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Abstract
Cell culture models of oncogenesis that use cellular reprogramming to generate a neoplastic cell
from a normal cell provide one of the few opportunities to study the early stages of breast cancer
development. Human mammary epithelial cells (HMECs) were induced to undergo a neoplastic
transformation using defined genetic elements to generate transformed HMECs (THMECs). To
identify proteins that displayed significantly different levels of abundance at three consecutive
time points in oncogenesis over an 80 day period, protein extracts were analyzed by two-
dimensional difference gel electrophoresis (2D-DIGE). Nine proteins were found to be
significantly different in abundance: keratin 1, keratin 7, heat shock protein 4A-like, t-complex
protein 1, stathmin, gelsolin, FK506 binding protein 5, ribosomal protein P0, and maspin. Keratin
7 and maspin displayed a linear down-regulation over 80 days. All of these proteins have been
shown to be involved in the maintenance of a metastatic state including cytoskeletal modifications
and motility. We conclude that, following neoplastic induction, THMECs display an early and
progressive increase in metastatic potential. Further investigations into the function and regulatory
mechanisms of these proteins will provide an unparalleled understanding of the initial states
through which a breast cancer cell transitions following acquisition of the genetic abnormalities
required for oncogenesis.
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Introduction
One of the most important yet least understood aspects of cancer biology is oncogenesis, or
the process by which a normal, somatic cell transitions to an oncogenic state. There
currently is no method to study this process in vivo; however, a procedure known as
neoplastic reprogramming confers the ability to study this process in vitro. First used to
generate cancer cells from normal fetal lung fibroblasts, this procedure has also been used to
generate breast cancer cells from human mammary epithelial cells (HMECs).1,2 HMECs are
normal, somatic cells that display a finite lifespan and lack the ability to form tumors.
Neoplastically transformed HMECs display most if not all of the characteristics of breast
cancer cells, including the ability to form tumors in nude mice.

Two general types of cellular reprogramming exist, reprogramming to a pluripotent or stem
state, and reprogramming to a neoplastic state.1,3 These two groups are not mutually
exclusive as they both use some of the same genomic regions to achieve the desired induced
state and possess many of the newly acquired traits in common. The therapeutic importance
of pluripotent reprogramming is very high, whereas neoplastic programming has little
therapeutic value. The true value of neoplastic reprogramming lies in the ability to monitor
the mechanisms driving the transition of a normal cell to a neoplastic cell in real-time.
Neoplastic reprogramming in human cells using defined genetic elements was first
discovered by Weinberg et al.1 In 1999, Weinberg and colleagues published a landmark
procedure illustrating that normal human cells can be induced to undergo a neoplastic
transformation through retroviral-mediated addition of three defined genetic elements:
Simian Virus 40 Early Region (SV40 ER), exogenous human telomerase reverse
transcriptase (hTERT), and an activated, oncogenic form of hRAS (hRAS-V12).1 Addition
of each of the three genes either activates or inactivates specific pathways in a manner
similar to how these pathways become dysregulated during oncogenesis in vivo. The
addition of SV40 ER inactivates the defense mechanisms of the cell by sequestering p53 and
pRB.4 Stable expression of exogenous hTERT, the catalytic component of telomerase,
promotes an increase in telomerase activity and provides the cell with the ability to replicate
indefinitely.5 Lastly, the introduction of activated hRAS mimics a sustained supply of
growth signals and causes a consistent activation of one of the major pathways responsible
for cellular division and the acquisition of a malignant phenotype.

The ability to neoplastically transform normal human cells provides the opportunity to
monitor the very early events of tumorigenesis in real time. For example, we have
previously shown that neoplastically transformed human fetal lung fibro-blasts display a
progressive increase in both mRNA and protein expression of members of the DNA
methyltransferase (DNMT) family of enzymes following antibiotic selection of the third
construct, hRas-V12.6 It is common knowledge that the DNMTs play a pivotal role in
cancer biology by modifying the normal patterns of DNA methylation.7 In fully developed
tumors, the progressive nature of the change in expression would not be observed; only a
difference in expression would be seen. It is believed that the key to understanding
oncogenesis lies in the ability to identify which genes possess this progressive nature and
then to understand what is driving the oncogenesis-related progressive alterations in gene
expression.

Two-dimensional difference in gel electrophoresis (2D-DIGE) is one of the best available
methods for discovery-based proteomic research; it is a relatively low cost “-omic” assay,
that is highly quantitative and extremely accurate. The ability to analyze 24 individual
samples on 12 gels in one experimental run virtually eliminates experimental variance due to
minor differences in reagents, conditions, and so forth. Additionally, inclusion of the same
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internal standard on each gel confers the ability to quantitatively compare all 24 samples
across the 2D gel data set.

We hypothesized that additional proteins, as important to the maintenance of the oncogenic
state as the DNMTs, would also display this same type of progressive alteration in protein
expression in a breast cancer model of oncogenesis. To test this hypothesis, we applied 2D-
DIGE to identify differentially expressed proteins in neoplastically transforming HMECs in
the first 80 days (d) after selection for hRas-V12. Eighteen spots were identified as
differentially expressed, with 11 spots each containing a single protein. Of these 11 spots,
two spots were duplicates, leaving a total of 9 unique identifications: keratin 1, keratin 7,
heat shock protein 4A-like, t-complex protein 1, stathmin, gelsolin, FK506 binding protein
5, ribosomal protein P0, and maspin. These proteins have been shown to be involved in the
loss of cellular rigidity and the gain of cellular motility, alterations that are associated with a
metastatic phenotype. Of these 9 proteins, three (ribosomal protein P0, maspin and keratin
7) displayed a near perfect linear down-regulation. SERPINB5, the gene that codes for the
maspin protein, is considered to be a metastasis suppressor gene (MSG) and the observed
linear down-regulation over an 80 day period is consistent with a progressive trend toward a
metastatic phenotype. Identification of genes that display a progressive alteration in protein
expression confirmed our hypothesis and will provide the basis for future studies involving
the regulation and function of both oncogenesis-related proteins.

Materials and Methods
Cell Culture

HMECs, at early passage, were obtained from Lonza (Basel, Switzerland) and grown in
serum-free Mammary Epithelial Growth Medium (MEGM) (Lonza; Basel, Switzerland)
without sodium bicarbonate at 37 °C and 0.1% CO2. The omission of sodium bicarbonate
allowed HMECs to be grown at a lower CO2 level, which helped to maintain HMECs in the
best possible condition. MEGM was changed daily and HMECs were subcultured at 75%
confluency. HMECs at all stages of transformation were cultured according to the cell
culture procedures described by Hammond and Stampfer.8,9 Transient retrovirus was
produced using Phoenix gag-pol 293 Human Embryonic Kidney cells (Φnx) created by Dr.
Gary Nolan (Stanford University) and obtained through ATCC (Manassas, VA).10 Φnx,
MCF-7, and MDA-MB-231 cells were grown in DMEM supplemented with 10% heat-
inactivated fetal bovine serum and 1% APS (Amphoterocin B, Penicillin, Streptomycin).
Photographs of HMEC-SV40-hTERT (SHMEC) and Transforming HMECs (THMECs)
were taken with a CoolPix5100 (Nikon; Melville, NY) at 40× magnification on an Eclipse
TS100 microscope (Nikon; Melville, NY). Four cell lines of the MCF10 Isogenic Breast
Cancer Metastatic Progression Model, MCF10A, MCF10AT, MCF10CAa.1α, and
MCF10CAd.1, were acquired as a kind gift from Dr. Danny Welch (University of Alabama
at Birmingham). Cells were cultured as previously described.11,12 MCF10A are the
immortalized nontumorigenic cell line. MCF10AT cells are the tumorigenic, premetastatic
cell line derived from MCF10A. MCF10CAa.1α and MCF10CAd.1 are the two metastatic
clonal lines. Each of the metastatic variants were created from a separate carcinoma that was
generated by tail vein injections of MCF10AT cells into severe combined
immunocompromised mice.

Plasmid Preparation
Each of the three retroviral plasmids, pBabe-neo-SV40 (10891), pBabe-hygro-hTERT
(1773), pBabe-puro-RASV12 (1768) and the pseudotyping plasmid, pCL-VSVG (1733)
were obtained from ADDGENE (Cambridge, MA) with each plasmid’s respective ID
number in parentheses.1 Plasmids were prepared according to the following procedures:
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Following bacterial culture and subsequent purification, purity of each plasmid was assessed
by determination of the A260/A280 ratio. Once purity was verified, plasmid sequence
integrity was verified using pBabe sequencing primer forward (5′-CTTTATC-
CAGCCCTCAC-3′).

Retroviral Production and HMEC Infection
Transient retrovirus was produced according to the following procedures: Φnx cells were
plated on gelatin-coated 100 mm plates and grown to a confluency of 85%. For each
retroviral infection, 15 μg of pBabe plasmid and 15 μg of VSV-G plasmid was transfected
into Φnx cells using Virapack Transfection Kit (Stratagene; Cedar Creek, TX). At 3 h post-
transfection, cells were washed with PBS and fresh media added. At 48 h post-transfection
retroviral supernatant was filtered through a 0.45 μm filter and Polybrene added to a final
concentration of 4 μg/mL. Retroviral supernatant (2 mL) was then applied to HMECs at
35% confluency. After 3 h, 3 mL of MEGM was added and infection was carried out for 48
h. Cells were washed with PBS at 48 h postinfection to remove all traces of retrovirus and
fresh MEGM was added. Infected HMECs were then allowed to recover from infection for 2
d before beginning selection. For each infection, antibiotic selection was carried out
according to Elenbaas et al.2

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) and Western Blot
RT-PCR was used to confirm expression of SV40-ER and exogenous hTERT (exo-hTERT).
Total RNA was harvested using an RNEASY kit (Qiagen; Valencia, CA). Purified RNA was
then subjected to DNase1 treatment and RNA repurified. To prevent RNA degradation,
immediately following DNase1 treatment and subsequent purification, 2 μg of RNA was
reverse transcribed to cDNA using cDNA First Strand Synthesis kit (Invitrogen; Carlsbad,
CA). PCR was performed using primers, specific to SV40 Large T (F, 5′-GCTTTGCAAA-
GATGGATAAAG; R, 5′-ACTAAACACAGCATGACTC), exo-hTERT (F, 5′-
GACACACATTCCACAGGTCG; R, 5′-GACTCGACACCGT-GTCACCTAC), and
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (F, 5′-
GAGAGACCCTCACTGCTG; R, 5′-GATGGTA-CATGACAAGGTGC) cDNAs.1

Electrophoresis was carried out at 100 V. Bands were visualized under UV light and
analyzed with Kodak Digital Science Software (Kodak; Rochester, NY). Western blotting of
protein extracts was used to determine stable expression of hRASV12. Nuclear protein
extracts were isolated using NE-PER Nuclear Extraction Kit (Thermo Scientific; Rockford,
IL). Protein concentration was determined with the Bradford method of protein
quantification using the BioRad Protein Assay (BioRad; Hercules, CA). Nuclear protein
extract (20 μg) was separated by electrophoresis at 100 V, transferred to a nitrocellulose
membrane, and blocked in 5% dry milk in Tris buffered saline solution with 1% Tween
(TBST) overnight. Primary antibody incubation was carried out overnight at 4 °C using
mouse monoclonal antibodies specific to hRas (sc-53958). Membranes were then probed
with goat anti-mouse IgG-HRP (sc-2005). Protein bands were visualized using enhanced
chemiluminescence (ECL) reagents (Thermo Scientific; Rockford, IL). All antibodies used
in immunoblotting were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) with
catalog numbers listed in parentheses.

Telomeric Repeat Amplification Protocol (TRAP)
A TRAP assay using TRAPeze Kit (Millipore Corporation; Billerica, MA) was performed to
confirm activation of telomerase activity as a result of stable expression of exo-hTERT as
previously described.13 TRAP assay was performed according to procedures described in
the TRAPeze manual. Total protein extracts were harvested using CHAPs lysis buffer.
Protein concentration was determined as described above and 250 ng of protein extract was
used for each reaction. Heat-inactivated samples were incubated at 85 °C for 10 min. Protein
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extract from MDA-MB-231 cells served as a positive control and one reaction lacking
protein extracts served as a negative control. Samples were incubated at 30 °C for 30 min,
followed by a 33 cycle PCR. PCR conditions were followed according to the kit manual.
Reaction products (25 μL) were loaded onto a 12.5% nondenaturing PAGE and
electrophoresed for 1.5 h at 300 V. Gels were stained with SYBR Green (Lonza; Basel,
Switzerland) and visualized under UV radiation.

THMEC Xenografts
Female Balb/c nude mice, 4–6 weeks of age, were obtained from Charles River Laboratories
(Wilmington, MA). THMECs at 40 d post-hRas introduction were injected subcutaneously
in the left flank of each mouse. For each injection, 0.1 mL of cell culture medium containing
1 × 106 cells was mixed with an equal volume of Matrigel and the entire 0.2 mL was
injected. Mice were sacrificed at 6 weeks postinjection and average tumor volume (mm3)
was calculated as follows: tumor volume (TV) on day 42 = (a × b2)/2, where a is the largest
diameter (in mm) and b is the diameter (in mm) perpendicular to a.

Experimental Design
We chose three points in the neoplastic progression to assess proteomic differences. These
three time points in the neoplastic progression were as follows: SHMEC, THMEC 40 d post-
hRAS, and THMEC 80 d post-hRAS. SHMEC cells are HMECs stably expressing SV40ER
and exo-hTERT and represent premalignant breast cells. THMECs are HMECs stably
expressing all three genetic elements, SV40ER, exo-hTERT, and hRAS-V12. For each time
point, 4 biological replicates were generated for a total of 12 samples. For THMECs, two
independent samples were generated for each time point (40 and 80 days) for each of two
separate THMEC clonal lines generated from the same SHMEC clonal line. A schematic of
the experimental design is shown in Supplementary Figure 1. THMECs at 80 days were
derived from the same cell populations as those at 40 days. Four biological replicates of
SHMEC were generated from one SHMEC clonal line, which was the same SHMEC cell
line used to generate both THMEC cell lines. Experiments were designed in this fashion to
optimize a balance between a sufficient number of biological replicates and a
minimalization of variation and sample number. Finally, each sample was dye-swapped for
a final n = 8 for each time point.

RNA and Protein Extraction for Real-Time PCR and 2D-DIGE
RNA, protein, and DNA were extracted using Tri Reagent (Ambion, Austin, TX) from
HMEC-SV40-hTERT, THMEC 40 d post-hRas transfection, THMEC 80 d post-hRas,
MCF10A, MCF10AT, MCF10CAa.1α, and MCF10CAd.1 following the manufacturer’s
protocol. For each sample, 4 biological replicates were generated as described above.
Following the final ethanol wash, the RNA pellet was resuspended in 100% deionized
formamide and stored at −80 °C.14 Protein pellets were stored in 100% ethanol at −20 °C.

Preparation of Protein Extracts for 2D-DIGE and CyDye Labeling
Preparation of protein extracts and 2D-DIGE experiments were carried out as previously
described by Kim et al.15 Precipitated protein from each cell sample was resuspended in
isoelectric focusing (IEF) buffer and protein concentrations were determined using the 2D
Quant Kit (GE Healthcare, Piscataway, NJ). All three CyDyes were obtained from GE
Healthcare (Piscataway, NJ). To eliminate dye-specific bias, all samples were dye-swapped
by labeling with both Cy3 and Cy5. An internal standard (IS) was generated by pooling 50
μg of each of the 12 samples and labeling all of this mixture with 200 pmol of Cy2. Protein
(50 μg) for each sample was labeled according to the manufacturer’s instructions with 200
pmol of either Cy3 or Cy5. The Cy3 and Cy5 sample for each gel can be viewed in Table 1.
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2D Difference Gel Electrophoresis-First Dimension Separation
For each 2D-DIGE gel, 50 μg of a Cy3-labled sample, 50 μg of a Cy5-labled sample, and
50 μg of the IS were pooled and the final volume brought up to 110 μL with IEF buffer
before diluting 1:1 with rehydration buffer (7 M urea/2 M thiourea/4% CHAPS/40 mM Tris-
HCl, pH 8.8) containing 1% IPGphor ampholytes, pI range 4–7 (GE Healthcare; Piscataway,
NJ) and 30 mM dithiothreitol (DTT). Twelve 11.0 cm immobilized pH gradient (IPG)
DryStrips pH gradient 4–7 (GE Healthcare; Piscataway, NJ) were rehydrated overnight for
20 h at room temperature (RT) in individual troughs in the IPG strip rehydrating chamber
(GE Healthcare; Piscataway, NJ). The choice was made to use a pH 4–7 strip instead of the
broader pH 3–10 strip based on previous experience of the authors and preliminary testing
prior to the start of data collection.15 Each DryStrip was placed gel-side down on top of the
respective 220 μL sample and overlaid with mineral oil. The following day, DryStrips were
laid gel-side down and focused on an Ettan IPGphor II (GE Healthcare; Piscataway, NJ) at
RT overnight using the following protocol: 6 h at 500 V, 1 h at 1000 V, 2.5 h at 6000 V, 2 h
at 6000 V, 20 h at 300 V. Wicks were changed every 30 min for the first 1.5 h. The next
day, DryStrips were placed at −80 °C.

2D Difference Gel Electrophoresis-Second Dimension Separation
DryStrips were thawed at RT for 15 min; and then equilibrated in SDS-sample buffer (6 M
urea, 75 mM Tris-HCL, pH 8.8, 20% glycerol, 2% SDS, 65 mM DTT) twice for 15 min
each and then once for 15 min in SDS-sample buffer containing freshly added
iodoacetamide (135 mM) and a trace of bromophenol blue. Each strip was then placed on
top of a 12.5% Criterion precast gel (Bio-Rad; Hercules, CA). Second-dimension separation
for all 12 gels was carried out in a Dodeca Cell (Bio-Rad; Hercules, CA) at 150 V for 1.5 h
at RT until bromophenol blue reached the bottom of the gel. Water chilled to 4 °C was
circulated through the coils in the cell to maintain a low temperature.

Gel Image Acquisition
Following second-dimension separation, each gel was scanned on a Typhoon Trio+ Variable
Mode Imaging System (GE Healthcare; Piscataway, NJ), using the specific laser band-pass
filters for each dye’s excitation and emission wavelengths. The excitation/emission
wavelength combinations were (480 ± 35 nm)/(530 ± 30 nm) for Cy2, (540 ± 25 nm)/(590 ±
35 nm) for Cy3, and (620 ± 30 nm)/(680 ± 30 nm) for Cy5. Each gel was scanned
individually and Photo Multiplier Tube (PMT) voltages were adjusted for maximum image
quality with minimal signal saturation and clipping. Images were cropped and exported as
16-bit GEL files using ImageQuant TL (GE Healthcare; Piscataway, NJ) and imported into
DeCyder Image Analysis (GE Healthcare; Piscataway, NJ). During the scanning process, gel
3 tore (HMEC-SV40-hTERT replicate B-Cy3; THMEC 80 d replicate A-Cy5) and was
excluded from image analysis.

Image and Statistical Analysis
GEL files were analyzed using the Batch Processor, Difference In-gel Analysis (DIA), and
Biological Variation Analysis (BVA) modules within DeCyder Image Analysis Software.
Batch processing was accomplished by setting 1250 as the upper spot limit. DIA was
performed within individual gels comparing the Cy3 or Cy5 spot pattern to the Cy2 spot
pattern. Ratios of Cy3/Cy5 spot volumes on each gel in the 11 gel data set were normalized
against the Cy2 spot pattern. Results were obtained as abundance ratios for each spot. The
following ratios were used: SHMEC/THMEC 40 d and THMEC 40 d/THMEC 80 d. To
determine statistical significance, a Student’s t test was calculated for each ratio with
Decyder’s False Discovery Rate applied. Spots determined as significantly different (FDR
corrected p < 0.05) were then processed for identification. Expression graphs were generated
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as follows: the abundance for each spot was normalized to the internal standard (Cy2) on its
gel to generate a standard abundance ratio for each spot. Abundance ratios for each spot at
each time point were then averaged to generate a mean for SHMEC, THMEC 40 d, and
THMEC 80 d.

Protein Identification
Following scanning, each gel was poststained with Sypro Ruby (Invitrogen; Carlsbad, CA)
for spot picking. Spot picking was carried out using the ProPic (Isogen Life Science;
Netherlands) robotic spot picker. Gel plugs were rinsed three times with 1 mL of 50%
aqueous acetonitrile in 10 mM ammonium bicarbonate, pH 8.0, to remove Sypro Ruby stain.
After evaporation of solvent by SpeedVac, each gel plug was rehydrated in 25 μL of 10 mM
ammonium bicarbonate, pH 8.0. Trypsin Gold (10 μL of 12.5 μg/μL) was added to each gel
plug solution, and the mixture was agitated overnight for 16 h. The supernatant was
removed and plugs were washed twice with 10 mM ammonium bicarbonate. These rinses
were combined, evaporated to dryness on a SpeedVac, then reconstituted in 10 μL of 0.1%
formic acid. Peptide sequences were determined using an ABI-Sciex 4000 Qtrap (Applied
Biosystems: Carlsbad, CA). The list of peptide sequences was exported and searched for
matches within the nonredundant NCBI database (9/27/07) using the MASCOT search
engine at www.matrix-science.com. Mass accuracy was set at 100 ppm, missed trypsin cuts
at 1, Carbamidomethyl (C) fixed modifications, and Oxidation (HW) and Oxidation (M)
variable modifications. The “gi” accession numbers obtained from MASCOT were used to
search the UniProt Knowledgebase (UniProtKB) to obtain Swiss Protein Database ID
numbers for each individual protein.

Analysis of Maspin mRNA and Protein Expression
Real-time PCR was used to assess mRNA levels of maspin (SERBINB5) in cell samples.
RNA was prepared as described above using Trizol. RNA suspended in formamide was
purified using RNEasy kit and resuspended in RNase free water. Purified RNA was reverse-
transcribed as described above and cDNA was purified using a QiaQuick PCR Purification
Kit (Qiagen; Valencia, CA). Purified cDNA (10 ng) was analyzed for expression of
SERBINB5 (Hs00985283_m1) using Taqman Assays (Applied Biosystems; Carlsbad, CA)
on a MiniOpticon Real-time Thermocycler (Bio-Rad; Hercules, CA). Specific Assay IDs are
in parentheses. GAPDH served as the endogenous control. Expression values for THMEC
40 d and THMEC 80 d were calculated using the Ct method relative to HMEC-SV40-
hTERT expression.16 Expression values for MCF10CAa.1α and MCF10CAd.1 were
calculated using the ΔΔCt method relative to MCF10AT expression.16 Western blots were
performed as described above to assess maspin protein levels in THMEC model and MCF10
model. Maspin (sc-22762) antibodies were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA), with catalog number in parentheses. Actin served as the internal control.

Network Analysis Using Ingenuity Pathway Analysis Software
A data set, consisting of HUGO gene names as identifiers and the corresponding fold change
(SHMEC/THMEC 40d) in abundance for each of the 9 proteins identified to have
significantly different abundance ratios were uploaded into Ingenuity Pathway Analysis
software (Application version 8.8, build: 105318, release date 11-13-2010; Content version
3204, build: ing_nashira, release date 10-27-2010). Each identifier was mapped to its
corresponding object in Ingenuity’s Knowledge Base. These molecules, called Network
Eligible molecules, were overlaid onto a global molecular network developed from
information contained in Ingenuity’s Knowledge Base. A Network of Network Eligible
Molecules was then algorithmically generated based on connectivity. Functional Analysis of
a network identified the biological functions that were significant (p< 0.05) to the molecules
in the network. The network molecules associated with biological functions in Ingenuity’s
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Knowledge Base were considered for the analysis. Right-tailed Fisher’s exact test was used
to calculate a p-value determining the probability that each biological function and/or
disease assigned to that network is due to chance alone.

Results
Generation of Induced Neoplastic Breast Cells

Using the protocols established by the Weinberg lab, we induced HMECs to undergo an
oncogenic transformation to produce neoplastically transformed human mammary epithelial
cells (THMECs).2 We first sought to confirm stable expression of all three genetic elements
(SV40 ER, exo-hTERT, and hRAS-v12) illustrate an upregulation in telomerase activity,
and highlight the tumorigenicity of our THMECs in vivo. It should be noted that we have
chosen to use a different terminology than Elenbaas et al. used when referring to
neoplastically transformed HMECs.2 We refer to HMECs expressing SV40 ER and exo-
hTERT as SHMECs, whereas Elenbaas et al. referred to their cell line as HMLE.2 We refer
to HMECs expressing all three constructs as THMECs, whereas Elenbaas et al. referred to
their cell line as HMLER. This was done in order to eliminate any confusion on the clonal
origin of our cell lines.

Stable expression of SV40 ER and exo-hTERT was confirmed using reverse transcriptase
PCR (RT-PCR). Figure 1A displays the results of RT-PCR. The presence of bands in all
THMECs clearly indicates a stable expression of both SV40 ER and exo-hTERT in
THMECs. Neither HMECs nor MCF-7 breast cancer cells expressed either SV40 ER or exo-
hTERT. A lack of expression of exo-hTERT in MCF-7 cells is especially important as it
indicates that the primers specific to exo-hTERT do not amplify endo-hTERT transcripts, as
MCF-7 cells have been shown to both express endo-hTERT and display a high degree of
telomerase activity.1,17 Telomerase activity was analyzed using the telomerase repeat
amplification protocol (TRAP). A TRAP assay was performed using protein extracts
harvested from HMECs, HMEC-SV40-hTERT (SHMEC), T-HMECs 10d post-hRAS
introduction, and MDA-MB-231 cells (Figure 1B). The presence of a intense laddering
effect, as well as the similarity between SHMEC and T-HMECs 10d and the positive
control, MDA-MB-231, a breast cancer cell line known to display a high level of telomerase
activity, is clearly indicative of a positive result for telomerase activity in SHMEC and T-
HMECs 10d. The black arrow indicates the 36 bp internal control (IC) band that is present in
all samples. The presence of telomerase activity as confirmed by a TRAP assay, as well as
the presence of exo-hTERT transcripts as confirmed by RT-PCR, is indicative of a
successful stable addition of the exo-hTERT gene to HMECs-SV40. To confirm a stable
introduction of hRASv12, protein extracts were analyzed using a Western blot. Figure 1C
displays the results of immunoblotting and clearly indicates an increase in hRas expression
in THMEC 10d, 20d, 30d compared to HMEC and SHMEC.

Cell Culture Observations and Assessment of Tumorigenicity
Figure 1D,E displays photographs taken of SHMECs and THMECs 30 d. Figure 1D shows
SHMECs displaying a cobblestone-like appearance that is typical of an epithelial
morphology. Figure 1E shows THMECs 30 d post-hRas. At 30 d post-hRas, THMECs have
lost both contact inhibition and the cobblestone-like appearance seen in Figure 1D and now
display a much more cylindrical phenotype indicated by the arrow in Figure 1E. This
observation is supported by the fact that neoplastically transformed HMECs have been
shown to undergo an epithelial to mesenchymal transition (EMT). We next assessed
THMEC tumorigenicity in vivo by injecting THMECs at 40 d post-hRas introduction into
immune-compromised nude mice. We choose 40 d post-hRas because at this point in the
neoplastic induction foci formation was a common occurrence. All subcutaneous injections
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produced tumors (3 independent trials using 5 mice for a total n = 15). The mean tumor
volume for all 15 mice was 126.22 mm3. A photograph of 3 representative tumors and the
corresponding mice they were derived from can be viewed in Figure 1F. Arrows indicate the
mice and location from which the tumors were removed. Injection of normal HMECs as a
negative control was deemed unnecessary as HMECs are normal cells that lack the ability to
form tumors.

Identification of Differentially Expressed Proteins during a Neoplastic Transformation
2D-DIGE was applied to assess differential expression at the proteomic level. A total of 4
protein samples for each of the following time points were analyzed: SHMEC, THMEC 40
d, and THMEC 80 d. We then dye-swapped each protein sample to remove any dye-specific
bias, for a total n = 8 for each time point (4 bio reps, with 2 tech reps for each bio rep). All
24 labeled samples were separated two dimensionally on 12 gels, with each gel also
containing an internal standard, generated by combining equal amounts of all proteins, for
cross-gel comparison. A schematic of the images generated for each time point can be
viewed in Figure 2A and the exact gel assignments can be viewed in Table 1. A Student’s t
test (performed on both pairs; SHMEC vs THMEC 40 d and THMEC 40 d vs THMEC 80 d)
and a One-Way ANOVA were used to identify spots that were significantly (FDR corrected
p < 0.05) different in abundance over the course of neoplastic induction, in at least one of
the three statistical tests performed. Selection of spots for identification was done by
selecting the most significant spots for different trend types. Of the spots that were
significantly different, 18 spots were chosen for identification. The location of each spot on
a representative 2D gel can be viewed in Figure 2B. Spots identified to be differentially
expressed are circled in pink. Of these 18 spots, 11 spots were identified as containing a
single protein. These 11 spots are circled and numbered in Figure 2B and shown with their
respective topographic peaks outlined in yellow. Additionally, 7 spots contained a mixture
of proteins and further analysis is needed to identify which proteins are associated with the
observed changes in expression. The 7 spots identified to have a mixture of proteins are
circled but not numbered in Figure 2B. Spot numbers correspond to the master spot numbers
assigned by Decyder. Topographic maps were exported from Decyder. Of these 11 spots, 2
spots had duplicate identities. In total, our methods produced 9 unique protein identifications
(gene names are listed in parentheses): Heat Shock Protein 4A like (HSPA4L), Gelsolin
(GSN), Keratin 1 (KRT1), T-complex Protein 1 (TCP1), FK506 binding protein 5 (FKBP5),
Keratin 7 (KRT7), Maspin (SERPINB5), ribosomal protein P0 (RPLP0), and Stathmin
(STMN1). Gelsolin and maspin each had two spots with individual IDs, most likely
corresponding to differing post-translational modifications given the similarity in the
migration in the second dimension. Proteomic data on all 18 spots can be viewed in Table 2,
with spots containing a single protein in bold. Relative abundance graphs for the 11 spots
containing a single protein are shown in Figure 3. FK506 binding protein 5, gelsolin, and
stathmin increased in abundance during neoplastic induction, whereas heat shock protein 4-
like, keratin 1, t-complex protein 1, keratin 7, maspin, and ribosomal protein P0 were
decreased. For all spots that illustrated statistically significant change, with the exception of
T-complex protein, the fold change (FC) > 1.20. Four spots displayed a near perfect linear
down-regulation in protein abundance over 80 days as indicated by their respective
coefficients of determination: keratin 7 (r2 = 0.9913); maspin (r2 = 0.9947); maspin (r2 =
0.9997), ribosomal protein P0 (r2 = 0.9971).

Analysis of SERPINB5 mRNA and Protein Expression in THMECs and Metastatic
Progression Model

To validate our proteomic data, we used Western blotting to assess maspin (SERPINB5)
protein expression and real-time PCR to assess SERPINB5 mRNA levels at all three time
points of the THMEC model that were analyzed in 2D-DIGE (Figure 4A). Consistent with
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the proteomic data, SERPINB5 expression was progressively down-regulated over the
course of tumorigenesis. The down-regulation also displayed the same linear trend as
indicated by the coefficient of determination r2 = 0.9849. SERPINB5 is known as a
metastasis suppressor gene (MSG).18 MSGs suppress characteristics of metastasis such as
invasion and motility, but have no effect on cellular division, immortality, or other
nonmetastatic characteristics of cancer. The progressive down-regulation of SERPINB5
expression illustrates a trend toward a metastatic phenotype. To confirm that SERPINB5 is
indeed associated with metastasis, we analyzed mRNA levels of SERPINB5 in three cell
lines of the MCF10AT metastatic progression model (Figure 4B). MCF10AT is the
premetastatic cell line, whereas MCF10CAa.1α. and MCF10CAd.1 are two metastatic
clones each generated from separate mice by tail vein injections of MCF10AT.11 The loss of
SERPINB5 expression observed in THMECs can be observed in both metastatic clones
relative to their premalignant origin (MCF10AT). SERPINB5 expression in both metastatic
cell lines was roughly half of that observed in MCF10AT cells. Real-time data for
SERPINB5 can be viewed in Figure 4A,B. We also assessed maspin protein levels in both
models using Western blot analysis. Alterations in the protein expression of maspin in
THMECs correlated with the observed changes in maspin mRNA expression. In the
metastatic progression model, maspin expression was less in premalignant MCF10AT cells
than in immortalized MCF10A cells. Maspin protein expression was undetectable in both
metastatic carcinomas, MCF10CAd.1α and MCF10CAa.1. To summarize our findings on
SERPINB5 expression, a near identical linear down-regulation over the entire 80 d period
was observed in protein spots (#919 and #920), real-time assays, Western blotting, and
microarray analysis (microarray data not shown) in THMEC model.

Network and Functional Analysis
To determine if these nine molecules displayed any commonalities with regard to function
and association with other common molecules, we uploaded the 9 gene names of the
proteins identified to be differentially expressed into Ingenuity Pathway Analysis (IPA)
software. IPA uses a manually curated database of molecule interactions as well as
biological functions and pathways to drive its network and functional analysis algorithms. A
single network was generated from the gene list that contained all nine gene names (Figure
5). Molecules are represented by shapes based on their biological role, according to the
legend in Figure 5. Direct interactions are represented by a solid line and indirect
relationships are indicated by a dashed line. This network is supported by 131 publications,
of which we have cited a selection of publications related to the nine genes identified using
proteomic analysis.19–25 The network has a single primary node: TGFB1. TGFB1 displayed
the most molecular interactions within the network and was within a 2 molecule association
of all but one molecule (RPS8) in the network. The molecule with the highest degree of
connectivity that can be found in the initial data set was KRT1. The tumor suppressor TP53
and GLI2, a transcription factor involved in sonic hedgehog signaling, also displayed
common molecular interactions with molecules identified to be significantly different in
abundance. TP53, GLI2, and TGFB1 have previously been shown to play a pivotal role in
the etiology of breast cancer and have been shown to interact with one another to modulate
breast cancer metastasis.26–28

We next overlaid relevant biological functions associated with the network that involved the
9 differentially expressed proteins. All biological processes were determined to be
statistically significant (p < 0.05) using a Fisher’s Exact test. The biological functions and
their associated p-values are as follows: cell movement of tumor cells (p = 9.24 × 10−4), cell
movement of mammary tumor cells (p = 2.49 × 10−4), polymerization of filaments (p = 3.97
× 10−6), and a malignant tumor phenotype (p = 1.93 × 10−3).20,29–40 Molecules associated
with a particular biological function are connected with a pink line. Those molecules
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associated with a malignant phenotype are indicated with a pink arrow. The association of
KRT7 and SERPINB5, both genes shown to be progressively down-regulated over the
course of tumorigenesis, with malignancy and cell movement, respectively, exemplifies a
trend toward a metastatic phenotype.

Discussion
The inability to predict when a cell will begin a transformation from a normal state to a
neoplastic state in vivo makes it impossible to study the initial states that a neoplastic cell
transitions through as it acquires oncogenic features. This problem is circumvented through
the use of in vitro cellular reprogramming. Neoplastic transformation is one method of
cellular reprogramming that is capable of producing a neoplastic breast cell from a normal
breast epithelial cell, thus, enabling the ability to analyze the early cellular events of
oncogenesis in real time. Using previously published protocols to generate breast cancer
cells from normal somatic breast cells, we analyzed three time points in the neoplastic
progression to breast cancer to identify proteins that were progressively differentially
expressed. We have identified nine differentially expressed proteins, three of which
displayed a linear progressive loss of abundance over 80 d following selection for hRAS.
Network analysis revealed a common association with three molecules well-known to play a
role in breast cancer and metastasis: TP53, TGFB1, and GLI2. TGFB1 and GLI2 have also
been shown to play a pivotal role in the generation of breast cancer stem cells.41,42

Functional analysis of the IPA-generated network illustrates a strong correlation between the
proteins significantly different in abundance and maintenance of a metastatic state. The
progressive nature of the trend toward a metastatic state is exemplified by the linear down-
regulation of the metastasis suppressor gene (MSG), SERPINB5, and the epithelial
cytokeratin, KRT7. As important as the presence and nature of alterations in expression are
the biological functions that are acquired due to differential expression of these nine
proteins. Polymerization of filaments and cellular movement are two biological functions
associated with our data set that are both instrumental in the acquisition of a metastatic state.

Stathmin and gelsolin are both implicated in the regulation of the cytoskeleton.43,44

Stathmin affects microtubules by binding and sequestering tubulin subunits.43 Gelsolin
binds and severs actin filaments.44 Thus, they both serve to promote cytoskeletal
depolymerization. One characteristic of normal, epithelial cells is a static cellular structure
inferred by a rigid cytoskeleton. During the acquisition of a metastatic phenotype, this static,
rigid structure transitions to a dynamic, pliable structure, more suited for motility. An
integral aspect in the gain of cellular motility is the ability to break down and rebuild the
cytoskeleton in a highly dynamic fashion. The observed increases in stathmin and gelsolin
abundance in THMECs promote the cytoskeletal disassembly, a process that is not required
for the rigid state of an epithelial cell. Although stathmin and gelsolin are not solely
responsible for the acquisition of metastatic characteristics, their increased abundance
increases the metastatic potential of THMECs through the attenuation of the static, rigid
cytoskeleton that is characteristic of nonmotile cells.

SERPINB5, the gene that codes for the maspin protein, is a MSG that has been shown to
regulate cellular motility, although the exact mechanisms are poorly understood.20,45

SERPINB5 is related to the serpin family of extracellular protease inhibitors and, although
structurally very similar to other members of the serpin family, maspin does not undergo the
conformational change characteristic of inhibitory serpins. Originally thought to only
function in the extracellular environment, maspin has recently been shown to localize
intracellularly, possibly even to the nucleus.45 Overexpression of maspin has also been
demonstrated to result in a decrease in both cellular motility and metastasis; however, very
little is known about the mechanisms by which maspin elicits its inhibitory effects on these
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processes. We have clearly shown here that SERPINB5 mRNA and protein level expression
is progressively down-regulated in early tumorigenesis and is consistent with a metastatic
phenotype. Additionally, with regard to maspin, we have established two cell culture-based
progression models in which to begin elucidation of the currently unknown biological
function of maspin. With regard to regulation of maspin expression, the association of
maspin with TGFβ1 signaling pathways may help to explain the cause for the observed
progressive trend in maspin expression. TGFβ1 has been shown to promote the conversion
of neoplastically transformed HMECs to a stem-like state in a time-dependent manner,
suggesting that maspin may play a role in not only the acquisition of a metastatic phenotype,
but also in the maintenance of stemness. Overexpression of FKBP5 has previously been
shown to lead to a nuclear factor kappa B-mediated increase in TGFβ1 secretion, thus,
suggesting that FKBP5 may be involved in the regulation of maspin expression as well.
Future studies will be aimed at assessing the role of maspin in breast cancer stem cells and
the extent to which FKBP5 modulates maspin expression.

Two previous studies have utilized 2D-DIGE to analyze alterations in the proteome in breast
cancer models of tumorigenesis.46,47 The first study utilized an erbB2 model of breast
cancer.46 In that study, they compared cells overex-pressing erbB2, a gene that has been
previously shown to be associated with 25–30% of breast cancers, to normal human
mammary luminal epithelial cells.48 Similar to our study, they identified multiple
cytokeratins that were differentially expressed, including keratins 13A, 17, and 19.
Interestingly, they did not identify cytokeratin 1 or 7 in their study to be differentially
expressed, suggesting that the regulation of these two genes in breast cancer occurs
independent of the erbB2 pathway. Additionally, the erbB2 overexpressing cells were shown
to overexpress maspin, a protein know to inhibit metastatic processes. An overexpression of
maspin in these cells suggests that this model is indicative of a less metastatic variant of
breast cancer. The second study compared proteomic differences between a cell line, EM-
G3, derived from an infiltrating ductal breast carcinoma and normal mammary epithelial
cells.47 They also found differences in multiple cytokeratins, including cytokeratin 19.
Interestingly, they identified cytokeratin 7 as showing no significant change in protein
expression. The differences involving the differential expression of keratin 7 and cytokeratin
19 are most likely due to the different types of breast cancer model systems used.
Additionally, an increase in cytokeratin 19 expression occurring with the addition of
SV40ER prior to generation of SHMEC cells by addition of exo-hTERT would result in an
inability to detect the differential expression of cytokeratin 19. The detection of cytokeratin
7 differential expression in our study suggests that the loss of cytokeratin 7 may be
associated with breast cancer cells that possess an increased potential to metastasize. Future
studies will be aimed at understanding the effect of the loss of cytokeratin 7 on metastatic
processes.

The initial upregulation in GSN and STMN1 illustrates an early increase in metastatic
potential, whereas the linear nature of the observed trend in maspin and KRT7 expression
illustrates that the increase in metastatic potential is also a progressive event in oncogenesis.
We intend to use these proteomic findings, in combination with data from microarray
experiments, as the basis for future studies into understanding the loss/gain of the biological
functions associated with a meta-static state. Future directions for this project also include
methylomic analysis of DNA methylation patterns and further proteomic analysis using
large format gels and a broader pH range for separation in the first dimension.
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Figure 1.
Confirmation of gene transfer and neoplastic transformation. (A) Expression of SV40 ER,
hTERT, and hRAS. RT-PCR of RNA extracted from HMEC, HMEC-SV40-hTERT-hRas
(THMEC) 10d-70d, and MCF-7 cells using primers specific for SV40 Large T and
exogenous hTERT was performed. GAPDH expression was analyzed to ensure equal
loading. MCF-7 cells served as a negative PCR control. (B) Upregulation of telomerase
activity. The Telomeric Repeat Amplification Protocol (TRAP) assay was performed using
protein extracts from HMEC, SHMEC, THMEC 10d and positive control, MDA-MB-231.
Heat-Inactivated (HI) samples were incubated at 85 °C for 10 min to inactivate telomerase.
A reaction using 2 μL of DI water instead of protein extract served as a negative control
testing for the presence of PCR artifacts. The laddering effect observed in SHMEC, T-
HMEC 10d, and MDA-MB-231 is indicative of telomerase activity. The black arrow
indicates the 36 bp internal control (IC) band. (C) Expression of hRAS. Western blot of total
protein extracted from HMECs, HMEC-SV40-hTERT (SHMEC), and THMECS 10d, 20d,
and 30d using antibodies specific for hRAS. (D and E) Images of SHMEC (D) and THMEC
30d (E). Arrow indicates cylindrical, mesenchymal like morphology. All pictures were taken
with a CoolPix P5100 (Nikon; Melville, NY) at 40× magnification on an Eclipse TS100
microscope (Nikon). HMECs stably expressing SV40 and hTERT (SHMEC) display typical
epithelial morphology. The cell population of THMEC (HMEC-SV40-hTERT-hRASV12) at
30 days post-hRAS transfection was composed of cells having a mesenchymal-like
morphology. (F) Analysis of tumorigenicity. Female nude mice were injected
subcutaneously in the left flank of each mouse with 1 × 106 THMEC (40 days post-hRAS)
cells. Arrows indicate the location of the tumor on the corresponding mouse.
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Figure 2.
Two-dimensional difference gel electrophoresis of protein extracts from SHMEC, THMEC
40 d, THMEC 80 d. (A) Schematic of images per time point. Green and red gels correspond
to Cy3 and Cy5 labeled samples, respectively. Blue arrow indicates the location of maspin
(Master Spot #919) on a 2D-Gel image from each time point. (B) A representative image of
a 2D gel. This image is of Gel 10 Internal Standard labeled with Cy2. Circled spots are those
identified as being significantly (FDR corrected p < 0.05) differentially expressed between
HMEC-SV40-hTERT/THMEC 40 d or HMEC-SV40-hTERT/THMEC 80 d, or ANOVA.
Spot numbers for unique IDs correspond to the Master Spot numbers assigned by DeCyder.
For each numbered spot, a topographic map of signal intensity is displayed with the area
used to calculate intensity shown in yellow.
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Figure 3.
Protein abundance graphs of significantly differentially expressed proteins identified by 2D-
DIGE. To the left of each graph is the corresponding gene name and master spot# assigned
by Decyder. Protein expression results are displayed as mean log standard abundance ratios.
See Materials and Methods for derivation of protein standard abundance ratios. Error bars
reflect SEM Coefficients of Determination (r2) calculated using Microsoft Excel. (A) Heat
Shock Protein 4A Like (HSP4AL); (B) Gelsolin (GSN); (C) Gelsolin (GSN); (D) Keratin 1
(KRT1); (E) T-Complex Protein 1A (TCP1); (F) FK506 binding protein 5 (FKBP5); (G)
Keratin 7 (KRT7); (H) Maspin (SERPINB5); (I) Maspin (SERPINB5); (J) Ribosomal
Protein P0 (RPLP0); (K) Stahmin (STMN1).
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Figure 4.
Real-Time PCR analysis of mRNA expression of maspin (SERBINB5) in THMECs and the
MCF10AT Metastatic Progression Model. (A) mRNA expression of SERPINB5 in SHMEC,
THMEC 40 d, 80 d. (B) mRNA expression of SERPINB5 in metastatic progression model
(MCF10AT, MCF10CAd.1α, and MCF10CAa.). Expression ratios for THMEC 40 d,
THMEC 80 d, MCF10CAd.1α, and MCF10CAa.1 were calculated using the ΔΔCt method
relative to the expression of HMEC-SV40-hTERT (for THMECs) and MCF10AT (for
MCF10CAd.1α and MCF10CAa.1). SHMEC and MCF10AT expression was set to 1.0.
GAPDH which served as endogenous control. Error bars represent SEM. The columns
represent mean relative expression. Coefficient of determination (r2) for maspin in THMEC
model was calculated using Microsoft Excel. (C) Western blot of maspin protein expression
in neoplastic progression model and metastatic progression model. Maspin protein
expression was down-regulated over the course of tumorigenesis in THMECs. Maspin
expression was less in premalignant MCF10AT cells than an in immortalized MCF10A
cells. Maspin expression was undetectable in both metastatic carcinomas, MCF10CAd.1α
and MCF10CAa.1. In both models, actin served as internal control.
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Figure 5.
Network analysis of differentially expressed proteins. A network is a graphical
representation of the molecular relationships between molecules. Molecules are represented
as nodes, and the biological relationship between two nodes is represented as an edge (line).
All edges are supported by at least one reference from the literature, from a textbook, or
from canonical information stored in the Ingenuity Pathways Knowledge Base. Human,
mouse, and rat orthologs of a gene are stored as separate objects in the Ingenuity Pathways
Knowledge Base, but are represented as a single node in the network. The node color
indicates the directional change in protein expression of up- (red) or down- (green) and fold
change (SHMEC → THMEC 40 d) in protein abundance is displayed below each molecule.
Yellow nodes were added in by IPA to build the network and protein expression was not
assessed. Nodes are displayed using various shapes that represent the functional class of the
gene product. Edges are displayed as solid (direct) or dashed (indirect) to indicate the nature
of the relationship. Functional analysis of a network identified the biological functions that
were significant (p < 0.05) to the molecules in the network. The network molecules
associated with biological functions in Ingenuity’s Knowledge Base were considered for the
analysis. Right-tailed Fisher’s exact test was used to calculate a p-value determining the
probability that each biological function and/or disease assigned to that network is due to
chance alone. The biological functions cell movement of tumor cells (p = 9.24 × 10−4), cell
movement of mammary tumor cells (p = 2.49 × 10−4), and polymerization of filaments (p =
3.97 × 10−6) are connected to the respective molecules with pink lines. Molecules associated
with the biological process of a malignant tumor (p = 1.93 × 10−3) phenotype are indicated
with pink arrows.
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Table 1

gel no. Cy 5 Cy 3 Cy 2

1 HMEC-SV40-hTERT(A) THMEC-40 d(A Internal Standard

2 THMEC-40 d(A) THMEC-80 d(A) Internal Standard

3 THMEC-80 d(A) HMEC-SV40-hTERT(B) Internal Standard

4 HMEC-SV40-hTERT(B) THMEC-40 d(B) Internal Standard

5 THMEC-40 d(B) THMEC-80 d(B) Internal Standard

6 THMEC-80 d(B) HMEC-SV40-hTERT(C) Internal Standard

7 HMEC-SV40-hTERT(C) THMEC-40 d(C) Internal Standard

8 THMEC-40 d(C) THMEC-80 d(C) Internal Standard

9 THMEC-80 d(C) HMEC-SV40-hTERT(D) Internal Standard

10 HMEC-SV40-hTERT(D) THMEC-40 d(D) Internal Standard

11 THMEC-40 d(D) THMEC-80 d(D) Internal Standard

12 THMEC-80 d(D) HMEC-SV40-hTERT(A) Internal Standard
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