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This work describes the proteomic characterization of a novel in vitro prostate cancer model system, the
clonal prostatic human epithelial cancer (PHEC) cell lines. The model is composed of three cell lines repre-
senting the three progressive cancer states found in vivo: non-tumorigenic, tumorigenic, and metastatic.
The cell lines were evaluated for differential protein expression between states using two dimensional
liquid:liquid chromatographic separation followed by mass spectral identification. The proteins from cel-
lular extracts were first separated using liquid:liquid primary separation based on their isoelectric points
and hydrophobicity. The resulting peptide fractions were applied to liquid chromatography-mass spec-
trometry (LC-MS) separation for mass determination and protein identification based on Mascot database
inquiry. Over 200 proteins that change expression over the course of progression of this in vitro prostate
cancer model were discovered during the comparative analysis of the three cell lines. The importance of
these proteins on prostate cancer progression remains to be elucidated with further characterizations.
The combination of the two dimensional liquid:liquid separation and mass spectral identifications was
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used to successfully analyze differential protein expression between multiple cell lines.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Prostate cancer (PRCA) is the most common non-skin cancer
in men, affecting 1 in 6 men. According to the American Cancer
Society, there were more than 217,730 new cases diagnosed, and
approximately 32,050 deaths, in 2010 alone [1]. Mortality rates
have decreased due to earlier detection through the prevalence of
screening with the prostate specific antigen (PSA) test. The pro-
tein PSA, initially characterized in 1971 [2], is a serine protease (EC
3.4.21.77) that is neither specific nor solely prostatic in origin. PSA
is also found in breast [3], lung [4], uterine [5] and renal [6] cancer.
Though not specific as a predictor of PRCA, PSA in patients diag-
nosed with PRCA is an excellent marker for the disease attaining a
metastatic state independent of treatment. To facilitate the under-
standing of PRCA etiology and provide an earlier and more specific
diagnostic tool for prostate cancer detection, improved model sys-
tems for PRCA biomarker research are required.
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The development of cancer model systems is valuable to
understand the progression of the disease. However, few systems
distinctly present all states of the disease progression within one
model. Most model systems are developed using a single state of
cancer or disease, such as the LNCaP prostate cancer metastasis
model. The few models that do represent cancer progression are
limited by difficulties in tracking all of the perturbations caused
by disease progression. These systems are excellent at modeling
the effects of a single perturbation on a “closed” system. However,
being able to follow the progression of a disease through one consis-
tent model allows a systems approach, providing a closer emulation
of true disease progression. Close proximity of any model system
to true disease physiology is essential for the evaluation of ther-
apeutic targets. Here, we report the proteomic characterization
of one uniform model system of prostate cancer progression, the
prostatic human epithelial cancer (PHEC) cell lines, to develop a
refined system for studying human PRCA.

1.1. Human prostate cancer model

The PHEC cell lines, first developed by Cunha [7], represent
a unique cell line for the evaluation of PRCA progression. Vari-
ous model systems have been developed to characterize PRCA.
However, only a minority of these demonstrate cancer progres-
sion to metastasis, including TRAMP, Pten-null, Noble rat, and
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the Lobund-Wistar rat. Examples of those that do not include
metastasis are Myc-null, LPG-TAg or “LADY”, Nkx3.1 null, TbR-
[I-knockout (KO), Prb-AR-transgenic, IGF transgenics, (urogenital
sinus mesenchyme) UGM + mPrERb—/—, and carcinoma associated
fibroblasts + hPrE TRs. The drawbacks of these models are that the
carcinomas are usually of non-human (rodent) origin, and they lack
an analogous phenotype, the development of prostatic intraepithe-
lial neoplasia (PIN) [8].

Our PHEC model is derived from the common ancestor line
of other human models (BPH-1) [9]. Unlike these other models,
however, the PHEC model progresses through all three cancer
states seen in vivo, as well as developing the pre-cancerous PIN.
While the etiology of PRCA remains unknown, the steroid hor-
mones testosterone and estradiol-17(3 are known to be involved
in carcinogenesis of the prostate, likely through reaction with
the androgen receptor [10]. These cell lines stimulate progression
through these constitutive physiological human hormones, and it
is the only model system that undergoes human epithelial malig-
nant transformation and metastasis, and thus represents all stages
of human carcinogenesis.

These cell lines originate from tissue recombination of the
non-tumorigenic human prostate epithelial cell line (BPH-1) with
embryonic stroma-urogenital mesenchyme (UGM) isolated from
rat seminal vesicles. Tissue recombinants grown in control animals
developed into orderly and benign prostate-like tissue (PHECyt),
whereas grafts grown in hormone-treated hosts developed into
cancer at 2 months (PHEC). At 4 months, growth progressed to
malignant cancer with metastases (PHECy;) to lymph nodes, lung,
and liver. These cells now have the ability to be grown in vitro,
with three distinct cell lines created at sequential time points to
represent the three states of cancer progression, and have been
shown to be human in origin [11]. They model many of the same
cell types, progression markers, and epigenetic behavior as human
cancer progression. Therefore, these cell lines serve as an excep-
tional model system for the analysis of the physiological changes
of PRCA progression at the cellular level.

1.2. Liquid:liquid separation system

We have applied the use of a PF2D protein fractionation sys-
tem (Beckman Coulter) to our analysis of the PHEC cell line. This
system has an advantage over conventional two-dimensional elec-
trophoresis (2DE) as it allows identification of a new fraction of
the proteome, which overlaps with the 2DE proteome by approx-
imately 20% [12]. In this system, samples are fractionated based
on their pl and hydrophobicity, in contrast to the 2DE sepa-
rations based on pl and molecular weight. Separation by PF2D
employs a liquid:liquid system, based on liquid chromatography.
The PF2D involves alternate physical separation properties and
does not use a gel, so the resulting subset of proteins can be
isolated to identify many proteins not seen with other methods.
The PF2D system also preserves post-translational modifications
routinely stripped during other separation techniques. Overall,
the PF2D combines the benefits of liquid-based and gel-based
separations to generate an alternate sample for further character-
izations.

2. Materials and methods
2.1. Culture and lysate collection of PHEC lines

Lysates analyzed in these studies were generated from the PHEC
in vitro cell lines as described previously [13]. Briefly, PHECyr,
PHECt, and PHECy; cells were grown in RPMI 1640 medium con-
taining 25 mM HEPES and L-glutamine (Invitrogen) supplemented

with 10% fetal bovine serum (Atlanta Biologicals) and 1x pri-
mocin (Invivogen). Cells were grown at 37°C and 5% CO,. When
cells reached approximately 75% confluency in a T-150 flask, they
were harvested using 0.25% trypsin containing EDTA (Invitrogen).
Trypsin was inactivated by adding 10% FBS, and the cells were pel-
leted via centrifugation at 1500 x g for 5min at 4 °C. The pellet was
rinsed with HBSS (Invitrogen) and stored at —80 °C until analysis.
Frozen cell pellets, prepared from approximately 1 x 108 cells, were
lysed in a buffer of 6 M urea (Sigma), 2M thiourea (Sigma), 10%
glycerol (EM Science), 50 mM Tris-HCl pH 7.8-8.2 (JT Baker), 2% n-
octylglucoside (Calbiochem), and 1 mM protease inhibitor (Sigma).
The resulting samples were then vortex agitated for 30-60s, incu-
bated for 30 min at room temperature, and centrifuged at 20,000 x g
for 1hat4°C to pellet the particulate matter. The cell lysate super-
natant was exchanged into 3.5 mL Start Buffer (Beckman Coulter)
using a PD10 buffer exchange column (GE Healthcare).

2.2. PE2D liquid/liquid proteome fractionation

Total protein concentrations of the lysates were measured
at 280nm using a Nanodrop spectrophotometer (Nanodrop,
Wilmington, DE, USA), and 5mg of total protein solubilized in
PF2D loading buffer was injected into the PF2D system. The first
dimension separated by chromatofocusing (CF) using a propri-
etary eluent buffer (Beckman Coulter) flowing isocratically at
0.2 mL/min on a Beckman Coulter CF column. Fraction collection
occurred in intervals of 0.3 pH units within a range of pH 8.5-4.0,
and then every 8.5 min outside this pH range, with fractions col-
lected in a 96-well deep-well plate in a chilled fraction collector.
These samples were then re-injected automatically for the sec-
ond dimension analysis, taking 250 wL per well. The separation
of the second dimension incorporated standard reversed-phase
chromatography, performed on a non-porous Cqg reverse phase
column (Beckman Coulter) with gradient flow of 0.75 mL/min from
0% B to 100% B over 30 min using 0.1% TFA in water for mobile
phase A and 0.08% TFA in acetonitrile for mobile phase B. Second
dimension fractions were collected into 96-well plates continu-
ously from 6 to 24 min run time in 30s intervals, and fractions
were stored in the plates at —80°C until subsequent analysis
by mass spectrometry. The second dimension elution parameters
represent the standard in the field, and are routinely used to per-
form post-translational modification analysis for phosphorylations,
methylations, dimethylations, and acetylations.

Results were visualized in Mapping Tools software (Beck-
man Coulter), where differential analysis was performed in the
“DeltaVue” mode. Mapping Tools is limited in its ability to over-
lay samples, only allowing two samples to be overlaid at a time,
creating a need for a new technique to view the three states of our
model system simultaneously. To visualize plots of the three PRCA
states of our model, the data files were read into Excel. We gener-
ated a spreadsheet to transfer the values from the Mapping Tools
files, converting raw data values into absorbance and time values,
which were then plotted and labeled by fraction number and pl.

2.3. Bottom-up proteomics

Samples were selected for subsequent analysis based on the
criteria of a two-fold change in intensity or a substantial change
in peak shape. Although peaks were assumed to contain multiple
species, a 2x increase in UV signal could reflect an increase in one
or more of the peak components. This criteria was qualitative, serv-
ing only as a selection parameter for further analysis. Addresses for
samples were determined using a spreadsheet generated internally
based on timing and patterning of fraction collection in the second
dimension. For each well selected for analysis, the corresponding
wells in the other two cell lines were also analyzed to provide a true
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comparison of the full proteomic progression model. However, if a
selected well address in one of the other cell lines did not con-
tain a UV signal exceeding 0.01 AU in the primary chromatogram,
the analysis of this sample was not performed. Repeated analysis
determined individual peaks with signal intensities <0.01 AU to be
below the lower limit of detection for reliable mass spectrometric
identification.

For samples selected, the wells were rinsed with acetonitrile,
and the samples evaporated with a speedvac until 20 pL sam-
ple remained. Samples evaporated below 20 L were adjusted
to 20 uL with 100mM ammonium bicarbonate solution. Sam-
ples were reduced with 3 L of 10mM DTT (Calbiochem) and
alkylated with 2 pL of 55mM IAA (Sigma) before digestion with
375ng trypsin (Promega). Digestion was stopped by the addi-
tion of 3 L of 1% TFA to a final concentration of 0.1% TFA, and
digested samples were evaporated to dryness before reconstitu-
tion in 10 wL of 5% acetonitrile with 0.1% formic acid in water.
Samples were loaded into autosampler vials and placed in a
cooled autosampler for LC-MS/MS analysis. LC separation was
performed on an Ultimate 3000 (Dionex) plumbed for nanoflow
parameters. Separations were achieved on a 75 um x 15cm Cyg
PepMap column (3 wm, 100 A pore size) from LC Packings. Pep-
tides were eluted with a gradient of 5-50% B over 35 min followed
by 50-90% B for 10 min at a flow of 400 nL/min. MS/MS analy-
sis was performed in-line with the LC on a Micro-TOF QII (Bruker
Daltonics).

For MS/MS analysis, a survey scan was performed, followed by
fragmentation (MS/MS) of the top three most abundant peaks in
the survey spectrum. A spectral rate of 1.3Hz was used for MS
spectra and 0.7 Hz for MS/MS spectra. Argon was used as a colli-
sion gas, and the RF of the collision cell was used in sweep mode
to ensure detection of low m/z ions. Peptides were identified via
the MASCOT database (Matrix Science) by searching individual
peptide mass data against the NCBInr database for human pro-
teins with carbamidomethyl cysteine as a fixed modification and
oxidized methionine as a variable modification [14]. MuDPit scor-
ing was used, so peptides with scores>38 were considered to
have high homology, or a positive identification (p <0.05). Peptide
identifications were accepted if the false discovery rate was less
than 5% and a minimum of one peptide met the identity thresh-
old.

2.4. Western blot analysis

Cells were grown and harvested as described above, and pel-
leted cells were lysed in 1x RIPA buffer. Protein concentration was
determined using Amersham’s 2D quant kit, and 50 j.g protein for
each sample was used for Western blot analysis. Here, proteins
were separated on a 1D SDS-PAGE gel (4-20% Tris-glycine from
BioRad) then transferred to PVDF membrane using an iBlot Sys-
tem (Invitrogen). Membranes were blocked with 10% milk in TBST.
Primary antibodies were either a-tubulin for loading control or
maspin (Cell Signaling). Detection occurred through HRP-coupled
secondary antibodies.

3. Results and discussion

We undertook the study of the PHEC cell lines using the PF2D
system to define the differences between the three states of our
cancer progression model. Our investigations have accomplished
the bottom-up proteomic analysis of the three PHEC states and have
identified several species of interest corresponding to specific can-
cer states. In doing so, these studies also allowed an evaluation of
the PF2D liquid separation format.

3.1. PE2D-differential liquid:liquid separation of PHEC cell line

Output from PF2D separations occurs initially as a series of
single chromatograms of the different separations from the two-
dimensional HPLC system, as shown in Fig. 1. We extracted the
214 nm UV data signal for each chromatogram and compared each
as in Fig. 1C. These chromatograms are then converted to pixelated
graphs, visualized using the software “Mapping Tools” (Beckman
Coulter) to produce an image similar to that generated when ana-
lyzing two-dimensional gels. This “pseudo” 2D gel image was then
compared between multiple proteomes for differences, with color
intensity in the image corresponding to concentration of protein
eluted from the columns. For each proteome analyzed, 5 mg protein
was injected, allowing for direct comparison between proteomes
based on changes in protein expression in the 2D images. Fig. 2
illustrates the digital UV output from the PF2D system of the pro-
teomes for PHECyt, PHECT, and PHECy; cell lysates. Between each
pair of individual state images is a comparison spectrum. Circles
have been added to highlight the differences between the pro-
teomes of the two cell lines being compared. These comparison
spectra are referred to as the “difference spectrum” between the
proteomes of PHECyt vs. PHECt, and PHECy vs. PHECy;. Though UV
spectral comparisons are done to select fractions for MS/MS identi-
fication, it is understood that each UV peak likely contains multiple
proteins. Mass spectral analysis is used for all comparative conclu-
sions regarding single proteins and characterizations of expression
throughout the cancer progression model.

3.2. Identification of altered protein production between
progression states

Based on comparative analysis of the proteomes of the three
PHEC cell lines, the liquid fractions were identified for further char-
acterization using bottom-up proteomics. Retention time was used
to determine the well address for each fraction of interest, and
comparisons were made only between the exact two-dimensional
positions between proteomes. The selected samples underwent
tryptic digestion and mass spectrometry for protein identification.
In Fig. 2, the circled differences were identified in this manner, and
a condensed summary of proteins identified is given as Table 1.
Full quantitative assessment of total expression levels of proteins
was not performed. The identification and expression of proteins
discussed refers to relative qualitative expression between cancer
progression states.

An overview of Table 1 reveals that the some proteins have
been identified in more than one sample, or at multiple elution
points during the 2D chromatography separation process. This can
be understood by classifying the identifications and localizations
into three general groups: (1) proteins that are localized to the
same first dimension fraction but have different retention times
in the second dimension, categorized as hydrophobic effects, (2)
proteins in adjacent first dimension fractions having similar reten-
tion times in the second dimension, categorized as focusing effects,
and (3) proteins with the same identification that eluted in differ-
ent fractions in both first and second dimensions, categorized as
modification effects. As these separations use liquid chromatog-
raphy to resolve complex protein mixtures, the resulting protein
fractions have a range of elution points, similar to a normal distri-
bution curve. The fractionation ranges possible due to hydrophobic
and focusing effects are compounded by the two separate dimen-
sions of the PF2D separation, creating mixtures of proteins with
multiple final endpoints.

Proteins eluted from the PF2D were fractionated by defined
intervals, using pH units for the first dimension and time for the
second dimension. If a protein began to elute at a pH or time near
the end of one fraction qualifier, it could finish in a second fraction
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Fig. 1. Chromatographic separation of the three cell lines of the PHEC model. Equivalent amounts of protein from the lysis of the three individual cell lines were separated
by pl in the first dimension and hydrophobicity (reversed-phase) in the second dimension. Fractions were collected in the first dimension in the range of pl 4.0-8.3 and in
the second dimension for retention times 6-24 min, with UV detection at 214 nm for both dimensions. (A) A UV chromatogram is acquired for each fraction within a given
sample. (B) Mapping Tools is used to yield a composite image showing a “pseudo” 2D gel for each sample. Each lane represents one fraction. Fractions can then be compared
between samples (boxed section). (C) Relative quantitation can be determined by overlaying the fraction chromatograms from the three samples.

qualifier, thereby splitting the protein into multiple fractions. This
can be confounded further if the protein elutes into two fractions
in the first dimension and two in the second dimension, essentially
allowing it to be identified in four separate fractions. Depending
on the biochemical and conformational properties of the protein,
elution can occur across a very narrow fraction range or a wider
one. In this study, one example of impact of these effects was the
protein eukaryotic translation elongation factor (eEF1A1). eEF1A1
was found in fractions 13, 17 and 18 (Fig. 3), indicating elution over
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a 1.5 min period, from retention times 16.5-18 min. Since the sec-
ond dimension collects a fraction every 30 s, eEF1A1 was identified
in 3 separate fractions. This is also an example of a protein with
focusing effects, as it is found in first dimension fractions 12 and 13
(pl 7.4-7.7 and 7.1-7 4, respectively).

Proteins with multiple elution points can also originate from
modification effects, the third classification. This general term
refers to proteins with structural or conformational changes that
impact the chemistry of separation. Included in this category are
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Fig. 2. Proteomic difference maps for the comparison of the PHECyr, PHECr and PHECy; cell lines show the PF2D profiles for the respective cell lines from the pI range of
4.0-8.3. Between each single cell line profile is the composite difference map comparing two cell lines: red and black for PHECnr vs. PHECt, and black and blue for PHECy vs.
PHECy. In the profiles, the intensity of the band color gives a relative intensity for that sample, with a darker band correlating to a higher protein concentration as compared
to another spot of lower color intensity. The difference maps also show relative intensity, with the color indicating the sample of origin. Circles indicate samples that were
recovered for mass spectrometry analysis and identification, with numbers corresponding to information in Table 1. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of the article.)
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Table 1

A summary of proteins identified by mass spectrometry after separation by 2D HPLC. Information pertaining to location in first and second dimension plates of the PF2D run,
MASCOT score, accession number and number of identified peptides is also given for each protein. Mascot scores > 38 indicate homology or identity in the database searching
lead to an identification of a protein of interest. Spot number refers to the location number circled in Fig. 2.

Ist Dimension Fraction #  Spot Number Protein ID Cell Line _accession _ Top MASCOT score Peptides
16 12 aflatoxin aldehyde reductase AFAR T gi|2736256 45 2
21,23,17,19,10, 23 11,1,5,4,9 Albumin NT, T, M gi|122920512 75,126, 45 54,1
16,13 12,13 annexin al NT gi| 157829895 64 2
13,19 5,17 ATP-Binding cassette, sub-family F member 2 T gi| 119574400 43 2
19 5 capping protein alpha T gi|433308 51 1
17 4 CAS cellular apoptosis susceptibility protein T gi|951338 42 1
21,17 3,8 cationic trypsinogen T gi|11120626 54 2
17 3 CENP-E centromere protein E T gi]29865 40 1
13,21 13,20 chloride intracellular channel 1 NT, T gi|895845 41,76 2,2
21 7 creatine kinase-B NT gi| 180555 48 1
21,16,10, 12, 16,10, 13,12 12,1, 2,14, elongation factor 1 alpha NT, T, M  gi|181965 69, 128, 211 1,6,7
18,8
21,19 58,9 ERP60 NT, T gi|729433 82,117 3,11
21 9 eukaryotic initiation factor 5A T gi|4261795 46 4
17 4 Guanine nucleotide exchange factor p115-RhoGEF T gi| 1654344 44 2
16, 13, 21, 21, 20, 20 12,6,13,7, Heat shock protein 70 NT, T, M gi|386785 269, 366, 363 14,24, 22
20
22 19 hematological and neurological expressed 1 M gi| 7705877 40 1
21,19 59 heterogeneous nuclear ribonucleoprotein H1 NT, T gi|5031753 45, 57 1,2
12,21, 20,13,17,12, 10, 6,1,21,2, Histone H2A NT, T,M  gi|32111 247,436,216 7,15,11
13,14,12 14, 4,13, 16,
17,18,9
13,19, 10, 13,14 1,5,21,13, Histone H2B M gi|1568551 442, 300 15,14
16,17,18
21,23,20,13,17,19,12, 11,5,6,21, Histone H4A NT, T, M gi|4504301 139,211, 234 59,7
13,14 2,4,13,16,
17,18,8,9
12,19,23,16,13,21,13, 12,11,1,5, Keratin1 NT,T,M gi|1346343 105, 262, 314 3,10,7
21,22,23,12,19,17, 16, 6,2,14,3,
10, 20, 23,13, 12,22 10, 19, 16,
17,18,13,7,
8,20
23 11 keratin 10 NT gi|307086 107 2
16 12 keratin 12 NT gi|4557699 51 2
13,21 13,7 keratin 13 NT gi|34033 157 9
16,21 12,7 Keratin 14 NT gi|12803709 71 18
21 7 keratin 15 NT gi|125081 107 7
16, 13,21 12,13,7  keratin 16 NT gi|1195531 156 10
16,21, 21 12,7,8 keratin 17 NT, T gi|4557701 502, 80 31,2
21 8 keratin 18 T gi|30311 64 Bl
21,21 7,8 keratin 19 NT, T gi|34039 281, 147 16,4
16,13,12,13,22 12,2,19,18 keratin 2 M gi|547754 163, 230 8,5
16,23,12 12,11,2  keratin 25 NT, T gi|28317 51,146 2,11
16,21 12,7 keratin 27 NT gi|74723314 42 2
16, 20,12, 13,22 12,6,2,19, keratin4 NT, T, M gi|15431316 51,75, 88 3,2,2
18
16,13, 21, 20 12,6,13,7 keratin 5 NT, M gi|18999435 133,41 9,2
16,13, 21 12,13,20 Keratin 6 NT, T gi|5031839 127,60 10,3
21 20 Keratin 71 T gi|15618995 53 2
16,21,13 12,18,20 Keratin 79 NT, T gi|39795269 86, 68 6,3
12,19, 16, 13, 21, 13, 21, 12,5,6,2, keratin8 NT, T,M gi|30313 265, 524, 451 26, 33,36
20,12, 20, 13, 22 19,13,17,
18,7,8
23,16,22,12,13 12,11, 2,19, keratin9 ™M gi|453155 56, 55 3,3
18
13, 21, 20, 20 6,13,20  KM-HN-1 protein NT, T, M gi|21757428 86, 57,57 2,k il
21,19, 16,13, 13, 22 12,5,19, 18, lamina NT,T,M gi|386856 60, 83, 257 2,2,6
8,9
21 8 Myosin light chain 6 NT  gi|17986258 108 5
22 19 PDGFA associated protein 1 M gi| 7657441 85 2
13 18 peptide chain release factor 3 M gi| 7022475 42 1
21 8,9 phospholipase C-alpha NT gi|303618 82 4
12 2 predicted similar to hCG1643231 T gi| 169168829 75 2
19 5 progerin T gi|34228 90 4
13,21 13,20 ProSAPiP1 protein NT, T gi| 7662176 41,48 2,8
20, 20 6 proteasome inhibitor hPI31 M gi|1655488 67, 40 1,2
16, 20 12,6 replication protein A3 NT, T gi|4506587 61, 42 4,1
16 12 Rho GTPase activating protein 23 NT gi]7959263 42 2
21,12 15,8 ribosomal protein s19 NT, T gi|14164 47,145 4,5
17 4 ribosomal protein s21 T gi|4506699 41 1
12 15 RNA binding motif protein, X-linked T gi] 194389236 154 5
19 5 RPB5 T gi|1060912 40 1
17,17 B serpin BS NT, T gi|547892 80,114 4,5
12 15 small nuclear ribonucleoprotein polypeptide D3 T gi|4759160 47 1
16 12 thioredoxin peroxidase T gi| 5453549 57 2
21 7 transformation related protein 14 NT gi|33415057 42 1
21,21 7,9 transformation upregulated nuclear protein NT, T gi|460789 41, 83 1,2
21 9 tRNA methyltransferase 11-2 T gi| 7705477 81 6
21 8 tumor protein D52-like NT gi|40805862 50 1
17 3 ubiquinol-cytochrome c reductase core 1 protein T gi|515634 88 2
12,13, 20,13 6,2,17,18 Ubiquitin T, M gi|229532 48,62 3,3
16 12 ubiquitin carboxyl-terminal hydrolase L5 NT gi|4929609 38 1
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Fig. 3. Sites of PF2D where eukaryotic translation elongation factor (eEF1A1). Proteomic difference maps for the comparison of the PHECnt, PHECt and PHECy cell lines show
the PF2D profiles for the respective cell lines from the pI range of 4.0-8.3. Between each single cell line profile is the composite difference map comparing two cell lines:
red and black for PHECyt vs. PHECt, and black and blue for PHECr vs. PHECy. In the profiles, the intensity of the band color gives a relative intensity for that sample, so a
darker band correlates to a higher protein concentration in that spot as compared to another spot of lower color intensity. The difference maps also show relative intensity,
with higher color intensity from one sample vs. the other indicating a higher in abundance in this sample than the one to which it is compared. Circles indicate samples that
eEF1A1 was recovered. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

proteins with various post-translational modifications (PTMs), dif-
ferent isoforms of one protein, analogous proteins, and proteins
with point mutations. PTMs and point mutations can lead to subtle
or drastic changes in pl, depending on the amount and nature of the
alteration [15]. Proteins that have non-covalently bound species,
such as histones, experience an overall change in pI due to molecu-
lar complexation. Protein degradation products are also commonly
identified in proteomic analyses. While samples were lysed with
buffer containing protease inhibitors to prevent proteolysis during
sample preparation, protein degradation occurs regularly within
cells, so degradation products were expected. Degradation can
lead to changes in tertiary or quaternary structures, so a single
degraded protein could have several conformational structures
present within a sample. Each conformation interacts with the
chromatographic column matrix and mobile phases with slight
variations. Depending on the level of degradation present, a sin-
gle protein could be identified, but with multiple elution points
due to changes in chemical interactions with the columns used
in the PF2D separation. Similarly, each fraction contains multi-
ple proteins in the same eluent, so all comparative analyses are
based upon MS/MS identification of single proteins within complex
mixtures.

Further analysis of the results in Table 1 indicates that, in
most cases, more than one protein was identified in each frac-
tion. This can be attributed to the biochemical properties of the
protein separation and fraction collection methods. Because the
separation involves two-dimensional chromatography, as opposed
to a traditional single dimensional separation, the elution param-
eters cannot be optimized simultaneously for both separation
chemistries. However, as the chromatography was designed to
separate proteins for the subsequent identification by mass spec-
troscopy, the separation parameters do not need to resolve
individual species per peak or fraction collected. Multiplicity of pro-
teins within peaks is balanced by the power of the detection system,
so the separation method serves only to enhance the resolution and
sensitivity of the subsequent identification.

There are multiple advantages to this technique over more rou-
tine methods, such as single dimension chromatography or gel
electrophoresis. The basis of the separation is liquid chromatog-
raphy, so samples are injected in solution and collected as fractions
of eluent. This allows the proteins to remain in solution throughout
the full separation process, eliminating dry-down and reconstitu-
tion steps that can lead to sample loss. The liquid-based separation
procedure allows for preservation of PTMs for subsequent identi-
fication. Collecting fractions in solution leads to characterization
of modifications directly by mass spectrometry, providing a more
accurate picture of the nature of the proteins within the cells of ori-
gin. This creates a more reliable picture of the proteins within the
cells than can be generated from gel-based separation techniques
routinely used in proteomic evaluations.

In addition to the advantages for characterizing whole proteins,
the use of two-dimensional chromatography for proteomic sepa-
rations introduces a different set of proteins into the proteomes
being studied. While gel-based separations exclude high mass,
aggregated, and hydrophobic proteins, such as those found in cell
membranes and within subcellular architecture, solution-based
separations allow the analysis of all cell lysate proteins injected
into the chromatograph. As such, a different subset of the proteome
becomes available for identification and characterization.

The comparative analysis of the three proteomes of the PHEC cell
lines showed identifications of proteins from a variety of cellular
locations. As shown in Fig. 4, proteins typically associated with the
nucleus increased as the cells progressed toward metastasis. The
overall complexity of distribution of protein localizations within
the cell changed dramatically as cancer progressed. Cells in the
non-tumorigenic state localized to 9 sites, while tumorigenic cellu-
lar proteins occurred in 12 locations. Interestingly, the metastatic
cellular proteins identified were localized to only 5 cellular places.
The combination of the inclusion of higher mass and hydrophobic
proteins with the ability to evaluate PTMs and binding partners
introduces a powerful tool to the understanding of biomolecular
interactions within the cell membrane and within the architecture
of the cell. This information would not be available with gel-based
methodologies.

With these techniques, we generated a proteomic compari-
son of the three cancer progression states of the PHEC model.
The highest frequencies of proteins identified in the fractions of
interest between the three cell lines were members of the cytok-
eratin family (KRT), filamentous protein polymers responsible for
the structural integrity of epithelial cells. Others have shown evi-
dence for the correlation between changes in cytokeratins as
cancer progresses to a malignant state. In PRCA, cytokeratins
have shown differential expression from human prostate tissue
depending on the progression state. A tumor-associated species,
specifically present in tumors and absent from normal and most
benign prostatic hyperplasia samples, was identified to be a pro-
teolytic fragment of KRT8 that showed a mass reduction and a
change in pl value [16]. Extensive fragmentation of KRT molecules
by these proteases has been suggested to support the participation
of cytokeratins in malignancy [17].

In the PHEC model, cancer progression across the three states
showed decreased total expression of keratins, with 42 identifica-
tions in 21 fractions of the non-tumorigenic cells, 41 identifications
in the same fractions of tumorigenic cells, and 17 identifications in
those of metastatic cells. Of the identifications made in the chosen
fractions, the non-tumorigenic cells displayed 30 different types
of keratins, while only 15 and 9 types of keratins were displayed
in the tumorigenic and metastatic cells, respectively, as shown in
Fig. 5. Their identities are given in Table 1. This level of change in
keratin production and variety as cells morph from a healthy state
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Fig. 4. Subcellular localization breakdown of identified proteins. Proteins in categories with one or more (+) in them are uniquely counted in that category and not the
individual categories comprise up that category. (A) Subcellular localization of total proteins identified from all three states combined. (B) Localization of proteins identified
from PHECyr lysates. (C) Localization of proteins identified from PHECt lysates. (D) Localization of proteins identified from PHECy lysates.

into metastatic cancer cells poses an interesting point of specula-
tion regarding the role of keratins in cancer progression. Keratins
perform a predominantly structural role, aligning into large aggre-
gate assemblies within cells. Our data showed the progression to
malignancy in the PHEC cell lines leads to altered and inconsistent
morphology within tumorigenic and metastatic cell cultures. The
observed morphological changes could be the result of a limited
expression of keratins, or the introduction of keratin expres-
sion types not typically found in the normally replicating cells.
These findings support extensive reports in the literature of the
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Fig. 5. A comparative analysis of the distribution of histones and keratins within
the three PHEC model cell lines. The colors within each bar represent the number of
identifications made in the fractions characterized for each cell line. The size of each
colored segment represents the number of identifications of a species made within
each of the separate cell lines. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

phenotypic changes cells undergo as they transform into fully
malignant cancer forms.

The second most prevalent protein family found in the com-
parison of the three progression cell lines was the histone family.
These proteins showed a trend opposite to that of the keratin
family, with histone expression and variety increasing across the
progression states toward metastasis, illustrated in Fig. 5. Seven
individual histones representing 6 histone types were identified
in the non-tumorigenic cells, as opposed to 20 identifications rep-
resenting 9 types in the tumorigenic state and 23 identifications
representing 10 types in the metastatic state. Histones are predomi-
nantly responsible for packaging chromosomes. Most importantly,
histones play a crucial role in epigenetic variations, and they are
drastically altered in cancer formation. One of the key mechanisms
of tumor formation is the silencing of genes associated with cancer
by epigenetic regulators [18], and epigenetic variations have been
suggested to be indicative of disease prognosis, including prostate
cancer [19]. Histones are able to alter the degradation processes and
signaling mechanisms of the healthy cell through their own mod-
ifications, fundamental cellular changes that could lead to cancer
progression.

Of those proteins identified from the comparison of the three
cancer states, individual proteins of interest have shown to be
differentially expressed between the progression states and have
previous associations with cancer in the literature. Found in frac-
tion 3, maspin (SERPINB5) is a member of the serpin super family
of proteins, known for their antiprotease activity. This protein was
discovered through its tumor suppressive properties. Maspin is a
non-inhibitory serpin showing importance in preventing metasta-
sis in breast [20] and prostate [21] cancers. In the PHEC system,
the maspin protein elutes at only one pl (6.1-6.4), indicating only
one form present. Maspin shows a clear reduction in concentra-
tion as the cells develop into cancer and metastasize (Fig. 6). The
initial reduction in UV peak area seen in the PF2D was confirmed
using immunoblot analysis, as shown in Fig. 6. This behavior reflects
that observed in the literature and substantiates the potential of
maspin as an indicator of the transformation from tumorigenic to
metastatic cancer.

Another protein differentially expressed between the three can-
cer states is HSP70. The HSP70 proteins are a family of proteins,
including the two major cytoplasmic isoforms heat shock protein
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Fig. 6. Identification and verification of a difference in abundance of the serine protease inhibitor MASPIN. (A) Overlaid chromatograms of the fraction containing MASPIN
in the three samples. The arrow indicates the peak associated with the identity. (B) Sequence coverage for the LC-MS/MS identification of MASPIN with the corresponding
MASCOT score. (C) Western blot analysis to verify the difference in abundance observed by LC-MS/MS. a-Tubulin was used as a loading control.

70 (HSP70) and heat shock 70 kDa protein 8 (HSC70), that assistin a
broad set of functions as part of the cellular machinery for protein
folding and protection of cells from stress. As one of the chaper-
one proteins, HSP70 may have a role in cancer because it has been
found in increased abundance in cancer cells, though not as a reli-
able marker to predict the reoccurrence of cancer [22]. The poor
diagnostic ability of HSP70 in cancer evaluations may be caused by
the failure to monitor the precise species. In the PHEC system, both
HSP70 and HSC70 were identified. In the PHECnr cells, HSP70 and
HSC70 were identified separately in multiple fractions. In the PHECt
cells, HSP70 and HSC70 were identified together in the same two
fractions. However, in the PHECy, cells, only one fraction contained
both HSP70 and HSC70. The presence of HSC70 in the metastatic
cells corroborates previous findings that HSC70 is over-expressed
in the metastatic state [23]. Overall, the presence of multiple frac-
tions indicates differing forms of the HSP proteins, suggesting there
might be post-translational modifications on these proteins that
could change their cellular functions throughout the progression
of prostate cancer.

Elongation factor 1 alpha (eEF1A) is also found in several places
in the comparative proteomes of the three PHEC cell lines. Physio-
logically, eEF1A has shown expression in human prostate tumors,
while absent in normal human prostate tissue [24], and recently
has been shown to interact with phospho-Akt to regulate prolifer-
ation, survival and motility of breast cancer cells [25]. In addition,
overexpression of eEF1A has been demonstrated in cell lines mod-
eling pancreatic cancer, leukemia and osteosarcoma [26]. In our
PHEC model of prostate cancer progression, eEF1A occurs in all
three progression states at multiple p/ and hydrophobicity lev-
els, as shown in Fig. 3. Many PTMs have been shown on eEF1A
[27], which could explain the various forms eluted in the separa-
tions.

The identification of these selected proteins of interest from
the comparative analysis of the cancer progression showed one
striking feature among all them: the presence of multiple elu-
tion points from the two-dimensional chromatography separations
employed. As previously described, this could indicate the pres-
ence of post-translational modifications, leading to considerations
of the purpose of these PTMs. Proteins generally undergo PTMs for
regulation of cellular processes. The PHEC model undergoes the full
progression of PRCA from non-tumorigenic cells to metastatic cells,
so changes in the modifications of proteins across this progression
could be suggestive of the regulatory role of the proteins evaluated
in the development of cellular metastasis.

The key to understanding the mechanism of cancer metasta-
sis lies in the ability to capture a snapshot of the cell at rapid
time intervals as the cells actively convert to the metastatic state,
introducing a possible kinetic model of cancer metastasis not
previously reported. This allows the disassembly and evaluation
of individual aspects of the cell at each time point to consider
individually the changes occurring simultaneously physiologically,
rather than following only a single molecule or group of species
of interest. Gathering such a “cellular snapshot” provides a more
complete analysis, allowing a characterization of the molecules
and organelles performing together to lead the cell to a metastatic
endpoint. While this scenario sounds ideal, it is not trivial experi-
mentally. Such an undertaking requires the ability to capture cells
directly at successive time points, from which the lysates undergo
total cellular analysis for protein changes. In addition, the cells stud-
ied must be capable of transforming fully from healthy prostate
cells to metastatic cancer cells.

The purpose of this work is to introduce the model and method-
ologies by which a “cellular snapshot” study of human prostate
cancer metastasis will begin. The PHEC model provides the nec-
essary cellular component - humanized in vitro cell lines with
identical genetic backgrounds that provide the full cancer progres-
sion to metastasis. The origin of all three PHEC cell lines from the
same genetic source provides uniformity to the analysis, eliminat-
ing the variable background proteins unavoidable when multiple
cell lines are used to cover the full cancer progression. This allows
much more sensitive detection of subtle changes in proteins, such
as PTMs and isoforms, that could be key facets to understanding
metastatic mechanisms.

The combination of the PHEC human prostate cancer model sys-
tem with an alternate proteomic analysis using two-dimensional
HPLC/MS/MS introduces a new aspect to cancer research. This con-
cept could provide a fundamentally unique perspective on the
manner in which cellular mechanics are studied. More importantly,
these tools together provide a model for human prostate cancer
research that has not been studied previously, visualizing differ-
ences in individual proteins from the milieu of cellular components
changing as cells metastasize.
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