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Background: Cathepsin D is a lysosomal aspartyl protease. Our previous studies have suggested that 
cathepsin D plays an important role in invasion and metastasis of nasopharyngeal carcinoma (NPC). 
Methods: To identify proteins that interact with cathepsin D and gain an insight into the role of cathepsin 
D in invasion and metastasis of NPC, co-immunoprecipitation (co-IP) combined with mass spectrometry 
(MS)-based proteomics approach was used. Cathepsin D associated proteins were identified by MS. 
Protein-protein interaction network were analyzed by bioinformatics including gene ontology (GO), 
function clustering. And co-IP and western blotting confirmation were for protein-protein interaction. The 
expression of cathepsin D, epidermal growth factor receptor (EGFR) and heat-shock protein 90A (HSP90A) 
in NPC were detected by immunohistochemistry (IHC). And the invasion and metastasis capability were 
detected by Transwell invasion assay. 
Results: One hundred and forty-one cathepsin D associated proteins were identified, including EGFR 
and HSP90A, proteins clearly associated with tumor invasion and metastasis. The interaction of these two 
proteins with cathepsin D was further validated by co-IP followed by western blotting. The 141 proteins 
were classified into 12 function-related groups. Protein-protein interaction network analysis indicated 
that cathepsin D might have a significance on invasion and metastasis of NPC by interacting with EGFR 
and HSP90A. Indeed, cathepsin D/EGFR/HSP90A could form complexes in NPC cells. In addition, 
overexpression of cathepsin D in NPC cells not only up-regulated EGFR and HSP90A, but also increased 
the invasive ability of NPC cells.
Conclusions: Cathepsin D could enhance the invasion and metastasis capability of NPC cells may through 
binding to EGFR and HSP90A and triggering the activation of the signaling pathways. 
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Introduction

Invasion and metastasis were considered to be the most 
important prognostic factors and the leading causes of 
death in cancer patients. Nasopharyngeal carcinoma (NPC) 
is a malignant tumor of head and neck, which arises in 
surface epithelium of the posterior wall of the nasopharynx. 
Concomitant chemoradiotherapy followed by adjuvant 
chemotherapy was the preferred therapeutic option (1). 
Epidemiologic studies highlight a connection between 
Epstein-Barr virus (EBV) and NPC (2,3). Because of its 
deep location and high metastatic potential, the prognosis 
of NPC patient is poor (4). To reduce the risk of distant 
metastasis of NPC and increase survival rate of NPC 
patients, elucidation of the molecular mechanism of NPC 
has been in urgent need. 

Tumor invasion and metastas is  i s  a  mult i-step 
process. Metastasis is an inherent property of cancer 
cells, which is also modulated by the components of 
tumor microenvironment, such as extracellular matrix 
(ECM). Tumor cells express a variety of proteases from 
matrix metalloproteinases (MMPs), cathepsins, which 
could surmount ECM barriers (5).The interaction of 
tumor cells with local stroma plays a critical role during 
metastatic dissemination (6). Several components of 
ECM, such as fibronectin, proteoglycan, and collagen, 
are substrates of lysosomal aspartic protease (7-9). 
Lysosomes maintain cellular metabolism by degrading 
unneeded extracellular and intracellular substances (10). 
It has been reported that tumor invasion and metastasis 
are associated with altered lysosomal trafficking and 
increased expression of lysosomal proteases termed 
cathepsins (11). Cathepsin D is a soluble aspartic 
lysosomal protease, which extensively presents in 
mammalian cells. It is synthesized as an inactive pre-
proenzyme, of which the amino terminal peptides get 
proteolytic cleavage within the acidic environment 
of  endosomal  and lysosomal  compartments  (12) .  
Cathepsin D is released from lysosomes into cytosol to 
be functional. With its enzymatic property, cathepsin 
D regulates a number of important cellular processes 
including cell growth, proliferation, motility, antigen 
processing, and so on. 

So far, few attempts have been made for proteomic-wide 
screening for proteins interacting with cathepsin D. In our 
previous study, comparative proteomic analysis was performed 
to identify differential expression proteins between the NPC 
and normal nasopharyngeal epithelial tissue (NNET). In the 

meanwhile, considerable evidences suggest that cathepsin 
D may be involved in the invasion and metastasis of NPC. 
Here we employed co-immunoprecipitation (co-IP)/mass 
spectrometry (MS)-based proteomics, followed by stringent 
bioinformatic analysis and validation strategy to elucidate 
the mechanisms how cathepsin D promotes invasion and 
metastasis. We identified 141 cathepsin D interacting proteins. 
Most of the identified proteins have been reported to be 
associated with tumor invasion and metastasis. Among these, 
epidermal growth factor receptor (EGFR), HSP90A were 
confirmed by co-IP followed by immunoblotting. These two 
proteins have been known as tumor-associated proteins and 
have been implicated in important cellular processes, such as 
cell growth, apoptosis and malignant transformation etc. In 
the present study, we found that cathepsin D/EGFR/HSP90A 
form a complex and cathepsin D may mediate NPC cell 
invasion and migration by regulating the function of EGFR 
and HSP90A.

Methods

Reagents

PVDF membrane and ZipTip C18 columns were obtained 
from Millipore (Boston, MA, USA). The anti-cathepsin 
D antibody, anti-EGFR antibody, and anti-HSP90A 
antibody were purchased from Santa Cruz Biotechnology, 
Inc (Santa Cruz, CA, USA). IgY was purchased from 
Jackson ImmunoResearch Laboratories (West Grove, PA, 
USA). Protein-G sepharose beads were purchased from 
GE Healthcare Life Sciences (Marlborough, MA, USA). 
Trypsin and ECL reagent were purchased from Amersham 
Biosciences (Stockholm, Sweden). All buffers were prepared 
with Milli-Q water.

Cell and tissue samples 

NPC 5-8F cell line with high metastatic potential and 6-10B 
cell line without metastatic potential were kindly provided 
by the key laboratory of cancer proteomics of Chinese 
ministry of health, Xiangya Hospital, cultured in RPMI-
1640 (Sigma, St. Louis, MO, USA) medium supplemented 
with 10% fetal bovine serum (Hyclone), 100 IU/mL 
penicillin and 100 μg/mL streptomycin. The culture flasks 
were incubated at a humidified atmosphere of 5% CO2 at 
37 ℃. Cells were harvested when 80% of confluency was 
attained. The cell pellets were suspended in lysis buffer 
containing 20 mmol/L Tris, Ph 7.4, 100 mmol/L NaCl2, 
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1% NP-40, 0.5 mmol/L EDTA, 0.5 mmol/L Na3VO4, and 
0.5 mmol/L PMSF. The lysates were then centrifuged at 
13,000 rpm for 20 min. The supernatant was collected and 
the protein concentrations were quantified using Bradford 
assay. Fifty-eight case formalin-fixed and paraffin-embedded 
poorly differentiated squamous cell carcinomas tissues 
were obtained from the Department of Pathology, Xiangya 
Hospital of Central South University, China, at the time of 
diagnosis before any therapy. 

Co-IP

5-8F cell lysates containing 1.5 mg of the protein were 
first precleared using pre-immune serum and 100 μL of 
protein G-Sepharose beads (GE HealthCare Life Sciences, 
Marlborough, MA, USA) at 4 ℃ shaking 2 hours, used 
as control for nonspecific IP. The lysates with beads were 
then centrifuged for 5 min at 9,000 rpm, the supernatant 
were removed into a fresh tube. The testing samples 
were immunoprecipitated using 10 μg of anti-cathepsin 
D antibody, incubated 3 hours, then 100 μL of protein 
G-Sepharose beads were added for 1 hour, 4 ℃. The pelleted 
beads were washed three times with TBS-T buffer after 
centrifuge, and eluted with 0.1 M glycine from pH 3.0 
adjusted to pH 7.5 with Tris buffer. Immunoprecipitates were 
washed 3 times, and then eluted with SDS sample buffer 
containing 2-mercaptoethanol at 100 ℃ for 3 min. IgY was 
used instead of cathepsin D antibody for control group. 

SDS-PAGE

The proteins were then separated by 12.5% SDS-PAGE, 
and transferred onto PVDF filters. The same procedure 
was repeated with IPs from cells lysates as a control. After 
electrophoresis, the protein bands in the gel was visualized by 
Coomassie blue R-250 (Amersham Biosciences, Stockholm, 
Sweden) and then destained with three changes of destain 
buffer, 1 hour each. Other standard chemical reagents required 
were purchased from Sigma. Stained gels were scanned on an 
Image-Scanner (Amersham Biosciences, Stockholm, Sweden). 
Protein bands detected in cathepsin D immunoprecipitation 
sample but not present in the controls were excised from the 
gel, and diluted into a 1.5 mL sterile microcentrifuge tube.

MS analysis and database searching

The differential protein bands were dissolve in digestion 
buffer, digested with trypsin, then destained with 50% 

acetonitrile (ACN)/100 Mm, ammonium bicarbonate 
(NH4HCO3; 100 μL) for 30 min with constant mixing. After 
removal of the solution, the gel pieces were dehydrated with 
CAN (100 μL) for 15 min at room temperature (RT) and 
dried in a spread vac concentrator. The dried gel-pieces were 
incubated in 10 μL digestion solution consisted of 40 Mm 
NH4HCO3 in 9% ACN solution and 20 g/mL proteomics 
grade trypsin for 10–12 hours at 37 ℃ for 14–16 hours. The 
digests were extracted and purified with Millipore ZipTic C18 
column. Samples were loaded, trapped and washed at a flow 
rate of 30 μL/min with 99% solvent A (0.1% FA)/1% solvent 
B (CAN containing 0.1 FA), C 0.1% FA 5% ACN. Peptides 
were eluted with a gradient of 1% to 50% B for 50 min,  
95% B for 10 min, and then 99% A for 10 min before loaded 
on a pre-column (320 μm × 5 mm, 5 μm C18 silica beads, 
waters) at 30 μL/min. Then samples were loaded onto a 
precolumn for concentrations and fast desalting through a 
Waters CapLC autosampler, and then eluted to the reversed 
phase column (75 μm × 150 mm, 5 μm, 100 A, LC packing) at 
a flow rate of 200 nL/min after flow splitting for separation. 
MS/MS spectra were performed in data-depended mode in 
which up to 4 precursor ions above an intensity threshold 
of 7 counts/s (cps) were selected for MS/MS analysis from 
each survey ‘scan’. The nanospray parameters were 3,000 V 
for capillary voltage, 45 V for cone voltage, 80 ℃ for source 
temperature, and 15 psi collision gas back pressure. Proteins 
were analyzed by liquid. Chromatography-nanoelectrospray-
tandem mass spectrometry (LC-ESI-MS/MS) uses a Waters 
electrospray ionization quadrupole time of flight 2 (ESI-
Q-TOF2) system. The tandem MS data was processed and 
transformed to the PKL file format using Masslynx V 4.0 
software (Micromass, Cary, USA) and then imported into 
an local Macot search engine (Matrix Science Ltd, London, 
UK) for protein identify searching. MS was searched against 
the NCBI nonredundant protein database. The search was 
restricted to ‘homo sapiens (human)’ as taxonomy. The other 
main search parameters were as follows: enzyme, trypsin; 
fixed modification, carbamidomethylcysteine; variable 
modifications, oxidation (M); fragment mass tolerance,  
0.3 Da; peptide charge state, 1+, 2+, and 3+, and maximum 
missed cleavages, 1. Proteins whose scores were greater than 
31 were considered significant (P<0.05).

Bioinformatics analysis

For functional interpretation of the resultant protein list 
from MS, the protein data were uploaded into the DAVID 
software. Gene ontology (GO), signaling pathways analysis 
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and genes functional classifications were conducted. The 
protein-protein interaction networks were mapped by the 
STRING, a search tool for the Retrieval of interacting Genes/
Proteins system (http://string-db.org/). Molecule functions 
classification and cluster analysis were performed through 
GO and cluster program of DAVID (http://david.abcc.ncifcrf.
gov/). The Mascot scores were obtained from Mascot (Matrix 
Science, Torrance, London, UK). The protein coverage was 
reported. Biocarta and KEGG signaling pathways analysis 
were performed. Protein interaction network showed that 
EGFR, HSP90A and cathepsin D may constitute interactome, 
which provide new clues for the mechanism study of cathepsin 
D in invasion and metastasis of NPC.

Western blotting verification for bioinformatics analysis

To confirm cathepsin D associated protein EGFR and 
HSP90A, which were isolated from SDS-PAGE gel and 
identified by MS proteomic approach, western blotting 
was used for verification. Protein lysates were separated 
by 12.5% SDS-PAGE, and transferred onto PVDF filters, 
blocked with 5% non-fat milk in Tris-buffered saline, and 
followed by overnight incubation at 4 ℃ with antibodies 
against cathepsin D (Santa Cruz Biotechnology, Inc., USA), 
EGFR, HSP90A, then followed by 1 hour incubation with 
their corresponding secondary antibodies conjugated with 
horseradish peroxidase. ECL was used as detection reagents 
(Amersham Biosciences). 

Reverse co-IP and western blotting confirmation for 
protein-protein interaction

The cell lysates were divided into four groups, co-IP 
with antibodies targeting cathepsin D, EGFR, HSP90A 
respectively, and IgY was used as negative control. The 
proteins were then electrotransferred and probed with 
monoclonal antibody against cathepsin D, EGFR and 
HSP90A. 

Immunohistochemistry (IHC) 

Tissue sections were deparaffinized with 100% xylene 
and rehydrated in descending percentage of ethanol series 
according to standard protocol. Heat-induced antigen 
retrieval was performed in 10 Mm citrate buffer for 15 min 
at 100 ℃. Samples were incubated in endogenous peroxidase 
activity and nonspecific antigen solution, followed by 
incubation with anti-cathepsin D antibody (1:150), anti-

EGFR or anti-HSP90A at 4 ℃ overnight, and then 
incubated with avidin-biotin peroxidase complex (DAKO, 
Carpinteria, CA, USA). Sections were visualized with DAB 
and counterstained with Harris’ modified hematoxylin, 
analyzed using light microscopy. The stained tissue sections 
were blindly reviewed and scored by two pathologists to the 
clinical parameters. For the negative control, the primary 
antibody was replaced by phosphate buffered saline (PBS). 
And 10 high-power fields were chosen randomly. The 
extent of the staining defined as the percentage of positive 
staining areas in relation to the whole section area.

 The intensity of staining was graded on the following 
scale: 0, no staining; 1+, mild staining; 2+, moderate 
staining; 3+, intense staining. The area of staining was 
evaluated as follows: <5% stained positive, no staining of 
cells in any microscopic fields; 1+, between 6% and 30% 
stained positive; 2+, between 30% and 60% stained positive; 
3+, >60% stained positive. A combined staining score <2 
was considered to be a negative staining (low staining); a 
score between 3 and 4 was considered to be a moderate 
staining; whereas a score between 5 and 6 was considered to 
be a strong staining.

Transwell invasion assay

To study whether cathepsin D, EGFR, HSP90A affect invasive 
ability of NPC cells, high metastatic 5-8F cells with cathepsin 
D high expression were stably transfected with cathepsin D 
siRNA in pSilencer vector and control pSilencer-Scr, cell 
lines 5-8F-siRNA(+) and 5-8F-siRNA(-) were established 
respectively. non-metastatic 6-10B cells with cathepsin 
D low expression were stably transfected with cathepsin 
D-expressing vector pcDNA3-HA-cathepsin D and control 
vector pcDNA3, and the cell lines 6-10B-cathepsin D(+) and 
6-10B-cathepsin D(-) were established, respectively. Cell 
invasion was estimated using 24-well transwell chambers 
(Costar, Cambridge, MA, USA): the upper and lower culture 
compartments of each well were separated by polycarbonate 
membranes (8-μm pore size). Briefly, for invasion assay, 
the membrane was precoated with 100 μg/cm2 membrane 
matrix; 0.5 mL of serum free RPMI-1640 medium was added 
to the well for 2 hours. In order to assess the ability of the 
cells to penetrate the precoated polycarbonate membrane, 
1.25×104 cells were seeded in the upper chamber with 0.5 
mL medium containing 1% FBS. The lower chamber 
contained 0.75 mL medium containing 10% FBS. After  
24 hours incubation at 37 ℃ in a 5% CO2 incubator, the cells 
that had migrated to the underside were stained with a Diff-

http://string-db.org/
http://david.abcc.ncifcrf.gov/
http://david.abcc.ncifcrf.gov/
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Quik stain kit (Dade Behring, Newark, DE, USA). Cells 
that reached the underside of the filter were counted in five 
random fields under a microscope (original magnification, 
×200). Invasive ability was defined as the average cell numbers 
that penetrated the matrix-coated membrane per field. Three 
independent experiments were repeated.

Statistical analysis

All data were statistical analyzed for using SPSS version 
17.0 statistical software. t-test was employed to analyze 
the differences in transwell cell invasiveness among 
different groups. P<0.05 was considered to be statistically 
significance.

Results

One hundred and forty-one cathepsin D-associated proteins 
are identified by co-IP followed by MS

To gain deep insight into the molecular mechanisms by 
which cathepsin D enhances cancer cell invasion, we 

examined the protein fractions isolated from high metastasis 
NPC 5-8F cell. 5-8F NPC cell lysate was collected, and 
incubated with anti-cathepsin D antibody and protein 
G-Sepharose beads for co-IP, which was then followed by 
SDS-PAGE western blotting analysis (Figure 1). 

The gels were stained with Deep Purple and specific 
bands were excised and digested with trypsin, analyzed using 
ESI-Q-TOF-MS. One hundred and forty-one cathepsin 
D associated proteins were identified by subtraction of 
proteins present in the negative control (Table S1).

Validation of the cathepsin D interaction proteins by 
western blot

To validate the protein list generated by MS analysis, we 
checked two proteins from the list: EGFR and Hsp90A by 
co-IP followed by western blotting. Equal amounts of NPC 
5-8F cell lysates was subjected for co-IP with antibody 
against cathepsin D followed by western blotting. As shown 
in Figure 2, consistent with the results of bioinformatics 
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Figure 2 The interaction between CSTD and EGFR, HSP90A 
were confirmed by immunoprecipitation. EGFR, HSP90A were 
detected in the cathepsin D co-IP complex but not in the negative 
control, which verified the reliability of the protein identification 
by mass spectrometry. co-IP, co-immunoprecipitation; EGFR, 
epidermal growth factor receptor.
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analysis, EGFR and HSP90A were able to be detected 
in western blot experiment by their corresponding 
antibodies, from the protein complex pulled down by 
cathepsin D antibody. No detection was observed in IgY 
negative control. These results suggest that the MS based 
identification of cathepsin D interaction proteins are 
reliable (Figure 2).
 

Bioinformatics strategy for interpretation of the proteomic 
data

The identified proteins were grouped according to 

DAVID (http://david.abcc.ncifcrf.gov) software guideline. 
GO-biological process (BP), GO-molecular function 
(MF) analysis, clustered these proteins into 12 functional 
categories. Gene Functional Classification showed that 
70 out of 141 cathepsin D interaction proteins were 
divided into 12 classes. The functions of these proteins 
mainly included: transmembrane transport, cytoskeleton, 
oxidative phosphorylation, protein synthesis,  cell 
apoptosis, signal transfer, oxidoreduction, molecular 
chaperone, glycometabolism, etc. The other 71 cathepsin 
D interaction proteins were not clustered by the software. 
GO-BP analysis showed that the BPs of 141 cathepsin D 
interaction proteins were mainly involved in stress reaction, 
negative control, metabolism, transport, localization, 
positioning, etc. GO-MF analysis showed that the MFs of 
cathepsin D interaction proteins were involved in protein 
binding, catalytic activity, purine nucleotide binding, 
cytoskeleton, oxidation reduction, molecular structure, etc. 
GO-CC analysis showed that the cathepsin D interaction 
proteins were localized in membrane, organelle, vesicle, 
polymer composites, etc. (data not shown). These suggest 
cathepsin D is involved in a number of cell signaling 
and metabolic processes in NPC metastasis as well as its 
known enzymatic activity.

Protein-protein interaction analysis 

To map the correlation of these cathepsin D association 
proteins using string software (http://string-db.org), as 
shown in Figure 3, cathepsin D interacts with EGFR, 
HSP90A, suggesting that cathepsin D/EGFR/HSP90A 
may play an important role in NPC invasion and 
metastasis.

Correlation analysis of cathepsin D/EGFR/ HSP90A 
expression in NPC tissues visualized by IHC 

IHC was performed to detect the expression of cathepsin 
D, EGFR, HSP90A in 58 cases of NPC (Figure 4). The 
correlation among the expression of cathepsin D, EGFR 
and HSP90A in NPC were analyzed by Spearman. When 
HSP90A was used as a control variable, EGFR expression 
was positive correlated with cathepsin D expression (Table 1,  
r=0.418, P=0.001); when EGFR was used as a control 
variable, HSP90A expression was positive correlated with 
cathepsin D expression (Table 1, r=0.373, P=0.004); however, 
when cathepsin D was used as a control variable, HSP90A 
expression was not correlated with EGFR expression (data 

Figure 3 Cathepsin D-associated protein-protein interaction 
network. (A) One hundred and forty-one cathepsin D interaction 
protein network diagrams; (B) the amplification of part of A, cathepsin 
D, EGFR and HSP90AA1 constitute a group. String analysis revealed 
that EGFR and HSP90A proteins composed/comprise a group with 
cathepsin D. EGFR, epidermal growth factor receptor.

A

B

http://string-db.org
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not shown). These results indicated that the expression of 
cathepsin D was positive correlated with that of EGFR and 
HSP90A in NPC tissues. 

Cathepsin D /EGFR/ HSP90A formed complexes in 
NPC cells

In order to further verify the interactions among 
cathepsin D/EGFR/HSP90A, co-IP combined with 
western blot analysis was used. EGFR and HSP90A band 
were detected by anti-EGFR, anti-HSP90A antibody 
respectively in cathepsin D co-IP complexes pulled down 
from NPC 5-8F cell lysate. As shown in Figure 5, the 
result suggested cathepsin D/EGFR/HSP90A formed 
complex in the NPC cells.

Cathepsin D modulated the expression of EGFR and HS-
P90A and enhanced in vitro invasiveness of NPC cells

The expressions of cathepsin D, EGFR and HSP90A in 
these reconstructed cells were determined by western 
blot. As shown in Figure 6A,B, compared to the control, 

Figure 4 Cathepsin D/EGFR/HSP90A expression in NPC tissues. (A) Cathepsin D; (B) EGFR; (C) HSP90A. (Immunohistochemistry; 
magnification 20×). EGFR, epidermal growth factor receptor; NPC, nasopharyngeal carcinoma.

Table 1 Relative among expression of CTSD, EGFR and HSP90A

CTSD
EGFR HSP90A

Positive Negative Positive Negative

Positive 35 10 38 7

Negative 4 9 6 7

EGFR, epidermal growth factor receptor; HSP90A, heat-shock 
protein 90A.

Figure 5 Cathepsin D/EGFR/HSP90A formed complexes in NPC 

cells. Confirmation of cathepsin D/EGFR/HSP90A interaction in 

5-8F NPC cells by co-IP combined with western blot. (A) Cathepsin 

D could be detected in the co-IP complex pulled down by either 

EGFR antibody or HSP90 antibody; (B) EGFR could be detected 

in the co-IP complex pulled down by cathepsin D antibody; (C) 

HSP90A could be detected in the co-IP complex pulled down by 

cathepsin D antibody. The three proteins could not be detected in the 

non-immune IgY control.  EGFR, epidermal growth factor receptor; 

co-IP, co-immunoprecipitation; NPC, nasopharyngeal carcinoma.
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introduction of cathepsin D siRNA into 5-8F cells 
significantly decreased the expressions of EGFR and 
HSP90A; while overexpression of cathepsin D in 6-10B cells 
significantly increased EGFR and HSP90A expressions. 
The results showed that cathepsin D expression was positive 
associated with the expression of EGFR and HSP90A. 

To evaluate the effect of cathepsin D modulation on the 
invasion of NPC cells, an in vitro invasion assay was used. 
As shown in Figure 6C,D, invasive cells in 5-8F-siRNA(+) 
were about 3.8-fold less than in 5-8F-siRNA(−) (P<0.01), 
and invasive cells in 6-10B-cathepsin D(+) were about 3.5-
fold higher than in 6-10B-cathepsin D(−) (P<0.01). The 
results suggested that the expression levels of cathepsin D 

were associated with the in vitro invasive ability of NPC 
cells. Taken together, the results suggested that cathepsin D 
could promote invasion of NPC cells in vitro and possibly 
through cathepsin D/EGFR/HSP90A interactions.

Discussion

Proteins execute various functions by interacting with 
different sets of protein partners. By identifying the 
interacting partners, novel functions of poorly characterized 
proteins could be explored.

Cathepsins are lysosomal hydrolytic enzymes with 
ubiquitous presence in virtually all animal cells. Cathepsins 
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Figure 6 Effects of cathepsin D modulation on the expression of EGFR and HSP90A in vitro invasion of NPC cells. (A) Western blot showed 
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harbor three subgroups according to the amino acid 
constituent at its active site: cysteine (B, C, H, F, K, 
L, O, S, V and W), aspartic (D and E), and serine (G) 
cathepsins (13). Cathepsin D is one of major components 
of lysosomes (14). Growing evidences show that they are 
involved in the destruction of tissue barriers during the 
invasion process of malignant tumors. Myb-binding was 
found in cathepsin D complex. In the control of specific 
proteases strongly increased the expression of cathepsin 
D, regulate the matrix-dependent invasion of breast 
cancer cells (15). Myb-binding protein 1A was found 
to interact with cathepsin D, providing further support 
that cathepsin D functions as a regulatory molecule 
during NPC migration and invasiveness. Antigen process 
in employing cathepsins B, D, and/or E for digesting 
protein Ag, is capable of processing complex protein Ag 
into antigenic peptides (16). Overexpression of AGR2 
induced upregulation of CTSB and cathepsin D. AGR2-
induced invasion was mediated through the activity of 
these proteases rather than by increased cell motility (17). 
It has been suggested that Rab27a affects the invasive and 
metastatic potential of breast cancer cells by modulating 
the secretion of cathepsin D as well as IGF-IL (18). 
Moreover, it has been reported that RNAi-Rab 27A 
inhibited both the lysosomal exocytosis of cathepsin D 
and cathepsin D enzyme activity, consequently inhibiting 
glioma cell migration (19). These observations imply that 
it is the protein-binding activity of cathepsin D that may 
be involved in stimulation of the tumor cells.

Although it seems that cathepsin D plays a role in 
protein degradation in a non-specific manner in the acidic 
environment of lysosomes, cathepsin D interacts with 
partner molecules and turns on signaling pathway in a 
specific manner. For example, Benes et al has shown that 
apoptosis is regulated by catalytically inactive mutants of 
cathepsin D which suggests that the enzymatic activity 
of cathepsin D influences cell apoptosis signaling (7). 
From protein-protein interaction databases, over 50 
interaction partners for cathepsin D from different 
cellular compartments were indicated, suggesting the 
multiple-function role of cathepsin D (12). Protein-
protein interaction network showed that PHB (Prohibitin) 
and cathepsin D networks have three interconnecting 
proteins: solute carrier family 2, facilitated glucose 
transport member 4 (glucose transporter 4, insulin-
responsive) and APOA1 binging protein. Cathepsin D 
interacts with C-Myb to promote MDA-MB-231 cells 
migration and invasion (15). Cathepsin D expression was 

reduced by NESG1. NESG1 inhibited NPC invasion 
partly by downregulating cathepsin D. Cathepsin 
D was identif ied to be regulated by NESG1 (19)  
as NESG1 potential tumor suppressor in NPC cell. 
Cathepsin D mediates apoptosis induced by various agents, 
for example, interferon-r, Fas/Apo and tumor necrosis 
factor-α (20). 

Our previous studies using LCM combined with MS 
have demonstrated that cathepsin D are differential 
proteins between NPC and NNETs (21). In subsequent 
experiments, IHC was performed and it was found that 
significant down-regulation of cathepsin D was observed in 
NPC but not in NNET. Up-regulation of cathepsin D was 
observed in lymph node metastasis versus primary NPC. 
Down-regulation of cathepsin D by siRNA significantly 
decreased in vitro invasive ability of 5-8F cells. Cathepsin 
D up-regulation was significantly correlated with advanced 
clinical stage, recurrence, lymph node and distant 
metastasis, indicating that it has a role in promoting NPC 
metastasis (22). However, little is known regarding the 
mechanism how cathepsin D promotes NPC metastasis.

In this study, we used co-IP combined with MS and 
identified 141 cathepsin D interaction proteins in NPC 
cell. Two candidates were selected for further validation 
by western. We confirmed that EGFR and HSP90A did 
interact with cathepsin D, demonstrating the reliability 
of the MS as the method in identifying protein complex. 
Biological interpretation of large genetic information 
derived from high-throughput genomic or proteomic 
studies can be challenging. More effort in exploration and 
data mining through high-throughput data is in need. 
Efficient tools are needed to gather, display and facilitate 
analysis of large data. Due to large number of components 
and complex BPs, visual tools are useful in providing an 
overview of networks. Through proteomics analysis, we 
have carried out a Gene Functional Classification screen of 
the proteins that interact with cathepsin D, 70 cathepsin D 
interaction proteins in 141 cathepsin D interaction proteins 
were grouped into 12 sets. The functions of these proteins 
mainly involve: transmembrane transport, cytoskeleton, 
oxidative phosphorylation, protein synthesis, cell apoptosis, 
signal transfer, oxidoreduction, molecular chaperone, 
glycometabolism, etc. We demonstrate that cathepsin D 
facilitates migration/invasion by interacting with EGFR, 
HSP90A.

Heat-shock-proteins (HSP) are ubiquitous and highly 
conserved in prokaryotes and eukaryote organisms. It has 
multiple functions involved in cell cycling, cell growth, 



1245Translational Cancer Research, Vol 6, No 6 December 2017

© Translational Cancer Research. All rights reserved.   Transl Cancer Res 2017;6(6):1236-1247 tcr.amegroups.com

DNA transcription and apoptosis (23-26). HSP expression 
is induced by heat and stresses including radiation and 
cytotoxic chemotherapy exposure. Based upon their 
molecular weight, amino acid sequence homology, and 
function, mammalian HSPs have been classified into five 
major families HSP100, HSP90, HSP70, HSP60, and the 
small Hsps. Among these, molecular chaperone HSP90 
(90 kDa heat-shock protein) is the most abundant cytosolic 
HSP. The overexpression of HSP has been documented 
in hematologic malignancies (27) and solid tumors (28). It 
may contribute to drug resistance and it is related to poor 
prognosis (29). HSP90 has two isoforms, HSP90α (HSP90A) 
and HSP90β (constitutively active form). HSP90A were 
found to interact with cathepsin D in our study. Since 
HSP90A plays an important role in cell proliferation, we 
chose HSP90A for further test and verification.

The EGFR, which was identified in the complex 
with cathepsin D, is a member of the ErbB family of 
receptor tyrosine kinases. EGFR is expressed in tissues of 
epithelial, mesenchymal and neuronal origin (30). There 
are six known direct binding ligands for EGFR, EGF, 
transforming growth factor, amphiregulin, betacellulin, 
epiregulin, and heparin-binding EGF (31). This protein 
plays an important role in physiological processes, including 
differentiation, proliferation, and development (32). EGFR 
also functions in various pathological processes essential for 
cancer development, including cell division, angiogenesis, 
migration, and inhibition of apoptosis (33). EGFR is able to 
transduce extra-cellular mitogenic signals, such as EGF and 
transforming growth factor-alpha (TGF-α), by activating 
downstream signaling cascades. The downstream signalings 
involve components of phospholipase C-c, Ras, and 
phosphatidylinositol-3 kinase (PI-3K) (34). The pathway 
that leads to the suppression of apoptosis through PI3K and 
Akt activation, favors the development and progression of 
cancer (35). In clinic, up-regulation of EGFR in primary 
breast tumors is associated with poor prognosis (36,37). It 
is reported that the positive EGFR expression had a higher 
recurrent rate than the negative. In consistence, negative 
expression of EGFR had a significantly better 5-year 
survival rate than positive expression (38). Antibody-based 
immunotherapy targeting EGFR has improved the median 
survival of colorectal cancer patients to 24 months (39). 
EGFR might be a key protein in cathepsin D-promoted 
NPC metastasis. Our study showed that EGFR formed 
complexes with HSP90, which may favor the transition of 
HSP90 to its active conformation. 

However, there was no significant association between 

the expression of EGFR and that of HSP90. The interplay 
between EGFR and HSP90 needs further explorations. 
EGFR and HSP90A are the key proteins during cathepsin 
D-mediated cell invasion and migration.

One hundred and forty-one proteins were identified 
by MS; we have only selectively validated two candidate 
biomarkers. It is necessary to look at a wider scope of each 
candidate protein.

Based on bioinformatics analysis and literature 
implications on the critical roles of cathepsin D, EGFR and 
HSP90A in invasion and metastasis, we further studied the 
interaction and correlation among cathepsin D, EGFR and 
HSP90A. Correlation analysis for the expression levels of 
cathepsin D, EGFR and HSP90A in NPC tissues indicated 
that the expression of cathepsin D was positively correlated 
with the expression of EGFR and HSP90A. Up-regulation 
of cathepsin D may cause up-regulation of EGFR and 
HSP90A, contributing to NPC metastasis. We also found 
that cathepsin D/EGFR/HSP90A could form complex in 
NPC cells. In order to further confirm that cathepsin D 
has an effect on EGFR and HSP90A, and that cathepsin D/
EGFR/HSP90A complex has an effect on NPC invasion, 
we established both cathepsin D-down-regulated 5-8F 
NPC cell line and cathepsin D-up-regulated 6-10B NPC 
cell line. We examined the modulation of cathepsin D on 
the expression of EGFR and HSP90A, and performed 
in vitro invasion assay in NPC cells. The results showed 
that cathepsin D up-regulation increased the expression 
of EGFR and HSP90A, and enhanced cell invasiveness in 
non-metastatic 6-10B cells. On the other hand, cathepsin 
D down-regulation decreased the expression of EGFR 
and HSP90A, and weakened the cell invasiveness in NPC 
cells. Taken together, the results suggested that cathepsin D 
enhanced the in vitro invasive ability of NPC cells possibly 
through orchestra with EGFR and HSP90A mediated 
signaling pathways.

Conclusions

In this report, we employed MS-based proteomics, followed 
by bioinformatics analysis, and successfully identified 
141 cathepsin D interaction proteins. We documented 
that cathepsin D regulated NPC invasion and metastasis 
by interacting with protein EGFR, HSP90A. Cathepsin  
D/EGFR/ HSP90A were closely correlated with the NPC 
invasion and metastasis. Up-regulation of cathepsin D led 
to up-regulation of EGFR and HSP90A in NPC, which 
enhanced the invasion ability of NPC cells. This study 



1246 Huang et al. Targeted proteomic study effect of CTSD interaction proteins

© Translational Cancer Research. All rights reserved.   Transl Cancer Res 2017;6(6):1236-1247 tcr.amegroups.com

shed light into the molecular mechanisms of cathepsin D 
mediated NPC invasion and migration.
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Table S1 Proteins identified by mass analysis were grouped into functional classes

GI number Protein name Gene symbol Mass Score
Queries 
matched

Calculated 
pI

Coverage (%)

23844 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase PLOD1 84068 35 1 6.47 2

30524 Dihydrolipoamide S-acetyltransferase DLAT 69466 154 3 7.96 7

33054 Insulin-like growth factor 2 receptor variant IGF2R 15666 19 1 6.81 2

37267 Transketolase TKT 68435 200 4 7.90 9

38078 NADH2 dehydrogenase (ubiquinone) (EC 1.6.5.3) 75K 
chain precursor 

NDUFS1 80443 179 7 5.89 12

118090 Peptidylprolyl isomerase B precursor PPIB 18054 162 5 6.96 27

130257 Junction plakoglobin JUP 82434 164 3 5.75 4

179106 Nonerythroid alpha-spectrin SPTAN1 284107 466 7 5.22 5

179347 HLA-B-associated transcript 3 BAT3 119885 78 1 5.43 1

181401 Keratin 2A KRT2 65678 63 1 8.07 1

189754 Pyruvate dehydrogenase (lipoamide) beta PDHB 58470 239 6 7.96 20

225632 Casein alphaS1 PTPRF 24477 67 2 4.85 10

229532 Ubiquitin UBA52 18296 54 1 9.68 10

238427 Solute carrier family 3 SLC3A2 30739 55 2 8.63 10

241477 Heterogeneous nuclear ribonucleoprotein K HNRNPK 51230 73 2 5.39 6

306890 Heat shock protein 60 HSPD1 61174 105 4 5.70 14

306891 Heat shock protein HSP 90-alpha 2 HSP90AA2 85006 467 12 4.94 18

312137 Fructose-bisphosphate aldolase (EC 4.1.2.13) C ALDOC 39830 143 2 6.41 7

313660 Alu RNA-binding protein SRP14 14561 108 3 9.47 6

347134 NADH dehydrogenase (Ubiquinone) flavoprotein 1, 
51kDa variant 

NDUFV1 51465 42 1 3.80 8

347134 Succinate dehydrogenase flavoprotein subunit SDHA 73670 94 1 7.06 2

403456 Golgi transport 1 homolog B Golt1b 49329 41 1 5.68 3

404105 Alpha-catenin CTNNAL 100702 148 3 6.06 4

416178 Desmoglein 2 DSG2 122218 53 3 3.80 7

435291 NADH dehydrogenase (ubiquinone) 1 alpha 
subcomplex, 9

NDUFA9 42654 150 5 9.81 19

435476 Keratin 9 KRT9 62320 39 2 5.19 5

440799 Isoleucyl-tRNA synthetase AIMP1 17129 33 1 6.26 1

549052 Tubulin alpha chain TUBA1C 50820 263 6 4.94 22

550062 GTP-binding protein Rab2 RAB2 23720 82 2 6.08 13

553254 NADH cytochrome b5 reductase CYB5R3 26514 100 2 9.34 12

608516 Ribosomal protein L23a pseudogene 32 RPL23AP32 14970 74 1 10.51 14

609342 Nucleophosmin NPM1 32726 67 1 6.46 7

757924 Epidermal growth factor receptor EGFR 134204 79 2 6.10 6

762885 Transmembrane emp24-like trafficking protein TMED10 25131 51 1 6.97 5

862457 Enoyl-CoA hydratase HADHA 83648 250 7 9.16 13

1050551 Rab7 RAB7A 23829 102 2 7.53 13

1060888 26S proteasome subunit p97 PSMC3 100863 40 3 5.08 5

1136742 CDNA FLJ45525 fis, clone BRTHA2026311, highly 
similar to Protein disulfide isomerase A6

PDIA3 57480 94 2 4.76 9

1147813 Desmoplakin I DSP 331571 189 6 6.44 3

1346344 Keratin 6a KRT6A 60008 41 1 11.00 5

1477646 Plectin PLEC 518173 507 12 5.57 4

1580888 2-oxoglutarate carrier protein SLC25A10 34298 60 1 9.98 3

1705996 Coatomer complex alpha chain homolog COPA 98967 53 2 5.32 3

1871210 Complement component 1, q subcomponent binding 
protein

C1QBP 31742 127 3 4.74 12

2070899 Endoplasmic-reticulum-lumenal protein 28 ERP28 28975 36 1 6.10 7

2500360  ribosomal protein L14 RPL14 23438 79 1 11.11 5

2605590 Ubiquinol-cytochrome c reductase complex 
ubiquinone-binding protein QP-C

UBC 18440 19 1 7.74 1

2801793 Progesterone receptor membrane component 2 PGRMC2 21785 59 1 4.57 7

2906146 Malate dehydrogenase 2, NAD (mitochondrial) MDH2 35937 52 1 8.92 5

3088338 Ribosomal protein S10 RPS10 19855 46 1 9.63 7

3212355 DEAH (Asp-Glu-Ala-His) box polypeptide DHX15 1180 41 1 7.30 17

3282771 Actin ACAT1 42381 66 1 5.23 4

4378804 Hemoglobin beta chain HBB 16102 63 1 6.75 6

4502101 Annexin I ANXA1 17422 100 1 6.19 10

4502303 ATP synthase subunit O, mitochondrial precursor ATP5O 23377 83 2 9.97 18

4503143 Cathepsin D CTSD 45037 94 2 6.10 7

4503509 Eukaryotic translation initiation factor 3 subunit A EIF3A 166867 76 3 6.38 3

4503841 X-ray repair cross-complementing protein 6 isoform 1 XRCC6 70084 58 1 6.23 3

4505467 5'-nucleotidase isoform 1 preproprotein NT5E 63898 85 1 6.58 2

4505467 McKusick-Kaufman syndrome MKKS 84026 271 9 6.08 22

4505773 Prohibitin PHB 32797 73 3 9.50 7

4506221 Proteasome 26S ATPase subunit 1 PSMC1 49325 43 1 5.87 3

4506243 Polypyrimidine tract-binding protein 1 isoform c 
variant 

PTBP1 59767 86 2 9.27 7

4506243 Heat shock protein 90kDa alpha HSP90AB1 85006 467 12 4.94 18

4506667 Acidic ribosomal protein P0 RPLP0 34514 98 3 5.41 11

4506675 Ribophorin I precursor RPN1 68643 288 9 5.96 20

4507319 surfeit 1 SURF1 33481 44 1 9.64 3

4507457 Transferrin receptor TFRC 85274 212 8 6.18 15

4757900 Calreticulin variant CALR 48283 92 2 4.29 8

4758714 Microsomal glutathione S-transferase 3 MGST3 16734 82 1 9.46 8

4758788 NADH dehydrogenase (Ubiquinone) Fe-S protein 3, 
30kDa

NDUFS3 27528 114 2 8.28 9

4826760 Heterogeneous nuclear ribonucleoprotein HNRNPUL1 45484 69 2 5.38 8

4826848 NADH dehydrogenase [ubiquinone] 1 alpha 
subcomplex 

NDUFA9 16557 90 1 8.42 14

5031753 Heterogeneous nuclear ribonucleoprotein H HNRNPH3 49484 163 2 5.89 7

5031857 Lactacte dehydrogenase LDHAL6B 36950 174 5 8.44 15

5031857 L-lactate dehydrogenase A chain isoform 1 LDHA 36950 225 4 8.44 15

5032181 Translocase of inner mitochondrial membrane 17 
homolog B (yeast)

TIMM17B 18432 44 1 9.21 12

5174723 Translocase of outer mitochondrial membrane 40 
homolog

TOMM40 38211 132 3 6.79 13

5453832 Nonerythroid alpha-spectrin SPTBN1 111494 190 4 5.16 6

5454122 Translocase of inner mitochondrial membrane 23 
homolog B

TIMM23B 28315 47 1 9.47 6

5729877 Heat shock 70kDa protein 8 isoform 1 variant HSPA8 71082 155 3 5.37 9

5729877 Inner membrane protein IMMT 71086 94 2 5.37 4

5802974 Peroxiredoxin 3 isoform a variant PRDX3 27607 48 2 6.27 3

6005717 ATP synthase, H+ transporting, mitochondrial F0 
complex

ATP5F1 28947 43 4 9.37 12

6005884 Signal sequence receptor, gamma SSR3 70223 30 1 9.07 2

6563291 MAPK scaffold protein 1 MAPKSP1 13554 51 1 8.5 5

6912482 LETM1 and EF-hand domain-containing protein 1, 
mitochondrial precursor

LETM1 83986 115 2 6.30 3

7022951 DnaJ (Hsp40) homolog, subfamily C, member 11 DNAJC11 63524 71 1 8.54 3

7305053 Myoferlin isoform a MYOF 236100 258 5 5.84 3

7305581 Mitochondrial import inner membrane translocase 
subunit Tim13 

TIMM13 10679 90 1 8.42 14

7657257 Mitochondrial import receptor subunit TOM20 
homolog

TOMM20 16459 78 1 8.80 13

7706563 Ras-related protein Rab-8B RAB8B 23740 65 1 9.15 6

10716563 Calnexin precursor CANX 67526 270 8 4.47 12

11559927 28S ribosomal protein S14, mitochondrial MRPS14 15243 105 1 11.42 11

13543571 Family with sequence similarity 62 ESYT2 8018 94 3 8.71 25

15214478 Rap2b RAP2B 20719 66 1 4.73 6

15431310 Keratin 14 KRT14 51630 63 1 11.00 14

15928608 Solute carrier family 25 SLC25AL 32905 100 2 9.76 8

19263767 Similar to cytoskeleton-associated protein 4 CKAP4 62194 86 2 5.51 5

19923665 BRI3-binding protein precursor BRI3BP 27932 62 1 9.47 7

20070125 Prolyl 4-hydroxylase, beta subunit precursor P4HB 23785 95 1 9.42 6

20140018 Mitochondrial ribosomal protein S9 MRPS9 46034 42 1 9.54 3

20146606 ATP synthase alpha subunit ATP5A1 48490 86 1 4.76 9

20455477 Carcinoembryonic antigen-related cell adhesion 
molecule 6

CEACAM6 37457 56 1 5.56 6

21361331 Carbamoylphosphate synthetase I CPS1 165975 55 1 6.30 1

24308133 Transmembrane and coiled-coil domains 1 TMCO1 40325 31 2 10.33 1

30354257 Family with sequence similarity 20, member B FAM20B 46867 41 1 5.52 8

30795212 Insulin-like growth factor 2 receptor variant IGF2BP3 66195 47 1 8.48 2

32189394 Chromosome 8 open reading frame c8orf33 56525 543 11 5.26 28

32990092 Dolichyl-diphosphooligosaccharide-protein 
glycosyltransferase

DDOST 50943 174 4 5.96 23

34328538 L-lactate dehydrogenase A-like 6B LDHAL6B 42364 69 1 9.46 4

35493916 Ribophorin II isoform 1 precursor RPN2 69357 135 2 5.44 5

38455427 Chaperonin containing TCP1, subunit 4 CCT4 58410 45 1 7.96 2

39995082 NOL1/NOP2/Sun domain family, member 2 NSUN2 87228 79 3 6.33 4

40674640 IQGAP1 protein IQGAP1 189761 50 1 5.64 1

41281885 Ubiquinol-cytochrome c reductase complex 7.2 kDa 
protein 

UQCRC1 25719 51 3 4.67 11

41584442 Fatty acid synthase FASN 273277 240 5 5.97 4

47938913 Hypoxia up-regulated 1 HYOU1 75529 144 3 5.55 7

54304187 Alpha-actinin 1 ACTN1 103563 92 3 5.25 4

61104911 Heat shock protein 90Bb HSP90B2P 49382 149 3 5.09 6

61556754 Prohibitin-2 PHB2 33292 389 9 9.83 27

61743954 AHNAK nucleoprotein isoform 1 AHNAK 628699 156 6 5.80 1

62897075 Heat shock 70kDa protein 9B HSPA9 73920 881 19 5.87 22

62897764 Stomatin (EPB72)-like 2 variant STOML2 38624 51 1 6.88 4

71042395 Dihydrolipoamide dehydrogenase (EC 1.8.1.4) 
precursor 

DLD 54713 66 2 7.95 9

71042395 Roadblock domain containing ROBLD3 50638 72 2 6.35 8

77735471 OCIA domain-containing protein 2 OCIAD2 17177 79 1 9.41 8

116295258 Integrin alpha-2 precursor ITGA2 130469 97 2 5.10 2

158187780 Ribosomal protein rpl24 RPL24 17350 58 1 11.08 5

190192194 Filamin B FLNB 280157 570 18 5.47 12

195972866 Keratin 10 KRT10 59020 60 2 5.13 7

344289074 Sodium/potassium-transporting ATPase subunit beta-
3-like 

ATPLB3 32154 63 1 8.58 5

395511724 NADH dehydrogenase [ubiquinone] flavoprotein 2, 
mitochondrial-like

NDUFV2 27635 114 2 6.53 9

521026634 Protein disulfide-isomerase A6 PDIA6 48490 187 3 4.95 12

528753857 Tubulin, alpha 1b TUBA1B 42729 152 3 5.70 12

568290660 ATP synthase F1, beta subunit ATP5B 58151 240 4 5.62 11

19923919  The receptor-associated protein TRAP1 20894 40 1 8.74 7

435476  Keratin 84 KRT84 62324 118 3 5.19 10

551638  SSR alpha subunit SSR1 32163 77 1 4.43 5

5802974  Peroxiredoxin 4 PRDX4 30749 50 1 5.86 9

7331218  Keratin 33 KRT33A 66152 220 6 8.16 11
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