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Abstract

Nogo-B receptor (NgBR) is a type | receptor and specifically binds to ligand Nogo-B. Our
previous work has shown that NgBR is highly expressed in human breast invasive ductal
carcinoma. Here, comprehensive proteome quantification was performed to examine the alteration
of protein expression profile in MDA-MB-231 breast tumor cells after knocking down NgBR
using lentivirus-mediated sShRNA approach. Among a total of 1771 proteins feasibly quantified,
994 proteins were quantified in two biological replicates with RSD < 50%. There are 122 proteins
significantly down-regulated in NgBR knockdown MDA-MB-231 breast tumor cells, such as
vimentin and S100A4, well-known markers for mesenchymal cells, and CD44, a stemness
indicator. The decrease of vimentin, SI00A4 and CD44 protein expression levels was further
confirmed by Western blot analysis. MDA-MB-231 cells are typical breast invasive ductal
carcinoma cells showing mesenchymal phenotype. Cell morphology analysis demonstrates NgBR
knockdown in MDA-MB-231 cells results in reversibility of Epithelial-Mesenchymal Transition
(EMT), which is one of the major mechanisms involved in breast cancer metastasis. Furthermore,
we demonstrated that NgBR knockdown in MCF-7 cells significantly prevented the TGF-p-
induced EMT process as determined by the morphology change, and staining of E-cadherin
intercellular junction as well as the decreased expression of vimentin.
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1. Introduction

Breast cancer is one of the most frequently diagnosed cancers and the leading cause of
cancer death among females [1-3]. The current combinations of early detection with
screening programs and the advent of more efficacious adjuvant systemic therapy
successfully decrease breast cancer mortality [4]. Such effective pathway-specific targeted
and patient-tailored therapeutics requests continued advances in our understanding of the
molecular biology of breast cancer progression and discovery of new prognosis markers [4].
Breast cancer is the most common malignant disease among Western women, and its
metastasis of distant sites is the main cause of death [5]. Epithelial-mesenchymal transition
(EMT) is one of major mechanisms involved in breast cancer metastasis [5-8]. During
EMT, the cells lose their epithelial characteristics and acquire more migratory mesenchymal
properties. EMT is a well-recognized process in embryonic development to facilitate
migration of neural crest cells out of the neuroectoderm [9] [10]. EMT also happens in the
formation of fibroblasts during wound healing and the transformation of epithelial cells into
the invasive metastatic mesenchymal cells [9]. Here, we reveal the novel role of NgBR in
promoting EMT of breast tumor cells by comprehensive proteome quantification approach.

EMT has been well documented in the progression of breast cancer [11, 12]. EMT is a
complicated molecular and cellular program by which epithelial cells lose their
differentiated characteristics, such as cell-cell junctions and cell polarity due to decreased
expression of E-cadherin, and gain the capabilities of motility and invasiveness by acquiring
mesenchymal features demonstrated by the increased expression of vimentin, a typical
marker for mesenchymal cells [6-8]. Activation of TGF-3 signaling pathway has been
demonstrated as an important regulator for the expression of epithelial genes and induction
of mesenchymal genes [6-8, 10]. In addition, cross-talk between TGF-p and PDGF, Wnt,
and Notch signaling pathways also has been shown to contribute to EMT [6-8, 10]. As a
downstream signaling of TGF-$, PDGF, Wnt, and Notch signaling pathways, activation of
the phosphatidylinositol 3-kinase (P13K) and Akt promotes EMT [10, 13]. Activated Akt
phosphorylates glycogen synthase kinase-3p (GSK-38) and results in inactivation of
GSK-3p, which is a negative regulator for the activation of Snail that is essential signaling
for EMT [13-17].

The Nogo isoforms-A, -B and -C are members of the reticulon family of proteins. Nogo-A
and Nogo-C are highly expressed in the central nervous system (CNS), with Nogo-C
uniquely found in skeletal muscle, while Nogo-B is found in most tissues [18, 19]. Nogo-A
(also called RTN4-A) binds its specific receptors, such as NgR and LiNGO1, and acts as a
negative regulator of axon sprouting [20-23]. Nogo-B was previously identified as a protein
that is highly expressed in caveolin-1 enriched microdomains of endothelial cells (EC) [24].
The amino terminus (residues1-200) of Nogo-B (AmNogo-B) serves as a chemoattractant
for EC [24]. Mice deficient in Nogo-A/B show exaggerated neointimal proliferation,
abnormal remodeling [24] and a deficit in ischemia induced arteriogenesis and angiogenesis
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[25]. NgBR was identified as a receptor specific for AmNogo-B by an expression cloning
approach [26]. High affinity binding of AmNogo-B to NgBR is sufficient for AmNogo-B
mediated chemotaxis and tube formation of endothelial cells [26]. We further demonstrated
that NogoB-NgBR ligand-receptor pair is necessary for in vivo angiogenesis in zebrafish via
the Akt pathway [27]. Genetic knockdown of either NogoB or NgBR by antisense
morpholino abolished intersomitic vessel formation during developmental angiogenesis, and
those defects can be rescued by constitutively activated Akt [27]. Our recent studies further
demonstrated that NgBR is highly expressed in human breast invasive ductal carcinoma
[28]. However, the exact roles of NgBR in the progression of cancer are still unclear. Here,
we first utilized the on-column pseudo triplex stable isotope dimethyl labeling approach to
quantify the different protein expression levels in both NgBR knockdown and control MDA-
MB-231 breast cancer cells. Our results demonstrated it is an effective approach to capture
the unknown biological function of NgBR from the results of global protein alteration
caused by NgBR deficiency.

2. Experimental Procedures

2.1 Reagents and Materials

Polystyrene-divinylbenzene (PS-DVB) copolymer microparticles (60 pm, 300 A) were
obtained from Sepax (Suzhou, China). Daisogel ODS-AQ (3 um, 120 A) was purchased
from DAISO Chemical CO., Ltd. (Osaka, Japan). Formic acid (FA) and sodium
cyanoborohydride (NaBH3CN) were provided by Fluka (Buchs, Germany). Acetonitrile
(ACN, HPLC grade) was purchased from Merck (Darmstadt, Germany). Rabbit polyclonal
antibodies for vimentin, CD44, E-cadherin, S100A4 and fibronectin were purchased from
GeneTex, Inc. (Irvine, CA, USA). Rabbit polyclonal antibody for heat-shock protein-90 was
purchased from BD Biosciences (San Jose, CA, USA). Rabbit anti-phosphorylated Akt and
total Akt antibodies were purchased from Cell Signaling (Danvers, MA, USA). NgBR rabbit
monoclonal antibody (Clone ID: EPR8668) was generated by Epitomics (Burlingame, CA,
USA) as a collaboration project. All the other chemicals and reagents were purchased from
Sigma (St. Louis, MO, USA). Fused silica capillaries with 75 and 200 um i.d. were obtained
from Polymicro Technologies (Phoenix, AZ, USA). All the water used in experiments was
purified using a Milli-Q system (Millipore, Bedford, MA, USA).

2.2 Establishment of NgBR knockdown stable cell line

MDA-MB-231 cells and MCF-7 cells from ATCC (Manassas, VA, USA) were grown in
DMEM (Life Technologies, Grand Island, NY, USA) containing penicillin (100 U/ml),
streptomycin (100 mg/ml), and 10% (v/v) fetal calf serum (HyClone, Thermo Scientific,
Pittsburgh, PA, USA). MDA-MB-231 cell were infected with lentivirus expressing non-
targeting ShRNAI (NS) or shRNA. targeting NgBR (shNgBR) (OpenBiosystems, Thermo
Scientific, Pittsburgh, PA, USA). The sense sequence of shNgBR is 5’-
CGGTCAATAAGTTGTAATCTTG-3'. Stable NS or shNgBR cell lines were established by
puromycin selection. For transient knockdown experiments, MDA-MB-231 and MCF-7
cells were transfected with All-Star non-silencing siRNA (NS) or siRNA-targeting NgBR
(siNgBR) (forward sequence: GGAAAUACAUAGACCUACA, reverse sequence:
UGUAGGUCUAUGUAUUUCC) (QIAGEN, Valencia, CA, USA) using oligofectamine
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(Life Technologies) as described before [26]. Cell morphology was observed and recorded
using Nikon Eclipse TS100 microscope. At 48 h after transfection, protein and total RNA
were collected for Western blot or Real-time PCR analysis (MyiQ, Bio-Rad, Hercules, CA,
USA), respectively.

2.3 Sample preparation and protein digestion

Total cell lysates were prepared by adding 200 pL of cell lysis buffer (20 mM Tris-HCI (pH
7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM
NazVOy, 1 mM phenylmethylsulfonyl fluoride, 1% Triton X-100, and 1 ug/mL leupeptin)
and briefly homogenized with Fisher Scientific Sonic Dismembrator Model 500. After
centrifuged at 12,000 g for 30 min at 4°C, the supernatant was collected for further analysis.
For proteomic analysis, proteins were precipitated with the mixture of ethanol/ether/acetic
acid=50/50/0.1 (v/v/v). The protein precipitates were collected by centrifugation at 12,000 g
for 30 min at 4°C and dried by lyophilization. The pellets of protein extracts from MDA-
MB-231 breast cancer cells were then dissolved in the denaturing buffer containing 8 M
urea and 100 mM triethyl ammonium bicarbonate (TEAB, pH 7.6). The protein
concentration was determined by Bradford assay. The proteins were reduced with
dithiothreitol to the final concentration of 20 mM at 37 °C for 2 h and alkylated with
iodoacetamide to the final concentration of 40 mM at room temperature in the dark for 40
min. The solution was then diluted 10-fold with 100 mM TEAB and incubated with trypsin
(from bovine pancreas, TPCK treated) at the ratio of enzyme to substrate at 1/25 (w/w) at 37
°C overnight. To terminate the digestion, 1% (v/v) trifluoroacetic acid/water solution was
added. All of the resulted tryptic digests were stored at —20 °C before usage.

2.4 On-column stable isotope dimethyl labeling

Firstly, the light, intermediate and heavy labeling reagents were prepared as follows: 5 mL
of 50 mM sodium phosphate buffer (pH 6.8, prepared by mixing 2.5 mL of 50 mM
NaH,PO4 with 2.5 mL of 50 mM NayHPO,) is mixed with 500 pL of 4% (v/v)
formaldehyde in water (CH,0, CD,0 or 13CD,0) and 500 pL of freshly prepared 0.6 M
cyanoborohydride in water (NaBH3CN or NaBD3CN). The SPE column (1 mL) with C8
plugs was packed in-house with 250 mg PS-DVB polymer-based beads (60 pm, 300 A).
Then the column was activated with 500 uL x 4 of ACN and equilibrated with 500 pL x 4 of
water. Tryptic digests (200 pg in 200 uL of 100 mM TEAB solution) of NS control sample
were loaded onto the SPE column and then flushed with 1 mL x 3 of the light labeling
reagent. After washed by 500 pL x 2 of 50 mM sodium phosphate buffer (pH 6.8), tryptic
digests (200 pg in 200 L of 100 mM TEAB solution) of NgBR knockdown sample were
loaded onto the same SPE column and then were labeled with the intermediate labeling
reagent. After washed by sodium phosphate buffer, the same amount of tryptic digests of NS
control sample were loaded onto the column again and labeled with the heavy labeling
reagent. The labeled sample mixture was eluted with 500 pL x 2 of 80% ACN containing
5% ammonia solution and dried by the vacuum centrifugation. For biological replicate, the
other batch of MDA-MB-231 breast cancer cells was prepared the same as described above.
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2.5 Online two-dimensional liquid chromatography separation and mass spectrometry

analysis

The HPLC system consisted of a degasser and a quaternary surveyor MS pump (Thermo
Scientific, San Jose, CA, USA). 0.1% FA aqueous solution (buffer A), 0.1% FA acetonitrile
solution (buffer B) and 1000 mM NH4AC buffer (pH 2.7, buffer C) were used as the mobile
phase. The separation capillary column with 75 pm i.d. was packed in-house with C18
particle (3 pm, 120 A) to 15 cm length. For each run, the flow rate after splitting was
adjusted to about 200 nL/min and a 90 min RP separation gradient was performed as
follows: buffer B from 0 to 5% for 2 min, 5 to 35% for 90 min and 35 to 80% for 5 min.
After flushing with 80% buffer B for 5 min, the separation system was equilibrated by
buffer A for 15 min.

The automated sample injection and two-dimensional separation using the SCX-RP system
were constructed as our previous report [29]. The lyophilized samples were first
resuspended in 75 pL of buffer A and 25 pL of dissolved samples was injected automated
onto the SCX trap column. Then, a series stepwise elution (generated by buffer A and C)
with salt concentrations of 50, 100, 150, 200, 250, 300, 350, 400, 500 and 1000 mM NH4AC
(pH 2.7) was utilized to gradually elute peptides from SCX trap column to the C18
separation column. Each salt step lasted for 10 min and followed by a 15 min equilibration
of buffer A. Finally, a 90 min binary RP gradient nano-RPLC MS/MS analysis as described
above was applied to separate peptides prior to mass spectrometry detection in each cycle.

The LTQ-Orbitrap XL mass spectrometer (Thermo Scientific, San Jose, CA, USA) was
operated in a data dependent MS/MS acquisition mode. The spray voltage was operated at
1.8 kV with the ion transfer tube at 200 °C. Full mass scan acquired in the Orbitrap mass
analyzer was from myz 400 to 2000 with a resolution of 60,000. Up to the 10 most intense
peaks above a signal threshold of 500 were selected to fragmentation in the ion trap via
collision-induced dissociation (CID). The dynamic exclusion function was set as follows:
repeat count 2, repeat duration 30 s and an exclusion duration of 60 s. System controlling
and data collection were carried out by Xcalibur software version 2.0.7 (Thermo Scientific).

2.6 Database searching

Raw data files were analyzed using MaxQuant (version 1.3.0.3). Spectra were searched
against a NCBI human protein database (10 March 2013, 35 922 entries) downloaded from
ftp://ftp.ncbi.nih.gov/refseq/H_sapienssrmRNA_Prot/human.protein.faa.gz with mass
tolerance of 6 ppm and fragment mass deviation of 0.5 Da. Trypsin was set as the specific
proteolytic enzyme with up to two missed cleavage sites. Carbamidomethylation (C) was
searched as a fixed modification whereas oxidation (M) was searched as a variable
modification. Triplets were selected as the quantification mode with the dimethyl Lys 0, 4, 8
and dimethyl N-term 0, 4, 8 selected as light, intermediate and heavy labels, respectively.
The cutoff false discovery rate (FDR) at peptide level was set to 0.01. The false detection
rate (FDR) was determined by equation of FDR = [2 x FP / (FP + TP)] x 100%, where FP
(false positive) is the number of peptides that were identified based on sequences in the
reverse database component and TP (true positive) is the number of peptides that were
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identified based on sequences in the forward database component. Default settings were
used for all the other parameters in MaxQuant.

2.7 Real time-PCR

Total RNA was isolated from NS or shNgBR cell lines using RNeasy kit (Qiagen). 1ug of
RNA was used for RT-PCR using iScript cDNA synthesis kit (BioRad). Real-time PCR was
performed with Bio-Rad MyiQ detection system (Bio-Rad, Hercules, CA, USA). Beta-actin
was used as normalized control. The sequence of primers was listed in the supplemental
Table S1.

2.8 Western blot analysis

Total cell extract (50 pg) was separated on a 12% SDS-PAGE gel and transferred to a
nitrocellulose membrane (Bio-Rad). Protein levels were determined by using specific
antibodies as described in the section of Reagents and Materials.

2.9 Immunofluorescence staining

Cells were fixed with 2% paraformaldehyde (PFA) for 10 minutes at room temperature and
permeabilized with 0.1% Triton X-100 in phosphate buffered saline (pH 7.5). E-cadherin
and Vimentin staining were performed using specific rabbit polyclonal primary antibodies
(GeneTex) and Alex488 or Alex568 conjugated donkey anti-rabbit secondary antibodies
(Life Technologies). The fluorescent images were taken by Olympus 1X51 microscope.

2.10 Cell migration assay

A modified Boyden chamber was used (Costar transwell inserts; Corning Inc, Acton, MA).
The transwell inserts were coated with a solution of 100 ug/ml collagen type | (BD
Biosciences) in PBS at 4 °C overnight and then air-dried. MDA-MB-231 cells (5 x 10%
cells) suspended in 100ul aliquot of DMEM medium containing 0.1% BSA was added to the
upper chamber. After 5 hours incubation with 10%FBS DMEM medium in the bottom
chamber, cells on both sides of the membrane were fixed and stained with Diff-Quik
staining kit (Baxter Healthcare Corp, Dade Division, Miami, FL). The average number of
cells from two randomly chosen fields (100x) on the lower side of the membrane was
counted.

2.11 Statistical Analysis

Data are presented as mean + the standard error of the mean (SEM) and the statistical
significance of differences was evaluated with the ANOVA analysis. Significance was
defined as P < 0.05.

3. Results and Discussion

3.1 Comparative proteome quantification of protein alteration in breast cancer cells with
the pseudo triplex labeling approach

MDA-MB-231 cells are triple negative invasive ductal carcinoma cells originally isolated
from pleural effusions of a metastatic breast cancer patient [30, 31]. To investigate the
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regulatory effects of NgBR on breast tumor cell growth, we used lentivirus carrying small
hairpin RNAI (shRNAI) targeting NgBR (OpenBiosystem) to establish stable NgBR
knockdown MDA-MB-231 cells, and use high throughput proteomics to examine the change
of protein expression profile in NgBR knockdown MDA-MB-231 cells as compared to NS
control of MDA-MB-231 cells infected with non-silencing (NS) shRNA..

For the quantitative proteome analysis, it is crucial to improve the quantification accuracy so
as to correctly understand the role of protein in different physiological conditions. The
common approach is to use filtering strategy to remove the spurious peptide ratio by
performing multiple technical and biological replicates analyses. Statistically, multiple
measurements are essential to improve the analysis accuracy. However, for large-scale
proteomics analysis, multiple measurements cost many hours of precious MS time and
consume more sample. Moreover, the analysis sensitivity, i.e. the number of quantified
peptides, decreases significantly if multiple runs of quantitative proteomics are performed.
This is because overlapped identifications among different runs of shotgun proteomics are
low due to the random ion selection process in data dependent MS/MS analysis [32]. To
overcome these problems in large-scale proteome quantification, a pseudo triplex labeling
approach (Fig. 1) was developed in our laboratory [32]. Compared to the conventional
multiple technical replicates results, the amount of quantified phosphopeptide of the novel
approach increased by 50% and the experimental time reduced by 50% under the same
quantification accuracy [32]. Here, it has been further testified for quantitative analysis of
protein alteration happened in NgBR deficiency cells. As described in experimental section,
two identical tryptic digests from the NS control of MDA-MB-231 cell lysate were labeled
with the light (L) and heavy (H) labeling reagents and the third tryptic digests from NgBR
knockdown MDA-MB-231 cell lysate were labeled with intermediate (M) isotope labeling
reagent. In this way, two measurements of protein expression changes between NgBR
knockdown and NS control groups of breast cancer cells can be achieved in one single
experiment (M/L and M/H).At the same time, the ratio of heavy to light (H/L) can be served
as reference system to evaluate the accuracy of quantification results. To remove the
unreliable results, the quantified protein ratios in these two pseudo measurements are further
filtered with the RSD between M/L and M/H < 50% (Fig. S1). By this way, a total of 4897
peptides corresponding to 1453 proteins were quantified in a 24 h on-line multidimensional
separation system (Table S2). The high reliability of quantification results of comparative
samples was demonstrated by the reference system with narrow distribution of log2 ratios
(Fig. 2). To assure the reproducibility of the quantification results, one biological replicate
was also performed and 3910 peptides corresponding to 1373 proteins were quantified
(Table S3). After merging the two biological quantification results, 1771 proteins were
quantified and among them 1055 proteins can be quantified in both of the biological
replicated analyses. Then RSD < 50% between the two biological replicates was used as the
criteria to filter the overlapped quantified proteins, which resulted in quantification of 994
proteins (Table S4). The log2 ratio distribution of the quantified proteins in both biological
replicates was given in Figure 2. By achieving two-replicated analysis in one single
experiment, both MS analysis time and sample amount have been significantly reduced.
Meanwhile, the proteome quantification accuracy and throughput are remarkably improved.

J Proteomics. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhao et al. Page 8

3.2 Gene Ontology classification of the reliably quantified proteins

Among the 994 proteins quantified in both biological replicates, a threshold of 1.5-fold
change was applied for the selection of proteins regulated by NgBR. It was found that 248
proteins were up-regulated whereas 122 proteins were down-regulated in the NgBR
knockdown versus NS control of MDA-MB-231 breast cancer cells. Using the PANTHER
(Protein Analysis Through Evolutionary Relationships) Classification System (Version 9.0,
http://www.pantherdb.org), we categorized the up- and down-regulated proteins into cellular
component, molecular function and biological process pertaining categories, as shown in
Figure 3. For the down-regulated proteins, the cellular component (Fig. 3A) reveals that
more than half of the quantified proteins in MDA-MB-231breast cancer cells were in the
cell part and organelle GO category. The remaining part was associated with
macromolecular complex, membrane, extracellular region, extracellular matrix and cell
junction GO annotation. The molecular functional categories of the majority of proteins are
binding, catalytic activity, structural molecule activity, enzyme regulator activity and
transporter activity (Fig. 3B). Finally, the five most abundant classes of the biological
processes that these down-regulated proteins involved in are metabolic process, cellular
process, developmental process, and biological regulation (Fig. 3C). The major difference
between the up- and down-regulated proteins is down-regulation of macromolecular
complex and extracellular markers in GO Cellular component as shown in Figure 3A, as
well as cellular component organization or biogenesis and biological adhesion in GO
Biological Process as shown in Figure 3C. The list of extracellular makers and proteins
related to cellular component organization and biological adhesion was summarized in Table
1. Among these proteins down-regulated in NgBR knockdown cells, several proteins have
been shown to be involved in the epithelial mesenchymal transition (EMT) and stemness of
breast tumor cells, such as vimentin, S100A4, smooth muscle alpha actin, and CD44 [33-
36]. Vimentin, one of intermediate filament proteins, is a well-known marker for
mesenchymal stem cells [33-35, 37-39]. Smooth muscle alpha actin is one of actin isoform
specifically expressed in vascular smooth muscle cells and myoepithelial cells and also
presented in the advanced stage of EMT [33, 36, 40]. The S100 protein family consists of 24
members and is involved in the regulation of proliferation, differentiation, apoptosis,
calcium homeostasis, energy metabolism, inflammation and migration/invasion [41].
S100A4, also known as fibroblastic marker (FSP1), has been shown as a common mediator
of EMT, fibrosis and regeneration [36, 42, 43]. The high mobility group A1 (HMGAL1) is
highly expressed during embryogenesis and in aggressive human cancer [44]. Although the
role of HMGAL in regulating EMT is not well studied, a previous report showed that
HMGAU1 induces the expression of Twistl, a critical transcription factor for EMT, and
represses E-cadherin, a typical epithelial cell marker for intercellular junction [45]. The
annexins are a super-family of closely related calcium and membrane binding proteins [46].
Annexin Al has been shown to be increased in various cancers [46—48] and is involved in a
range of cellular signal transduction pathways including cell differentiation [46, 49]. A
recent report demonstrated that Annexin Al regulates TGF-f signaling and is a candidate
regulator of the EMT-like phenotypic switch during the formation of basal-like breast cancer
cells [50]. Although the roles of Annexin A2 and A3 in regulating EMT are unclear, the
expression of Annexin A2 and A3 is associated with poor prognosis of different types of
cancer [46, 51-54]. Rab proteins are part of the large Ras superfamily of small GTPases and
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regulate protein secretion, endocytosis, recycling, degradation and intracellular trafficking
[55, 56]. Rab1A is highly expressed in melanoma cells and regulates membrane trafficking
and exosome formation [57]. The Rab-mediated exosome signaling plays an important role
in mammary gland development and cancer [58]. Rab5C promotes AMAP1-PRKD2
complex formation to enhance integrin 1 recycling in EGF-induced cancer invasion [59].
Rab11B regulates the apical recycling of the cystic fibrosis transmembrane conductance
regulator (CFTR) in polarized epithelial cells [60, 61]. CD44 is a stemness indicator, and
high frequency of CD44+CD24- stem cells was observed in basal-like breast tumor cells
during the induction of stem cell-like cancer cells by EMT [33, 62, 63]. CD59 is a new
biomarker for mesenchymal cells [64, 65]. CD151 has been shown in function during the
EMT induction in hepatocellular carcinoma [66] and breast cancer cell lines [67]. MAP1B
has also been reported as a biomarker for undifferentiated human bone marrow-derived
mesenchymal stromal cells [68]. In addition, CDC42, Rac2 and RhoC are important
members of Rho GTPase family regulating cytoskeleton formation, cell polarity, migration
and tumor metastasis [69] as well as the process of EMT [70, 71]. Down-regulation of these
listed proteins that are in some degree related to the EMT process, suggests that NgBR has a
potential role in regulating the EMT process of breast tumor cells. Here we further validate
the regulatory effects of NgBR on EMT by confirming the change of EMT biomarker
expression by Western blot analysis and real-time PCR, as well as examining the
transformation of epithelial cell phenotype and intercellular junction formation by
immunofluorescence staining of vimentin and E-cadherin in NgBR knockdown breast tumor
cells.

3.3 NgBR knockdown in MDA-MB-231 cells results in reversibility of Epithelial-
Mesenchymal Transition (EMT)

MDA-MB-231 cells are mesenchymal type breast cancer cells with highly expressed
mesenchymal marker vimentin and lowly expressed epithelial marker E-cadherin. The
mesenchymal cell type of MDA-MB-231 cells attributes to the phenotype of highly
aggressive, invasive and poorly differentiated breast cancer [72—74]. The quantitative
proteomic results (Table 1) show that vimentin and S100A4, well-known markers for
mesenchymal cells, and CD44, a stemness indicator, significantly decrease in NgBR
knockdown MDA-MB-231 cells. The decrease of vimentin, SL00A4 and CD44 protein
expression levels was further confirmed by Western blot analysis as shown in Figure 4A. In
addition, Western blot results (Fig. 4A) further revealed that fibronectin, which is highly
expressed in mesenchymal cells but not in epithelial cells, also remarkably decreases in
NgBR knockdown MDA-MB-231 cells. To further confirm if NgBR knockdown results in
the mesenchymal to epithelial transition (MET), we determined the expression level change
of several epithelial markers using real-time PCR approach. The results (Fig. 4B)
demonstrate that NgBR knockdown in MDA-MB-231 cells increases the expression of
epithelial markers, such as EpCAM (epithelial cell adhesion molecule), laminin-1 and
nectin-1. These results suggest that NgBR knockdown promotes MET of MDA-MB-231
cells.

As shown in Figure 4C, MDA-MB-231 cells in NS control group lose their cobblestone-like
epithelial appearance and present an elongated, spindle-like fibroblastic shape. Cells with
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cobblestone-like epithelial cell morphology are found in NgBR knockdown MDA-MB-231
cells as pointed out with arrowheads. We found that almost all the cells are shown as
spindle-like mesenchymal type cells without cell junction in NS control group, but in the
NgBR knockdown group, we observed many cobblestone-like cell clusters with junctions,
which are more likely to be epithelial cell morphology. In addition, the capability of cell
mobility was examined by transwell migration assay as described in the Method. The results
(Figure 4D) showed that NgBR knockdown decreased the mobility of MDA-MB-231 cells,
which may be related to the change of epithelial cell phenotype as shown in Figure 4C.

To further confirm the specificity of NgBR knockdown by shRNAI, we used validated
SiRNA targeting NgBR to knock down NgBR by transient transfection approaches and then
examined the effects of NgBR transient deficiency on MET of MDA-MB-231 cells.
Consistent with results observed in stable cell lines as shown in Figure 4, NgBR knockdown
decreased the expression of mesenchymal markers such as vimentin, fibronectin and CD44
proteins as determined by Western blot analysis (Figure S2A), and increases the epithelial
cell markers such as EpCAM, laminin-1 and nectin-1 as determined by real-time PCR
analysis (Figure S2B). Consequently, cells in NgBR knockdown (KD) group presented
epithelial cell morphology with cobblestone-like cell clusters with junctions (Figure S2C).

As discovered by quantitative proteome analysis, vimentin and S100A4, well-known
markers for mesenchymal cells, and CD44, a stemness indicator, significantly decrease in
NgBR knockdown MDA-MB-231 cells. The findings suggest that NgBR knockdown
changes the phenotype of MDA-MB-231 cells, which is a mesenchymal type breast tumor
cells with high expression of mesenchymal marker vimentin and low expression of epithelial
cell marker E-cadherin. Changes in cell phenotype between epithelial and mesenchymal
states has been defined as epithelial-mesenchymal transition (EMT) and mesenchymal
epithelial transition (MET), respectively [6]. The cell phenotype change process between
epithelial and mesenchymal cells plays a critical role in embryonic development as well as
in the pathogenesis of cancer [9, 75, 76]. It has also been shown that EMT is associated with
a gain of stem cell-like behavior, which attribute to the increased metastatic process and
tumor resistance [7, 8, 77-80]. During the induction of stem cell-like cancer cells by EMT,
high frequency of CD44+CD24- stem cells was observed in basal-like breast tumor cells
[33, 62, 63]. It is consistent with our findings (Figure 4A, Table 1) that NgBR knockdown in
MDA-MB-231 cells, a basal-like breast tumor cells, diminished the mesenchymal phenotype
as well as the levels of stemness marker, CD44. Epithelial cells and mesenchymal cells can
been distinguished by morphology architecture and special cell markers. Epithelial cells are
characterized by (1) cohesive interactions among cells to facilitate the formation of
continuous cell layers; (2) existence of three membranes domains: apical, lateral and basal;
(3) presence of tight junctions between apical and lateral domains; (4) apicobasal polarized
distribution of the various organelles and cytoskeleton components; and (5) lack of mobility
of individual epithelial cells with respect to their local environment. Different from
epithelial cell architectures, mesenchymal cells have (1) loose or no interactions among
cells, or no formation of continuous cell layer; (2) no clear apical and lateral membranes; (3)
no apicobasal polarized distribution of organelles and cytoskeleton components; and (4)
increased cell motility and invasive properties [13]. The definition of epithelial cells and
mesenchymal cells is not only based on morphology, but also determined by different cell
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markers. Epithelial cell markers are E-cadherin, EpCAM, Laminin-1, Nectin-1.
Mesenchymal cell markers are vimentin, fibronectin, N-Cadherin, S100A4, smooth muscle
alpha actin. Our results show that NgBR knockdown not only change cell morphology from
an elongated, spindle-like fibroblastic shape to a cobblestone-like epithelial appearance, but
also decreases the expression of mesenchymal cell markers, such as vimentin, S1I00A4 and
fibronectin, and increases the expression of epithelial cell markers, such as EpCAM,
laminin-1 and nectin-1. In addition, NgBR knockdown reduces the expression of CD44, a
stemness indicator for breast cancer cells. These findings demonstrate that NgBR
knockdown results in MET of MDA-MB-231 cells. It suggests that NgBR expression in
tumor cells is essential for the EMT of tumor cells.

3.4 NgBR knockdown prevents the TGF-p induced EMT of MCF-7 breast tumor cells

To further demonstrate the regulatory effects of NgBR on the EMT process of breast tumor
cells, we also examine the effects of NgBR knockdown on the TGF-f induced EMT process
of MCF-7 cells. Unlike MDA-MB-231 basal-like breast tumor cells, MCF-7 shows the
typical epithelial cell phenotype with tight junction as shown in the left panel of Figure 5A.
After 48 hour of TGF-f treatment, the most of MCF-7 cells transfected with NS siRNA lost
tight cell-cell junction and had a sporadic cell distribution (Fig. 5A, middle and right upper
panels). However, most of NgBR knockdown MCF-7 cells with NgBR siRNA (siNgBR)
still kept tight epithelial cell junction and continuous cell layers (Fig. 5A, middle and right
bottom panel). Vimentin is a typical mesenchymal marker. Western blot results showed that
NgBR knockdown in MCF-7 cells significantly reduced TGF- caused vimentin expression
induction as compared to NS siRNA treated MCF-7 cells (Fig. 5B). In addition, NgBR
knockdown also abolished TGF-B-induced expression of ZEB1 and TWIST, which are
critical transcription factors for promoting EMT procession [5-8]. To confirm the specific
inhibitory effects of NgBR knockdown on TGF-B-induced EMT, we rescued the NgBR
deficiency in MCF-7 cells transfected with NgBR siRNA (targeting 3’UTR region of
NgBR) by transient transfection of NgBR-HA plasmid DNA (NgBR coding cDNA). As
shown in Figure S3, unlike MCF-7 cells transfected with NgBR siRNA only (Fig. S3A,
middle right panel), TGF-$ induced the EMT procession in MCF-7/NgBR siRNA cells
overexpressing NgBR-HA (Fig. S3A, bottom right panel). In addition, NgBR-HA
overexpression rescued the induced expression of vimentin (Fig. S3B) and the decreased
expression of E-Cadherin (Fig. S3C) in NgBR deficient MCF-7 cells. Interestingly, results
of Figure S4 demonstrated that overexpression of NgBR-HA in MCF-7 cells promoted
TGF-B-induced EMT procession as evidenced by the morphology change as shown in Fig.
S4A and increased expression of mesenchymal maker, vimentin (Fig. S4B).

IF staining of E-cadherin, an adhesion protein presented between the cell-cell junctions of
epithelial cells, further demonstrated that E-cadherin presents at the cell-cell junction of
MCEF-7 cells before the TGF-f treatment (Fig. 6A, upper panels). TGF-B treatment results in
the loss of E-cadherin presented at the cell-cell junction of MCF-7 cells infected with NS
SiRNA (Fig. 6A, left bottom panel). However, E-cadherin staining between cell-cell
junctions still can be detected in MCF-7 cells infected with NgBR siRNA (Fig. 6A, right
bottom panel). Opposite to E-cadherin staining, vimentin staining only can be detected in
TGF-B treated NS MCF-7 cells (Fig. 6B, left bottom panel), but not in NS MCF-7 cells
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without TGF-f treatment (Fig. 6B, left upper panel) or NgBR knockdown MCF-7 cells
treated with or without TGF- (Fig. 6B, right bottom and upper panels, respectively). It
clearly demonstrated that TGF—f induced EMT transition of MCF-7 cells and NgBR
knockdown prevented the EMT transition. Combined with MDA-MB-231 results, it reveals
that NgBR is not only required for keeping mesenchymal phenotype of MDA-MB-231
malignant breast tumor cells, but also is essential for TGF-§ induced EMT procession of
MCF-7 benign breast tumor cells. As shown in Figure S4C, expression levels of both Nogo-
B and NgBR in MDA-MB-231 cells are much higher than in MCF-7, which may interpret
the mesenchymal phenotype presented in MDA-MB-231 cells.

3.5 NgBR knockdown impairs the activation of Akt in breast tumor cells

Given these findings, we sought to determine the molecular mechanism by which NgBR
regulates the switch of EMT and MET. It has been shown that TGF-f, and Wnt/B-catenin
signaling as well as hypoxia triggers EMT activation [6, 10, 13, 81, 82]. However, PI3K/Akt
axis is required for all of these signaling-mediated EMT [13, 83-86]. It has been
demonstrated that PI3K inhibitor LY294002 and dominant-negative Akt mutants block the
TGF-B-induced EMT [13, 87, 88]. Therefore, we examined the change of Akt activation in
NgBR knockdown MDA-MB-231 cells by determining the phosphorylation of Akt using
Western blot analysis. The results (Fig. 7A/B) show that NgBR knockdown in MDA-
MB-231 cells significantly abolishes the phosphorylation of Akt when compared to control
cells. However, total protein levels of Akt in NgBR knockdown cells did not change when
compared to control cells. It suggests that NgBR knockdown only impairs the activation of
Akt in MDA-MB-231 cells. Similarly, NgBR knockdown also diminished the TGF-3
stimulated phosphorylation of Akt but not reduced the total Akt protein levels in MCF-7
when compared to control cells (Fig. 7C/D). In summary, our results show that NgBR
knockdown reduces the TGF-B-stimulated phosphorylation of Akt in breast tumor cells,
which may contribute to inhibition of EMT. The regulatory effects of NgBR on the VEGF-
stimulated phosphorylation of Akt in endothelial cells also have been demonstrated in our
previous report [24, 26, 27]. However, the molecular mechanism by which NgBR regulates
the Akt phosphorylation needs further investigation.

Although Nogo-B and NgBR have been demonstrated to play the important roles in
regulating endothelial cell migration and blood vessel formation [24, 26, 27], roles of Nogo-
B and NgBR in cancer cells and cancer progression are still unclear. Nogo-B (also named as
ASY) was previously identified as one of apoptosis-inducing genes to human cancer [89].
Ectopic expression of the Nogo-B/ASY gene led to extensive apoptosis, particularly in
cancer cells [89]. They further demonstrated that Nogo-B/ASY overexpression contributes
to endoplasmic reticulum stress and induces apoptosis through Ca2* depletion in
endoplasmic reticulum [90]. However, at the same time, stable transfectants overexpressing
high levels of Nogo-B/ASY are resistant to endoplasmic reticulum stress associated stimuli,
which implies that Nogo-B/ASY overexpression activates protective response to
endoplasmic reticulum stress [90]. In addition, the osteosarcoma SaOS-2 cell lines and the
CHO cell lines do express high levels of endogenous Nogo-B. Overexpression of Nogo-B in
both Sa0S-2 and CHO cell lines do not differ significantly from the respective parental
wild-type or control cell lines both in respect to cell proliferation and to spontaneous
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apoptosis or cell death induced by staurosporine and tunicamycin [91]. These controversial
studies cause the uncertainty about the precise roles of Nogo-B in modulating the apoptosis
of cancer cells. Our preliminary results show that overexpression of amino-terminal domain
of Nogo-B (AmNogo-B) does not cause any significant effects on tumor cell growth and cell
survival (data not shown). Knockdown of NgBR also does not significantly affect the
growth and survival of MCF-7 cells under basal growth condition [28]. The detailed roles of
NgBR in breast cancer really need further investigation.

4. Conclusion

This is the first study to use quantitative proteomics analysis to investigate the global role of
NgBR in regulating breast cancer cells. The findings from this study demonstrate: (a) the on-
column pseudo triplex labeling approach improves the quantification accuracy and
throughput of the large-scale comparative proteomics analysis; (b) NgBR knockdown
diminishes the expression of mesenchymal cell markers and increases the expression of
epithelial cell markers; (c) NgBR knockdown results in MET of MDA-MB-231 cells; (d) as
a proof of concept, NgBR knockdown also prevents the TGF-f induced EMT of MCF-7
cells, and finally, (¢) NgBR is also required for activation of Akt kinase in both MDA-
MB-231 cells and MCF-7 cells, which are central signaling for EMT. These results suggest
that NgBR-mediated Akt activation may play an important role in switching decision
between EMT and MET.

In summary, this study provides a good example to demonstrate that quantitative proteomics
analysis provides biologists with a powerful tool to explore unknown biological function.
The EMT has been implicated in two of the most important processes responsible for
cancer-related mortality: progression to distant metastatic diseases and acquisition of
therapeutic resistance [6-8]. The findings of this study demonstrate NgBR is a potential
regulator for breast tumor metastasis and tumor resistance because NgBR knockdown blocks
EMT. Therefore, NgBR may be a novel therapeutic target for breast cancer.
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M/L intermediate/light
M/H intermediate/heavy
RSD relative standard deviation
GO gene ontology
PANTHER protein analysis through evolutionary relationships
FSP1 fibroblastic marker
HMGA1 high mobility group Al
CFTR cystic fibrosis transmembrane conductance regulator
MET mesenchymal to epithelial transition
EpCAM epithelial cell adhesion molecule
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Biological significance

Our previous publication showed that NgBR is highly expressed in human breast
invasive ductal carcinoma. However, the roles of NgBR and NgBR-mediated signaling
pathway in breast tumor cells are still unclear. Here, we not only demonstrated that the
guantitative proteomics analysis is a powerful tool to investigate the global biological
function of NgBR, but also revealed that NgBR is involved in the transition of breast
epithelial cells to mesenchymal stem cells, which is one of the major mechanisms
involved in breast cancer metastasis. These findings provide new insights for
understanding the roles of NgBR in regulating breast epithelial cell transform during the
pathogenesis of breast cancer.
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Reference Reference
system sytem

200 pg NS1 tryptic digestion 200 pg KD1 tryptic digestion 200 pg NS1 tryptic digestion

1 1 mL 4% CH,0 l 1 mL 4% CD,0 l 1 mL 4% 3CD,0

11 mL 0.6 M NaBH,CN 11 mL 0.6 M NaBH,CN 11 mL 0.6 M NaBD,CN

Load onto the same SPE column and sequentially labeling

180% ACN/ 5% NH;.H,0 wash

SCX-RPLC-MS/MS analysis

|

Average of two replicated results in one LC-MS/MS analysis

Figure 1. Flowchart of pseudo triplex labeling approach
Tryptic digests of NS control sample were loaded onto the SPE column and then flushed

with the light labeling reagent. After washed, tryptic digest of NgBR knockdown sample
were loaded onto the same SPE column and then were labeled with the intermediate labeling
reagent. After washed, the same amount of tryptic digests of NS control sample were loaded
onto the column again and labeled with the heavy labeling reagent. The labeled sample
mixture was eluted with 500 pL x 2 of 80% ACN containing 5% ammonia solution and
dried by the vacuum centrifugation. The lyophilized samples were first resuspended and was
injected automated onto the SCX trap column. Then, a series stepwise elution with salt
concentrations of 50, 100, 150, 200, 250, 300, 350, 400, 500 and 1000 mM NH4AC (pH 2.7)
was utilized to gradually elute peptides from SCX trap column to the C18 separation
column. Finally, a 90 min binary RP gradient nano-RPLC MS/MS analysis was applied to
separate peptides prior to mass spectrometry detection. The LTQ-Orbitrap XL mass
spectrometer (Thermo Scientific, San Jose, CA, USA) was operated in a data dependent
MS/MS acquisition mode. System controlling and data collection were carried out by
Xcalibur software version 2.0.7 (Thermo Scientific).
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Figure 2. Log2 ratio distributions of the 994 reliable quantified proteins in both biological
replicates
Among them, 248 proteins were up-regulated whereas 122 proteins were down-regulated in

the NgBR knockdown versus NS control MDA-MB-231 breast cancer cells.
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Figure 3. GO classification of the reliably quantified proteins up-and down-regulated in NgBR
knockdown MDA-MB-231 cells

(A) GO cellular component, (B) GO molecular function and (C) GO biological process.
Gray color bar: up-regulated proteins; Black color bar: down-regulated proteins
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Figure 4. NgBR knockdown in MDA-MB-231 cells results in reversibility of Epithelial-
Mesenchymal Transition (EMT)

(A) NgBR knockdown decreases the expression of mesenchymal markers (vimentin,
S100A4 and fibronectin), and stemness indicator CD44 in MDA-MB-231 breast cancer
cells. Protein changes were determined by Western blot analysis. (B) NgBR knockdown
increases the expression of epithelial cell markers, collagen-1, EpCAM, Laminin-1 and
nectin-1 in MDA-MB-231 breast cancer cells. Gene transcripts were determined by
guantitative PCR and normalized to Beta-Actin house keeping gene. Data are presented as
fold change compare to NS control group. (C) NgBR knockdown in MDA-MB-231 cells
changes the cell morphology from spindle-like mesenchymal type cells to cobblestone-like
epithelial appearance. Cobblestone-like epithelial cells are pointed by arrows. Cell
morphology change was determined by images taken with a phase contrast inverted
microscope at x 10 magnification. Scale bar = 160 um. (D) NgBR knockdown impaired the
migration of MDA-MB-231 cells. Cell migration was determined by transwell migration
assay as described in the Method. * P< 0.05, n=4.
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Figure 5. NgBR knockdown prevents the TGF-B induced-EMT of MCF-7 breast tumor cells
(A) NgBR knockdown in MCF-7 cells prevents the cell morphology change from

cobblestone-like epithelial appearance to spindle-like mesenchymal type cells after 48 hours
of TGF-f treatment at the concentration of 10 ng/ml and 20 ng/ml, respectively. Cell
morphology change was determined by images taken with a phase contrast inverted
microscope at X 10 magnification. Scale bar = 160 pm. (B) NgBR knockdown decreases
TGF-B-induced expression of the mesenchymal marker, vimentin, and TWIST and ZEB1,
transcription factors required fro EMT, in MCF-7 breast tumor cells. Protein changes were
determined by Western blot analysis.
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Figure 6. NgBR knockdown prevents the TGF-f induced-EMT morphology change of MCF-7
breast tumor cells

MCEF-7 cells were treated with TGF-f at the concentration of 10 ng/ml for 48 hours. Images
were taken with an inverted fluorescence microscope at x 20 magnification. Scale
bar=200um. (A) NgBR knockdown in MCF-7 cells prevents TGF-B-induced the loss of E-
cadherin positive intercellular junction. Immunofluorescence staining of E-cadherin was
performed to examine the intercellular junction of epithelial cells. (B) NgBR knockdown
decreases TGF-B-induced expression of the mesenchymal marker, vimentin, in MCF-7
breast tumor cells. Vimentin positive mesenchymal cells were determined by
immunofluorescence staining of vimentin.
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Figure 7. NgBR knockdown decreases the phosphorylation of Akt in breast tumor cells
(A) NgBR knockdown decreases the phosphorylation of Akt in MDA-MB-231 cells

determined by Western blot analysis. (B) Quantitative results of phos-Akt to total Akt ratio
in MDA-MB-231 cells determined by density measurement using the NIH ImageJ software.
(C) NgBR knockdown decreases the TGF-B-induced phosphorylation of Akt in MCF-7 cells
determined by Western blot analysis. (D) Quantitative results of phos-Akt to total Akt ratio
increase fold compare to non TGF-p treatment group in MCF-7 cells determined by density
measurement using the NIH ImageJ software.
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