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Abstract: Syndecan-4 (SDC4) is a single-pass transmembrane glycoprotein implicated in a variety of oncogenic 
signaling pathways. It is also an intrinsically disordered protein and considered “undruggable”. In the present study, 
we confirmed that knocking out SDC4 in pancreatic cancer cells markedly impaired macropinocytosis, colony forma-
tion, as well as xenograft tumor initiation and growth. Quantitative proteomic profiling of Sdc4 knockout (KO) cells 
revealed significant changes in cell metabolic pathways. In a cellular protein-based ligand interaction screening, we 
identified that Eltrombopag (ETBP), an FDA-approved agonist of the thrombopoietin receptor (TPOR) for immune 
thrombocytopenia, could directly bind to SDC4 with a Kd value of ~2 µM. We showed that the transmembrane 
motif was essential for SDC4 binding to ETBP. Unexpectedly, ETBP not only increased SDC4 abundance, but also 
enhanced SDC4-associated MAPK signaling pathway and macropinocytosis in cancer cells. Our results indicate that 
ETBP is a potential agonist of SDC4 in a fashion similar to its original target TPOR, and that caution should be taken 
when using ETBP for chemotherapy-induced thrombocytopenia in cancer patients.

Keywords: Syndecan-4, eltrombopag, MAPK signaling pathway, macropinocytosis, cancer

Introduction

Syndecans (SDCs) are a family of transmem-
brane proteoglycans implicated in various 
physiological processes [1, 2]. In vertebrates, 
four types of syndecans (SDC1-4) are express- 
ed throughout the body [3]. They have been 
closely linked to the occurrence and progres-
sion of breast [4], prostate [5], colon [6], and 
pancreatic cancers [7]. SDC4 is an important 
member of the SDC family and positively asso-
ciated with different tumor types and oncogen-
ic processes such as cell proliferation, inva-
sion, and migration [8-11]. In addition, SDC4 
also functions as a co-receptor of the fibroblast 
growth factor receptor (FGFR) and enhances 
the mitogen-activated protein kinase (MAPK) 
signaling pathway [12]. However, validation of 
SDC4’s roles in cancer remains lacking, espe-
cially via loss-of-function assays. 

SDC4 mainly consists of three domains, the 
N-terminal ectodomain attached to glycosami-

noglycans, a single transmembrane motif 
essential for dimerization, and the C-terminal 
cytoplasmic domain where constant regions 
(C1 and C2) flank a variable region (V) that is 
unique to each syndecan [3, 13]. In some 
cases, syndecans may be cleaved near the me- 
mbrane by matrix metalloproteinases (MMPs) 
[14-16], a process known as shedding [17]. The 
shed syndecan ectodomains are soluble and 
capable of binding to components of the extra-
cellular matrix (ECM), growth factor receptors, 
and integrins [18, 19]. Notably, there are no 
experimental 3D structures of full-length SDC4 
[3], likely due to nearly 55% of its amino acid 
residues belonging to the intrinsically disor-
dered protein region (IDPR) [20, 21]. SDC4 is 
thus considered a typical “undruggable” protein 
[22].

The small-molecule drug eltrombopag (ETBP) 
has been previously identified as a non-peptide 
agonist of the thrombopoietin receptor (TPOR) 
[23]. ETBP activates TPOR-specific signal trans-
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duction, and cell proliferation and differentia-
tion via activating STAT5, mitogen-activated 
protein kinase, P38, and other early response 
genes [23]. Since its approval in 2008, ETBP 
has been used worldwide for treating immune 
thrombocytopenia (ITP) [24, 25]. Additionally, 
ETBP has been approved to treat severe aplas-
tic anemia in combination with immunosup-
pression in Europe and United States [26]. 
Moreover, ETBP has also proven effective for 
treating diseases such as chemotherapy-
induced thrombocytopenia (CIP) [27], selected 
inherited thrombocytopenias [28], and myelo-
dysplastic syndromes [29, 30]. In the present 
study, we demonstrate that ETBP can directly 
bind to SDC4 and enhance SDC4-associated 
oncogenic activities in tumor cells. Our findings 
support ETBP as a potential SDC4 activator 
and underline the potential complications that 
may result from the clinical use of ETBP for CIP 
in cancer patients.

Materials and methods

Chemicals

Eltrombopag (SB-497115) was purchased  
from SelleckChem (Shanghai, China). The FDA-
approved drug library (L1021) was purchased 
from APExBIO (Shanghai, China).

Cell culture

Pancreatic cancer cell lines AsPC1 (TCHu8), 
BxPC3 (TCHu12), CFPAC1 (TCHu112), and 
PANC1 (TCHu98) and the colon cancer cell  
line HCT116 (TCHu99) were purchased from 
the National Collection of Authenticated Cell 
Cultures (Shanghai, China). AsPC1 and BxPC3 
cells were cultured in RPMI 1640 medium 
(Thermo Fisher Scientific) and PANC1 cells 
were cultured in DMEM medium (Thermo Fish- 
er Scientific). The medium was supplemented 
with 10% fetal bovine serum (FBS) (Gibco, 
Gaithersburg, MD) and 1% penicillin-streptomy-
cin (Hyclone, Logan, UT). All cell lines were 
maintained at 37°C in a humidified atmos- 
phere consisting of 5% CO2.

Generation of SDC4 KO cells through CRISPR/
Cas9-mediated gene editing

The SDC4 gene was deleted in PANC1 and 
HCT116 cells by CRISPR/Cas9 genome editing. 
A plasmid pL-CRISPR.EFS.GFP (#57818, Add- 

gene) encoding both the Cas9 protein and the 
sgRNA was used. The Cas9 sequence is cou-
pled to a P2A site and EGFP. Expression of the 
Cas9 protein results in simultaneous expres-
sion of EGFP, allowing for the selection of posi-
tively transfected cells. Two sgRNAs targeting 
exon4 and exon5 of the SDC4 gene were 
designed using the optimized CRISPR design 
online tool (http://crispr.cos.uni-heidelberg.de). 
The oligo sequences for the sgRNAs are listed 
below: sgRNA1 for exon4 forward, 5’-CACCG- 
CACCGAACCCAAGAAACTAG-3’, reverse, 5’-AA- 
ACCTAGTTTCTTGGGTTCG-GTGC-3’; sgRNA2 for 
exon5 forward, 5’-CACCGTCTCTGCCTGGGCAA- 
GAGTG-3’, reverse, 5’-AAACCACTCTTGCCCAG- 
GCAGAGAC-3’. Plasmids were then sequenced 
by Sangon Biotech Company (Shanghai, China) 
to check the right insertion. Two CRISPR/Cas9 
plasmids were co-transfected in equimolar 
ratio into cells using Lipofectamine3000 
(L3000075, Invitrogen). After transfection for 
48 h, EGFP-positive single cells were sorted 
into 96-well plates and the plates were kept in 
the incubator for 7-14 days. Genomic DNA was 
extracted with QuickExtract DNA Extraction 
Solution (QE09050, Epicenter, Madison, WI)  
for PCR identification followed by Sanger-se- 
quencing. The sequences of PCR primers are 
shown as below: forward, 5’-GCAGCATAATTG- 
TGGAGA-3’; reverse, 5’-CTGTGGAAATGTGCGA- 
GA-3’.

Western blot analysis

Cells were lysed using RIPA (#9806, Cell 
Signaling Technology) containing protease in- 
hibitors (#36978, Thermo Fisher Scientific) at 
4°C and proteins were quantified by the BCA 
protein quantification kit (#23227, Thermo 
Fisher Scientific). Proteins (10-30 μg per lane) 
were separated by SDS-PAGE and then trans-
ferred onto polyvinylidene fluoride membranes 
(#P0807, Millipore). Subsequently, the mem-
branes were blocked with 5% non-fat milk for 
an hour before incubation with primary anti- 
bodies overnight at 4°C. The antibody against 
SDC4 (NB110-41551) was purchased from 
Novus, Antibodies against SDC1 (12922), 
p-ERK (4370S), ERK (4695S), p-AKT (4060S), 
AKT (9272S), p-P38 (4511S), P38 (8690S),  
and GAPDH (D16H11) were purchased from 
Cell Signaling Technology. Finally, the mem-
branes were incubated with HRP-goat anti- 
rabbit secondary antibodies (1:10000, 7074S, 
CST) for 1 hour. Enhanced chemiluminescence 



ETBP targeting and enhancing SDC4 activity

2699 Am J Cancer Res 2022;12(6):2697-2710

detection reagent (#P10300, NCM Biotech) 
was used to visualize the signal strength of the 
bands.

Macropinocytosis

The macropinocytic index was determined 
according to the protocol previously described 
[47]. Briefly, cells were seeded into 48-well 
plates (Costar) for 24 hours, before being 
serum-starved for 12 hours and subsequent 
incubation with 1 mg/ml TMR-dextran (#T11- 
62, Sigma) for 35 minutes at 37°C. At the end 
of the incubation period, cells were rinsed five 
times in cold PBS and immediately fixed in 4% 
polyformaldehyde solution for 15 minutes. 
Cells were mounted with 0.1 mg/ml DAPI 
(#C1002, Beyotime) for nuclear staining. 
Images were captured with an ImageXpress 
Micro 4 microscope (Molecular Devices) using 
standard settings. Mean fluorescence intensity 
was determined by calculating the integrated 
signals from at least 10 fields that were ran-
domly selected from different regions across 
the entirety of each sample.

Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted with TRIzol (T9424, 
Sigma) according to the manufacturer’s in- 
structions. The reverse transcription reaction 
was performed with the 5x Evo M-MLVRT 
Master Mix (AG11706, Accurate Biology). 
Expression of the indicated genes was as- 
sessed with the QuantStudio5 real-time PCR 
instrument (Applied Biosystems) using the  
Hieff qPCR SYBR Green Master Mix (Low Rox 
Plus) kit (11202ES03, Yeasen). Reaction pla- 
tes were incubated in a 384-well thermal 
cycling plate at 95°C for 10 min and then 
underwent 40 cycles of 10 s at 95°C and 30 s 
at 60°C. All reactions were performed in tripli-
cates. Relative quantitation was calculated 
using the 2-ΔCt method, where ΔCt symbolizes 
the change in Ct between the sample and re- 
ference mRNA. The ologo sequences for PCR 
primers are: SDC4, 5’-GGCAGCTCTGATTGTGG- 
GT-3’ (forward), 5’-CATACGGTACATGAGCAGTA- 
GGA-3’ (reverse); GAPDH, 5’-ACAACTTTGGTA- 
TCGTGGAAGG-3’ (forward), 5’-GCCATCACGCC- 
ACAGTTTC-3’ (reverse).

Flow cytometry

Cells were resuspended in the Non-enzymatic 
Cell Dissociation Buffer (C5789, Sigma). The 

cell pellet was then resuspended in cold PBS 
with 1% (w/v) BSA. To measure surface popula-
tions of SDC4, resuspended cells (>10,000) 
were incubated with FITC-conjugated anti-
SDC4 or its isotype-matched control antibody 
(sc-12766, Santa Cruz) for 15 minutes on ice 
and processed for flow cytometry analysis  
following the manufacturer’s instructions. To 
measure total SDC1, resuspended cells were 
immediately fixed in PBS containing 1.6% poly-
formaldehyde and permeabilized in 0.5% sapo-
nin before incubation with conjugated antibod-
ies. Flow Cytometry (CytoFLEX S, Beckman) 
data were analyzed using the CytExpert soft-
ware according to the manufacturer’s speci- 
fications. SDC4 protein expression data were 
obtained from two independent experiments.

Protein preparation and mass spectrometry 
analysis

Cell lysate was sonicated and centrifuged to 
pellet cellular debris. Lysate protein concentra-
tions for all samples were determined by the 
Pierce BCA Assay (Thermo Fisher Scientific, 
Franklin, Massachusetts) per the manufactur-
er’s instructions. Total protein was reduced 
with 10 mM 1,4-dithiothreitol (DTT) at 37°C  
for 1 h and subsequently alkylated in 20 mM 
iodoacetamide (IAA) for 30 min at room tem-
perature in the dark. Proteins were digested 
with trypsin (1:50, w/w) at 37°C overnight. All 
the tryptic peptides in the samples were de- 
salted on a Sep-pak C18 cartridge column and 
then lyophilized under vacuum.

The vacuum-dried samples were resuspended 
in 0.1% FA for liquid chromatography (LC)-MS/
MS analysis. Each sample of peptides was 
loaded onto a C18 trap column (75 μm ID×2 
cm, 3 μm, Thermo Scientific) and then separat-
ed on a C18 analytical column (75 μm ID×50 
cm, 2 μm, Thermo Scientific). Peptides were 
separated and analyzed on an Easy-nLC 1200 
system coupled to a Q-Exactive HF-X Hybrid 
Quadrupole-Orbirap Mass spectrometer sys-
tem (Thermo Fisher Scientific). Mobile phase  
A (0.1% formic acid in 2% ACN) and mobile 
phase B (0.1% formic acid in 98% ACN) were 
used to establish a 120 min gradient com-
posed of 1 min of 5% B, 106 min of 5-28% B, 2 
min of 28-38% B, 1 min 38-90% B, 10 min of 
90% B at a constant flow rate of 250 nL/min at 
55°C. MS data were acquired with the instru-
ment operating in the data dependent mode. 
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Peptides were then ionized by electrospray at 
2.2 kV. Full-scan MS spectra (from m/z 375 to 
1500) were acquired in the Orbitrap at a high 
resolution of 120,000 with an automatic gain 
control (AGC) of 3×106 and a maximum fill time 
of 20 ms. The twenty most intense ions were 
sequentially isolated and fragmented in the 
HCD collision cell with normalized collision 
energy of 27%. Fragmentation spectra were 
acquired in the Orbitrap analyzer with a resolu-
tion of 15,000. Ions selected for MS/MS were 
dynamically excluded for a duration of 30 s.

The raw data were processed using MaxQuant 
with the integrated Andromeda search engine 
(v.1.5.4.1) against the human protein database 
(release 2016_07, 70630 sequences) with a 
common contaminant database (215 entries). 
Enzyme was set to trypsin allowing N-terminal 
cleavage to proline and two missed cleavages 
were allowed. Database searches were per-
formed with the following parameters: precur-
sor mass tolerance was up to 10 ppm and the 
product ion mass was up to 0.02 Da. Cysteine 
carbamidomethylation was set as a fixed modi-
fication and N-terminal acetylation, oxidation 
(M), and deamidation (NQ) were set as variable 
modifications. A false discovery rate (FDR) of 
0.01 was required for proteins and peptides.

Microscale thermophoresis (MST)

Ten million HEK293T cells overexpressing EG- 
FP alone or EGFP-tagged SDC1, SDC2, SDC3, 
or SDC4 were lysed in 0.5 mL RIPA (#9806,  
Cell Signaling Technology) containing protease 
inhibitors (#36978, Thermo Fisher Scientific). 
Cell lysates were diluted in PBS buffer to a  
final concentration at which EGFP fluorescence 
signals were suitable for detection on the 
Monolith NT.115 instrument (NanoTemper 
Technologies). A collection of 1,363 FDA-
approved drugs was used for binding check 
screening. For binding affinity detection, a 10 
µL protein sample was mixed with a 10 µL 
ligand solution at the appropriate concentra-
tions. The purified proteins were labeled by the 
Red-NHS kit following the manufacturer’s pro-
tocol (MO-L011, NanoTemper Technologies). 
Then the mixture solutions were loaded into 
NT.115 standard coated capillaries or premium 
coated capillaries (NanoTemper Technologies). 
MST measurements were performed at 25°C. 
The fluorescence signal during thermophoresis 

was monitored and the change in fluorescence 
was analyzed by the software. Kd values were 
calculated by fitting a standard binding curve to 
the series of diluted ligands.

Recombinant protein purification

The cDNA encoding human SDC4 (P31431) 
was synthesized (Genscript, China) and cloned 
into pGEX-6P-1 to enable N-terminal glutathi-
one S-transferase (GST)-tagging of the SDC4 
protein. The construct was transformed into 
the expression host E. coli stain BL21 (DE3) 
and the cells were grown in YEP medium at 
37°C until OD600 of 0.6. The cells were then 
induced by adding 0.1 mM isopropyl-β-D-l-
thiogalactopyranoside (IPTG) to the culture  
and grown at 18°C overnight. Cells were har-
vested by centrifugation. The cell pellet was 
resuspended in a buffer containing 20 mM Tris 
(pH 7.5), 500 mM NaCl, and 2 mM DTT and 
lysed by sonication. After centrifugation, the 
clarified cell lysate was incubated with gluta- 
thione-sepharose 4B beads. GST-tagged SDC4 
was eluted with the buffer consisting of 50  
mM reduced glutathione. Protein fractions 
were collected in buffer containing 20 mM Tris 
(pH 7.5), 150 mM NaCl, and 2 mM DTT and 
used for the indicated assays.

CCK-8 assays

The CCK-8 (Cell-Counting Kit-8) assay was used 
to detect the cell proliferation and ligand cyto-
toxicity following the manufacturer’s protocol 
(APExBIO). Cells were seeded into 96-well plat- 
es at a density of 5,000 cells/well overnight  
at 37°C. The cells were then treated with differ-
ent concentrations of ligands for 24 hours and 
72 hours, respectively. Then 10 μL CCK-8 
reagent was added into each well and incubat-
ed for another 2 hours, OD450 was measured by 
a microplate reader (Spark, TECAN).

Colony formation assays

Colony formation assays were performed 
according to the protocol described previously 
[48]. Briefly, ~200 single cells were seeded  
into each well in a 6-well plate. Medium was 
changed every 3 days for 2 weeks. Colonies 
that formed were fixed with PBS containing 4% 
formaldehyde and stained with 0.005% crystal 
violet.
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Xenograft tumor assays

Male BALB/c nude mice (four weeks old) were 
purchased from Sino-British SIPPR/B&K Lab 
Animal Ltd (Shanghai, China) and housed un- 
der pathogen-free conditions. PANC1-SDC4-WT 
or PANC1-SDC4-KO cells (1×107) were injected 
subcutaneously into the left flank of nude mice. 
Tumors were measured with a caliper and vol-
ume was calculated using the formula V = 
(width2 × length)/2. Mice were sacrificed when 
tumor volumes reached 300 mm3. 

Statistical analysis

The results were expressed as mean ± SD. 
Data analysis was performed using GraphPad 
Prism version 7.

Results

Establishing SDC4 knockout (KO) cancer cells

SDC4 abnormal expression has been previous-
ly linked to tumor progression and poor progno-
sis in various malignant tumors [8, 31-33]. 
Here, we further evaluated SDC4 expression 
using the Cancer Genome Atlas (TCGA) datas-
et. The results indicated that SDC4 was clearly 
highly expressed in pancreatic adenocarcino-
ma (PAAD) and colon adenocarcinoma (COAD) 
compared to normal tissues (Figure 1A, 1B). 
High SDC4 expression was also significantly 
associated with shorter overall survival (OS) of 
PAAD patients (Figure 1C, 1D), suggesting that 
SDC4 is a potential positive regulator of PAAD 
and COAD. 

To validate our TCGA data and determine 
whether SDC4 is required for tumor progres-
sion, we knocked out SDC4 in cancer cells via 
the CRISPR-Cas9 gene-editing technology 
(Figure 1E). The sgRNAs were designed to tar-
get the cytoplasmic domain that is important 
for intracellular signal transduction (Figure  
1E). We obtained two SDC4 KO pancreatic 
PANC1 cell clones and one SDC4 KO colorec- 
tal HCT116 cell clone. Genomic DNA sequenc-
ing confirmed the deletion of exon4 and exon5 
in the SDC4 locus (Figure 1F). SDC4 KO was 
further confirmed by RT-PCR assays of SDC4 
mRNA expression (Figure 1G, 1H), and wes- 
tern blotting (Figure 1I, 1J) and flow cytometry 
analysis of SDC4 proteins (Figure S1C). Not- 
ably, the expression level of SDC1 protein was 

almost unchanged in SDC4 KO cells (Figure 1I, 
1J), supporting the specificity of the SDC4-
targeting sgRNAs. Of note, the molecular 
weights of SDC4 and SDC1 were lower than 
expected in western blotting assays (Figure 
S1), indicating that SDC4 could be cleaved in 
the cells tested as described in previous stud-
ies [34-36].

SDC4 is required for tumor initiation and 
growth

SDC4 KO cells exhibited no significant differ-
ences in culture, both in their epithelial mor-
phology and growth rates (Figure S2A, S2B). To 
determine whether SDC4 is required for tu- 
morigenic activity, we performed colony-form-
ing assays and found that SDC4 KO markedly 
impaired the colony-forming ability of PANC1 
cells (Figure 2A), while no difference was 
detected in SDC4 KO HCT116 cells (Figure 2E). 
Furthermore, SDC4 KO markedly inhibited the 
growth of both PANC1 and HCT116 xenograft 
tumors (Figure 2B, 2C, 2F, 2G). Notably, SDC4 
KO also significantly decreased the ability of 
tumor initiation (Figure 2D, 2H).

SDC1 has been reported to be a critical media-
tor of macropinocytosis, a regulated form of 
endocytosis for nutrient salvage to sustain un- 
controlled growth [7]. And SDC4 overexpres-
sion cells exhibit a two-fold increase in peptide 
internalization [37]. To investigate whether 
SDC4 is also associated with macropinocy- 
tosis in PDAC cells, we performed the tetra-
methylrhodamine-labeled dextran (TMR-dex- 
tran) uptake assay in SDC4 KO PANC1 cells, 
and detected a clear decrease (~50%) of mac-
ropinocytosis compared with wide-type PANC1 
cells (Figure 2I, 2J). Decreased macropinocyto-
sis was also observed in SDC4 KO HCT116 
cells (Figure S2C, S2D). Collectively, these find-
ings confirm the importance of SDC4 in tumor 
progression.

SDC4 is associated with cell metabolism 

Although SDC4 has been implicated in various 
signaling pathways [38], loss-of-function stud-
ies that validate such roles of SDC4 remain 
lacking. Taking advantage of the SDC4 KO  
cells, we next performed proteomic profiling 
analysis of wide-type and SDC4 KO PANC1 
cells. A total of 6,201 proteins were detected 
among three cell lines with two repeat experi-
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ments. To identify significantly changed pro-
teins, we performed a Student’s t-test and us- 
ed the threshold of >1.5 fold change to filter 
proteins. A total of 249 and 320 differentially 

expressed proteins were identified in SDC4-
KO1 and SDC4-KO2 cells, respectively. Spe- 
cifically, 89 proteins are shared by both SDC4 
KO cell clones (Figure 3A; Table S1).

Figure 1. CRISPR/Cas9 KO of SDC4 in cancer cells. (A, B) TCGA data analysis of SDC4 gene expression in pancreatic 
adenocarcinoma (A) and Colon adenocarcinoma (B) against normal tissues (http://gepia.cancer-pku.cn). *P<0.05. 
(C, D) Survival analysis and correlation with SDC4 expression in pancreatic adenocarcinoma (C) and colon ad-
enocarcinoma (D) in TCGA dataset (n=89). The median overall survival value was used. (E) Schematic diagram of 
CRISPR/Cas9 KO of SDC4. (F) Location and sequences of the SDC4-targeting sgRNAs. (G, H) Quantitative RT-PCR 
assays of SDC4 deletion in PANC1 (G) and HCT116 (H) cells. (I, J) Western blot assays of SDC4 deletion in PANC1 
(I) and HCT116 (J) cells.

Figure 2. Phenotypic characterization of SDC4 KO cancer cells. (A) Representative images of the clonogenic assay 
for wild-type and SDC4 KO PANC1 cells. Experiments were repeated twice with similar results. (B, C) Xenograft tumor 
assays of SDC4 KO PANC1 cells. The tumor growth curve (B) and the image of the tumor at the conclusion of the 
experiment (C) are presented. (D) The tumor initiation rate of SDC4 KO PANC1 cells. (E) Representative images of 
the clonogenic assay for wild-type and SDC4 KO HCT116 cells. (F, G) Xenograft tumor assays of SDC4 KO HCT116 
cells. The tumor growth curve (F) and the image of tumors at the conclusion of the experiment (G) are presented. 
(H) The tumor initiation rate of SDC4 KO HCT116 cells. (I, J) TMR-dextran visualization (I) and quantification (J) of 
macropinocytosis in wide-type and SDC4 KO PANC1 cells. Data are presented as mean ± SD. Scale bar, 30 µm.
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To investigate the signature of the changed pro-
teins, we performed gene ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis (Figure 
3B, 3C). According the top 10 GO terms, most 
of the changed proteins are involved in biologi-
cal processes including NAD biosynthetic pro-
cess, oxidative stress, cell adhesion, and viral 
entry (Figure 3B). The major cellular localiza-
tions of these proteins are extracellular exo-
some, cytosol, and membrane raft (Figure 3B). 
Functionally, these proteins have various activi-
ties, such as nicotinate nucleotide diphophory-

lase activity, protein binding, and virus receptor 
activity (Figure 3B). The most enriched KEGG 
pathways are metabolic pathways, biosynthe-
sis of amino acids, and nicotinate and nicotin-
amide metabolism, indicating that SDC4 main- 
ly affects cellular metabolic pathways (Figure 
3C). This is supported by the finding that  
the top 12 altered proteins are all involved in 
the metabolic pathway essential for cell en- 
ergy and material metabolism (Figure 3D). 
Taken together, our proteomic profiling data 
indicate a strong association of SDC4 with 
metabolism. 

Figure 3. Proteomic profiling of proteins with altered expression in SDC4 KO PANC1 cells. A. A Venn diagram for 
changed proteins in the two SDC4 KO cell clones. The overlapping area indicates the shared 89 proteins. B. Top 10 
Gene Ontology (GO) terms enriched in target proteins. C. Significantly enriched Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways of the target proteins. D. Top 12 altered proteins involved in the metabolic pathways 
based on KEGG enrichment analysis.
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ETBP directly targets SDC4 at the transmem-
brane motif

Given that SDC4 is an intrinsically disordered 
protein, conventional structure-based rational 
design is not suitable for identifying SDC4-
targeting small molecules [21, 22]. To this end, 
we took advantage of the microscale thermo-
phoresis (MST) assay that enables the exami-
nation of direct engagement between small 
molecules and cellular target proteins in bio-
logical liquids [39]. We thus prepared cell 
lysates from HEK293T cells expressing GFP-
tagged SDC4 for single-point binding-check 
screening (Figure 4A). Within an FDA-approved 
drug library, ETBP was the compound with the 
biggest response (R) value (Figure 4A). Not- 
ably, ETBP was originally identified as an ago-
nist of the transmembrane protein thrombopoi-
etin receptor (TPOR) [23]. Direct engagment of 
ETBP with SDC4 was confirmed by the serial 
dilution MST assays where a Kd value of 2.2 
µM was obtained (Figure 4B). To further verify 
the direct interaction, we purified GST-tagged 
recombinant SDC4 proteins. We were able to 
reproduce the MST binding curve and obtain 
the Kd value of 1.3 µM for ETBP binding to GST-
SDC4 (Figure 4C). In this experiment, no signifi-
cant binding curves were detected between 
ETBP and the GST protein (Figure 4C). 

To investigate whether ETBP could bind to other 
syndecan proteins, we prepared lysates from 
cells expressing GFP-tagged SDC1, SDC2, and 
SDC3, respectively. Interestingly, direct binding 
was only observed between ETBP and SDC1 
with a Kd value of 8.87 µM (Figure 4D), indicat-
ing relative selectivity of ETBP towards syn-
decan proteins. To determine the ETBP binding 
site, we constructed a series of GFP-tagged 
SDC4 truncation mutants (Figure 4E), whose 
expression was confirmed by western blotting 
(Figure S3). In cellular MST assays, all trunca-
tion mutants were able to engage with ETBP 
where Kd values ranged from 2 µM to 6.2 µM, 
except for M3 and M4 that contain a common 
depletion of the TM motif (Figure 4F, 4G). These 
data indicate that the TM motif is essential for 
ETBP engagement. We also asked if the TM 
motif is essential for SDC1 interaction with 
ETBP. As predicted, no binding was observed 
between ETBP and the SDC1-ΔTM truncation 
mutant (Figure 4H). This is also consistent with 
the previous study that found the TM domain to 

be essential for ETBP interaction with TPOR 
[40]. 

ETBP stabilizes SDC4 and enhances SDC4-
associated functions in cancer cells

To further investigate ETBP targeting of SDC4 
in vivo, we first examined the effect of ETBP on 
SDC4 protein abundance. Surprisingly, the pro-
tein level of SDC4 in PANC1 cells was clearly 
enhanced upon ETBP treatment (Figure 5A). A 
dose-dependent increase in SDC4 abundance 
was also observed in the pancreatic cancer  
cell lines AsPC1 and CFPAC1 with ETBP (Figure 
5B, 5C). Given that abnormally up-regulated 
SDC4 can act as a co-receptor of FGFR to aug-
ment the MAPK signaling pathway [10, 12, 38, 
41, 42], we further asked whether ETBP could 
activate MAPK signaling by examining the level 
of phosphorylated AKT, ERK, and p38. Indeed, 
ETBP strongly enhanced the phosphorylation  
of AKT, ERK and p38 in a dose-dependent  
manner in wild-type PANC1 cells (Figure 5D). 
Importantly, ETBP enhancement of MAPK sig-
naling was significantly attenuated in SDC4 KO 
cells (Figure S4D). 

Considering that SDC4 KO decreased the level 
of macropinocytosis in PANC1 cells (Figure 2I, 
2J), we also asked if ETBP regulated macropi-
nocytosis in pancreatic cancer cells. As illus-
trated in Figure 5E-G, a strong increase in  
macropinocytosis was detected in all the pan-
creatic cancer cells examined (PANC1, BxPC3, 
and AsPC1) with ETBP treatment in a dose 
dependent manner. Unexpectedly, no clear dif-
ferences in macropinocytosis were observed 
between wild-type and SDC4 KO PANC1 cells 
upon ETBP treatment (Figure S4C), possibly 
due to the fact that ETBP can target an- 
other macropinocytosis mediator SDC1 as well 
(Figure 4D). Taken together, we propose that, 
similar to ETBP action on its original target 
TPOR, ETBP is also a potential agonist of SDC4 
and enhancer of cancer progression due to its 
ability to stabilize SDC4, and enhance MAPK 
signaling as well as macropinocytosis in cancer 
cells. Caution therefore should be taken when 
treating cancer patients with ETBP for chemo-
therapy-induced thrombocytopenia.

Discussion

SDC4 is a transmembrane heparan sulfate pro-
teoglycan that has been extensively connected 
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Figure 4. Identification of SDC4-binding agents and the targeting site. (A) A plot of the single-point binding check 
screening of SDC4-targeting ligands. (B) Microscale Thermophoresis (MST) assays of the interaction between ETBP 
and GFP-tagged SDC4. ETBP was incubated with HEK293T cell lysate expressing GFP-tagged SDC4 or GFP control, 
respectively. (C) MST assays of the interaction between ETBP and recombinant GST-tagged SDC4. (D) MST deter-
mination of the binding affinity between ETBP and SDC family proteins. (E) Schematic representation of full-length 
SDC4 and its truncation mutants used in MST assays. The cytoplasmic domain contains two conserved sites C1 
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and C2 and one variable site V. SNP, signal peptide; ED, extracellular domain; TM, tramsmembrane domain. (F) 
MST assays for the interaction of ETBP and GFP-tagged SDC4 truncation mutants. (G, H) MST determination of the 
interaction of ETBP with SDC4-ΔTM (G) or SDC1-ΔTM (H).
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with various oncogenic processes [43, 44], 
although its oncogenic roles were rarely evalu-
ated in loss-of-function assays. In this study, 
we created SDC4 KO cells using CRISPR/Cas9 
and confirmed that SDC4 deletion in PANC1 
cells markedly suppressed the activities of 
these cells in colony-formation, xenograft initia-
tion and growth, as well as macropinocytosis 
assays, supporting that SDC4 is a promising 
target for cancer therapy.

Here we identified a small molecule compound 
that targets SDC4. SDC4 was previously con-
sidered “undruggable” due to its intrinsically 
disordered structure [21, 22, 45]. Recently, a 
small molecule bufalin was reported to target 
SDC4 [10], although it was unclear how the 
authors discovered this candidate. In the pres-
ent study, we developed a single-point MST 
screening assay and identified that ETBP  
could directly and functionally target the 
“undruggable” SDC4. Notably, ETBP targets 
SDC4 at the TM motif, the same region that 
ETBP binds to with its original target TPOR. 
Furthermore, we demonstrated that ETBP tar-
geted SDC4 and SDC1 but not SDC2 or SDC3, 
indicating relative selectivity of ETBP towards 
SDCs.

An unexpected finding in the present study is 
that ETBP could positively regulate SDC4. ETBP 
not only increased the protein level of SDC4, 
but also enhanced SDC4-dependent MAPK sig-
naling and macropinocytosis in a dose-depen-
dent manner in tumor cells, implying that ETBP 
is a potential agonist of SDC4. In fact, ETBP 
was previously identified as a TPOR agonist 
that could activate STAT5, MARK, and p38 [23]. 
Of note, we demonstrated that SDC4 was par-
tially required for ETBP activation of MAPK sig-
naling in PANC1 cells (Figure S4D), suggesting 
that possible synergistic effects between SDC4 
and TPOR in ETBP-dependent activation of 
MAPK signaling. 

Given that SDC4 is a positive regulator of can-
cer cells, we propose that ETBP may be a 
potential enhancer of cancer progression. We 

indeed had detected the effect of ETBP on the 
proliferation of tumor cells. No clear inhibition 
of ETBP on the colony formation of PANC1 cells 
was observed up to 10 µM (Figure S4A). 
Consistently, ETBP did not inhibit cancer prolif-
eration until the dose was increased to 50 µM 
(Figure S4B). Additionally, at 1 µM and 5 µM, 
ETBP could slightly promote cell proliferation 
(Figure S4B), that was consistent with the  
previous finding that ETBP was capable of 
inhibiting BAX-mediated apoptosis [46]. As a 
result, caution should be taken when treating 
cancer patients with ETBP for chemotherapy-
induced thrombocytopenia [27]. 
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Figure S1. Related to Figure 1. Confirmation of Western Blot bands of SDC4 and SDC1. A. Western blot of SDC4 
by Abcam antibody using PANC1 cell lysate. B. Western blot of SDC4 by Novus antibody using PANC1 cell lysate. C. 
Surface expression of SDC4 was measured by flow cytometry to confirm SDC4 depletion using Santa Cruz antibody; 
representative histograms are shown. Experiments were repeated twice with similar results. D. Western blot of 
SDC1 by CST antibody using PANC1 cell lysate. R1, represention 1; R2, represention 2.
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Figure S2. Related to Figure 2. The phenotype of SDC4 knock out cells. The epithelial morphology (A) and growth 
rate comparison (B) of PANC1 wild-type and SDC4 knockout cells. Macropinocytosis was visualized with TMR-dex-
tran (scale bar, 50 µm) (C) and quantified (D), data are mean ± s.d. in HCT116 wide-type and SDC4 knockout cells.
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Table S1. The 89 differentially expressed proteins identified from SDC4 KO PANC1 cells by proteomic 
profiling analysis

Gene names
LFQ intensity

PANC1-WT-1 PANC1-WT-2 PANC1-SDC4-
KO1-1

PANC1-SDC4-
KO1-2

PANC1-SDC4-
KO2-1

PANC1-SDC4-
KO2-2

ABCB6 10736000 9641700 0 0 0 0
ABHD14B 1381300000 1384100000 796090000 816930000 907200000 856730000
ACAD9 628410000 604490000 982400000 1053700000 1044900000 1103300000
ACADVL 2868300000 2882500000 1614600000 1729600000 1602700000 1582600000
AIFM2 121220000 130360000 68960000 77747000 57058000 63976000
AKAP12 8362600000 8479800000 4076100000 4094200000 4022500000 4040100000
ALPP 15773000 15623000 0 0 0 0
ALPPL2 389340000 393540000 101190000 66160000 36912000 58669000
ANXA3 35562000 34441000 20203000 22364000 251750000 244760000
ANXA7 1907800000 1797800000 3000300000 2881400000 3179200000 3089800000
APP 569060000 554730000 297450000 295520000 320350000 331160000
ARRB1 1557000000 1565000000 904920000 969130000 932580000 860240000
BCAS1 0 0 24961000 21536000 23270000 24796000
BEND3 12838000 13138000 0 0 0 0
C16orf13 4952800 5372500 0 0 0 0
CAPG 4640300000 4656800000 2272200000 2259500000 2720000000 2751100000
CBR1 705210000 733120000 391480000 379860000 428110000 458480000
CBS 901960000 894670000 459240000 446260000 569240000 539350000
CDCP1 481040000 453780000 225620000 240890000 307090000 269300000
CKB 1238900000 1284500000 2546500000 2466200000 2442500000 2576000000
COL16A1 8786000 8589300 0 0 0 0
COL18A1 1748400000 1673600000 862690000 907310000 638300000 624760000
COPG2 452900000 463640000 707170000 698040000 690390000 698280000
CSNK1E 8594500 9545900 4622300 4983500 0 0
CTSC 716750000 669410000 217620000 209840000 254480000 268500000
DGAT1 97900000 106730000 69966000 57302000 72653000 60505000
DIS3L2 155270000 151630000 74316000 85769000 78773000 64448000
DNAJB12 173000000 160080000 284210000 285710000 286880000 274970000
ECHDC1 486130000 469020000 279430000 276750000 257970000 258030000
EIF4B 4871400000 5301200000 3364400000 3198000000 2902200000 2542200000
ENO3 28743000 27863000 0 3697400 0 0
FBXO2 596890000 628590000 1019900000 1091600000 990460000 957410000
FOXS1; FOXC2; FOXC1 11925000 12864000 0 0 0 0
GCA 60991000 63492000 219530000 201200000 143450000 140210000
GJA1 69313000 64860000 125750000 122110000 163890000 163830000
GPX1 164650000 154110000 82219000 78329000 105730000 87550000
H1F0 384890000 405980000 206020000 176860000 195090000 206810000
ICAM1 665020000 605940000 1679800000 1749000000 1784500000 1821200000
ISYNA1 588300000 609630000 350510000 307760000 288870000 321960000
ITGA2 1762300000 1716000000 634520000 620630000 1045000000 1149300000
KDELR1; KDELR2 48007000 54632000 22489000 26568000 9989900 12828000
KRT1 3650900000 3144600000 302690000 398580000 940580000 587230000
MAP2 187320000 152110000 1150000000 1070600000 294620000 264460000
MEGF6 1162300 1666600 2906700 3262400 4022700 3562900
MISP 412740000 401730000 193710000 218330000 250260000 269390000
MTERF3 104130000 90583000 147280000 155990000 149290000 168470000
MTHFD1L 916350000 967870000 585120000 589390000 624440000 612690000
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MYH10 683020000 703130000 1195400000 1228000000 267970000 257270000
MYL6B 14341000 13641000 0 0 0 0
MYPN 689170000 667340000 1226100000 1250500000 2119600000 1927300000
NAMPT 2003400000 2057800000 3569200000 3532900000 3407100000 3334800000
NAPRT 122410000 138480000 34425000 31769000 29896000 24533000
NCKIPSD 33028000 29171000 13912000 8958100 16017000 12902000
NEU1 216990000 203320000 452070000 409610000 564610000 557660000
NMES1; C15orf48 783090000 756630000 2045900000 2190600000 1974600000 2017800000
PAK2 3818900000 3688600000 6140400000 6628200000 6140500000 5966600000
PARG 250440000 230120000 375210000 416600000 360790000 378430000
PCYT1A 616050000 641760000 1065800000 1088800000 1116800000 1034900000
PFKM 492320000 488760000 302550000 282490000 268140000 253080000
PKP3 228670000 239280000 77481000 94267000 147380000 124520000
PLXNA1 39142000 54447000 131020000 150950000 138550000 143890000
PODXL 308200000 341620000 531580000 510800000 491720000 526770000
POR 873930000 793980000 1301500000 1231500000 1440700000 1331600000
PRDX2 1303400000 1308900000 176480000 185040000 403410000 426060000
QPRT 11214000 10064000 3313800 3971100 0 0
RAB6B 33403000 32355000 59506000 64269000 65169000 61853000
RNASET2 32716000 31310000 0 0 19681000 17219000
SCARB1 99541000 116660000 168500000 190180000 167550000 180350000
SCRN1 1355300000 1373900000 2244100000 2206600000 2034000000 2081700000
SDSL 52299000 51240000 23194000 21686000 27699000 31100000
SEC24C 1662200000 1742100000 2903700000 2954600000 3277800000 3149800000
SF1 2612300000 2625100000 2898600000 2662200000 2438200000 2588800000
SLC12A2 513070000 523240000 297150000 317630000 288170000 283590000
SNCA 123600000 137600000 17051000 18627000 0 15186000
SNCG 5252000 5561900 0 0 0 0
SQSTM1 3085700000 3081900000 5689000000 5531500000 7719800000 7662800000
STMN2 676360000 603910000 292200000 249800000 88618000 92150000
SYT1 23699000 26256000 0 0 0 0
TFG 1305000000 1260400000 2291300000 2332800000 2225700000 2220000000
TFRC 2454200000 2503000000 4641200000 4996500000 4306200000 4260400000
TMEM65 139730000 151060000 65746000 74883000 75946000 86608000
TMUB2 50980000 56302000 85962000 88971000 97218000 93467000
TP53I11 157360000 163600000 252910000 243680000 288530000 301800000
TRIM44 9585800 10844000 0 0 18299000 16272000
TSC22D4 116210000 113850000 213150000 226260000 192650000 199270000
UBE2J1 15324000 13827000 24142000 22418000 23438000 22659000
UGDH 8559900000 8333600000 13386000000 13452000000 12493000000 13060000000
VCL 21093000000 20595000000 44588000000 44272000000 49223000000 48206000000
VDAC2 5230800000 5076400000 8391300000 8295900000 8083900000 7564300000
The proteins with change fold over 1.5 were filtered. Each sample was repeated twice. T-test was performed to identify significantly changed 
proteins. Totally 89 proteins were consistently changed in both SDC4 knockout cell clones.
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Figure S3. Related to Figure 4. Western Blot of SDC4 truncations used in MST assay. A. Western blot of GFP fused 
SDC4 truncations used in Figure 4F. B. Western blot of GFP fused SDC4 and SDC4-ΔTM used in Figure 4G. C. Im-
ages of GFP fluorescence by overexpressed SDC4 and SDC4-ΔTM in 293 cells.
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Figure S4. Related to Figure 5. The effects of ETBP on SDC4 knockout PANC1 cells. A. The result of Colony-formation 
assay of PANC1 cells treated with ETBP at the indicated concentrations for 14 days. B. The result of CCK8 assay of 
PANC1 cells treated with ETBP for 24 hours. Experiments were performed in triplicates. C. Representative images 
of Macropinocytosis treated with the indicated concentration of ETBP in wild-type and SDC4 knockout PANC1 cells, 
and statistical analysis. D. Non-phosphorylations/phosphorylations of ERK, AKT, and P38 were detected by western 
blot after 12 h incubation with the indicated concentration of ETBP in wild-type and SDC4 knockout PANC1 cells 
respectively.


