=40). D Confocal
images alongside orthogonal sectioning of FaDu cells captured using a 100 x oil immersion objective demonstrate colocalization of DCLK1 (cyan)
with actin (magenta) at sites of FITC-labeled gelatin degradation (grayscale). Red arrowheads denote areas of gelatin degradation. Comparison
images show FaDu cells pretreated with 10 nM DiFiD for 2 h, highlighting differences in DCLK1 and actin localization. E Invadopodia (pseudo
colored red, black arrows) in shControl and DCLK1 knockdown cells. Box and whisker plot quantifies invadopodia in 5x 10 cells across three
replicate experiments using ImageJ. F Confocal images illustrate DCLK1 (green) and F-actin (red) colocalization in invadopodia of FaDu cells.
Images captured using a 40X oil immersion lens objective. G HNSCC cell invasion across the Boyden chamber, normalized to cell viability. Error bars
indicate + SEM. Confocal imaging of DCLK1 (green) with invadopodia markers (red) and DAPI reveals colocalization of DCLK1T with (H) TKS4, (I) TKS5,

(J) cortactin, and (K) MMP14. Oil immersion at 100 X objective
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Manders coefficients, which quantify the degree of colo-
calization between two fluorescent signals by measuring
the proportion of one signal that overlaps with the other,
were used to assess DCLK1’s spatial association with inv-
adopodia markers. The colocalization analysis of DCLK1
with individual invadopodia markers TKS4, TKS5, cort-
actin, or MMP14 revealed a pronounced decrease in
colocalization as the distance from the invadopodia edge
increased (Sup. Figure 6A). Aggregated data showed
Manders coefficients (tM1 and tM2) and Pearson’s cor-
relation for DCLK1 colocalization with all these mark-
ers together, further indicating a significant reduction
in colocalization with increasing edge distance (Sup
Fig. 6B). Quantification of cortactin immunofluores-
cence signals from Fig. 31, demonstrate colocalization of
DCLK1 and cortactin are highly correlated and decrease
as the distance from the plasma membrane increases
(Sup. Figure 6A and B). These data suggest that DCLK1
is primarily localized to the periphery of the cell, where
active ECM degradation occurs, and may play a critical
role in organizing or maintaining the structural integrity
of invadopodia in regions closest to the matrix inter-
face. Supporting this role, DCLK1 knockdown led to a
marked reduction in fluorescence within knockout cells,
which was accompanied by a corresponding decrease in
the levels of TKS4, TKS5, cortactin, and MMP14 (Sup.
Figure 6C, D, E). We noted that knockdown of DCLK1
did not significantly modulate cortactin levels. How-
ever, DCLK1 knockdown reduced its colocalization sig-
nal with cortactin. The Pearson correlation score for
DCLK1-cortactin changed from 0.605 in control FaDu
cells to 0.351 in DCLK1 knockdown, and 0.776 in con-
trol UMSCC1 cells to 0.392 in DCLK1 knockdown (Sup.
Figure 6E). To validate these findings, we revisited the
conventional 2D invadopodia assay, comparing the local-
ization patterns observed in the 3D assay setup. The 2D
invadopodia assay confirmed that DCLK1 colocalizes
with TKS4, TKS5, cortactin, and MMP14, mirroring the
colocalization patterns seen in the 3D assay (Sup. Fig-
ure 6F - 6I). This consistency across different assay for-
mats supports the observation of DCLK1’s colocalization

(See figure on next page.)
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with invadopodia markers under varied experimental
conditions.

Additionally, we performed expression analysis of
patient mRNA and protein levels for the selected inva-
dopodia markers, including TKS4, TKS5, cortactin, and
MMP14 (Sup. Figure 6]). Proximity ligation assay (PLA)
confirmed the close spatial interaction between DCLK1
and TKS4 (Sup. Figure 6K).

DCLK1 regulates the secretion of matrix metalloprotease 9
The degradation of surrounding ECM is an important
step in the process of cell invasion. To detect MMP activ-
ity at the leading edge of HNSCC spheroids, we utilized
a dye-quenched (DQ)-gelatin assay, where the ECM con-
tains quenched FITC-labeled gelatin [44]. Upon gelati-
nolytic activity, the DQ substrate is cleaved into brightly
fluorescent peptides that can be detected using a fluores-
cence microscope or plate reader. We found that DCLK1
localization correlated with focal areas of gelatin degra-
dation (Sup. Figure 7A-C). To examine the role of DCLK1
in ECM degradation, we used DCLK1 knockdown and
control cells. We observed a significant reduction in
DQ-saturated VitroGel degradation following DCLK1
knockdown, indicating that DCLK1 plays a critical role
in promoting the secretion of metalloproteases (Fig. 4A,
Sup. Figure 7D). Additionally, quantification of the signal
using a fluorescence plate reader, demonstrated that the
knockdown significantly decreased fluorescence intensity
over time, with reductions observed at 12, 18, and 24 h,
respectively (Sup. Figure 7E). Additionally, cells were
treated with the DCLK1 inhibitor DiFiD (10 nM), EGFR
inhibitor erlotinib (2 nM), or a combination of both, and
degradation activity was quantified using DQ fluores-
cence intensity (Sup. Figure 4F). ECM degradation was
significantly reduced by both erlotinib and DiFiD indi-
vidually compared to the control, with the combination
of both inhibitors producing an additive effect.

To further characterize the MMPs regulated by
DCLK1, we evaluated conditioned media (CM) from
shControl and DCLK1 knockdown cells using gela-
tin zymography and an MMP array. We conducted

Fig. 4 DCLK1 regulates secretion of MMP9 from HNSCC. A Representative confocal imaging depicts DCLKT (red) along with DQ degradation
(green) in FaDu cells. Notably, DCLK1 knockdown leads to a marked reduction in DQ gelatin degradation. B Gelatin zymography reveals
concentrated supernatants from shControl or shDCLK1 cells. White bands against a stained blue background indicate degradation areas,

with specific MMPs identified based on their known molecular weights. C CM supernatants from shControl or shDCLK1 cells were analyzed

using an MMP array. D Densitometric quantification of MMP 9, 1 and 13 levels in control and DCLK1 knockdown cells. Error bars represent + SEM.

E Confocal imaging of PLA between DCLKT-MMP9 or DCLK1-MMP1 in FaDu HNSCC cells. Images obtained at 40 X oil immersion objective
(representative image of 3 biological replicates from FaDu cells. F MMP9 ELISA bar graph compares CM from shControl (green) and shDCLK1 (red)
under different treatment conditions. Error bars represent + SEM. ** P<0.001, *** P<0.0001 (G) Super resolution confocal microscopy demonstrate
DCLK1 (green) and MMP9 (red) (yellow) in FaDu cells. Images on the right are digital magnifications of the inset white box in the 100X oil immersion

objective image of FaDu cells
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zymography using SDS page gels embedded with gela-
tin to visualize and quantify enzyme activity in the CM
samples. We observed reduced secretion of both pro
and active forms of MMP9, active MMP13, and MMP1
(Fig. 4B). Notably, MMP2 secretion was not significantly
detected in either the knockdown or control CM sam-
ples. Our results confirmed reduced levels of MMP 9, 13
and 1 in CM from DCLK1 knockdown HNSCC (Fig. 4C,
D) p<0.001). Interestingly, TIMP1 levels were attenuated
on DCLK1 knockdown by 20%. Since this reduction may
not be biologically significant, we excluded in from the
current investigation. Employing PLA, we demonstrate
that DCLK1 was in proximity (<40 nm) with both MMP9
and MMP1, with a higher frequency of interactions
observed between DCLK1 and MMP9 (Fig. 4E). This fur-
ther demonstrates that DCLK1 associates with MMPs,
particularly with MMP9.

EGER signaling leads to c-Src activation, subsequently
promoting actin assembly, polymerization, and cortactin
activation, which results in invadopodia formation [45].
We previously reported that inhibition of c-Src attenuates
EGER ligand, EGF induced invasion on HNSCC cells [46,
47]. Dasatinib, a potent Src inhibitor, effectively inhib-
its Src activity [48]. To examine the impact of DCLK1
knockdown on MMP secretion we analyzed CM from
shControl and shDCLK1 HNSCC cells treated with EGF
in the presence or absence of dasatinib. To investigate the
impact of DCLK1-mediated MMP9 secretion, we con-
ducted an enzyme-linked immunosorbent assay (ELISA)
using CM from HNSCC cells. Initially, when HNSCC
cells were exposed to EGF, we observed an increase in
MMP9 secretion, indicating that EGF promotes MMP9
secretion (Fig. 4F). However, treatment with Src inhibi-
tor, dasatinib resulted in a noticeable reduction in EGF
induced MMP9 secretion. DCLK1 knockdown cells had
overall lower levels of MMP9 secretion compared to
the shControl cells. However, there was a slight though
non-significant increase in MMP9 levels on EGF stimu-
lation which came down to baseline levels on dasatinib
treatment.

Similarly, gel zymography confirmed an overall
decrease in the ability of CM from shDCLK1 cells to
degrade gelatin, even after EGF stimulation (Sup. Fig-
ure 8A). We also tested the CM from cells that were
transiently knocked down with siDCLK1 and observed
a similar reduction in MMP secretion (Sup. Figure 8B).
When HNSCC cells were pretreated with a low dose of
DiFiD (10 nM) we observed reductions in MMP degrada-
tion comparable to those seen in dasatinib-treated cells
(Sup. Figure 8C). To rule out the possibility that DCLK1
was downregulating cytosolic MMP9 expression, we
performed an ELISA on HNSCC cell lysates with and
without DCLK1 knockdown and found no significant
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difference in MMP9 levels (Sup. Figure 8D). Of note, is
that the antibody we used could detect the N-terminal
of both pro- as well as cleaved MMP9. Additionally, cor-
relation analysis of patient mRNA data revealed a weak
relationship between MMP9 and DCLK1 expression
(R=0.16, p<0.001) (Sup. Figure 8E). Thus, DCLK1 does
not regulate levels of MMP9 total protein but is neces-
sary for the secretion of MMP9 from HNSCC cells.

We sought to determine if DCLK1 actively partici-
pated in the intracellular trafficking of MMPs to the dis-
tal ends of invadopodia using confocal microscopy. Our
findings revealed a clear colocalization between DCLK1
and MMP9 within invadopodia (Fig. 4G). We observed
increased MMP9 staining in the cytoplasm and near the
plasma membrane in cells lacking invadopodia, a pat-
tern consistent with findings in other studies [49-51].
However, in areas where cells were more spread out, it
was evident that DCLK1 and MMP9 specifically over-
lap within the invadopodia. Notably, DCLK1 displayed
well-organized, centrally located extensions that reached
towards the distal ends of invadopodia. This spatial
arrangement strongly suggests that DCLK1 actively reg-
ulates MMP secretion within the context of invadopo-
dia, contributing to their role in promoting the invasive
behavior of HNSCC cells. Across all our experimental
analyses, including zymography and MMP array assays,
we consistently found that DCLKI1-mediated MMP
secretion did not involve MMP2. To further validate this
observation, we performed confocal imaging and co-
staining for DCLK1 and MMP2. The results confirmed
the findings from the MMP array, showing minimal
colocalization between DCLK1 and MMP2 across two
HNSCC cell lines (Sup. Figure 8F, G). These findings sug-
gest that DCLK1 primarily interacts with MMP9, rather
than MMP2.

DCLK1 regulates the KIF16B motor protein and RAB40B

MMP secretion is a critical function of mature and acti-
vated invadopodia [52]. Given that MMPs are trans-
ported by motor proteins, our goal was to identify the
specific motor proteins interacting with DCLK1. To
accomplish this, we conducted an extensive screening of
pan-kinesins utilizing TCGA. We observed a strong cor-
relation between DCLKI and the Kinesin 3 sub-family
across all stages of HNSCC (Fig. 5A). Within this group,
KIF1B exhibited high levels of correlation with DCLK1,
particularly as the tumor stage increased. Additionally,
ChipSeq experiments assessed using TNMplot [53] dem-
onstrate correlation of DCLK1 to KIF1A, KIF1B, KIF1C,
and KIF16B compared to normal head and neck tis-
sue (Fig. 5B). Likewise, gene expression of the Kinesin-3
family is starkly different from normal, demonstrating a
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dramatic increase in KIF1B, KIF1A, KIF14, and especially
KIF16B (Fig. 5C).

Next, we utilized the PLA technique to identify the
specific members of the Kinesin 3 family that are in
proximity with DCLK1. Our results showed that KIF16B
but not KIF1A, 1B, 1C and 26B, exhibited a discern-
ible preferential association with DCLK1 in HNSCC
cells (Fig. 5D; Sup. Figure 9). Previous reports suggest
an interaction between DCLK1 and KIF1A in neuronal
cells [17]. However, we observed DCLK1 associates with
the Kinesin 3 subfamily, as indicated in the pan-kinesin
TCGA screen (Fig. 5A). Using PLA, we demonstrated
proximity between DCLK1 and KIF16B, an anterograde
kinesin (Fig. 5E, Sup. Figure 10A). Our findings suggest
a distinct preference of DCLK1 for binding with KIF16B.
Co-immunoprecipitation further confirmed that this
interaction is disrupted by DCLK1 inhibitor, DiFiD (Sup.
Figure 10B).

To validate the colocalization of DCLK1, TKS4, and
KIF16B, we conducted immunofluorescence stud-
ies using HNSCC cell lines treated with EGF (5 min),
dasatinib (2 h), a combination of dasatinib and EGF, or a
DMSO control. Our results demonstrated that EGF stim-
ulation increased the colocalization of DCLK1, KIF16B,
and TKS4 (Sup. Figure 11). Conversely, the inhibition
of Src using dasatinib disrupted the colocalization with
DCLKI1.

DCLK1 forms a complex with trafficking proteins KIF16B
and RAB40B

Previous reports demonstrate that RAB40B plays a cru-
cial role in regulating the localization of MMP2/9 to
invadopodia, and the depletion of RAB40B resulted in
decreased cellular degradation and invasion capabili-
ties of breast cancer cells [13, 52]. After confirming the
binding interaction between DCLK1 and KIF16B and
their potential role in transporting MMP cargo, our
next objective was to demonstrate their spatial prox-
imity within HNSCC cells. We performed PLA for
DCLK1, KIF16B, and RAB40B, and observed the for-
mation of protein complexes even under control condi-
tions. This interaction was further enhanced following
EGF treatment (Fig. 6A, B; Sup. Figure 12A). However,

(See figure on next page.)
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co-treatment with dasatinib significantly suppressed this
interaction (Fig. 6A, B). Co-immunoprecipitation fur-
ther confirmed that DCLK1 interaction with RAB40B is
disrupted by DiFiD treatment (Sup. Figure 10B). Confo-
cal imaging further revealed that DCLK1, KIF16B, and
RAB40B colocalize within invadopodia (Fig. 6C). The
overlap of these proteins within invadopodia suggests
their collective involvement in these structures. Knock-
down of DCLK]1 led to a noticeable reduction in the colo-
calization of the complex (Fig. 6C, Sup. Figure 13).

Alphafold3 was used to model the DCLK1 kinase
domain with KIF16B, ATP, and two Mg+2 ions (ref
above). PhosphoSitePlus [54] predicted several resi-
dues in the KIF16B motor domain along with S662 and
T1024 to be potentially phosphorylated by DCLK (Sup.
Figure 14A, B) Therefore, modeling was performed
using three KIF16B constructs: the motor domain (resi-
dues 3-358) and KIF16B peptides centered on S662 and
T1024. Although Alphafold3 was unable to model an
interaction that would support phosphorylation of the
motor domain, it was able to generate models with the
two peptides with high confidence (iptm 0.77 and ptm of
0.87 for the peptide with S662 and iptm 0.8 and ptm 0.89
for the peptide with T1024) (Sup. Figure 14A, B). Fur-
thermore, the targeted serine or threonine was located
near the terminal phosphate of ATP. Although we cannot
conclude that DCLK1 does not phosphorylate residues
in the motor domain, these results support the hypoth-
esis that DCLK1 may act on at least S662 and T1024 of
KIF16B.

Alphafold3 was also used to model the DCLK1 kinase
domain with RAB40B, ATP, and two Mg"™ ions [54].
PhosphoSitePlus [54] predicted two residues in the SOCS
box (S224 and S226) domain along with a residue in the
disordered C-terminal tail (S247). Therefore, modeling
was performed using three constructs: the SOCS box
(residues 175-228), the SOCS box with much of the dis-
ordered C-terminus (residues 175-260), and the disor-
dered C-terminus (residues 230-278). Both constructs
that contained part of the disordered C-terminus gener-
ated models that would suggest DCLK1 could phospho-
rylate a serine in the C-terminus of RAB40B. However,
instead of S247, it was S240 that was modeled to be

Fig. 5 DCLK1 is associated with the kinesin 3 motor protein KIF16B. A Heatmap displaying the correlation between DCLK1 and members

of the kinesin superfamily across stages 0-3 HNSCC. B Correlation matrices from ChlIP-seq data illustrate the correlation between DCLK1 and Kinesin
3 family members in normal tissue and HNSCC. C Protein expression analysis reveals distinct patterns of Kinesin 3 family members in normal tissue
and HNSCC, with the pie size indicating fold change and concentric circles representing varying p-value thresholds for statistical significance. D Bar
graph depicting the results of PLA screen, demonstrating the proximity of DCLK1 to select Kinesin 3 family members. Error bars represent+ SEM. E
Confocal and brightfield imaging of PLA between DCLK1 and KIF16B in FaDu with red puncta indicating an associated between the two proteins.

Images acquired using a 40 x oil immersion objective
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positioned for phosphorylation, with the the C-terminal
construct generating a model of high confidence (iptm
0.78 and ptm of 0.85) (Sup. Figure 14C). Although we
cannot conclude that DCLK1 does not phosphorylate
residues in the SOCS box, this result support the hypoth-
esis that DCLK1 may act on at least S240 of RAB40B.

Discussion

Invadopodia-mediated degradation plays a critical role
in promoting locoregional invasion in HNSCC, signifi-
cantly impacting overall mortality [55]. While extensive
research has focused on understanding the activation and
initiation of invadopodia, particularly their extracellular
to intracellular dynamics, our knowledge of the mature
phase of invadopodia, involving microtubule extension
and cargo transportation in HNSCC, remains limited
[56]. Although it’s clear that vesicle transfer occurs along
invadopodia in a plus-end direction facilitated by micro-
tubules, investigations into the specific regulatory factors
in this process are lacking [52]. In this context, DCLK1
stands out as a compelling candidate due to its potential
role as a microtubule binding protein known for partici-
pating in cargo transport and driving cancer progression
[17].

Previously, DCLK1’s role in promoting cancer cell inva-
sion has been predominantly attributed to its facilitation
of EMT, with limited attention given to its direct asso-
ciation with the invasion machinery [57]. Earlier stud-
ies utilizing Boyden chamber assays focused solely on
invasion function, yielding relatively binary results indi-
cating the presence of cells that have invaded through a
barrier without elucidating the mechanism of invasion.
To address this knowledge gap, our research replicated
trans-well experiments and specifically examined the
presence of DCLK1 within invadopodia. Invadopodia are
specialized structures primarily responsible for secret-
ing degradative proteinases during the mature phase of
invadopodia formation [58]. While previous studies on
MMP secretion in HNSCC mainly focused on vesicular
trafficking, particularly targeting to the plasma mem-
brane, the specific kinesins responsible for MMP traffick-
ing in HNSCC and the role of kinesin binding elements
remained unknown [52, 58].

(See figure on next page.)
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In our investigation, we explored the impact of DCLK1
knockout on MMP secretion in HNSCC CM, with a par-
ticular focus on gelatinase MMP9, given its relevance in
ECM degradation and overexpression in HNSCC [59].
Intriguingly, we observed a significant reduction in MMP
secretion, especially MMP9, in CM from DCLK1 knock-
out cells. This suggests for the first time, a critical role for
DCLK1 within invadopodia in regulating MMP9 secre-
tion. Importantly, we also observed gelatinase activity in
DCLK1-mediated secretion, further supporting the con-
nection between DCLK1 and MMP9 in ECM degrada-
tion during cellular invasion. On the other hand, MMP2,
with its broader functional role, is primarily associated
with angiogenesis, a distinct process separate from the
ECM degradation orchestrated by invadopodia [60]. In
contrast, MMP9 displays exceptional degradative activ-
ity against the most prevalent ECM substrates found in
HNSCC tumors, such as collagen III, IV, and V [61].

While RAB40B has been linked to the vesicular trans-
port of matrix metalloproteases within invadopodia in
breast cancer, the specific mechanism governing its loco-
motion remains to be elucidated [13, 52]. On the other
hand, KIF16B features a highly processive motor domain
that allows for rapid movements up to 10 pm [62]. This
motor protein is instrumental in recycling MT1-MMP
from the plasma membrane, thereby facilitating mac-
rophage invasion [63].

EGFR has high clinical relevance in HNSCC since
EGER inhibitor cetuximab is FDA approved for HNSCC
even though the objective response rate is around 10%.
EGER is not the sole regulator of invasion in HNSCC. We
previously reported that EGFR and hepatocyte growth
factor, regulate HNSCC invasion [46, 64]. Further,
hypoxia drives EGFR independent invadopodia forma-
tion in HNSCC [65]. Further EGFR inhibition does not
sufficiently inhibit MMP activity or invadopodia forma-
tion in HNSCC [66]. Thus, it is critical to study effectors
downstream of EGFR and other regulators of invasion
in HNSCC. Our studies demonstrate on stimulation
with EGF, DCLK1 mediates invadopodia formation in
HNSCC. Knockdown of DCLK1 resulted in reduced
EGER protein levels as assessed by mass spectrometry
and validated through immunoblotting. Our observation

Fig. 6 DCLK1, KIF16B, and RAB40B form a complex in HNSCC. A Quantification of multi-plex PLA (images in Sup. Figure 12) depicting

the association of DCLKT to MMP9, RAB40B, or KIF16B in FaDu, UMSCC1, and CAL33. HNSCC cells treated with vehicle control (blue), EGF (10 ng/ml,
green), EGF and dasatinib (100 nM, yellow), or dasatinib alone (red). Error bars indicate + SEM (* indicates p < 0.05). B Quantification of three-color
PLA (imaging shown in Sup. Figure 12) demonstrating overlap coefficient analysis of DCLKT and MMP9, RAB40B, or KIF16B under the experimental
conditions mentioned in 6A in FaDu, UMSCCT1, and CAL33 cells. Error bars represent+ SEM. C Confocal microscopy images capturing the localization
of DCLK1 (green), RAB40B (red), and KIF16B (white) in invadopodia of FaDu shControl or shDCLK1 cells. Each inset (i, ii) showcases individual cellular

projections. Images were obtained using oil immersion at a 100 x objective
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that DCLK1 knockdown leads to a reduction in EGFR
protein and mRNA levels suggests that DCLK1 may play
a critical role in regulating EGFR expression. DCLK1
overexpression has been reported to contribute to EGFR
tyrosine kinase resistance in lung cancer cells through the
regulation of Wnt-[3-catenin signaling [67]. Future studies
will need to explore the molecular regulators including
Wnt-B-catenin that affect EGER transcription and trans-
lation in DCLK1 regulated HNSCC.

Given that KIF16B is known to facilitate the early endo-
somal transport and recycling of cell surface receptors,
including EGFR, it is plausible that DCLK1 knockdown
disrupts the function of KIF16B. This disruption could
impair the recycling of EGFR, leading to its accelerated
degradation rather than its return to the cell surface,
thereby resulting in decreased overall levels of EGFR.
This hypothesis aligns with previous findings where inhi-
bition of KIF16B function accelerated EGFR degradation
by preventing its proper recycling [68]. Further investiga-
tions are needed to delineate the exact molecular interac-
tions between DCLK1 and KIF16B in this context.

Furthermore, the interplay between DCLK1 and the
Kinesin 3 superfamily, which encompasses KIF16B, is
responsible for directing dense core vesicles towards the
microtubule plus end [17].

While our study provides significant insights into the
role of DCLK1 in invadopodia dynamics and MMP traf-
ficking, there are limitations that need to be acknowl-
edged. One is the absence of in vivo animal studies
validating our findings in a more complex biological
environment. The challenges associated with imaging
sub-cellular structures in live mice are significant. Addi-
tionally, although we have discussed the dynamic nature
of invadopodia, our current study relies on static imaging
techniques, which do not capture the real-time forma-
tion and function of these structures. Another limita-
tion is the absence of data on overexpression of DCLK1
in HNSCC cells. In our experience, even low levels of
DCLK1 in HNSCC has a high impact on regulating the
invasive ability of the cells. Hence, we focused on knock-
ing down the endogenous levels to assess the impact on
invasion. In future studies, we will examine the effects of
DCLK1 overexpression in HNSCC.

In addition to regulating the trafficking of matrix-
degrading proteases, our data indicate that DCLK1 also
contributes to the formation of invadopodia. Knock-
down of DCLKI1 reduced the number of invadopodia in
HNSCC spheroids. Further, inhibition of DCLK1 with
DiFiD, reduced the degradation of gelatin, matrigel and
VitroGel by invadopodia. Finally, knockdown of DCLK1
reduced the localization of markers for mature invadopo-
dia, including TKS4, TKS5, MMP14 and cortactin in the
periphery of the cells. This dual functionality of DCLK1
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in trafficking of MMP cargo to the tip of the invadopo-
dia and formation of mature invadopodia, reinforces its
role as a central mediator of HNSCC invasion and under-
scores the importance of considering both aspects when
developing strategies to disrupt invadopodia-driven
tumor progression.

Moreover, this study is the first to demonstrate a func-
tional role for the microtubule-binding protein DCLK1
within invadopodia in HNSCC, proposing that DCLK1
actively drives the transport of degradative MMP9 cargo.
Finally, our findings reveal a previously uncharacterized
connection among DCLK1, KIF16B, MMP9, and the
RAB40B complex, thereby broadening the understanding
of invasion mechanisms and identifying potential targets
for therapeutic intervention.

Materials and methods

Cells and reagents

In this study, well-defined cell lines derived from HNSCC
were utilized. The cell lines used were FaDu (ATCC),
CAL33 (cat# ACC 447 DSMZ; Braunschweig, Germany),
and UMSCCI (obtained from Dr. Thomas E Carey at the
University of Michigan). The authentication of estab-
lished cell lines was performed periodically at Johns
Hopkins utilizing the Promega GenePrint 10 kit, and the
analysis was conducted utilizing GeneMapper v4.0. Each
cell line was cultured in DMEM (Corning) supplemented
with 10% heat-inactivated FBS (Sigma-Aldrich) not
including antibiotics. Incubation of cells was carried out
at 37 °C with 5% CO2. Tissue Microarray (#HN483) was
acquired from US Biomax, Inc. The following antibod-
ies were used: DCLK1 (abcam 31704), DCLK1 647 Alexa
Flour (abcam EPR6085) TKS4 (abcam122342), MMP9
(abcam 73734), MMP2 (abcam 92536), MMP1 (abcam
52631), MMP13 (abcam 219620) from Abcam (Cam-
bridge, UK); TKS5 (NBP1-90454), KIF16B (NBP1-14157),
KIF1A (NBP1-80033), KIF1B (NB100-57493), KIF1C
(NBP1-85978), KIF26B (NBP1-90443) from Novus Bio-
logicals (Centennial, CO). B-tubulin from Sigma-Aldrich;
pan-actin (H0000059-K) from Abnova (Taipei, Taiwan);
anti-rabbit IgG Dylight 680 (#35568), anti-rabbit IgG
Dylight 488 (#35553), and anti-mouse IgG Dylight 800
(#35521) from ThermoFisher (Waltham, MA). Texas
Red-X Phalloidin (T7471) and DAPI 1306 were used for
nuclear counterstaining (ThermoFisher). VitroGel® 3D
High Concentration hydrogel (TWGO001) from The Well
Bioscience (North Brunswick, NJ) was employed. The
N-Terminal pFLAG 3 vector (Addgene) was employed
for cloning the DCLK1 DCX DNA by restriction digest,
utilizing Notl and BamHI restriction enzymes. Follow-
ing transfection, FaDu HNSCC cell line was isolated
using G418 sulfate salt at a concentration of 400 pg/ml.
In relation to the DCX Domain, the primers utilized
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for DCLK1 Notl were as such: Forward Primer (FP):
5 -GATCGCGGCCGCGATGTCCTTCGGCAGA-3’, and
Reverse Primer (RP): 5'-GATCGGATCCCTAGCCAT
CGTTCTCATC-3’. For tandem mass tagged isobaric
labeling, the TMT10plex (90110) kit from ThermoFisher
was employed. DCLK1 was silenced using a well char-
acterized specific siRNA targeting the coding region of
DCLK1 (Thermo Fisher Scientific, cat # 4392420, assay
ID: s17586), designed based on the reference sequence
(accession No. NM_004734.4) [69]. A scrambled siRNA
(Thermo Fisher Scientific, cat # AM4636) was used as a
negative control.

Immunoblot

Cellular proteins were obtained by extracting whole-
cell lysates using RIPA lysis buffer enhanced by addi-
tion of phosphatase and protease inhibitors (Roche
11,836,153,001). To remove debris, the cells were soni-
cated while on cold blocks and centrifuged, and the
resulting supernatants were kept at —80 °C. Subse-
quently, the protein from cells were parted by electro-
phoresis on 10% SDS—polyacrylamide gels and moved
onto PVDF membranes. To prevent nonspecific bind-
ing, the membranes were blocked using a mixture of TBS
Intercept blocking buffer (Licor 927-60,050) and TBS in
a 1:1 ratio. Primary antibodies, diluted in a 1:1 blocking
buffer to TBST, were then incubated overnight with the
membranes. Banding from protein was visualized using
the LI-COR Odyssey DLx method and quantified utiliz-
ing Image].

Mass spectrometry

FaDu cells (5x107 cells) with shControl or shDCLK1
were plated in 145-mm dishes with five dishes per condi-
tion for 24 h. Cells were trypsinized, washed thrice with
1X HBSS and centrifuged at 1200 rpm for 10 min at 4 °C.
Cell pellets were shipped on ice to the IDEA National
Center for Proteomics Core, University of Arkansas for
Medical Sciences. Total protein from each cell pellet was
reduced, alkylated, and purified by chloroform/metha-
nol extraction prior to digestion with sequencing grade
modified porcine trypsin (Promega). Tryptic peptides
were labeled using a tandem mass tag 10-plex isobaric
label reagent set (Thermo) and enriched using High-
Select TiO2 and Fe-NTA phosphopeptide enrichment
kits in succession (Thermo) following the manufacturer’s
instructions. Both enriched and un-enriched labeled pep-
tides were separated into 46 fractions on a 100X 1.0 mm
Acquity BEH C18 column (Waters) using an UltiMate
3000 UHPLC system (Thermo) with a 40 min gradi-
ent from 99:1 to 60:40 buffer A:B ratio under basic pH
conditions, and then consolidated into 18 super-frac-
tions. Each super-fraction was then further separated by
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reverse phase XSelect CSH C18 2.5 um resin (Waters)
on an in-line 150x0.075 mm column using an Ulti-
Mate 3000 RSLCnano system (Thermo). Peptides were
eluted using a 60 min gradient from 98:2 to 60:40 buffer
A:B ratio.Eluted peptides were ionized by electrospray
(2.4 kV) followed by mass spectrometric analysis on an
Orbitrap Eclipse Tribrid mass spectrometer (Thermo)
using multi-notch MS3 parameters. MS data were
acquired using the FTMS analyzer in top-speed pro-
file mode at a resolution of 120,000 over a range of 375
to 1500 m/z. Following CID activation with normal-
ized collision energy of 31.0, MS/MS data were acquired
using the ion trap analyzer in centroid mode and normal
mass range. Using synchronous precursor selection, up
to 10 MS/MS precursors were selected for HCD activa-
tion with normalized collision energy of 55.0, followed
by acquisition of MS3 reporter ion data using the FTMS
analyzer in profile mode at a resolution of 50,000 over a
range of 100-500 m/z.Buffer A=0.1% formic acid, 0.5%
acetonitrile;Buffer B=0.1% formic acid, 99.9% acetoni-
trile.Both buffers adjusted to pH 10 with ammonium
hydroxide for offline separation.

Mass spectrometry data analysis — ProteoViz
(phosphoTMT)
Proteins were identified and reporter ions quantified by
searching the UniprotKB database restricted to Homo
sapiens (January 2022) using MaxQuant (Max Planck
Institute, version 2.0.3.0) [70] with a parent ion tolerance
of 3 ppm, a fragment ion tolerance of 0.5 Da, a reporter
ion tolerance of 0.001 Da, trypsin/P enzyme with 2
missed cleavages, variable modifications including oxida-
tion on M, Acetyl on Protein N-term, and phosphoryla-
tion on STY, and fixed modification of Carbamidomethyl
on C. Protein identifications were accepted if they could
be established with less than 1.0% false discovery. Pro-
teins identified only by modified peptides were removed.
Protein probabilities were assigned by the Protein
Prophet algorithm [71]. TMT MS3 reporter ion intensity
values are analyzed for changes in total protein using the
unenriched lysate sample. Phospho (STY) modifications
were identified using the samples enriched for phospho-
rylated peptides. The enriched and un-enriched samples
are multiplexed using two TMT10-plex batches, one for
the enriched and one for the un-enriched samples.
Following data acquisition and database search, the
MS3 reporter ion intensities were normalized using Pro-
teiNorm [72]. The data was normalized using VSN [73]
and analyzed using proteoDA to perform statistical anal-
ysis using Linear Models for Microarray Data (limma)
with empirical Bayes (eBayes) smoothing to the stand-
ard errors [74]. A similar approach is used for differen-
tial analysis of the phosphopeptides, with the addition
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of a few steps. The phospho sites were filtered to retain
only peptides with a localization probability >75%, filter
peptides with zero values, and log2 transformed. Limma
was also used for differential analysis. Proteins and phos-
phopeptides with an FDR-adjusted p-value<0.05 and an
absolute fold change > 2 were considered significant.

Proteomic and phospho-proteomic integrative analysis

An established cutoff of log2-fold change greater than 1.0
with a p-value <0.05 was used. To evaluate biological pro-
cesses, gene ontology, and pathway networks associated
with total protein data, the ShinyGO tool was employed
[75]. Top-level enriched gene ontology terms and biologi-
cal pathways were determined by inputting differential
proteins into Metascape [19]. Kinase enrichment analy-
sis was performed using KEA3 [24]. The CORAL tool
was used to establish the kinome tree and quantitatively
evaluate kinase interactions [25]. For determining kinase
activity through functional networks, the RoKAI app
was utilized, and the beta version of RoKAI Explorer was
employed to determine the functional ontology related to
phosphor-kinases [26].

Gelatin invadopodia assay

HNSCC cells were pretreated with either 10 nM DiFiD or
vehicle control for 2 h prior to seeding. The QCM Gelatin
Invadopodia Assay was performed and quantified follow-
ing the manufacturer’s instructions (Millipore, ECM670)
and performed as previously reported [76]. Briefly,
20,000 pretreated cells were plated per well in an 8-well
chamber slide (ibidi 80827) pre-coated with FITC-labeled
matrices, where gelatin was labeled at a molar ratio of
1:50, Matrigel at 1:100, and VitroGel at 1:80. DCLK1 was
visualized using Alexa Fluor 647 conjugation, and actin
filaments were labeled with TRITC-phalloidin (1:1000)
provided in the kit. Confocal images were captured at
100 x objective magnification using oil immersion to ana-
lyze degradation spots and the colocalization of DCLK1
with actin at sites of gelatin degradation.

Invadopodium assay

An angiogenesis chamber slide (Ibidi, 81506) was pre-
pared by diluting VitroGel® 3D High Concentration
hydrogel (The Well Bioscience, TWGO001) at a concen-
tration of 10 mg/ml in a 1:2 ratio with DMEM +10% FBS
to achieve a final hydrogel concentration of 3 mg/ml at
room temperature. This mixture was then incubated at
37 °C to polymerize in the innermost well. The VitroGel
mixture achieves a stiffness of 600-1000 Pa, mimicking
the extracellular matrix conditions more representa-
tive of the tumor microenvironment than the stiffness
on a 2D surface. Cells suspended in 10 pL of VitroGel
were seeded onto the polymerized hydrogel layer at 50%
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confluence. The setup was then incubated at 37 °C for
30 min to allow the gel to fully polymerize. Subsequently,
an additional 30 pL of VitroGel was applied over the cells
to encase the cells within the matrix and incubated again
at 37 °C for 30 min. The matrix containing cells was fixed
12 h post-seeding with 4% paraformaldehyde (PFA) for
staining, and then examined either by confocal imaging
or observed under bright-field microscopy.

Boyden chamber invasion assay

Cell invasion was evaluated using the transwell Boyden
chamber system, following our previously reported pro-
tocol [77]. In brief, a thin layer of VitroGel (50 uL) was
applied to inserts with 8-um pores. HNSCC cells (3 x 10*
cells/well) in serum-free DMEM were plated on the Vit-
roGel-coated inserts. These inserts were then set in trip-
licate containment wells containing media containing
serum up to 24 h. Simultaneously, cells (2 x 10% cells/well
in a 96-well plate) were plated under identical conditions
to assess viability using the CyQUANT assay (Invitrogen
C7026) pursuant to the manufacturer’s guidelines. Cells
were fixed and stained with the Hema 3 kit (Thermo
Fisher Scientific), cells in the insert were removed with
a cotton tipped applicator and the invading cells were
counted. The number of invading cells was normalized
based on cell viability.

Co-immunoprecipitation

Co-immunoprecipitation was performed using FaDu and
UMSCCI1 cells (5% 107 cells in 145-mm dishes per treat-
ment condition) to investigate the interaction between
DCLK1, KIF16B, and RAB40B as previously described
[78, 79]. After culturing the cells in serum-containing
media for 24 h, they were serum-starved for an additional
24 h. Following serum starvation, the cells were treated
with DiFiD (10 nM for 2 h), EGF (10 ng/mL for 5 min),
a combination of DiFiD and EGF, or DMSO as a con-
trol. Cells were lysed using the detergent lysis method,
and protein concentration was determined using the
Bradford assay. For each immunoprecipitation, 500 pg
of total protein was incubated with 5 pg of antibod-
ies against DCLK1, KIF16B, or RAB40B. The antibod-
ies were pre-coupled to Dynabeads® M-270 Epoxy using
the Dynabeads® Co-Immunoprecipitation Kit (Thermo
Fisher Scientific 14321D). The protein-antibody com-
plexes were incubated overnight at 4 °C with gentle rota-
tion to ensure optimal binding. Following incubation,
the Dynabeads® were magnetically separated, and the
supernatant was removed. The beads were washed three
times with the provided washing buffer to remove non-
specifically bound proteins. Bound proteins were then
eluted from the beads using the elution buffer provided
in the kit. Eluted proteins were subjected to SDS-PAGE
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and analyzed by Western blotting to detect co-immuno-
precipitated proteins. DiFiD treatment was used to assess
its effect on the interaction between DCLK1 and KIF16B,
with the same procedure applied to treated samples.

Gel zymography

Gel zymography analysis was performed using 10%
Zymogram gels (Novex ZY00100BOX) according to the
manufacturer’s instructions and previously reported
literature [80]. Briefly, HNSCC cells (3x10° cells/well
in a 60-mm dish) were cultured in DMEM containing
10% FBS for 24 h, followed by a 24-h serum starvation
period. After serum starvation, cells were treated with
EGF (10 ng/mL for 5 min), dasatinib (100 nM for 2 h),
a combination of EGF and dasatinib, DiFiD (10 nM for
2 h), a combination of EGF and DiFiD, or DMSO as a
control. Following treatment, cells were washed with PBS
and cultured for an additional 12 h in serum-free media
before collecting the conditioned media. The conditioned
media was concentrated (Pierce 88527), and protein
concentration was determined using a Bradford col-
orimetric assay. Conditioned media containing 50 ug of
protein from shDCLK1 or shControl FaDu cells was sub-
jected to electrophoresis at a constant voltage of 125 V
for 90 min. After electrophoresis, the gel was incubated
at room temperature for one hour in renaturing buffer
(Novex LC2670), followed by an overnight incubation
in developing buffer (Novex LC2671). The gel was then
stained using SimplyBlue Safestain (Thermo LC6060).
Clear bands on the gel indicated areas of protease activ-
ity, while the background remained blue, signifying areas
without protease activity.

Dye quenched assay

A volume of 10 uL of VitroGel (The Well Biosciences
VHMO1), saturated with 50 pug/ml of pigskin DQ-gelatin
(Thermo D12054), was polymerized in the central well
of an angiogenesis chamber slide (Ibidi 81506). Subse-
quently, gel coverslips were prepared by seeding 2x 10°
cells and incubating them at 37 °C to allow degradation
for 12 h. Following incubation, the cells were fixed using
4% paraformaldehyde in PBS. Quantification of matrix
degradation was performed by assessing the number of
degraded spaces in 15 cellular fields (300-500 cells) for
every experimental condition.

To quantify ECM degradation using DQ-gelatin, a plate
reader method was utilized as previously described [81].
The assay was performed in a 96-well black, clear-bottom
plate (Greiner Bio-One). A 40 pL volume of VitroGel,
saturated with 50 pg/mL pigskin DQ-gelatin, was evenly
spread in each well and allowed to polymerize for 20 min
at 37 °C. UMSCC1 and CAL33 HNSCC cells (1x10%,
with and without DCLK1 knockdown, were seeded on

Page 19 of 24

top of the DQ-gelatin-impregnated VitroGel and incu-
bated in serum-free DMEM for 12 h at 37 °C. Fluores-
cence was measured at 12, 18, and 24 h using a BioTek
Synergy microplate reader (Agilent, model HTX) with
excitation at 485 nm and emission at 530 nm. In a sepa-
rate experiment, HNSCC cells were treated with 2 nM
erlotinib, 10 ng/mL EGF, 10 nM DiFiD, DMSO control,
or a combination of these treatments and seeded on the
DQ-gelatin substrate for 12 h before fluorescence meas-
urements were taken.

Enzyme-linked immunosorbent assay (ELISA)

To determine the levels of secreted MMP9, FaDu
HNSCC cells (5% 107 cells/well in a 145-mm dish), with
or without DCLK1 knockout, were seeded in DMEM
containing 10% FBS and cultured for 24 h. Afterward, the
cultures were washed with PBS and incubated in serum-
free DMEM for 12 h. To assess the effects of EGF stim-
ulation and dasatinib inhibition, cells were treated with
EGF (10 ng/mL for 5 min), dasatinib (100 nM for 2 h), a
combination of dasatinib and EGF, or DMSO as a con-
trol. Following treatment, cells were cultured for an addi-
tional 12 h. Conditioned media was then collected, and
protein concentrations were normalized using a Brad-
ford assay. MMP9 levels were quantified using the Quan-
tikine ELISA kit (DMP900, R & D Systems) according
to the manufacturer’s instructions. The assay signal was
detected using a BioTek Synergy microplate reader (Agi-
lent, model HTX).

To determine the levels of intracellular MMP9 levels in
FaDu, UMSCCI1, and CAL33 cells (2x10° cells/well in a
T75 flask), with or without DCLK1 knockout, cells were
seeded in DMEM containing 10% FBS and cultured for
24 h. Afterward, the cultures were washed with PBS and
incubated in serum-free DMEM for 12 h without any
additional treatment. Cells were then harvested, and cell
lysates were generated by cell scraping, sonication, and
centrifugation at 12,000 x g for 15 min at 4 °C. The lysate
supernatant was normalized using a Bradford assay, and
MMP9 levels were quantified using the MMP9 Quan-
tikine ELISA kit (DMP900, R & D Systems) according
to the manufacturer’s instructions. The assay signal was
detected using a BioTek Synergy microplate reader (Agi-
lent, model HTX).

Proximity ligation assay

Cells were seeded in VitroGel at 50% confluence on 8
well chamber slides (ibidi 80826) for PLA (Proximity
Ligation Assay) using the Duolink in situ Detection Rea-
gents Red kit (DUO92008, Sigma-Aldrich), following the
given protocol. Various groupings of primary antibodies
targeting DCLK1 and KIF16B, KIF1A, KIF1B, KIF1C,
KIF26B, MMP1, MMP9, or RAB40B were employed.
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Subsequently, PLA puncta were imaged utilizing a TCS
SP8 confocal laser scanning microscope (Leica Microsys-
tems) equipped with a 40x1.35 NA or 100x1.35 NA
oil immersion objective. High-resolution z-stack photo-
grams were captured with a z-interval of 0.5 pum. Two-
dimensional projections were generated using the LAX
software platform (Leica Microsystems) by combining
the maximum intensity from each z-series. The density
of PLA puncta was determined by analyzing high-reso-
lution images (captured with a 40x1.35 NA objective)
using Image] (NIH).

Human MMP antibody array

The evaluation of human MMPs and tissue inhibitors of
metalloproteinases (TIMPs) was conducted following
the instructions provided by the manufacturer (Abcam
134004). In summary, 200 pg of total protein derived
from CM of shDCLK1 or shControl FaDu cells was
applied to separate blot arrays and incubated overnight.
The arrays were subsequently subjected to chemilumi-
nescence detection, and the resulting signals were cap-
tured at different exposure times.

The cancer genome atlas data analysis

The gene expression RNAseq data of the TCGA head
and neck cancer (HNSC) Firehose Legacy cohort was
obtained using cBioPortal [82, 83]. The expression lev-
els of DCLK1 were categorized as elevated to suppressed
based on their relationship to the median quantification
of gene-level transcripts estimated, which were converted
using log2(x+1) and normalized using RSEM counts.
These expression levels were then matched with clinical
lymph node staging data obtained from TCGA.

Immunofluorescence colocalization analysis

Quantitative analysis of protein colocalization was per-
formed on the confocal microscopy images as previously
described [43]. Briefly, all image processing steps were
performed with the FIJI distribution of Image] (version
1.54j). Each image was preprocessed with sequential
denoising, despeckling, and 8-bit conversion. Histogram
equalization was then performed via the Contrast Lim-
ited AHE (CLAHE) method. Background subtraction was
achieved with a rolling ball algorithm. Regions of interest
(ROIs) containing cell clusters were generated via seg-
mentation of merged images for each condition. For the
banded segmentation analysis, an adaptation of the pro-
tocol described previously described by Pike et al., Meth-
ods 2017 [43]. Initial cellular ROI was eroded in lum
intervals based on the Euclidean distance from the seg-
mentation edge. Volume contained with the boundaries
of each band were isolated and evaluated for colocaliza-
tion of fluorescent signal. Thresholds were automatically
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generated via the Costes’ algorithm and Pearson’s R and
Manders’ coefficients were extrapolated in Python (ver-
sion 3.12.0).

In silicomodeling

Complexes of the kinase domain of DCLK1 (residues
390-647) with the motor domain (3-358) and peptide
segments from KIF16B (652-672 and 1016-1035) along
with the SOCS box (175-228) and two other constructs
(175-260 and 230-278) of RAB40B were modeled using
Alphafold3 [84]. In each case, one ATP molecule and
two Mg+ 2 ions were specified. Confidence metrics and
visual inspection for a serine or threonine near the active
were used to select a model from each ensemble of pre-
dictions with a high confidence prediction.

Statistical analysis

The data are presented as the meanz+standard error
of the mean (SEM). Significance in all experiments was
assessed using non-parametric two-tailed Mann—Whit-
ney U tests, and for comparison of multiple groups, the
Kruskal-Wallis test was used. All statistical calculations
were conducted via GraphPad Prism Software (version
9.1.0), and significance was decided by a p-value less than
0.05.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512943-025-02264-3.

Supplementary Material 1.
Supplementary Material 2.
Supplementary Material 3.
Supplementary Material 4.

Supplementary Material 5: Figure 1. Protein expression in DCLK1 knock-
down cells is distinct. Principal component analysis (PCA) was conducted
on mass spectrometry data to visualize distinct clusters and dendrogram
representation of both (A) total protein and (B) phosphopeptide popula-
tions. The plot exhibits clear separation between shControl (n=5) and
shDCLK1 (n=5) samples, indicating distinct population patterns based on
the analyzed data.

Supplementary Material 6: Figure 2. DCLK1 drives cell movement and
cytoskeletal dynamics. Protein clusters displaying alterations between
shControl and shDCLKT cells were subjected to enriched ontology analy-
sis using Metascape [19]. (A) The bar graph illustrates the top 20 clusters
of Gene Ontology top-level enriched terms in biological processes, with
each cluster color-coded based on its respective p-value. (B) A depiction
of top-level Gene Ontology biological processes provides a comprehen-
sive overview of the enriched terms. The analysis and images were gener-
ated using Metascape [19]. (C) Gene ontology analysis using DAVID on dif-
ferential expression of the 100 most significant phosphoproteins relative
to the total protein in the control group relative to the DCLKT knockdown
group. Standard stringency settings were used to identify gene ontology
terms related to cellular structure and function.

Supplementary Material 7: Figure 3. DCLK1 is associated with kinases
involved in cell movement and invasion. (A) MeanRank results from KEA3
were visualized in a bar chart, emphasizing proteins enriched in shControl
cells compared to shDCLK1 knockout cells. The chart presents the top
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ten kinases, with bars color-coded to denote the selected libraries. The
integrated ranking of predicted kinases is based on MeanRank scores,
and the analysis, as well as the image, was generated using KEA3 [24].
(B) A phylogenetic kinase tree is presented to compare kinase activities
between the shControl and shDCLK1 groups. The tree generated using
the Coral kinome tool, features nodes representing different kinases. Node
color signifies protein abundance, with blue indicating increased relative
abundance in the shControl group and red indicating increased relative
abundance in the shDCLK1 group. The node size reflects the log2 fold
change. Branches of the tree are color-coded to highlight kinase groups
showing associations between the two groups. The kinome analysis and
kinase tree were generated using the CORAL web app [25].

Supplementary Material 8: Figure 4. DCLK1 knockdown is associated
with reduced EGFR expression. (A) Western blot analysis showing protein
expression levels of DCLK1 and EGFR in UMSCC1, CAL33, and FaDu cell
lines. 3-Tubulin was used as a loading control to ensure equal protein
loading. (B) mRNA levels of DCLK1 and EGFR in cells treated with DCLK1
knockdown via shRNA (orange) or shRNA (blue), shown as fold change
relative to their respective controls (dotted line at 1.0). Expression levels
were measured and normalized to control levels. Data represent mean +
standard error (SE), with statistical significance indicated: (*p < 0.05, **p <
0.01). (C) TCGA analysis of HNSCC patients demonstrating the correlation
between EGFR and DCLK1 expression with advancing tumor stage. The
Pearson correlation coefficients for stages 1 through 4 were as follows:
stage 1 (r=0.12,p=0.725), stage 2 (r=0.06, p = 0.776), stage 3 (r = 0.22,
p=10.251),and stage 4 (r=0.29, p < 0.0001).

Supplementary Material 9: Figure 5: DCLK1 Expression Increases Toward
the Invasive Front in HNSCC Tissues and Is Consistently Expressed Across
HNSCC Cell Lines. (A) Immunohistochemical (IHC) analysis showing DCLK1
expression in HNSCC tissue. The intensity of DCLK1 staining increases
from the tumor core toward the invasive front. The line graph quanti-

fies the cumulative staining intensity along the red lines drawn on the
tissue section (left panel), with the trend line demonstrating the increase
in expression toward the invasive front. (B) Representative IHC image
showing minimal DCLK1 expression in adjacent normal mucosal tissue.
(C) IHC image highlighting high DCLK1 expression in collective invasive
strands (blue arrow), detached groups (red arrow), and individual cells
(black arrow). (D) Schematic representation illustrating the assessment of
invadopodia-mediated gelatin degradation in HNSCC cells. Top (XY) View
depicts a cell on a gelatin-coated surface with highlighted areas of deg-
radation. Orthogonal (XZ) View provides a side view schematic of the cell
engaging in ECM degradation. Orthogonal Sectioning includes detailed
schematic representations showing the colocalization of DCLK1 (cyan)
and actin (magenta) within invadopodia at the sites of gelatin degrada-
tion (grayscale). Insets highlight orthogonal sections along the xz plane,
offering a visual interpretation of the spatial distribution and activity of
invadopodia components. Confocal images of UMSCC1 (E) and CAL33 (F)
cells, captured using a 100x oil immersion objective. Images show DCLK1
(cyan) and actin (magenta) localization within invadopodia at sites of FITC-
labeled gelatin degradation (grayscale), under control and DiFiD-treated
conditions. Insets provide orthogonal (xz and yz) views, illustrating the
structural details and spatial relationships of invadopodia components. (G)
Schematic representation of the 3D invasion assay, illustrating the proce-
dural steps to simulate the ECM environment for assessing invadopodia

in HNSCC cells. The process involves preparing the lower well with ECM,
followed by seeding cells in a suspension of ECM. After adding a top layer
of ECM, the setup is incubated, and slides are prepared for imaging to
analyze invadopodia function and ECM interaction. Gelatin (H), Matrigel (1),
and VitroGel (J) are compared through confocal imaging of HNSCC cells to
evaluate invadopodia dynamics. Each panel shows DCLK1 (cyan) and actin
(magenta) localization, with insets providing orthogonal xz and yz views
and strip charts illustrating consistent colocalization patterns across all
matrices, indicating no significant differences in invadopodia behavior.

Supplementary Material 10: Figure 6: DCLK1 Colocalizes with Invadopodia
Markers and Is Associated with Increased Gene Expression in HNSCC. (A)
Line graph quantifying immunofluorescence images in Fig 3 G-J, showing
distance-dependent colocalization analysis of DCLK1 with individual
invadopodia markers: TKS4, TKS5, cortactin (CTTN), and MMP14.The

analysis measures Manders scores M1 (DCLK1, green line) relative to the
M2 (invadopodia marker, red line), and Pearson’s correlation coefficient
(R, blue line) across varying edge distances from 1.0 to 3.0 um. (B) Bar
graph of colocalization metrics across all invadopodia markers combined
in Sup. Fig. 6A, analyzed at signal to cell edge distances of 1.0, 2.0, and

3.0 um. The bars represent the average M1, M2, and Pearson’s correlation
coefficient. Immunofluorescence images of (C) FaDu, and (D) UMSCC1
cells showing colocalization of DCLK1 with invadopodia markers TKS4,
TKS5, MMP14, and cortactin. (E) Comparative analysis of the colocaliza-
tion metrics between DCLK1 and various invadopodia markers following
DCLK1 knockdown (KD) versus control (CON) conditions in IF images from
Sup. Fig 6C and D. The metrics analyzed include M1 (top left panel), M2
(top right panel), and Pearson'’s correlation coefficient (bottom panel).
The invadopodia markers analyzed are TKS4, TKS5, MMP14, and cortactin
(CTTN). The M1 metric (DCLK1) and M2 metric (invadopodia marker)
display the relative colocalization intensities under KD versus CON condi-
tions. Pearson’s correlation coefficient quantifies the strength of the linear
relationship between DCLK1 and each invadopodia marker. Confocal
images display DCLK1 (cyan) colocalization with invadopodia markers in
HNSCC cells over sites of gelatin degradation (grayscale), including TKS4
(F), TKS5 (G), MMP14 (H), and Cortactin (I), all highlighted in magenta. Red
arrowheads point to areas where DCLK1 colocalizes with these markers
directly over the degradation sites. (J) Box plots showing the levels of
CTTN, SH3PXD2B, SH3PXD2A, and MMP14 genes (upper row) and proteins
(lower row) in HNSCC compared to normal tissues, as derived from TCGA
and CPTAC datasets, respectively. (K) Immunofluorescence images of
proximity ligation assay results showing colocalization of DCLK1 with the
invadopodia marker TKS4 in FaDu, UMSCCT1, and CAL33 HNSCC cell lines.
The images demonstrate that DCLK1 colocalizes with TKS4 within invado-
podia structures across all three cell lines.

Supplementary Material 11: Figure 7: DCLK1 Colocalizes with Gelatin
Degradation Sites and Promotes Gelatinase Activity in HNSCC Cell Lines.
Immunofluorescence images showing colocalization of DCLK1 with
gelatin degradation sites in FaDu (A), UMSCC1 (B), and CAL33 (C) cell lines.
Cells were seeded on DQ-gelatin, which fluoresces upon degradation

by gelatinases. DCLK1 was detected using a 647-conjugated antibody
(red), and gelatin degradation was visualized using DQ-gelatin (green).
The merged images show colocalization of DCLK1 with areas of gelatin
degradation, indicated by white arrowheads in the zoomed-in sections,
suggesting DCLK1's role in promoting gelatinase activity. (D) Confocal
images comparing control and DCLK1 knockdown conditions in FaDu,
UMSCCT, and CAL33 cell lines for DCLK1 (red), actin (gray), and DQ-gelatin
(green). In control cells, DCLK1 colocalizes with actin and areas of gelatin
degradation, whereas knockdown of DCLK1 significantly reduces both
DCLK1 expression and the extent of gelatin degradation. Confocal
imaging performed at 100X oil immersion objective. (E) Quantification of
DQ-gelatin fluorescence intensity over time (12, 18, and 24 h) in UMSCC1
and CAL33 cell lines under control and DCLK1 knockdown conditions
performed in a 96-well plate. The graph shows a significant reduction in
gelatinase activity following DCLK1 knockdown, indicating that DCLK1 is
crucial for maintaining gelatinase function in these cells. (F) Quantification
of DQ fluorescence intensity in FaDu cells following treatment with EGF
(10 ng/mL), the EGFR inhibitor erlotinib (2 nM), the DCLK1 inhibitor DiFiD
(10 nM), or a combination of both erlotinib and DiFiD for 12 h (*p < 0.05,
***%p < 0.0001).

Supplementary Material 12: Figure 8: DCLK1 Knockdown Reduces MMP
Activity and Shows no Significant Interaction with MMP2 in HNSCC Cell
Lines. (A) Gel zymography analysis of MMP activity in control and DCLK1
knockdown conditions in UMSCC1 and CAL33 cells treated with EGF (10
ng/mL for 5 min), Dasatinib (100 nM for 2 hours), combination EGF/Dasat-
inib, or DMSO control. (B) Gel zymography analysis in UMSCC1 and CAL33
cells, demonstrating pro-MMP-9 and active MMP-9 levels control and
DCLK1 knockdown cells. (C) Gel zymography showing the effect of DiFiD
(10 nM for 2 hours) treatment on MMP activity in UMSCC1 and CAL33
cells. (D) ELISA quantification of MMP-9 levels in cell lysates from UMSCC1,
CAL33 cells treated with control or siDCLK1 and FaDu cells expressing
control or shDCLKT. (E) Scatter plot from TCGA analysis showing the cor-
relation between DCLK1 and MMP9 mRNA expression in HNSCC samples.
The analysis reveals a weak positive correlation (Pearson correlation
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coefficient = 0.16, p-value < 0.001). Immunofluorescence images of FaDu
(F) and UMSCC1 (G) cells showing nuclei (DAPI, blue), DCLK1 (green) and
MMP2 (red). Images captured utilizing 60x oil immersion objective.

Supplementary Material 13: Figure 9: DCLK1 Shows Minimal Colocalization
with KIFTA, KIF1B, KIF1C, and KIF26B in HNSCC Cells. Immunofluorescence
images of PLA data obtained using a 40x oil immersion objective demon-
strate the colocalization analysis between DCLK1 and KIF1A, KIF1B, KIF1C,
or KIF26B in HNSCC cells. The left column shows DAPI staining (blue) for
nuclei, the middle column displays PLA signals (red), and the right column
shows the merged images. Minimal colocalization was observed between
DCLK1 and KIF1A, KIF1B, KIF1C, or KIF26B, indicating a lack of significant
interaction between DCLK1 and these kinesins in HNSCC cells.

Supplementary Material 14: Figure 10: DCLK1 Forms Complexes with
KIF16B and RAB40B, as Demonstrated by Proximity Ligation Assay and
Co-Immunoprecipitation. (A) PLA data demonstrating the interaction
between DCLK1T and KIF16B in HNSCC cells. The images show DAPI stain-
ing for nuclei (blue), PLA signals indicating DCLK1-KIF16B interactions
(red), and the merged image with brightfield microscopy to visualize

cell boundaries. Images captured with 100x oil immersion objective. (B)
Co-immunoprecipitation (Co-IP) analysis of DCLK1 and KIF16B in FaDu and
UMSCCT cell lines treated with vehicle control, EGF (10 ng/mL for 5 min)
and/or DiFiD (10 nM pretreated for 2 h). Input demonstrates total proteins
in the cell lysates. Immunoblots (IB) were probed for KIF16B, RAB40B, and
DCLKT.

Supplementary Material 15: Figure 11: EGF-Induced Colocalization of
DCLK1 with KIF16B and TKS4 Is Disrupted by Dasatinib Treatment in
HNSCC Cells. Immunofluorescence images showing the colocalization of
DCLK1 (red), KIF16B (yellow), and TKS4 (green) in FaDu and UMSCC1 cells
treated with EGF (10 ng/mL for 5 min), Dasatinib (100 nM for 2 hours),
combination EGF/Dasatinib, or DMSO control. Images captured with 60x
and 100x oil immersion objectives, respectively.

Supplementary Material 16: Figure 12. DCLK1, MMP9, RAB40B, and KIF16B
form a complex. Multi-plex PLA in (A) FaDu, (B) UMSCCT1, and (C) CAL33 to
visualize the interactions between DCLKT and MMP9, RAB40B, or KIF16B.
Nuclear staining was performed using DAPI (blue), and positive interac-
tions between DCLK1 and MMP9 are in yellow, between DCLK1 and
RAB40B are in green and between DCLK1 and KIF16B are in red. Images
were captured with oil immersion at a 40x objective.

Supplementary Material 17: Figure 13: Colocalization of DCLK1, RAB40B,
and KIF16B in HNSCC Cells. Immunofluorescence images showing

the colocalization of DCLK1, RAB40B, and KIF16B in UMSCCT1 cells. The
top row displays the following channels: DAPI (blue) for nuclei, DCLK1
(green), RAB40B (red), KIF16B (grey), and the merged image showing the
colocalization of all three proteins. The bottom row provides zoomed-in
views of a single cell invadopodia, highlighting the overlapping regions
where DCLK1, RAB40B, and KIF16B colocalize. Images captured at 100x oil
immersion objective.

Supplementary Material 18: Figure 14. Alphafold3 models of DCLK1 with
KIF16 and RAB40B. Models of DCLK (green) with residues (A) 652-672

or (B) 1016-1035 of KIF16 (cyan). Polar contacts are shown as yellow
dashes, and the backbone and/or side chain residues are shown as sticks.
Interacting residues are labeled, with KIF16 residues italicized. The serine
or threonine that could be phosphorylated is shown in spheres. ATP is
shown in magenta sticks, while Mg+2 ions are green spheres. Alphafold3
model of DCLKT with RAB40B (C) Models of DCLK (green) with residues
230-249 of RAB40B (cyan). Polar contacts are shown as yellow dashes, and
the backbone and/or side chain residues are shown as sticks. Interacting
residues are labeled, with RAB40B residues italicized. The serine or that
could be phosphorylated is shown in spheres. ATP is shown in magenta
sticks, while Mg+2 ions are green spheres.

Supplementary Material 19.
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