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Abstract

Fetal bovine serum (FBS) is used commonly in cell culture. Charcoal-stripped FBS (CS-FBS)

is used to study androgen responsiveness and androgen metabolism in cultured prostate cancer
(CaP) cells. Switching CaP cells from FBS to CS-FBS may reduce activity of androgen receptor
(AR), inhibit cell proliferation, or modulate intracellular androgen metabolism. Removal of
proteins by charcoal stripping may cause changes in biological functions. Proteins in FBS and
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CS-FBS were profiled using an ion current-based quantitative platform consisting of reproducible
surfactant-aided precipitation/on-pellet digestion, long-column nano-liquid chromatography (LC)
separation, and ion current-based analysis (ICan). A total of 143 proteins were identified in FBS,
among which 14 proteins including insulin-like growth factor 2 (IGF-2) and IGF binding protein
(IGFBP)-2 and -6 were reduced in CS-FBS. IGF1 receptor (IGF1R) and insulin receptor (IR)
were sensitized to IGFs in CS-FBS. IGF1 and IGF2 stimulation fully compensated for the loss

of AR activity to maintain cell growth in CS-FBS. Endogenous production of IGF and IGFBPs
was verified in CaP cells and clinical CaP specimens. This study provided the most comprehensive
protein profiles of FBS and CS-FBS, and offered an opportunity to identify new protein regulators
and signaling pathways that regulate AR activity, androgen metabolism and proliferation of CaP
cells.

Keywords

Prostate cancer; serum; fetal bovine serum; charcoal stripping; growth factors; cell culture;
medium; proteomics; IGF1; phosphorylation

INTRODUCTION

Androgen receptor (AR) plays an important role in prostate cancer. AR is activated by
testosterone (T) and dihydrotestosterone (DHT)), its preferred ligands, to transcribe genes
that are critical for proliferation of CaPcells 1-4. CaPcell lines are used as models for
studying functions of AR and androgen metabolism that produce T or DHT from various
androgen substrates. Two types of fetal bovine serum (FBS) are used in cell culture
medium in prostate cancer research. FBS is used for routine propagation of CaPcell lines.
Charcoal-stripped FBS (CS-FBS) is used to mimic androgen-free conditions in studies on
androgen metabolism and androgen signaling in prostate cancer cells > because charcoal
stripping removes trace amount of androgens in FBS, which are believed to interfere with
experiments. CaP cells show reduced AR activity and growth rate and change intracellular
androgen metabolism upon transfer from medium supplemented with FBS to medium
supplemented with CS-FBS 7. The changes in AR activity and growth rate are attributed
often to the removal of androgens from FBS. T is the only androgen detected in FBS
using liquid chromatography-tandem mass spectrometry (LC-MS/MS) 7. The amount of T
in medium supplemented with 10% FBS is ~0.03 nM, which may minimally activate AR
activity. Charcoal stripping may remove other factors that maintain AR activity, sustain cell
growth, or modulate androgen metabolism.

FBS provides a broad spectrum of biological molecules, which include growth factors,
hormones, carrier proteins, attachment and spreading proteins, protease inhibitors, fatty
acids and lipids, and low molecular weight nutrients 8. Charcoal stripping removes
hormones and growth factors, certain vitamins and metabolites from FBS 910, The effects
of removal or reduction of other hormones or growth factors may confound results of
cellular response to factors of interest 11, Protein composition of FBS and CS-FBS have not
been defined clearly even though both have been used widely in cell culture. Proteomic
techniques have been applied to analyze different lots of FBS and approximately 80
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proteins were identified 12. No data have been reported with regard to proteins that may

be removed using charcoal stripping. Characterization of CS-FBS at the proteomic level
will help researchers utilize CS-FBS in a better informed manner, and interpret results with
appropriate caution. The acquired profiles of proteins that are reduced in CS-FBS may
present protein candidates as modulators of cell signaling pathways that provide new targets
to regulate AR activity, cell growth, and/or androgen metabolism.

LC-MS/MS based proteomic techniques enable identification and quantification of proteins
on a global scale. Two quantitative strategies are applied commonly in proteomics: i)
labeling techniques, such as isobaric tags, for relative and absolute quantification (iTRAQ)
13 tandem mass tags (TMT) 14, and stable isotope labeling using amino acids in cell culture
(SILAC) 15, and ii) label-free approaches, such as spectral counting 16-17 and peptide ion
current-based analyses 1820, Increasing use of high-resolution mass spectrometry (MS)
instrumentations makes peptide ion current-based methods attractive for their simplicity,
cost-effectiveness, and feasibility of analysis of multiple biological samples (N=10) 21-22,
The ion current-based approach developed previously by our group assigns significance

to proteins with small changes (i.e. 1.5-fold) and shows better performance than other
label-free methods 23,

The present study was designed to obtain protein profiles of FBS and CS-FBS in order to
provide a comprehensive view of protein composition of FBS, determine the proteins that
are removed using charcoal stripping, and identify proteins that contribute to AR activation
or stimulate cell growth. lon current-based analysis was employed to perform relative
quantification among FBS, commercially available CS-FBS (CCS-FBS) and 2 home-made
CS-FBS (HCS1/2-FBS). IGF1R signaling-associated proteins were identified and tested for
their effect on cell growth and IGF response.

EXPERIMENTAL PROCEDURES

FBS samples

A commercial FBS sample, a commercial CS-FBS (CCS-FBS) sample, and 2 home-made
CS-FBS (HCS1/2-FBS) samples were analyzed. The FBS (catalog number S11550) and
CCS-FBS (catalog number SH30068.03) were purchased from Atlantic Biologicals (Atlanta,
GA\) and Hyclone Laboratory (Logan, UT), respectively. HCS-FBS was made from filtration
of FBS through activated charcoal as described /. HCS1-FBS was prepared from the same
batch of FBS used in this study, whereas HCS2-FBS was prepared from a different batch of
FBS. Sera were stored at —20°C until used.

Reagents and cell culture

Recombinant human insulin-like growth factor (IGF)-1 and -2 (Thermo Fisher Scientific,
Waltham, MA) were reconstituted in 0.1% bovine serum albumin cold ethanol fraction
(BSA) in phosphate-buffered saline (PBS) (w/v). BSA and human insulin solution were
purchased from Sigma-Aldrich (St. Louis, MO). The concentration of insulin (uU/ml)
was calculated based on the assumption that 1 international unit (1U) equals 0.0347 mg
insulin (World Health Organization document WHO/BS/10.2143). Antibodies for IGF-1
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receptor (IGF1R), insulin receptor (IR), phospho-IGF1R, and phospho-IR were used from
the Phospho-Insulin/IGF Receptor Antibody Sampler Kit (Cell Signaling Technology,
Danvers, MA). Antibodies for Akt and phospho-Akt (S473) were purchased from Cell
Signaling Technology. Antibody for glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was purchased from EMD Millipore (Billerica, MA). VCaP, LAPC-4, and LNCaP were used
as cell models in these experiments because the cell lines are commonly used CaP cell lines
that express AR 24, VCaP and LNCaP were purchased from the ATCC (Manassas, VA).
LAPC-4 cells were established in Dr. Charles Sawyers laboratory 2°.

Cell line authentication was performed in the Roswell Park Comprehensive Cancer Center
(Roswell Park) Genetic Shared Resources. DNA profiles were acquired using 15 short
tandem repeat (STR) loci and an Amelogenin gender-specific marker. Test and control
samples were amplified using the AmpFLSTR® Identifiler® Plus PCR Amplification Kit
(Thermo Fisher Scientific) using the Verti 96-well Thermal Cycler (Applied Biosystems,
Foster City, CA) in 9600 Emulation Mode (initial denature: 95°C 11 min, 28 cycles of
denature: 94°C 20 sec and anneal/extend: 59°C 3 min, final extension: 60°C 10 min, and
hold: 12°C). PCR products were evaluated using the 3130xI Genetic Analyzer (Applied
Biosystems) and analyzed using GeneMapper v4.0 (Applied Biosystems). Eight of the

15 STRs and Amelogenin from the DNA profile for the cell line(s) were compared

to the ATCC STR database (https://www.atcc.org/STR%20Database.aspx?slp=1) and the
DSMZ combined Online STR Matching Analysis (http://www.dsmz.de/fp/cgi-bin/str.html).
All matches above 80% were considered the same lineage. LNCaP and VCaP cell lines
were authenticated and identity verified. Authentication was performed for LAPC-4 but the
results were not conclusive due to the lack of commonly accepted standard databases for this
cell line.

VCaP cells were maintained in medium A that was DMEM (catalog number 11995-065)
(Thermo Fisher Scientific), supplemented with 10% (v/v) FBS, 2 mM L-glutamine (catalog
number MT25-005-Cl) (Corning Life Sciences, Tewksbury, MA), and 100 U/ml penicillin
and 100 pg/ml streptomycin (catalog number MT30-002-ClI) (Corning Life Sciences). For
cell culture in CS-FBS, VCaP cells were cultured in medium B that was phenol red-free
DMEM (catalog number 31053-028) (Thermo Fisher Scientific), supplemented with 10%
(v/v) CS-FBS, 6 mM L-glutamine, 1 mM sodium pyruvate (catalog number MT25-000-Cl,
Corning Life Sciences), and 100 U/ml penicillin and 100 pg/ml streptomycin. L-glutamine
and sodium pyruvate were added to the phenol red-free DMEM medium supplemented

with 10% CS-FBS in different amounts compared to regular DMEM medium supplemented
with 10% FBS in order to ensure the same final concentrations of the ingredients in the
culture medium. All media for VCaP culture were prepared freshly and equilibrated for
10-15 minutes in a cell culture incubator at 37°C in an atmosphere with 95% air and 5%
CO», before application to cells. LAPC-4 and LNCaP cells were maintained in RPMI11640
medium (catalog number 11875-093, Thermo Fisher Scientific), supplemented with 10%
(v/v) CS-FBS, 2 mM L-glutamine, and 100 U/ml penicillin and 100 ug/ml streptomycin. For
cell culture in CS-FBS, LAPC-4 or LNCaP cells were cultured in medium C that was phenol
red-free RPMI11640 (catalog number 11835-030, Thermo Fisher Scientific), supplemented
with 10% (v/v) CS-FBS, 2 mM L-glutamine, and 100 U/ml penicillin and 100 pg/ml
streptomycin. In all experiments that used LAPC-4 cells, cell culture vessels were coated
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with 1.7 ug/ml poly-D-lysine (Sigma-Aldrich) in H,O at 0.076 ml/cm? at room temperature
for 15 min, followed by aspiration of the coating reagent and overnight air dry.

NanoLC-MS/MS Sample preparation

The whole protein concentrations of sera were determined using the bicinchoninic acid
(BCA) Protein Assay (Pierce, Rockford, IL). All serum samples (each containing ~100 pg of
total protein) were denatured in an ice-cold lysis buffer (50 mM Tris-formic acid, 150 mM
NaCl, 0.5% sodium deoxycholate, 2% SDS, 2% NP-40, pH 8.0) as described 12 26, Lysis
buffer containing strong surfactants improved enzymatic digestion performance in terms of
peptide recovery, reproducibility and sensitivity for plasma sample preparation and analysis
21 The mixtures were reduced with 3 mM tris(2-carboxyethyl)phosphine (TCEP) for 10

min and alkylated with 20 mM 2-iodoacetamide (IAM) for 30 min in darkness. An acetone
precipitation/on-pellet-digestion procedure was applied to perform precipitation and tryptic
digestion for reproducible peptide recovery as reported 2829,

NanoLC-MS/MS analysis

The peptide mixture was separated using a nano-LC system (Eksigent, Dublin, CA) and
analyzed using an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific). The
mobile phase A consisted of 0.1% formic acid in 2% acetonitrile. Mobile phase B contained
0.1% formic acid in 88% acetonitrile. The nano-LC column was heated at 52°C to improve
chromatographic resolution and reproducibility. Peptide mixture was loaded onto a reversed-
phase trap (300 pm ID x0.5 cm) with 1% mobile phase B at flow rate 10 pL/min and washed
for 3 min. A series of nanoflow gradients (flow rate 250 nL/min) was used to back-flush the
trapped peptides onto the nano-LC column (75 um ID x 75 cm, packed with 3-um particles)
for separation. A 160-min gradient was applied and gradient slope was adjusted to account
for the change of mobile phase B: 0 to 3% over 3 min; 3 to 6% over 5 min; 6 to 28% over
118 min; 28 to 50% over 10 min; 50 to 97% over 1 min; and isocratic at 97% B for 23 min.

LC-MS/MS was acquired using the data-dependent product ion mode. Survey scans (m/z
range 400-1500) were performed at a resolution of 120,000 with an automatic gain control
(AGC) target of 5 x 10°. Tandem mass spectrometry (MS2) was performed using isolation at
1.2 Th with the quadrupole for high energy collision dissociation (HCD) fragmentation. The
normalized collision energy was 35% with activation g 0.25 and tandem mass spectra were
analyzed using Orbitrap with resolution 15,000 in centroid mode. Monoisotopic precursor
selection was used. The MS2 AGC target was set to 5 x 10% and the maximum injection
time was 50 ms. Peptide precursors with charge state 2—7 were sampled for MS2. Dynamic
exclusion was enabled with the settings: repeat count 1; repeat duration 50 s; exclusion
duration 60 s; and mass tolerance £ 10 ppm. The instrument was run in top speed mode with
cycle time 3 s. Capillary temperature was 250°C. Each sample was analyzed 5 times.

Database search and validation

Raw files were used to perform database searching against the Swiss-Prot protein database
(released January, 2015) using MaxQuant (version 1.5.2.8) 30 that included the Andromeda
search engine 31, The bovine database contains 5,993 protein entries. The search parameters
used were: Two missed cleavages were permitted for fully tryptic peptides. The minimum
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required peptide length was 7 amino acids. Mass tolerances for first search peptide
tolerance and main search peptide tolerance were 20 ppm and 4.5 ppm, respectively. Mass
tolerance for fragment ion masses was 20 ppm. Carbamidomethylation of cysteines was
set as a fixed modification. Variable modifications of methionine oxidation and protein
N-terminal acetylation were allowed. The false discovery rate (FDR) was determined using
a target-decoy search strategy to search against the databases using reversed sequences

32, The maximum FDRs of peptide-spectrum matches (PSM) and protein were set to

1% for identification. The “matching between runs” option in MaxQuant for label-free
quantification was selected with match time window 1 min and an alignment time window
20 min.

Protein quantification

Quantitative analysis was performed using the ion current-based approach (Fig. 1). The
peak detection and chromatographic alignment based on retention time, m/z and charge
states were analyzed using SIEVE® v2.2 (Thermo Fisher Scientific). Quantitative frames/
features were defined based on m/z (width 10 ppm) and retention time (width 2.5 min) of
peptide precursors in the aligned runs. Peak area under the curve (AUC) was calculated

for individual replicates in each frame. The MS2 fragmentation scans associated with each
frame were assigned to the peptide/protein identifications from MaxQuant. Frames assigned
to multiple peptides and shared peptides assigned to multiple proteins were excluded in the
quantitative analysis. LOESS normalization 33 was performed to reduce systematic bias.

A value of 1000 was assigned as the baseline quantitative value in case of missing data

21 Intensities of frames with the same sequence were combined to form unique peptide
intensity. Intensities of unique peptides of the same protein were combined to form one
protein intensity for Grubbs’ test analysis using the ListPOR program (Mersion 2.2.2104,
panomics.pnnl.gov). Minimum dataset presence was 2 and p-value cutoff was 0.01. The
relative protein ratio was calculated by comparing the summed abundance values of the
protein in each group. Student’s #test statistics were applied to analyze log-transformed
values of protein intensities. Abundance change > 1.5-fold and p-value < 0.05 were used
as thresholds to define altered proteins. The label-free quantification (LFQ) intensities
from MaxQuant were used for relative quantification and protein ratios were calculated

by comparing the LFQ intensities in each group. Results were compared for the ion current-
based approach and LFQ quantitation using MaxQuant.

Bioinformatics analysis

Ingenuity Pathway Analysis (IPA, Ingenuity Systems, http://www.lingenuity.com/) was
used for protein function and pathway analyses. Ingenuity’s knowledge base was created

by manual curation of scientific literature supported by experimental results that were
structured into an ontological relational database. Gene Ontology (GO) analysis was
performed using High-Throughput GoMiner 34, Hierarchical cluster analysis was performed
using Cluster 3.0 35 and displayed using TreeView, which supports tree-based and image-
based browsing of hierarchical trees (http://www.eisenlab.org). In the heat map generated
using TreeView, the elevated protein intensities were indicated in red, and the decreased
protein intensities were indicated in green. The prediction of secreted proteins was
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performed using SignalP 4.1 Server 36, which discriminates between signal peptides and
transmembrane regions.

Cell viability assay

Cell viability was assessed using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) 37. A stock solution of 5 mg/ml MTT in H,O was prepared and used
within 2 weeks of preparation. Cells were cultured and treated in phenol red-free medium.
At the end of each treatment, fresh medium corresponding to each respective treatment
condition was prepared. MTT stock solution was added to the fresh treatment medium

at 20% (v/v). Culture medium was removed from cell culture, and fresh MTT-containing
treatment medium was added to the cell culture. Cells were cultured at 37°C in a cell
incubator for 4 hr. A solubilization solution (20% SDS in 0.02 M HCI) was added to cell
culture at equal volume of the culture medium. Cells were cultured at 37°C overnight. Cell
lysate was mixed thoroughly and absorption at 570 nm was measured on a Spectramax 384
Plus plate reader (Molecular Devices, Sunnyvale, CA).

Construction of an AR activity reporter plasmid using a secreted luciferase

Activity of AR was assessed using the androgen-responsive pGL3-ARE3-luciferase
promoter reporter vector 38, The pGL3-ARE3-luciferase vector contains 3 tandemly
arranged ARE (ARR3) from the rat probasin promoter, an AR-transcribed, androgen-
responsive gene 39. A new ARE-luciferase promoter activity reporter vector was constructed
for this study. The ARR3 was cloned into a plasmid pEZX-PG02 (GeneCopoeia, Rockville,
MD) using the In-Fusion HD Cloning Plus CE Kit (Clonetch Laboratories, Mountain

View, CA). Primers for PCR amplification were designed using the respective DNA
sequence and following the manual of the In-Fusion kit. Primers for PCR amplification

of the ARR3 fragment were: 5’-CAGATCTTGGAATTCAAGCTTGGAGCTTATGATAG-3’
and 5’-CTCGGTACCAAGCTTCAGATCTGCGGCACGCTG-3’. Primers for PCR
amplification of the pEZX-PG02 fragment were: 5’-AAGCTTGGTACCGAGCTC-3’ and
5'-GAATTCCAAGATCTGGTTCTATC-3’. PCR was performed using a Platinum 7ag DNA
Polymerase High Fidelity kit (Thermo Fisher Scientific) on a MyCycler thermal cycler
(Bio-Rad, Hercules, CA). The pEZX-PG02 fragment was amplified using the conditions:
94°C for 1 min, 30 cycles of 94°C for 15 sec, 55°C for 30 sec, and 68°C for 6 min, followed
by holding at 4°C. PCR conditions for amplification of ARR3 fragment were: 94°C, 1 min,
30 cycles of 94°C for 15 sec, 60°C for 30 sec, and 68°C for 1 min, followed by holding

at 4°C. The newly constructed ARE-luciferase vector was named pEZX-PG02-ARE, which
contained the gene encoding the secretory Gaussia luciferase. The luciferase is expressed
and secreted into the medium upon AR activation; activity of the luciferase in the medium
indicates activity of AR.

AR activity assay

Cells were transfected with the pEZX-PG02-ARE plasmid using Lipofectamine 2000
(Thermo Fisher Scientific). Transfected cells were replated at 50,000 cells per well on
24-well plates in culture medium supplemented with 10% CCS-FBS for 24 hr, then treated
with fresh treatment medium for 24 hr. At the end of treatment, 10 pl of culture medium was
collected. Luciferase activity was assessed using the Secrete-Pair Gaussia Luciferase Assay
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Kit (GeneCopoeia). Luciferase assay was performed on a Clarity Luminescence Microplate
Reader (BioTek Instruments, Inc., Winooski, VT). The viability of cells from the same
culture was measured using the MTT assay. Luciferase activity was normalized for each
replicate using the reading at OD570.

Western blotting

Sample preparation, protein determination, SDS-PAGE and Western blotting were described
40, Cells in culture were rinsed 3 times with PBS, and lysed in cell lysis buffer (Cell
Signaling Technology) and supplemented with 1 mM phenylmethylsulfony! fluoride (Sigma-
Aldrich), 50 mM NaF, and 1 tablet/7 mL of Mini Complete Protease Inhibitor (Roche
Applied Science, Indianapolis, IN). Protein concentration of the lysate was determined
using the Bicinchoninic Acid Protein Assay Kit (Pierce). Cell lysate was mixed with
one-third volume of 4X SDS sample buffer [200 mmol/L Tris-HCI (pH 6.8), 8% SDS,

0.4% bromophenol blue, 40% glycerol, 60 uL/mL pB-mercaptoethanol] and heated at 100°C
for 10 minutes. Polyvinylidene difluoride (PVDF) membranes containing the transferred
proteins were blocked with 5% nonfat dry milk in TBST buffer [10 mmol/L Tris-HCI

(pH 7.5), 150 mmol/L NaCl, 0.1% Tween 20] at room temperature for 1 hr before

probing with the primary antibodies and the horseradish peroxidase (HRP)-conjugated
secondary antibodie (BioRad). Protein bands were visualized using the SuperSignal West
Pico Chemiluminescent Substrate kit (Pierce) or the Luminata Crescendo Western HRP
Substrate (EMD Millipore).

Growth factor antibody array analysis

VCaP cells were seeded at 3x106 per 10-cm tissue culture dish and cultured for 6 days

in 10 ml culture medium supplemented with 10% FBS. Cell culture was rinsed 3 times

with 10 ml fresh culture medium, and cultured for 3 days in 10 ml fresh culture medium
with 10% FBS or 10% HCS-FBS. The remainder of each fresh medium was stored at
—-80°C. Culture medium was collected and centrifuged to remove floating cells at 400x for
5 min. Supernatant was stored at —80°C before antibody array analysis. Cells were lysed in
cell lysis buffer following manufacturer’s instruction (RayBiotech, Norcross, GA). Growth
factors in the stored fresh medium and the cell culture medium were analyzed using RayBio
C-Series Human Growth Factor Antibody Array C1 (RayBiotech).

CaP tissue specimens and tissue microarray (TMA)

Sections with thickness 4 um of an Formalin-fixed, paraffin-embedded (FFPE) CaP tissue
block was obtained from Roswell Park Comprehensive Cancer Center (Roswell Park)
Pathology Network Shared Resource (PNSR). A TMA block was constructed by Roswell
Park PNRS. The TMA block contained matched CaP tissue and adjacent benign prostate
tissue from 10 patients. Each tissue specimen had 3 cores. Serial sections with thickness 4
pum from the TMA block were prepared by Roswell Park PNSR. The use of the TMA and
CaP FFPE sections was covered under an institutional comprehensive tissue procurement
protocol “Roswell Park Remnant Clinical Biospecimen Storage, Collection and Distribution
for Research Purposes”.
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Immunohistochemistry (IHC) staining

FFPE sections were de-paraffinized, rehydrated under an alcohol gradient, and antigen
retrieved using Reveal Decloaker (Biocare Medical, Concord, CA) for 30 min at 110°C
and 5.5 — 6.0 psi. Sections were blocked for endogenous peroxidase activity using 3%
H»0, in dd-H,0 for 15 min at room temperature, washed in 10 mM Tris-HCI (pH

7.8), and blocked with Background Punisher (Biocare Medical) for 10 minutes at room
temperature to reduce nonspecific staining. IGF1R antibody (LSBio, Seattle, WA), InsR
antibody (LSBio), and non-immuned control mouse IgG (Sigma-Aldrich) were diluted

in Renoir Red Diluent (Biocare Medical) and used at 0.001667 mg 1gG/ml, 0.005 mg
IgG/ml, or 0.005 mg 1gG/ml, respectively. Sections were incubated overnight with the
diluted antibodies at 4°C. The sections were incubated with the Biocare MACH4 mouse
probe and MACH 4 HRP polymer (Biocare Medical) at room temperature for 15 minutes.
Immunostaining was developed using diaminobenzidine (Sigma-Aldrich) and the sections
were counterstained with hematoxylin (Vector Laboratories, Burlingame, CA). Sections
were dehydrated and mounted using Cytoseal 60 permanent mounting medium (Richard-
Allen Scientific, Kalamazoo, MI). Sections were scanned using Aperio ScanScope XT
(Leica Biosystems, Buffalo Grove, IL), and images were organized using Aperio eSlide
Manager.

In situ RNA hybridization

RESULTS

In situ RNA hybridization was performed to assess expression of genes of interest using the
RNAScope 2.5 HD Brown Assay (Advanced Cell Diagnostics Inc., Hayward, CA). Catalog
numbers of the probes used for detection of MRNA of human IGF-1, IGF-2, IGFBP-2,
IGFBP-3, IGFBP6, and IGFBP-7 were 313031, 594361, 313061, 313051, 496061, and
316681, respectively. RNAScope was performed following the manufacturer’s instruction.
Sections were scanned on an Aperio ScanScope XT. Images were acquired and managed
using Aperio eSlide Manager.

Removal of T from FBS with charcoal-stripping had limited impact on AR activity and
growth of CaP cells.

AR activity assay was performed using multiple human CaP cell lines to test if T removal
from FBS using charcoal-stripping impacted AR activity. AR activity varied in the 3 cell
lines that were cultured in FBS (Fig. 2A). AR activity was diminished in cells cultured

in CS-FBS without T. Addition of 0.03 nM T in medium supplemented with CS-FBS did
not restore AR activity to the levels found in medium supplemented with FBS. Addition

of 1 nM T stimulated AR activity. In VCaP and LAPC-4 cells, 1 nM T-stimulated AR
activity surpassed AR activity in FBS. Charcoal-stripping of FBS impaired AR activity. The
data suggested that factors other than T played a more significant role in stimulating or
maintaining AR activity in FBS.

MTT assay revealed that charcoal-stripping of FBS affected cell proliferation (Fig. 2B). Cell
lines multiplied 2-3 fold in medium supplemented with FBS; VVCaP cells stopped growing
in medium supplemented with CS-FBS, and viability was reduced on Day 7 compared to
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Day 0. T at 0.03 nM maintained viability on day 7 at levels similar to Day 0. T at 1 nM
restored growth to levels comparable to FBS. LAPC-4 and LNCaP cells maintained growth
in medium supplemented with CS-FBS, although the growth rate was lower than that in
medium supplemented with CS-FBS, Overall growth response to T was weaker in LNCaP
and LAPC-4 cells than VVCaP cells. Growth stimulatory effect of T at 1 nM in all cell

lines was consistent with the stimulation of AR activity. The reason for viability of \VCaP
cells maintained by 0.03 nM T remains unclear. Growth rate of the cell lines was reduced

in medium supplemented with CS-FBS, and adding 0.03 nM T to the CS-FBS did not
restore growth and AR activity. Charcoal-stripping must have removed factors that acted via
mechanisms that were independent of the AR signaling pathway to maintain cell growth.
VCaP cell line was selected as the cell model for /in vitro experiments for proteomic study of
FBS and CS-FBS

Protein profiles of FBS

A total of 143 protein groups with at least 2 distinct peptides were identified (Supplemental
Table S1) using MaxQuant with FDR 1% at both PSM and protein level. The
physicochemical characteristics of the identified proteins were further analyzed. Most
proteins (>70%) in the FBS proteome had molecular weight (MW) < 60 kDa (Fig. 3A). Vast
majority of the identified proteins in FBS are hydrophilic; 95.8% of proteins had negative
grand average of hydropathy (GRAVY) values (Fig. 3B). Most proteins (102, 71.3%) were
secreted proteins as predicted by Singal P 4.1. Gene Ontology (GO)-cellular component
analysis showed that 113 and 16 proteins were assigned to the extracellular region and cell
surface, respectively (Fig. 3C). Protein absolute quantitative values (PAQV), calculated as
protein abundance values divided by the number of quantified unique peptides, were used

to determine the ranking order of proteins in FBS. Fetuin-A (alpha-2-HS-glycoportein) was
the most abundant, followed by serum albumin and alpha-1-antitrypsin (Fig. 3D). The top
20 proteins in FBS accounted for 89.9% of protein abundance. Fetuin-A and albumin PAQV
were 32.0% and 28.2% of the total PAQV values, respectively. Alpha-fetoprotein (AFP), a
glycoprotein produced early in gestation, was the 10! most abundant protein in FBS.

Proteomic comparison of FBS and CS-FBS

Peak alignment scores ranged from 0.83 to 0.96, which indicated excellent reproducibility
of the 20 LC-MS/MS analyses (Fig. 4A). R-squared values of linear regression analysis
between any 2 randomly selected replicates from the same group were all larger than

0.999. The linear correlation was almost perfect through a dynamic range of more than

6 orders of magnitude (Fig. 4B). The coefficients of variations (CVs, calculated as the
ratios of standard deviation to mean) of quantified proteins among 5 replicates in each
group were calculated. The median CV values for all quantified proteins were 6.7%, 7.2%,
8.3% and 7.3%, respectively for FBS, CCS-FBS, HCS1-FBS and HCS2-FBS. The excellent
peak alignment and reproducibility improved the quantitative accuracy and sensitivity. The
percentage of missing values (%) at protein levels across all the 20 LC-MS/MS analyses
was calculated as: Percentage of missing values (%) = Total number of missing values in all
analyses / (the number of identified proteins x 20) x 100%. Only ~0.1% of missing values
across 20 LC-MS/MS analyses were presented in analyses, while ~31.3% of missing values
were observed using the MaxQuant label-free quantification method (Fig. 4C). Since FBS
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and HCS1-FBS are paired samples that prepared from the same bottle of sera, theoretically
no proteins with increased expression levels should be observed in HCS1-FBS. A volcano
plot used log10-transferred p-values in the x-axis and log2-transferred ratios in the y-axis
(Fig. 4D). The expression of twenty proteins were decreased and only 1 was increased in
HCS1-FBS compared to FBS among the 21 proteins that were changed.

A total of 59 altered proteins were identified using thresholds = 1.5-fold change and
p-values < 0.05 in comparisons between CCS-FBS versus FBS, HCS1-FBS versus FBS, and
HCS2-FBS versus FBS. FBS, and CSS-, HCS1- and HCS2-FBS classified into distinctive
clusters using hierarchical cluster analysis, which indicated sera from different sources had
different protein profiles (Fig. 5A). The similar heat maps of the 5 LC-MS/MS analyses

for the same serum sample confirmed the reproducibility of the quantitative platform used.
Fourteen among the 59 altered proteins were removed consistently from all 3 CS-FBS
samples (Fig. 5B). The 14 proteins were characterized using detailed physiochemical and
functional annotations including GO annotation, isoelectric point (pl), GRAVY, protein
domain analysis (data not shown) and MW distribution (Table 1). The only common
feature was that all 14 proteins were low-molecular weight proteins (average weight

16 kDa) (Fig. 5C). This was consistent with previous studies that found that activated
charcoal removed smaller proteins from larger proteins efficiently*!. Activated charcoal
treatment might remove selectively some low-molecular weight proteins in addition to
small molecules including T and other steroids. Of the 14 proteins, 8 proteins are positive
regulators and 4 proteins are negative regulators of cell proliferation. Insulin-like growth
factor 2 (IGF-2), IGF binding protein 2 (IGFBP-2), and IGF binding protein 6 (IGFBP-6)
were associated with the IGF signaling pathway. IGF-associated proteins were selected for
additional studies, since IGF signaling pathways have been reported to be important in CaP.

IGF-1 stimulated phosphorylation of IGF1R more efficiently in medium supplemented with
CS-FBS than in medium supplemented with FBS.

Phosphorylation of IGF1R and IR was low in non-treated control cells cultured in medium
supplemented with FBS and CS-FBS across all time points (Fig. 6A). Phospho-IGF1R
and phospho-IR levels were similar in control cells cultured in medium supplemented with
CS-FBS versus FBS. The reduction of bovine IGF-2 and IGFBPs by charcoal-stripping
appeared to have little if any effect on IGF-1R and IR. Response of phosphorylation

of IGF1R and IR to IGF-1, insulin and IGF-2 was dose-dependent. Phosphorylation of
IGF-1 and IR at all tested sites in cells treated with 1 nM IGF-1 was higher in medium
supplemented with CS-FBS than FBS at the 6 hr time point. The same was true for
phosphorylation at IGF1R (Tyr1135/1136)/IR (Tyr1150/1151) and IGF1R (Tyr1135) of
the 4 tested phosphorylation sites in cells treated with lower doses of insulin and IGF-2.
Lower dose growth factors more effectively stimulated phosphorylation of IGF1R and IR
at the phosphorylation sites in medium supplemented with CS-FBS compared to FBS.

The increased sensitivity to lower-dose growth factors was sustained for 24 hrs at IGF1R
(Tyr1135/1136)/IR (Tyr1150/1151) for all 3 growth factors, and at IGF1R (Tyr1131)/IR
(Tyr1146) for IGF-1 and insulin. The higher efficiency of the lower-dose growth factors

in medium supplemented with CS-FBS was diminished at 48 hr, whereas phosphorylation
stimulated by higher-dose growth factors was sustained. Intensity of Western blotting signal
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of the bands in the presented Western blots were quantitated using densitometry and
presented in Supplementary Data Fig S1.

IGF1, insulin, and IGF2 stimulated cell growth in a dose-dependent manner in medium
supplemented with CS-FBS (Fig. 6B). Adding IGF2 back to CS-FBS sustained growth of
VCaP cells.

VCaP cells secreted IGFBP.

VCaP cells were cultured in medium supplemented with 10% FBS or 10% CS-FBS for

3 days. Growth factor antibody arrays were used to examine growth factors in the freshly
prepared medium (pre-culture medium) and the medium collected after 3 days of culture of
VCaP cells (post-culture medium). Growth factors were not detected in either pre-culture
medium supplemented with FBS or CS-FBS, except for a trace amount of IGF2 (Fig. 7A
and B). Negative reaction of the blank and the negative controls ruled out non-specific
binding. Profiles of growth factors secreted into the culture medium were similar between
medium supplemented with FBS or CS-FBS (Fig. 7C and D). The most abundant growth
factors or growth factor-associated proteins that were secreted by VCaP cells included
hepatocyte growth factor (HGF), IGFBP-2, and platelet-derived growth factor (PDGF)-AA,
-AB, and —BB. Production of IGFPB-2 by VCaP cells was of particular interest for 2
reasons: 1) Proteomic analysis revealed reduction of the bovine version of IGFBP-2 in CS-
FBS compared to FBS; and 2) the change in cell response to low dose growth factors over
time coincided with the production of IGFBP-2. IGFBP-2 may regulate IGF1R signaling in
the presence of the growth factors at lower doses.

Local production of IGF1 and IGFPB in CaP tissue

Expression of IGF1, IGF2, IGFBP-2, IGFBP-3, IGFBP6, and IGFBP7 at the mRNA

levels was examined in serial sections of an FFPE human CaP tissue (Fig. 8). IGF1,

IGF2, IGFBP-2, IGFBP-3 and IGFBP-6 were expressed predominantly in benign epithelial
cells and malignant cells, whereas IGFBP-7 was expressed predominantly in stroma. The
expression of IGF2 and IGFBP-6 seemed restricted in some niches but not immediate
neighboring locations. The data demonstrated potential local production of IGF1R/IR
signaling-associated proteins by benign epithelial cells, malignant cells, and stromal cells.
Expression of IGF1R and IR was examined using IHC in matched tissue specimens of
benign prostate and CaP in the TMA block (Fig. 9). No IHC staining was detected on the
FFPE sections of the matched tissue specimens using non-immuned IgG as negative control.
Expression of IGF1R and IR was evident in benign prostate tissue and CaP.

DISCUSSION

There are 3 key findings in the present study. First, factors in addition to T maintained AR
activity and supported CaP cell growth in FBS. Second, 143 proteins were identified in FBS,
of which 14 were reduced consistently in all CS-FBS samples. Third, IGF2 was reduced

in CS-FBS, addition of IGF2 in CS-FBS sustained growth of CaP cells independent of AR
activity, and IGF1R/IR were more sensitive to stimulation by IGF in medium supplemented
with CS-FBS.
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CS-FBS is the most commonly used FBS derivative to supplement cell culture media for
steroid hormone related experiments. A widely accepted argument for using CS-FBS is that
charcoal-stripping removes the trace amount of steroids to provide a cleaner background,
but preserves other constituents that may be important for cell growth or viability. FBS

T levels measured using LC-MS/MS have been reported to range from 0.3 to 0.5 nM,

and other androgens including dihydrotestosterone (DHT), androstenedione (ASD), and
dehydroepiandrosterone (DHEA) were undetectable 7 42-43, FBS that was used in the
current study was analyzed using an LC-MS/MS method described in previous studies
7,42-43 FBS contained 0.0695 ng/ml, or 0.214 nM T. DHT, ASD, and DHEA were
undetectable. Charcoal-stripping removed all androgens from FBS; none of the above
androgens were detected in CS-FBS (Supplementary Data Table S2). Final concentration
of T in tissue culture medium supplemented with 10% FBS was 0.0214 nM. However, the
stimulatory effect of T on AR activity and CaP cell growth was marginal when 0.03 nM
T was added to CS-FBS to restore the T levels found in medium supplemented with FBS.
These results questioned the impact of the trace amount of T in FBS on AR signaling and
CaP cell growth. On the other hand, the data showed that AR activity and cell growth
were impaired by removal of factors in addition to the trace amount of steroid when cells
were switched from FBS- to CS-FBS-containing medium. The growth of CaP cells in
FBS was inhibited when cells were treated with bicalutamide, an AR antagonist 43, which
suggested that AR activity is important for cell growth in FBS, and unidentified factors may
sensitize AR to the trace amount of T in FBS. On the other hand, IGF1, IGF2 and insulin
did not increase AR activity when CaP cells were cultured in medium supplemented with
10% CS-FBS and 0.03 nM T (Supplementary Data, Fig S2), indicating the growth factors
restored cancer cell growth independent of AR activity.

Androgen metabolism may be affected when cells are switched from FBS to CS-FBS.
For example, endogenous T production in LAPC-4 cells was higher in FBS compared to
CS-FBS, and the difference was more pronounced after 6 days than after 1 day in culture
7. Some of the proteins that were decreased in CS-FBS and the signaling cascades they
initiated may have been responsible for maintaining AR activity using the trace amount
of T as found in FBS and/or modulation of androgen metabolic pathway for intracellular
T production. The protein profiles that were revealed in the proteomic study provided
candidates for follow-up studies.

Proteomic study identified IGF2, IGFBP2, and IGFBP6 in FBS, and the proteins were
reduced >3-fold in CS-FBS. IGF2 has been reported in FBS 12 44, Bovine IGF2 was
found to be functionally equipotent as human IGF2 44, IGF1 or IGF2 stimulated growth
of VCaP cells in CS-FBS without androgens. Androgen-dependent CaP cells used the
IGF1R signaling pathway to replace the AR signaling pathway for growth in the absence
of androgen. IGF and IGFBP are among the most abundant growth factors and growth
factor-related proteins in the circulation. They also are involved in a wide range of
normal functions in normal cells and diseases. The importance of IGF and IGFBP in
cancer including CaP has been studied extensively 45-48. The relevance of the findings
was supported by the IHC and RNAScope staining of key components of the IGF1R
signaling pathways in CaP specimens. IHC data also revealed that not only the prostate
and CaP tissues could locally generate IFG-1 and IGFBPs, benign prostate epithelial
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cells and cancer cells could also be subjects to the regulation of the locally produced
IGF-1and IGFBPs. IGF2R is unrelated to IGF1R and insulin receptor, and is a non-signaling
receptor that regulates the bioavailability of circulating IGF2 49-55, IGF2R is also the
mannose-6-phosphate (M6P) receptor, which has high affinity for binding with IGF2 and
M6P-containing molecules %6-59. On the other hand, IGF1R and insulin receptors are the
main receptors that relay the signals from IGF1, IGF2, and insulin. The focus of the present
study therefore was not on IGF2R due to the unique characteristics of IGF2R in relation to
the growth factors.

Most proteins in FBS should be hydrophilic since serum is an aqueous fluid. As expected the
majority of proteins (95.8%) in FBS are hydrophilic indicated by negative GRAVY values,
consistent with previous studies in plasma proteomes?8: 60, However, MW distribution in
FBS is different from that in adult plasma proteomes. More than 60% of plasma/serum
proteins have MW > 60 kDa in human and swine 28 60-61 \whereas < 40% of cellular
proteins have MW > 60 kDa %2-63, The difference in MW distribution could be caused by
glomerular filtration-mediated removal of proteins < 60 kDa from the circulation of adult
mammals 6. Less than 30% of FBS proteins had MW > 60 kDa; the MW distribution was
different in plasma/serum proteins from adult mammals, and similar to cellular proteins.
Contamination of FBS with cellular proteins was unlikely since most of the FBS proteins
were secreted proteins or cell surface proteins, which was observed in proteomes of human
plasma/serum 0. 64 MW distribution of FBS proteins may indicate incomplete filtration
by the kidney in the developing bovine fetus as reported in human fetus compared to older
infants and children 6566,

Concentrations of FBS proteins distributed in a wide range. The top 20 proteins were
89.9% of total protein abundance. This concentration distribution was similar to other
serum/plasma samples 60: 64, Fetuin-A was more abundant than albumin in FBS, which
agreed with a previous report 7. The high abundance of fetuin-A in FBS is unique because
serum albumin is found usually as the most abundant protein in sera of human and other
mammals 28 61, Moreover, alpha-fetoprotein (AFP) and fetuin-B also were high abundant
proteins in FBS, although the 2 proteins usually disappear after birth 67-68,

A total of 56 proteins were reduced in the 3 CS-FBS samples compared to the FBS

sample, and 14 proteins were reduced consistently (Table I). Protein-lysine 6-oxidase
(LOX), complement factor D (CFD), peptidoglycan recognition protein 1 (PGLYRP1),
IGFBP2, apolipoprotein C-111 (APOC3), fibrinogen alpha chain (FGA), and IGF2 have been
reported to promote cell proliferation. Thymosin beta-10 (TMSB10), IGFBPS, profilin-1,
hemoglobin subunit beta (HBB) and secreted phosphoprotein 24 (SPP2) have been reported
to inhibit cell proliferation. p—2-microglobulin, a component of MHC class | molecules, is a
positive or negative growth regulator in different cancer cells 8970, Regakine-1, a novel CC
chemokine recently identified in bovine serum, could synergize with other proinflammatory
chemokines and enhance the inflammatory response to infection 71, LOX was the most
depleted protein (~50-fold change) in CS-FBS. LOX is a copper-dependent enzyme that
cross-links collagen and elastin in the extracellular region matrix. LOX can induce cell
proliferation and angiogenesis in oral squamous cell carcinoma 72 and suppression of LOX
results in lower cell motility in collagen gel and reduces metastasis in mice 73. Another
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highly depleted protein was CFD, which plays a key role in the first line of defense

against microbes through the initial alternative pathway C3 convertase /4. Recent studies
showed that complement activation promoted tumor growth and angiogenesis, while C3

or C5aR-deficient mice showed decreased tumor growth relative to wild-type mice 7576,
Overexpression of TMSB10 inhibited vascular endothelial growth factor-induced endothelial
cell proliferation, migration and invasion through its interaction with Ras /7. SPP2, a
binding protein of bone morphogenetic proteins (BMPs), inhibited the growth of human
cancer cells such as prostate and pancreatic cancer cells, induced by BMP-2 7879, |GF2

is a major fetal growth factor, which stimulates cell proliferation in many different tissues
during gestation 80, The binding of IGF2 and IGF1R induced the phosphorylation of insulin
receptor substrates (IRSs), which promoted protein translation and cell proliferation through
the PI3K/Akt pathway L. The ligand bioavailability of IGF2 is regulated by IGFBP proteins,
which are the dominant regulators of the IGF signaling pathway 82. Exogenous IGFBP-2
promotes cell proliferation, invasion, and chemoresistance in glioma cells via integrin
B1/ERK signaling 83. IGFBP-6 is an inhibitor of IGF2 actions and has been recognized

as a tumor suppressor 84,

FBS has been the most commonly used supplement for tissue culture medium for a

long time. Serum proteins including protein hormones and growth factors have been
considered the most important components in FBS, but comprehensive profiling of the
proteins and examination of their effects on cell function become possible only recently
with the emergence of high quality proteomic approaches. The present study demonstrated
the feasibility of proteomic characterization of FBS and CS-FBS using ion current-based
LC-MS/MS analysis. The identification and functional validation of the proteins in the
IGF1R signaling pathway provides an example of utility of proteomic profiling to identify
biologically important proteins in FBS and CS-FBS. The identified proteins, particularly the
14 proteins that were reduced in CS-FBS, present candidates that may lead to discovery of
new molecular mechanisms that help CaP cells manage androgen metabolism to maintain
AR activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. R
Fetal bovine serum samples (n=5 per group)
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Fig. 1.
The experimental flowchart of comparative proteomic profiling of charcoal stripped fetal

bovine serum (CS-FBS). Fetal bovine serum (FBS), commercial CS-FBS (CCS-FBS), and
two homemade CS-FBS (HCS1-FBS and HCS2-FBS) were analyzed using the ion current-
based quantitative analysis.
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Limited impact of removing testosterone (T) from FBS on (A) AR activity; and (B) CaP cell
growth. AR activity assay using Secrete Paired luciferase assay. Experiments were set up in
3 (n=3) or 4 (n=4) replicates for (A) or (B), respectively. RLU/MTT - relative light units
per MTT reading at OD570; Reg FBS-medium supplemented with 10% FBS; CS Con-10%
HCS1-FBS without T; CS 0.03 nM T- 10% HCS1-FBS and 0.03 nM T; CS 1 nMT -10%

HCS1-FBSand 1 nM T. *: p< 0.05.
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Fig. 3.
Characteristics of the fetal bovine serum proteins. (A) Molecular weight (MW) distribution;

(B) Hydrophobicity (as expressed by the GRAVY values) distribution; (C) GO cellular
component distribution; and (D) Top 20 proteins in fetal bovine serum (FBS).
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Fig. 4.
E\?aluation of ion current-based quantitative analysis. (A) Peak alignment using SIEVE
package (Thermo Fisher Scientific) for the twenty LC-MS analyses; (B) Protein quantitative
values between 2 replicates within the same group; (C) Missing data by ion current-based
analysis relative to MaxQuant; and (D) Volcano plot analysis (log10-transferred p-value
versus log2-transferred ratio) of the comparison between FBS and paired HCS1-FBS.
Thresholds were p value 0.05 and fold of change 1.5.
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Fig. 5.

Cgmparative proteomic profiles of FBS and CS-FBS. (A) Clustering and heatmap analysis;
(B) Shared changes among 3 analyses of CCS-FBS, HCS1-FBS and HCS2-FBS respectively
compared to FBS; and (C) The molecular weight of the 14 consistently changed proteins.
Red indicated elevated expression level and green indicated decreased expression level in
CS-FBS relative to FBS.
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Fig. 6.
Effects of growth factors on IGF1R/IR signaling and cell growth of VVCaP cell line. (A)

Phosphorylation of IGF1R and IR, same type of arrows indicated the bands in comparison in
the same treatment conditions in each time point; and (B) MTT assay for cell proliferation.
Dotted line indicated the value of control on day 0. Experiments for growth (Fig 6B) were
set up in triplicates (n=3). *: p< 0.05 compared to Day 7 control; #: p< 0.05 compared to
Day 0 respective treatment.
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Fig. 7.

Ar?alysis of growth factor production by VCaP cell line using a growth factor antibody array.
Pre-culture medium (A and B) and post-culture medium (C and D). Pos., positive control
spots with controlled amount of biotinylated antibody printed on the array. Neg., negative
control spots with buffer (no antibodies) printed on the array. BIK., blank spots with nothing
printed on the array.
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Fig. 8.
Expression of IGF and IGFBP genes at mMRNA levels using RNAScope. Arrows indicated
positive cells.
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Fig. 9.

E)?pression of IGF1R and IR in prostate benign and malignant tissue using
immunohistochemistry (IHC). Control 1gG, a non-immuned mouse 1gG was diluted to
match the 1gG concentration of IGF1R and IR antibodies for negative control. Arrows
indicated positive cells.
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Table I.

Fourteen proteins in fetal bovine serum commonly depleted charcoal-stripping.
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