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Abstract

SDCBP is an adapter protein containing two tandem PDZ domains mediating cell adhesion. The role and underlying
molecular mechanism of SDCBP in ESCC remain obscure. Here, we report that SDCBP is frequently overexpressed in
ESCC tissues and cells compared to normal controls and that its overexpression is correlated with late clinical stage and
predicts poor prognosis in ESCC patients. Functionally, high expression of SDCBP is positively related to ESCC
progression both in vitro and in vivo. Furthermore, mechanistic studies show that SDCBP activates the EGFR-PI3K-Akt
signaling pathway by binding to EGFR and preventing EGFR internalization. Moreover, we provide evidence that AURKA
binds to SDCBP and phosphorylates it at the Ser131 and Thr200 sites to inhibit ubiquitination-mediated SDCBP
degradation. More importantly, the sites at which AURKA phosphorylates SDCBP are crucial for the EGFR signaling-
mediated oncogenic function of SDCBP. Taken together, we propose that SDCBP phosphorylation by AURKA prevents
SDCBP degradation and promotes ESCC tumor growth through the EGFR-PI3K-Akt signaling pathway. Our findings
unveil a new AURKA-SDCBP-EGFR axis that is involved in ESCC progression and provide a promising therapeutic target
for ESCC treatment in the clinic.

Introduction carcinoma (ESCC), which accounts for ~90% of EC cases,

is the most common type of esophageal carcinoma in Asian

Esophageal cancer (EC) is one of the most predominant
malignancies worldwide [1], ranking as the sixth most
common cause of cancer-related death and the seventh most
commonly diagnosed cancer [2]. Esophageal squamous cell
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countries, especially in China [3]. Due to atypical symp-
toms in early stage and the lack of effective treatment tar-
gets, the 5-year survival rate of ESCC remains low [4].
Thus, it is vital to investigate the molecular and pathogenic
mechanisms illuminating ESCC carcinogenesis.

Aurora A (AURKA) belongs to a family of serine/
threonine kinases that are primarily involved in cell cycle
processes, including centrosome duplication, separation,
and maturation [5]. Clinical data show that overexpression
and amplification of AURKA is observed in ESCC and that
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overexpressed AURKA is related to malignant progression
and poor prognosis of patients [6-8]. Overexpression of
AURKA results in the malignant progression of ESCC by
enhancing MMP-2 expression and activity, which can occur
through p38 MAPK and Akt signaling pathways [9].
Although AURKA plays an important role in ESCC
development, the specific substrate and underlying mole-
cular mechanism in ESCC remain unclear.

Syndecan binding protein (SDCBP), also called mela-
noma differentiation associated protein-9 (MDA-9) and
syntenin, is an adapter protein containing two tandem PDZ
domains. In the physiological cellular state, SDCBP reg-
ulates various cellular activities, including exosome bio-
genesis [10], neuromodulation and synaptic development
[11], cell adhesion [12], and immunoregulation [13]. In
addition to maintaining normal cellular processes, SDCBP
exhibits oncogenic properties in melanoma [14—16], breast
cancer [17, 18], glioma [19, 20], head and neck cancer [21],
urothelial cell carcinoma [22], and gastric cancer [17].
Functionally, SDCBP drives cancer cell proliferation,
migration, invasion, and angiogenesis to facilitate tumor-
igenesis. Moreover, SDCBP helps to maintain protective
autophagy and inhibit anoikis in glioma stem cells [23, 24].
As a scaffold protein, PDZ domains enable SDCBP to
interact with different oncogenic partners, such as c-Src,
IGF1R, EGFR, and Frizzled-7, mediating the activation of
p38 MAPK, NF-kB, STAT3, PI3K-Akt signaling or the
Wnt pathway in several types of cancer [22, 25-27]. The
oncogenic potential of SDCBP and its essential roles in
metastasis makes it an intriguing target for anticancer
therapy. Recently, a small-molecule inhibitor that selec-
tively binds to the PDZ1 domain of SDCBP is developed;
this inhibitor attenuates the increase in glioblastoma cell
invasion following radiation [28]. Furthermore, peptides
targeting SDCBP can inhibit the progression of cancer cells
[29]. These studies provide evidence supporting SDCBP as
a potential target for cancer therapy. However, the function
of SDCBP in ESCC remains to be further determined.

In the present study, we demonstrated for the first time
that high expression of SDCBP predicted poor prognosis in
ESCC and promoted ESCC progression in vitro and in vivo.
SDCBP sustained EGFR membrane localization and pro-
moted EGFR autophosphorylation, thus activating the
EGFR/PI3K/Akt signaling pathway. Moreover, we found
that AURKA can bind with the PDZ1 domain of SDCBP
and directly phosphorylate SDCBP at Ser131 and
Thr200 sites. Furthermore, phosphorylation of SDCBP by
AURKA maintained SDCBP stability by inhibiting its
ubiquitination, and SDCBP phosphorylation was also
responsible for its oncogenic function. Taken together, our
results indicated that SDCBP can promote ESCC progres-
sion and suggested that the AURKA-SDCBP-EGFR axis
might be a novel target for the treatment of ESCC.
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Results

Increased SDCBP expression predicts poor prognosis
in ESCC patients

To determine the role of SDCBP in ESCC, we initially
measured SDCBP expression in a human ESCC tissue array
by immunohistochemistry staining. SDCBP expression was
significantly higher in ESCC cancer tissues than in paired
(Fig. 1a, b) or unpaired (Fig. 1c¢) adjacent normal tissues. In
the public Gene Expression Profiling Interactive Analysis
(GEPIA) database, SDCBP expression was also sig-
nificantly higher in esophageal carcinoma than in normal
controls (Fig. 1d). Furthermore, clinical association analysis
revealed that SDCBP expression was significantly asso-
ciated with the large tumor size (T stage), lymph node
involvement (N stage), and advanced tumor-node-
metastasis stage of ESCC (Fig. le; Table 1), and among
patients of all stages, patients in stage IV had the highest
level of SDCBP (Fig. le). Moreover, Kaplan—-Meier ana-
lysis demonstrated that the ESCC patients with high
SDCBP expression had a significantly shorter overall sur-
vival than those with low SDCBP expression (Fig. 1f).
These findings indicate that SDCBP is a critical molecular
marker and an informative prognostic factor in ESCC.

High expression of SDCBP correlates with AURKA
expression in ESCC

Dysregulation of protein kinases is involved in various
processes of carcinogenesis through modulating the func-
tion of target oncogenic proteins. From the GEPIA data-
base, we observed a positive correlation between SDCBP
and AURKA expression levels in esophageal carcinoma
(Fig. 2a). We then analyzed the correlation between the
expression levels of the two proteins in the ESCC tissue
array. We found that ESCC tissues with high levels of
SDCBP had increased expression of AURKA compared
with that in tissues with low levels of SDCBP (Fig. S1).
Spearman correlation analysis showed that SDCBP and
AURKA expression was closely associated with each other
(R=0.55, P<0.001, Fig. 2b). High AURKA expression
was detected in 34 of 49 (69.4%) ESCC samples with high
SDCBP expression but only in 15 of 50 (30%) ESCC
samples with low SDCBP expression (Fig. 2c). Further-
more, ESCC patients with low expression of both SDCBP
and AURKA tended to have better overall survival than
those with high expression of SDCBP and AURKA (Fig.
2d). Finally, we evaluated the expression levels of these two
proteins in ESCC cell lines. As shown in Fig. 2e, the
Western blotting results showed significantly higher
expression of SDCBP in 4 out of 6 ESCC cell lines and
significantly higher expression of AURKA in 5 out of 6
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Fig. 1 Upregulated SDCBP predicts poor prognosis in ESCC
patients. a Representative immunohistochemical staining images of a
human ESCC tissue microarray using a specific antibody for SDCBP
in adjacent tissues and paired cancer tissues. Statistical analysis was
performed for immunohistochemical staining. SDCBP expression was
valued as positivity. A summary of SDCBP expression is shown in
paired (b) and unpaired (c) ESCC tissues. d SDCBP expression levels

ESCC cell lines. Spearman correlation analysis also indi-
cated a similar expression pattern between SDCBP and
AURKA in ESCC cell lines (R=0.96, P<0.001, Fig. 2f).
Taken together, these data suggest that SDCBP and
AURKA possess a close relationship with each other in
ESCC.

SDCBP interacts with AURKA and is phosphorylated
by AURKA

To explore the potential molecular mechanism between
SDCBP and AURKA, immunoprecipitation assays were
performed to check whether SDCBP can interact with
AURKA. The results indicated that endogenous SDCBP
can precipitate endogenous AURKA in KYSE410 cells and
vice versa (Fig. 3a). Furthermore, an immunoprecipitation
assay with ectopically expressed SDCBP and AURKA
showed that His-tagged AURKA precipitated Flag-tagged
SDCBP in transfected HEK293T cells (Fig. 3b).

To further determine whether the PDZ domains of
SDCBP differentially contributed to the interaction with
AURKA, we constructed a series of vectors with different
SDCBP PDZ domain deletions (Fig. 3c). The immunopre-
cipitation results showed that AURKA precipitated WT-
SDCBP, APDZ2-SDCBP, and PDZI + PDZ2-SDCBP

(n= 9) (n= 33) (n—46) (n-6)

50 100

Survival time (months)

in normal or esophageal carcinoma tissues retrieved from the GEPIA
database. e The expression levels of SDCBP in patients with different
clinical stages from the ESCC tissue microarray. f Relationship
between SDCBP expression levels and overall survival from an ESCC
tissue microarray. Statistical analysis was performed using Student’s
paired ¢ test in (b); Student’s unpaired # test in (c, e); Kaplan—-Meier
analysis in (f). Error bars represent the mean + SD.

(Fig. 3d). These data suggested that the PDZ1 domain rather
than the PDZ2 domain of SDCBP was essential for the
association with AURKA. Moreover, the protein-docking
model also showed that the PDZ domain of SDCBP can
directly bind to AURKA’s ATP binding pocket and then be
phosphorylated by AURKA (Fig. 3e). Together, these data
strongly suggest that SDCBP, especially the PDZ1 domain,
can directly bind with AURKA.

As AURKA is a serine/threonine kinase and SDCBP
interacts with AURKA, we next sought to demonstrate
whether AURKA can phosphorylate SDCBP. An in vitro
kinase assay showed that SDCBP can be directly phos-
phorylated by AURKA (Fig. 3f). Then we want to identify
the potential sites of SDCBP that are phosphorylated by
AURKA. We identified 12 possible SDCBP phosphoryla-
tion sites using the Netphos2.0 server (Fig. S2a). AURKA
is a kinase that can recognize the consensus R/K/N-R-X-S/
T-B, where B denotes any hydrophobic residue with the
exception of Pro [30]. A hydrophobic residue at position
n+ 1 is a specificity determinant almost as powerful as the
Arg—Arg doublet at positions n —2/n —3 [30]. Accord-
ingly, there were three potential residues of SDCBP that
might be phosphorylated by AURKA. To determine whe-
ther AURKA could phosphorylate these residues, we gen-
erated site mutants of SDCBP (S87A, S131A, and T200A),

SPRINGER NATURE
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Table 1 Correlation between SDCBP expression and clinicopathologic
characteristics of ESCC.

Characteristics SDCBP expression levels
Low (n=47) High (n =47) P
Gender
Male 32 (68.1%) 38 (80.9%) 0.051
Female 15 (31.9%) 9 (19.1%)
Age
<60 32 (68.1%) 31 (65.0%) 0.881
>60 15 (31.9%) 16 (34.0%)
Histological grade
Well/moderately 33 (70.2%) 34 (72.3%) 0.876
Poorly 14 (29.8%) 13 (27.7%)
T classification
Tl 4 (8.5%) 1 (2.1%) 0.01
T2 7 (14.9%) 4 (8.5%)
T3 36 (76.6%) 39 (83.0%)
T4 0 (0.0%) 3 (6.4%)
N classification
NO 28 (59.6%) 15 (31.9%) 0.0002
N1 13 (27.7%) 15 (31.9%)
N2 5 (10.6%) 13 (27.7%)
N3 1 (2.1%) 4 (8.5%)
Clinical stage
I 7 (14.9%) 2 (4.3%) <0.0001
I 21 (44.7%) 12 (25.2%)
I 18 (38.3%) 28 (59.6%)
v 1 2.1%) 5 (10.6%)

and the in vitro kinase assay showed that S131 and T200
were likely the most important phosphorylation sites to be
phosphorylated by AURKA (Figs. S2b, ¢ and 3g). More
notably, we analyzed the motif containing S131 and T200
in SDCBP in other species and found that the two
sequences were highly evolutionarily conserved (Fig. 3h),
suggesting that S131 and T200 are functionally
relevant sites.

AURKA enhances SDCBP stability through
regulation of its phosphorylation

We then investigated the consequence of the interaction
between AURKA and SDCBP. Western blotting results
showed that AURKA knockdown resulted in a reduction in
the protein expression of SDCBP (Fig. 4a). However, we
did not observe a decrease in SDCBP mRNA levels after
AURKA knockdown (Fig. 4b), indicating that AURKA
regulated SDCBP expression at the posttranscriptional
level. To explore the underlying mechanism, we checked
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the effect of AURKA knockdown on SDCBP protein sta-
bility. As shown in Fig. 4c, AURKA depletion accelerated
CHX-induced SDCBP protein degradation. In light of the
high levels of AURKA in ESCC, we wanted to further
explore the effect of AURKA overexpression on SDCBP
expression and stability. The results showed that forced
expression of AURKA increased SDCBP protein expres-
sion but not the mRNA level (Fig. 4d, e). Furthermore,
AURKA overexpression slowed CHX-induced SDCBP
degradation (Fig. 4f).

To elucidate whether SDCBP protein degradation occurs
through the proteasome-mediated ubiquitylation pathway,
ESCC cells were treated with CHX, with or without
MG132, a proteasome inhibitor. As shown, MG132 rescued
CHX-induced SDCBP protein degradation, which sug-
gested that the stability of the SDCBP protein was regulated
by a proteasome-mediated pathway (Fig. S3). Furthermore,
AURKA depletion reduced SDCBP expression, whereas
treatment with MG132 rescued SDCBP expression levels
(Fig. 4g). Finally, to investigate whether AURKA regulated
SDCBP degradation through an ubiquitylation mechanism,
we detected ubiquitinated SDCBP in AURKA knockdown
cells. As expected, the immunoprecipitation results indi-
cated that knockdown of AURKA led to increased ubiqui-
tylation of SDCBP (Fig. 4g). In contrast, elevated AURKA
expression in HEK293T cells decreased SDCBP ubiquity-
lation (Fig. 4h), thus confirming that AURKA stabilizes
SDCBP protein levels by inhibiting ubiquitination-mediated
degradation.

To further investigate the importance of S131 and T200
phosphorylation on SDCBP protein stability, we generated
phosphorylation-deficient mutants of the two sites. The data
revealed that single mutants of S131 and T200 showed
limited effects on SDCBP stability and ubiquitination (Fig.
S4a—c). Then, we generated the phosphorylation-deficient
double mutant (denoted as 2A) and phosphorylation-
mimetic double mutant (denoted as 2D) to investigate
whether the two sites work together to affect SDCBP sta-
bility. The data showed that after CHX treatment, SDCBP-
2A stability dramatically decreased compared with that of
the SDCBP-WT, whereas SDCBP-2D restored its stability
(Fig. 41, j). Consistent with these data, there was a notable
reduction in SDCBP-2A protein expression, but not
SDCBP-2D protein expression, compared with that of the
SDCBP-WT, and MG132 rescued SDCBP-2A protein
expression (Fig. 4k, m). Finally, we sought to demonstrate
whether phosphorylation at S131 and T200 directly affec-
ted SDCBP ubiquitination. In both HEK293T and
KYSE410 cells, more ubiquitin bound to SDCBP-2A than
to SDCBP-WT and SDCBP-2D cells (Fig. 41, m). Taken
together, these data highlight the roles of phosphorylation
at S131 and T200 sites in SDCBP protein stability and
ubiquitination.
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Fig. 2 Upregulated SDCBP correlates with AURKA expression in
ESCC. a The correlation between SDCBP and AURKA expression
based on data derived from GEPIA. b The correlation between
SDCBP and AURKA expression levels in the ESCC tissue microarray.
¢ A summary of tissue microarray results of the number of patients
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tissue microarray. e Western blotting (left panel) and quantification

SDCBP promotes ESCC proliferation in vitro and
in vivo

Aberrant cell proliferation is a hallmark of cancer, and
elimination of uncontrolled cell proliferation is favorable in
cancer therapy [31, 32]. To examine whether SDCBP can
affect ESCC proliferation, two different shSDCBP
sequences were designed to establish SDCBP knockdown
KYSE410, KYSEA450, and KYSE70 cells, and the protein
abundance of SDCBP was greatly decreased in shSDCBP
cells compared with control cells (Fig. 5a). Next, we used
MTT and soft agar colony formation assays to assess
whether SDCBP had effects on cell proliferation and colony
formation in ESCC. Our results indicated that knockdown
of SDCBP slowed cell growth and lead to the formation of
fewer colonies in KYSE410, KYSE450, and KYSE70 cells
compared to control cells (Figs. 5b, ¢ and S5a). To further
confirm the oncogenic function of SDCBP, pcDNA3.1-
3xFlag-SDCBP was transfected into KYSE30 and
KYSES10 cells. The overexpression efficiency was asses-
sed by Western blotting analysis, and the results showed
that the SDCBP was successfully overexpressed in
KYSE30 and KYSES510 cells (Fig. 5d). As expected,
overexpression of SDCBP significantly promoted cell
growth and colony formation in KYSE30 and KYSE510
cells compared to control cells (Fig. Se, f). To evaluate the
role of SDCBP on tumor growth in vivo, we established
tumor xenografts in SCID mice. The results revealed that
SDCBP knockdown tremendously slowed xenografted

(right panel) of SDCBP and AURKA expression in six human ESCC
cell lines and the normal esophageal epithelial cell line SHEE. Protein
expression was normalized to GAPDH. f The correlation between
SDCBP and AURKA expression levels in ESCC cell lines and SHEE
cell. Statistical analysis was performed using Spearman’s nonpara-
metric correlation test in (b, f); Student’s unpaired ¢ test in (e); Fisher’s
exact test in (c); Kaplan—Meier analysis in (d). *P <0.05, **P <0.01,
*#*%%P <(0.001. Error bars represent the mean + SD.

tumor growth (Fig. 5g, h), and the tumor weight also
decreased significantly (Fig. 5i). These results indicated that
SDCBP is an important promoter of ESCC proliferation
in vitro and in vivo.

To further investigate whether SDCBP is a functional
downstream factor of AURKA, a rescue assay was per-
formed. KYSE410 cells infected with scramble or
shAURKA virus were transfected with vector or Flag-
SDCBP plasmid, respectively (Fig. S5b). As indicated,
AURKA inhibition notably decreased cell proliferation and
colony formation, whereas SDCBP partially rescued cell
survival inhibition after AURKA depletion (Fig. S5c—e).

SDCBP regulates EGFR signaling by binding with
EGFR and affecting EGFR internalization

An earlier study indicates the colocalization and interaction
of SDCBP with EGFR in urothelial cell carcinoma [22].
Similar to this report, our results also showed that endo-
genous SDCBP interacted with endogenous EGFR in
KYSE410 cells (Fig. 6a). Interestingly, EGFR also immu-
noprecipitated AURKA, which suggested that SDCBP,
AURKA, and EGFR may form a protein complex (Fig. 6a).
Furthermore, in HEK293T cells transfected with both
SDCBP and EGFR plasmids, exogenously expressed
SDCBP and EGFR pulled down each other (Fig. 6b). We
then attempted to further investigate which domain of
SDCBP can bind with EGFR, and the results indicated that
the PDZ2 domain of SDCBP can directly bind with EGFR

SPRINGER NATURE
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Fig. 3 SDCBP interacts with AURKA and is phosphorylated by
AURKA. a Lysates from KYSE410 cells were immunoprecipitated
with anti-AURKA or anti-SDCBP and then immunoblotted with the
indicated antibodies. b His-tagged AURKA and Flag-tagged SDCBP
plasmids were transiently transfected into HEK293T cells, His-tagged
AURKA was immunoprecipitated by anti-His, and Flag-tagged
SDCBP was detected by Western blotting. ¢ Illustration of different
SDCBP PDZ domain deletion constructs. d 293T cells were trans-
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lysates were immunoprecipitated with anti-AURKA or anti-Flag and
then analyzed by Western blotting. e Modeling of SDCBP binding
with AURKA. AURKA is colored blue, and SDCBP is colored red

(Fig. 6¢). To determine whether SDCBP is involved in the
EGEFR signaling pathway, Western blotting was performed.
The results showed that knockdown of SDCBP down-
regulated p-EGFR (Tyr845), p-EGFR (Tyr1068) and p-
EGFR (Tyr1086), which represent EGFR activity or the
EGFR autophosphorylation signal, respectively (Fig. 6d).
The attenuated p-EGFR (Tyr1068) signal was also observed
after SDCBP knockdown in the immunofluorescence assay
(Fig. S6). As the PI3K/Akt-mediated signaling pathway is a
major downstream pathway of EGFR, we observed that
phosphorylated Akt>*™”3 and PI3K™™7 levels also
decreased after SDCBP knockdown (Fig. 6d).

Many studies have reported that EGFR internalization by
endocytosis results in EGFR signal attenuation. To further
investigate how EGFR signaling was regulated by SDCBP,
alteration of EGFR membrane localization was evaluated
following SDCBP knockdown. Immunocytofluorescence
confocal microscopy showed that a more clustered pattern of
internalized EGFR was observed in SDCBP knockdown cells
compared with control cells (Fig. 6e, f). These observations
were supported by fluorescence-activated cell sorting analysis,
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which showed a significantly lower intensity of membrane
EGFR when SDCBP was depleted (Fig. 6g, h). This result
suggested that SDCBP might prevent the internalization of
EGFR from the cell membrane into the cytoplasm.

Phosphorylation of SDCBP by AURKA sustains
SDCBP oncogenic function through EGFR signaling

Given the critical role of S131 and T200 phosphorylation in
controlling SDCBP stability, we continued to investigate
whether phosphorylation was involved in the oncogenic
function of SDCBP in ESCC. As SDCBP-2A over-
expression resulted in significant SDCBP protein degrada-
tion, to gain equivalent SDCBP protein expression, we used
six-well plates to transfect different amounts of SDCBP-
WT and SDCBP-2D and compared SDCBP expression with
SDCBP-2A. Western blotting results showed that 1.5 ug
SDCBP-WT, 1.5pg SDCBP-2D, and 2pg SDCBP-2A
demonstrated similar SDCBP expression levels, and we
used this amount of plasmid for subsequent experiments
(Figs. S7a and 7a). The results showed that SDCBP-2A
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displayed much lower proliferation potential than SDCBP-
WT and SDCBP-2D in the MTT assay and colony forma-
tion assay (Figs. 7b, ¢ and S7b). In an anchorage-dependent
growth assay, SDCBP-2A cells formed fewer and smaller
colonies than SDCBP-WT cells. Furthermore, SDCBP-2D
cells could rescue the decreased colony formation ability by
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20 uM MG132 for 6 h and then subjected to immunoprecipitation and
Western blotting analysis with the indicated antibodies. h
HEK293T cells were transfected with the indicated constructs. Cell
lysates were then subjected to immunoprecipitation and Western
blotting analysis with the indicated antibodies. i Flag-tagged SDCBP-
WT, SDCBP-2A and SDCBP-2D were transfected into KYSE410
cells and treated with 50 ug/mL CHX for different times. The
expression levels of SDCBP were determined by Western blotting. j
Quantification of SDCBP expression normalized to f-actin expression
is shown. k Flag-tagged SDCBP-WT, SDCBP-2A, and SDCBP-2D
were transfected into KYSE410 cells, and SDCBP expression was
determined. HEK293T cells (I) and KYSE410 cells (m) were trans-
fected with the indicated constructs. The samples were then subjected
to immunoprecipitation and Western blotting analysis with the indi-
cated antibodies. Unpaired Student’s 7 test was used in (b, e). *P<
0.05, **P<0.01. Error bars represent the mean=+SD from three
independent experiments.

SDCBP-2A cells (Fig. 7d). These data suggest that phos-
phorylation of SDCBP at S131 and T200 sites is critical for
its oncogenic function.

Subsequently, we further investigated whether the
downstream signaling pathway is affected by the phos-
phorylation of SDCBP. Western blotting results indicated
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Fig. 5 SDCBP promotes ESCC cell growth in vitro and in vivo. a
Endogenous SDCBP was efficiently decreased by shRNA targeting
SDCBP in KYSE410, KYSE450 and KYSE70 cells. The knockdown
efficiency of SDCBP was detected by Western blotting. Cell pro-
liferation was measured upon SDCBP knockdown by MTT (b) and
soft agar colony formation (c) assays. d KYSE30 and KYSE510 cells
were transiently transfected with Flag empty vector and Flag-SDCBP.
The overexpression efficiency of SDCBP was detected by Western
blotting. Cell proliferation was measured upon SDCBP overexpression
by MTT (e) and soft agar colony formation (f) assays. g KYSE450

that SDCBP-2A cells resulted in decreased signal of EGFR
autophosphorylation and EGFR downstream p-Akt
(Ser473) and p-PI3K (Tyr467) signals compared with
those in SDCBP-WT cells; however, SDCBP-2D cells can
reactivate these signals (Figs. 7e and S7c). SDCBP is an
adapter protein that drives tumor progression by interacting
with its partners. In KYSE410 cells, endogenous SDCBP
had a direct interaction with EGFR, FAK, and c-Src by
immunoprecipitation assay (Fig. S7d). Results showed that
SDCBP-2A cells showed reduced binding ability with
EGFR, FAK, and c-Src compared with SDCBP-WT and
SDCBP-2D cells (Fig. 7f). Finally, we investigated whether
SDCBP phosphorylation can affect EGFR membrane
localization. The immunofluorescence results indicated that
EGFR was mainly located in the cell membrane in SDCBP-
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were palpable after 1 month, tumor sizes were monitored every
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WT and SDCBP-2D cells but homogeneously expressed in
SDCBP-2A cells (Fig. 7g, h). Consistently, EGFR mem-
brane expression intensity was further measured by flow
cytometry, and the results showed that membrane EGFR
intensity in SDCBP-2A cells was significantly lower than
that in SDCBP-WT and SDCBP-2D cells (Fig. 7i, j). Col-
lectively, these findings reveal that SDCBP phosphorylation
by AURKA alters EGFR membrane localization, thus
affecting EGFR signal transduction.

Lentivirus-mediated SDCBP knockdown inhibits
tumor growth of patient-derived xenografts in ESCC

To further determine the effect of SDCBP on ESCC pro-
gression in vivo, a patient-derived xenograft (PDX) model
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Fig. 6 SDCBP regulates EGFR signaling through binding with
EGFR and affecting EGFR membrane localization. a Lysates from
KYSE410 cells were immunoprecipitated with anti-EGFR or anti-
SDCBP and then immunoblotted with the indicated antibodies. b The
HA-tagged EGFR and Flag-tagged SDCBP plasmids were transiently
transfected into HEK293T cells. The samples were then subjected to
immunoprecipitation and Western blotting analysis with the indicated
antibodies. ¢ HEK293T cells were transfected with the indicated
SDCBP deletion mutants and HA-tagged EGFR, and cell lysates were
immunoprecipitated with anti-Flag and then analyzed by Western
blotting using antibodies as indicated. d Cell lysates from KYSE410
and KYSE450 control cells and SDCBP knockdown cells were

immunoblotted with the indicated antibodies. e Immunofluorescence
assays were performed using the indicated cells. The localizations of
EGFR and SDCBP were detected by confocal laser scanning micro-
scopy as indicated, and the fluorescent intensity of membrane EGFR
compared to the total EGFR was quantified in (f). g The expression
levels of EGFR on the membrane of KYSE410 and KYSE450 cells
infected with the indicated virus were measured using flow cytometry,
and the curves represented the mean fluorescence intensity. h The
mean fluorescence intensity in (g) was statistically analyzed. Unpaired
Student’s ¢ test was used in (f, h). *P <0.05, **P <0.01. Error bars
represent the mean + SD from five independent experiments.
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Fig. 7 Phosphorylation of SDCBP by AURKA sustains SDCBP
oncogenic function through EGFR signaling. a Flag-tagged
SDCBP-WT, SDCBP-2A and SDCBP-2D were transfected into
KYSE410 cells, and the expression levels of Flag-SDCBP were
detected. Cell proliferation was measured by MTT (b) and plate col-
ony formation (c) assays. d A soft agar colony formation assay was
also performed for the indicated cells. e Cell lysates from SDCBP-WT,
SDCBP-2A and SDCBP-2D cells were immunoblotted with the
indicated antibodies. f Flag-tagged SDCBP-WT, SDCBP-2A and
SDCBP-2D were transfected into KYSE410 cells, cell lysates were
subjected to immunoprecipitation and Western blotting analysis with

was used, and lentivirus-mediated treatment was per-
formed. We measured SDCBP expression in different
ESCC tissues and we found the case LEG92 had high
expression of SDCBP (Fig. 8a). Therefore, we chose
LEG92 to conduct virus infection. The results showed that
SDCBP knockdown by lentivirus markedly reduced
ESCC PDX tumor volume and average tumor weight
compared with those of the control group (Fig. 8b—d).
Next, to further check whether the antitumor effect was
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the indicated antibodies. g Immunofluorescence assays were per-
formed using SDCBP-WT, SDCBP-2A and SDCBP-2D cells. The
localization of EGFR and SDCBP was detected by confocal laser
scanning microscopy. h Quantification of the fluorescence intensity of
membrane EGFR compared to that of total EGFR. i Cell surface
expression levels of EGFR in the indicated cells were determined
using flow cytometry, and the mean fluorescence intensity was ana-
lyzed in (j). Unpaired Student’s ¢ test was used in (b), (c) (right panel),
(d) (right panel), and (j). *P <0.05, **P<0.01, ***P<0.001. Error
bars represent the mean + SD from four independent experiments.

associated with its inhibition of EGFR signaling, tumor
extracts from each group were prepared and analyzed for
the expression levels of SDCBP, Ki67, p-PI3K (Tyr467),
and p-Akt (Ser473). Immunohistochemistry analysis
results showed that the SDCBP expression was reduced
by lentiviral infection and that the expression of the cell
proliferation marker Ki67 expression decreased (Fig. 8e,
f). Furthermore, EGFR downstream signals p-PI3K
(Tyr467) and p-Akt (Serd473) were reduced in the
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<« Fig. 8 Lentivirus-mediated SDCBP knockdown inhibits ESCC

tumor growth of patient-derived xenografts. a SDCBP expression
from tumor tissues of ESCC patients was measured by Western
blotting analysis. Black arrow: SDCBP; White arrow: GAPDH. b
Tumor sizes were monitored every three days for three continuous
weeks. ¢ Tumor weight was measured at the end of the experiment. d
Tumor images from the indicated groups were shown. e SDCBP,
Ki67, p-PI3K (Tyr467), and p-Akt (Serd473) expression in harvested
xenograft tissues were assessed by immunohistochemistry. Repre-
sentative photographs for each antibody in different groups were
shown. f The statistical analysis for the immunohistochemistry images
was shown. g A schematic model of the findings of this paper:
Aberrant AURKA in ESCC binds with SDCBP and phosphorylates
SDCBP at S131 and T200 sites, maintaining SDCBP stability by
inhibiting ubiquitination. The accumulated SDCBP activates the
EGFR-PI3K-Akt signaling pathway and finally promotes ESCC tumor
growth. Unpaired Student’s ¢ test was used in (b, ¢, ). *P <0.05, **P
<0.01, ***P <0.001. Error bars represent the mean + SD.

cell lines compared with adjacent tissues or normal eso-
phageal epithelial cells. Increased SDCBP expression in
ESCC tissues distinguished patients in more advanced
clinical stages and predicted poor survival. The underlying
mechanisms for increased SDCBP expression in cancer
include gene amplification, promoter hypomethylation,
gene mutation, microRNA regulation, posttranscriptional
modification, and so on. According to the cBioPortal for
Cancer Genomics (http://www.cbioportal.org/) and the
COSMIC database (http://cancer.sanger.ac.uk/cosmic),
there are no somatic mutations of SDCBP in ESCC. In
addition, there is no genomic amplification or hypomethy-
lation of SDCBP in other types of cancer [22, 33, 34]. These
data suggest that undefined posttranscriptional mechanisms
may regulate SDCBP expression and function.

Ubiquitination is an important posttranslational
mechanism involved in proteasome-dependent proteolysis.
Several studies have reported that AURKA can regulate
protein degradation through the proteasome-mediated ubi-
quitylation pathway. For example, AURKA interacts with
cyclin B1 and enhances its stability in ESCC [35]. In human
neuroblastoma, AURKA plays an important role in reg-
ulating N-Myc protein turnover [36]. AURKA decreases
survivin ubiquitylation and degradation in gastric cancer to
promote drug resistance [37]. Furthermore, phosphorylation
of Twist and ALDH1A1 by AURKA in pancreatic cancer
increases protein stability [38, 39]. Similar to previous
studies, our findings also indicated that SDCBP protein
stability was maintained by AURKA through the ubiqui-
tylation pathway. Thus, SDCBP stability was regulated by
AURKA at the posttranscriptional level.

It is reported that SDCBP can bind to ubiquitin and that
the conserved LYPSL sequences in SDCBP are essential for
binding to ubiquitin. Ulkl-dependent phosphorylation of
Ser6 in LYPSL prevents the interaction of syntenin-1 with
ubiquitin [40]. As AURKA belongs to a family of serine/
threonine kinases, our data indicate that SDCBP can be
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phosphorylated by AURKA at Ser131 and Thr200 sites and
that phosphorylation by AURKA prevents SDCBP ubiquity-
lation, thereby maintaining SDCBP stability. Studies on pro-
teomics have shown that phosphorylation of key regulatory
proteins always occurs at multiple sites [41]. Thus, multisite
phosphorylation of SDCBP may elucidate the mechanism for
ubiquitin-mediated SDCBP protein degradation.

SDCBP plays a role by interacting with a variety of
regulatory proteins via its specific conserved domains.
Many protein ligands show a preference for the PDZ2
domain of SDCBP. It is reported that the PDZ2 domain of
syntenin-1 forms a direct antiparallel interaction with the
syndecan-4 cytoplasmic domain, negatively regulating the
functions of syndecan-4 [42]. In the interaction with c-Src,
the PDZ2 domain of SDCBP is a major binding domain,
and PDZ1 acts as a complementary binding domain [25].
Although the SDCBP PDZ1 domain tends to have weaker
binding properties to the target protein than the PDZ2
domain according to its structure, the merlin-derived pep-
tide is selective for the PDZ1 domain [43]. Furthermore, the
SDCBP PDZ1 domain, not the PDZ2 domain, binds with
slug when regulating nuclear slug protein function [44].
Here, we show that AURKA exclusively binds with the
PDZ1 domain of SDCBP instead of the PDZ2 domain,
which suggests that both SDCBP PDZ domains may work
differentially and independently in various contexts.

Earlier studies showed that SDCBP mediated the upre-
gulation of cellular proliferation via EGFR signaling in
urothelial cell carcinoma [22]. Furthermore, SDCBP main-
tains protective autophagy through the phosphorylation of
BCL2 and suppresses high levels of autophagy through
EGEFR signaling in glioma stem cells [23, 24]. Consistent
with previous reports, we observed that SDCBP inhibition
can decrease EGFR phosphorylation. Furthermore, the
EGFR downstream signaling pathways p-PI3K and p-Akt
are also suppressed after SDCBP knockdown. Studies have
suggested that EGFR internalization by endocytosis results
in EGFR signal attenuation. We found that SDCBP deple-
tion accelerated EGFR translocation from the membrane to
the cytoplasm, inhibiting EGFR activation.

Based on our study, we also found that SDCBP, EGFR,
and AURKA can bind with each other in ESCC cells, which
suggests that AURKA, SDCBP, and EGFR may form a sig-
naling complex in ESCC. Structurally, the PDZ1 domain of
SDCBP binds with AURKA, while the PDZ2 domain binds
with EGFR. It is reported that increased AURKA expression
in cancers causes phosphorylation and increased activity of
many EGFR downstream effectors, including PI3K-Akt sig-
naling, which contribute to increases in cell survival, migra-
tion, and chemoresistance [45-47]. Therefore, overexpressed
SDCBP in ESCC may act as an adapter molecule that facil-
itates functional interaction between AURKA and AURKA
downstream targets, amplifying oncogenic signaling.
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Phosphorylation is a posttranslational modification that
regulates various cellular functions, such as cell growth,
differentiation, apoptosis, and cell signaling. The gain or
loss of phosphorylation has been attributed to the principal
mechanisms behind deregulated function and signal trans-
duction [48]. Although SDCBP is stabilized via phosphor-
ylation by AURKA at both sites identified, it appears that
phosphorylation also affects its function independently of
its protein levels. The phosphorylation-dead SDCBP mutant
represses cell proliferation, transformation, and EGFR-
PI3K-Akt signaling activities. Furthermore, the loss of
phosphorylation at the two sites impairs the ability of
SDCBP to bind with its reported partners, including EGFR,
FAK, and c-Src, subsequently affecting their downstream
signaling pathways. To our knowledge, this is the first study
that investigates the SDCBP phosphorylation sites that
control SDCBP oncogenic function.

Our present study indicates that high expression of
SDCBP plays an important role in ESCC progression and
predicts poor patient survival. We reveal a novel mechan-
ism of SDCBP regulation, which is triggered by AURKA
in a phosphorylation-dependent manner, as proposed in
Fig. 8g. SDCBP phosphorylation by AURKA maintains its
stability by inhibiting ubiquitination. Furthermore, SDCBP
phosphorylation by AURKA maintains the oncogenic
function of SDCBP by activating the EGFR-PI3K-Akt
signaling pathway. Overall, our findings show that the
AURKA-SDCBP-EGFR axis plays an important role in
ESCC tumor progression and that SDCBP might be a novel
therapeutic target for ESCC.

Materials and methods
Cell culture and reagents

Human ESCC cell lines (KYSE30, KYSE70, KYSE140,
KYSE410, KYSE450, and KYSE510) were purchased from
the Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). The human immortalized nor-
mal esophageal epithelial cell line SHEE was donated by
Dr. Enmin Li from the Laboratory of Tumor Pathology
(Shantou University Medical College, Shantou, Guang-
dong, China). The detailed information about cell culture
and reagents can be found in the “Supplementary materials
and methods” online.

Plasmids construction

All the plasmids bought from company or constructed by
ourselves were confirmed by DNA sequencing. The detailed
information was provided in “Supplementary materials and
methods” online.

Western blotting analysis and immunoprecipitation

Cell extracts were subjected to Western blotting or immu-
noprecipitation following the detailed protocols in “Sup-
plementary materials and methods,” which are available
online.

Cell proliferation assay and soft agar colony
formation assay

Cell proliferation was measured using MTT assay or the
plate colony formation assay. Colony formation ability of
ESCC cell lines was detected by soft agar colony formation
assay. For more details, please see the ‘“Supplementary
materials and methods” online.

Lentiviral construction and infection

To generate SDCBP and AURKA knockdown cells, the
lentiviral expression vector pLKO.1 was used. The detailed
information can be found online in the “Supplementary
materials and methods.”

Computational docking model

First, the three-dimensional (3D) structures of AURKA and
SDCBP were derived from the Protein Data Bank [49]. The
PDB entries are 2J4Z [50] for AURKA and 10BZ [51] for
SDCBP. The 3D First Fourier transform-based protein-
docking algorithm of HEX 8.00 [52] was then used for
docking experiments to assess the possible binding mode
between AURKA and SDCBP. We selected 100 sorted
docked configuration possibilities for further analysis.

Immunohistochemistry

A human ESCC tissue array and tumor tissues from the
mouse experiment were subjected to immunohistochemistry
assay and more details can be found online in the “Sup-
plementary materials and methods.”

Immunofluorescence

To evaluate the expression and distribution of SDCBP and
EGFR, KYSE410 and KYSE450 cells were subjected to
immunofluorescence assay. For more details, please see the
“Supplementary materials and methods” online.

Flow cytometry

The expression intensity of EGFR at the plasma membrane

was determined by flow cytometry analysis. More details can
be found in the “Supplementary materials and methods.”

SPRINGER NATURE



R. Du et al.

Real-time quantitative PCR

Total RNA was extracted using TRIzol Reagent
(TAKARA, Dalian, China). The primers sequences and
detailed processes were in the “Supplementary materials
and methods” online.

Purification of recombinant SDCBP proteins

Wild type SDCBP and different mutant expression con-
structs were generated by subcloning into the pet28a vector.
For more details, please see the “Supplementary materials
and methods” online.

In vitro kinase assay

The phosphorylation of SDCBP-WT or SDCBP site
mutants by AURKA was detected by in vitro kinase assay.
Detailed experimental procedures was provided in the
“Supplementary materials and methods” online.

In vivo cell-derived and patient-derived xenograft
mouse model

This study was approved by the Ethics Committee of
Zhengzhou University (Zhengzhou, Henan, China).
Detailed experimental procedures was provided in the
“Supplementary materials and methods” online.

Statistical analysis

All statistical tests were two sided, and P<0.05 was con-
sidered statistically significant. All statistical analysis was
performed using Graph-Pad Prism 6 and SPSS 22.0 software.
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