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Breast cancer incidence in women in the United States is 1 in 8 (about 13%). In the U.S., breast
cancer death rates are higher than any other cancer besides lung cancer
cancers are classified as breast cancer

[2].

[1],

and more than 25%

In 2008, an estimated 182,460 new cases of invasive,

along with 67,770 of non-invasive (in situ), breast cancers were diagnosed in women in the U.S.
About 40,480 women in the U.S. were projected to die in 2008 from breast cancer [3].

Paclitaxel (Taxol), a microtubule (MT) stabilizing agent, was originally noted to be useful
against breast cancers

[4].

Yet, like with many other cancer therapeutic agents, resistance to

paclitaxel remains a significant problem in treating malignancies. One potential mechanism for
the resistance observed is alterations in microtubule dynamics and altered binding of paclitaxel
to its cellular target, the microtubule

[5].

Stathmin is a highly conserved, 17kDa protein that

functions as an important regulator of microtubule dynamics. Several studies have shown
potential correlations between stathmin levels and resistance to paclitaxel.

The latest results from our collaborator Prof. Mary Ann Jordan at the University of CaliforniaSanta Barbara clearly show that reduction of the level of stathmin in BT549 cells increases their
sensitivity to paclitaxel (vide infra). This reduction must obviously result in some changes in the
affected cells' proteome, which delivers a signal of regulatory importance to the MT system; The
iv

goal of the project was to detect and characterize the earliest proteomic changes, using 2-D DiGE
and MALDI-TOF-MS, of BT549 breast cancer cell lines engineered with constitutively lowered
stathmin levels. Two proteins, Protein Kinase C epsilon and Microtubule-Associate Protein 6,
were identified to be expressed at lower levels with statistical significance, and potential
mechanisms exit for those two proteins to interact with stathmin and/or microtubules are
discussed. Based on this information, it is proposed that stathmin may play a role in certain
integrating as well as diverse intracellular regulatory pathways. It is expected that this more
detailed understanding of protein profile changes in these cells will allow for more rational
decision-making in further research of the mechanisms leading to paclitaxel resistance.
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1.0

INTRODUCTION

The word "proteome" is a blend of "protein" and "genome", which is considered to be the protein
complement produced at a given timepoint by the genome [7][8]. In the past, mRNA analysis has
been used to predict the possible proteins expressed from gene sequences; this has been found to
rarely correlate with protein content [9][10]. It is now known that mRNA is not always translated
into protein [11], and the amount of protein produced from a given amount of mRNA depends on
gene regulation and on the current physiological stage of the cell cycle. Furthermore, the
proteome is more complicated than the genome. A single gene can be expressed to give a
number of different, albeit related proteins through several ways, e.g.: alternative splicing of the
pre-messenger RNAs; attachment of carbohydrate residues to form glycoproteins; or addition of
phosphate groups to some of the amino acids in the protein. Proteomics is the large-scale study
of proteins, particularly their structure and function, which not only confirms the presence of the
protein, but also provides a direct measure of the quantity present

[12].

The overall objective of

this project was to study the proteome changes of BT549 breast cell lines with their stathmin
“knocked down” by constitutively expressed silencing RNA, with particular emphasis on the use
of mass spectrometric technologies and electrophoretic separation methods. The typical
workflow for proteomic experiments is shown below as Table 1:
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1
2
3
4
5

Biological Question
Biological Sample
Sample Preparation
2-D Gel Separation
Imaging

6
7
8
9
10

Protein Excision
Protein Digestion
MS/Protein ID
Global Bioinformatics
Proteomic Discovery

Table 1.Typical workflow for proteomic experiments

1.1

HYPOTHESIS AND SPECIFIC AIMS

Like many other cancer therapeutic agents, paclitaxel suffers from the development of resistance
in the tumors being treated. This remains a significant problem in treating malignancies.
Stathmin has been considered to be a potential factor in paclitaxel resistance. One potential
mechanism for the resistance observed is alterations in microtubule dynamics and altered binding
of paclitaxel to its cellular target, the microtubule

[5].

Stathmin is a highly conserved, 17kDa

protein that is an important regulator of microtubule dynamics. Several studies have shown
potential correlations between stathmin levels and resistance to paclitaxel.

In order to explore the hypothesis that the knockdown of stathmin will cause proteome changes
via decreasing the disassembly (increase the stability) of microtubules and thereby enhance the
ability of paclitaxel to stabilize the microtubules, the effects of manipulating stathmin levels on
paclitaxel response in BT549 breast cancer cell lines were examined as were the potential
molecular mechanisms of stathmin-related paclitaxel sensitivity by examining the early stage
proteomic changes in paclitaxel-sensitive BT549 cell lines using proteomics tools. DiGE coupled
with MALDI-TOF/TOF-MS were used to identify the protein characterizations.
2

1.2

1.2.1

BACKGROUND

Microtubules have an important role in mitotic processes

Microtubules, important components of the cytoskeleton, are built with dimers of α-tubulin and
β-tubulin. As shown in Figure 1, they are straight, hollow cylinders whose walls are made up of
a ring of "protofilaments"; usually they have a diameter of around 24 nm and the length can grow
from several μm (in all eukaryotic cells) to mm (in axons of nerve cells). One important property
of microtubules is their dynamic nature. Microtubules can grow by polymerization of tubulin
dimers, which is powered by hydrolysis of GTP; they can also shrink by release of tubulin
dimers, so-called depolymerization: this alternating flux of polymerization and depolymerization
is called microtubule dynamics [13][14][15].

Microtubules are involved in many cellular processes like mitosis, cytokinesis and vesicular
transport

[16][17].

In interphase, microtubules are radially arrayed from the microtubule

organizing center of the cell near the nucleus and are highly dynamic. When the S-phase is
complete and the cell is ready to divide, microtubules first completely disassemble then
reassemble to form the mitotic spindle, via which the chromosomes aligned as sister chromatid
pairs in the center of the spindle are physically parted and moved to opposite spindle poles. At
last, the cell divides from one to two (cytokinesis) and the gap between is sealed off by
microtubules and motor proteins.

3

Clearly, it is important for cells to keep appropriate control of microtubules dynamics; if the
dynamics is altered or regulated in the wrong way, the cell function and cell cycle will be
affected accordingly.

Figure 1. Illustration of microtubule structure and microtubule dynamics [excerpted from Alberts B et al.
Molecular Biology of The Cell. 4th Ed]

1.2.2

Paclitaxel: mechanisms of anti-cancer action and drug-resistance

Cancer is essentially a disease of excess mitosis, and the microtubule cytoskeleton is an effective
and validated target for cancer chemotherapeutic drugs
in cancer treatment

[4][18][19].

[5].

Paclitaxel is a mitotic inhibitor used

Its mechanism of action is exerted by direct interaction with

microtubules. It was discovered in a National Cancer Institute program at the Research Triangle
Institute in 1967 when Monroe E. Wall and Mansukh C. Wani isolated it from the bark of the
4

Pacific yew tree, Taxus brevifolia and named it 'taxol'

[20].

Fifteen years later, Susan Horwitz

discovered its mechanism of microtubule binding and stabilization. Since discovery of semisynthetic routes to its preparation and clinical introduction, and due to its ability to inhibit the
tumor growth in some situations, paclitaxel has been applied in several clinical scenarios. For
example, it now can be used for non-small cell lung cancer, first- and second-line treatment of
ovarian cancer, and advanced breast cancer

[21][22].

The chemical and 3D structure of paclitaxel

is shown in Figure 2.

As for its mechanism of action, paclitaxel hyperstabilizes microtubule structure by specifically
binding to β-tubulin. The microtubule/paclitaxel complexes lose the ability to disassemble,
which alters microtubule dynamics and thus inhibits the process of cell division. In fact, some
normal cells are also affected by paclitaxel treatment, but since it is the dividing cells that are
most affected and cancer cells appear to have more dynamic tubulin than even the few types of
rapidly dividing normal cells in the body (e.g., intestinal lining, bone marrow cells and hair
follicles), it is the cancer cells that are most sensitive to paclitaxel. Interestingly, another normal
cell that is often affected by paclitaxel is endothelial cells, but only those that are involved in
neovascularization. Hence, paclitaxel also exerts antiangiogenic action against solid tumors

[5].

Although paclitaxel has been demonstrated to have antitumor activity against several cancers, the
emergence of resistance is a major limitation to its complete success. Chemotherapeutic failure
may be related either to the tumor being inherently resistant to the drug and/or to the acquisition
of resistance during treatment [5].
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Drug resistance is often a multifactorial process that may originate through a series of
modifications. In the case of paclitaxel, several potential mechanisms can be proposed to account
for the resistance observed in human tumors and tumor cell lines. These include 1)
overexpression of the multidrug transporter P-glycoprotein [23]. Paclitaxel administration restores
expression of P-gp to high levels in blood and bone marrow of dogs transfected with an MDR1
retroviral vector. PCR analysis of DNA from peripheral blood confirmed that the retroviral
cDNA is increased after paclitaxel treatment. 2) Altered metabolism of the drug, and decreased
sensitivity to death-inducing stimuli [24]. Although paclitaxel causes increases in tubulin polymer
mass and stabilizes microtubules, higher concentrations of paclitaxel are required to cause in
resistant cells an increase in the total microtubule polymer mass than are required to inhibit
microtubule function. While considering its mechanism of action, the most likely mechanisms of
paclitaxel resistance should rely on altered microtubule dynamics and the binding of paclitaxel to
the microtubule [5].

Figure 2. Chemical and 3D structure of paclitaxel [obtained from FDA document ABRAXANE for Injectable
Suspension, Version: Jan 7, 2005]

6

1.2.3

Overexpression of stathmin in paclitaxel resistance

“Proteins that regulate microtubule dynamics by interacting with tubulin dimers or polymerized
microtubules clearly have the potential to modulate the sensitivity of a cell towards Taxol”

[5].

Stathmin, a 17kDa cytoplasmic phosphoprotein, represents one such protein that regulates the
dynamics of cellular microtubules. It can interact with two α,β-tubulin heterodimers to form a
tight complex, called the T2S complex (as shown in Figure 3), which prevents the tubulin to
form microtubule and thus alter the microtubule dynamics (This destabilizing activity is
regulated by phosphorylation, and is lost when stathmin is fully phosphorylated) [25][26][27]. Here,
in contrast to paclitaxel, stathmin acts as a microtubule destabilizer.

Much work shows potential correlations between stathmin and paclitaxel resistance. Larsson et
al. found that stathmin inhibits paclitaxel-induced polymerization of tubulin in vitro

[28].

By

generating two distinct classes of stathmin mutants, they found that both types of mutation result
in stathmin with a limited decrease in tubulin complex formation. Their results also indicate that
stathmin-tubulin contact involves structural motifs that deliver a signal of regulatory importance
to the MT system. Other findings include the upregulation of stathmin mRNA and protein levels
in tumor or paclitaxel resistant cell lines. Stathmin mRNA levels are upregulated in various
carcinomas

[29][30][31][32][33].

In fact, the name originally given to stathmin was Op-18

(oncoprotein of 18 kDa). The latest results from Mary Ann Jordan’s lab at the University of
California-Santa Barbara clearly show that induced downregulation of stathmin increases the
sensitivity to paclitaxel in BT549 cells. Together, these data indicate that the expression levels of
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stathmin in cancer cells could be related the cells’ sensitivity to paclitaxel; i.e, high level of
stathmin would oppose the microtubule-stabilizing effect of paclitaxel.

Figure 3. Structure of stathmin and its function as destabilizer [excerpted from Honnappa et al, JBC 2006]

2.

2.1

PRELIMINARY DATA

Cell culture and reagents

BT549 breast cancer cell lines with stably-altered in terms of stathmin expression level were
obtained from Prof. Mary Ann Jordan. These were generated by stable transfection using vectors
containing shRNA targeting stathmin in the downstream of the RNA polymerase III (U6)
promoter (stathmin knock-down cell lines; KD1 or KD2). The control cells were transfected with
the vectors expressing scrambled RNA in the downstream of U6 promoter (stathmin knock-down
control; KDc) using SuperFect Transfection Reagent (Qiagen Inc. Valencia, CA) by following
manufactures instruction. The human U6 promoter drives RNA Polymerase III transcription for
generation of shRNA transcripts and those vectors were used to provide efficient, long-term
suppression of stathmin gene in cultured BT549 cells. Cells were maintained in RPMI-1640
8

medium (Sigma-Aldrich, St. Louis, MO) containing 0.2 mg/ml G418 (BioWhittaker,
Walkersville, MD), supplemented with 10% fetal bovine serum (Hyclone, Logan, UT) and 0.1%
penicillin/streptomycin at 37˚C in a humidified 5% CO2 environment. Paclitaxel was dissolved
in DMSO (dimethylsulfoxide) at 10 mM and stored at –80˚C as stock solutions.

A. RT-PCR

B. Western Blot

Figure 4. Stathmin mRNA and protein levels in BT549 transfectants [courtesy provided by Prof. Mary Ann
Jordan]

KDc: knock-down control,
A. mRNA expression levels by RT-PCR.

2.2

KD1 & 2: knock-down lines
B. Protein expression levels by Western Blots.

Results and discussion

As shown in Figure 4, stathmin mRNA levels as determined by RT-PCR in KD cell lines were
largely downregulated as compared to their KDc control (scrambled vector) cell lines. (KD1 and
KD2 levels were 26 % and 8 % of KDc, respectively) Stathmin protein levels were also clearly
decreased in cell lines.
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Figure 5. Stathmin knockdown cells are more sensitive to paclitaxel than their scrambled vector control line
[courtesy provided by Prof. Mary Ann Jordan]

The effects of paclitaxel on the proliferation of stathmin knockdown cell lines were examined
also compared to their parental controls. As shown in Figure 5, paclitaxel at > 2.0 nM suppressed
the proliferation of all of the cell lines investigated in a concentration dependent manner. The
KD cell lines were more sensitive to paclitaxel. At 2 nM, paclitaxel induced a stronger
suppression of cell proliferation in the stathmin knock-down cell lines (KD1; 46% and KD2; 48
%) as compared to their scrambled vehicle control (KDc; 32 %). These data suggest that
stathmin might be an important factor in the regulation of cell growth, and it might directly
influence the resistance to the effects of paclitaxel on cell proliferation.
10

3.0

3.1

RESEARCH METHODS AND RESULTS

PROTEOME CHANGE ANALYSIS USING TRADITIONAL 2D GEL
ELECTROPHORESIS

3.1.1

Experimental section

Cell culture and cell lysis
Three cell lines, BT549 breast cancer cells stably infected with vectors encoding silencing RNA
for stathmin (KD1 and KD2) and one encoding a scrambled vector (KDc), were obtained from
Prof. Mary Ann Jordan and grown in RPMI-1640 with G418. Trypsinized cells were washed
with cold Hanks balanced salts solution. After pelleting of cells by centrifugation, lysates were
prepared in 10mM HEPES, pH 8.0, containing 6M urea, 4% CHAPS, 2M thiourea and 25mM
dithiothreitol (DTT). The cell lysates then were centrifuged at 4 oC, 15,000xg for 15 min. Protein
content was estimated using the BioRad procedure. An aliquot was treated with 4 volumes of
ice-cold acetone overnight to precipitate (typically ~100 μg of) protein. After centrifuging, the
acetone was removed and the pellet was dried, then dissolved at 100µg/100 μL of lysing buffer
and stored at –80 °C until use.

11

2D gel electrophoresis
The protein solution (100 μg/100 μL) was first mixed with 150 μL of rehydration buffer
containing 7M urea, 2M thiourea, 2% CHAPS, 50mM DTT and 4 μL of ampholyte mixture
(BioRad). After mixing and quick centrifugation, the protein mixture was carefully layered onto
a 17 cm IPG strip (pH 3-10 NL (non-linear); BioRad) in a tray (BioRad) onto which the IPG
strip was placed. The strip then was covered with mineral oil. Isoelectric focusing (IEF) was
done using a PROTEAN IEF cell (BioRad) at active rehydration mode for 60000V-h overnight.
The IPG strips then were washed in an equilibration buffer (50mM Tris, pH 8.6, containing 6M
urea, 30% glycerol, 2% SDS, bromophenol blue and 10mg/ml DTT) for 15 min at room
temperature. After rinsing the strip with Millipore water, sulfhydryl groups were alkylated by
addition of 25mg/mL iodoacetamide (also in the equilibration buffer) for 15 min, followed by
rinsing in Millipore water. The strips were then transferred to running buffer (25mM Tris, pH
8.3, containing 192mM glycine and 0.1% SDS). For the second dimension, the IPG strips were
carefully placed onto a BioRad PROTEAN II, 8-16% Tris-HCl Ready Gel, and covered with
BioRad overlay agarose. After the overlay agarose solidified (ca. 10 min), the gel unit was
assembled and run at constant 2W for 18 h in the cold room.

Gel image and image analysis
The gels were washed with deionized water (3x, 20 min each wash) followed by fixing for 3 h
(or overnight) in aqueous 10% methanol and 7% acetic acid, and subsequently stained with
SyproRuby overnight. After destaining and rinsing with deionized water, the images of the gels
submerged in deionized water were obtained with WinDige software (J. Minden, Carnegie-
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Mellon University) using a custom-built instrument with a high-resolution, cooled Prometrix®
CCD camera and appropriate excitation/emission filters at 30 sec exposure times.

Digital images were analyzed with the DECODON Delta2D program to identify a differential
display and relative quantitation of the proteins. After morphing/warping (as shown in Figure 6)
of images for comparison, fused images were generated and the protein spots on the gels
considered of interest (as shown in Figure 7) were identified in a scatter plot. Each scatter plot
was a graphical representation of the protein spots on the gel images. In such a plot, spots whose
level increased were found in the upper left and those decreased are in the lower right.

Figure 6. 2D gel image analysis using Delta2D before and after warping [excerpted from Delta2D Manual]

Figure 7. 2D gel image analysis using Delta2D ratio filters [excerpted from Delta2D Manual]
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In-gel trypsin digestion
Proteins with volume changes > 2-fold were picked using robotic system on either the Minden
scanner or a ProPic system (MANUFACTURER. The picked spots were then processed for ingel digestion.

The protocol is based on the 10-year-old recipe by Shevchenko et al.

[34],

which has been

optimized to increase the speed and sensitivity of analysis. A typical workflow for trypsin in-gel
digestion is illustrated in Figure 8. Details are as follows. Protein spots of interest were excised.
The gel pieces were transferred into a microcentrifuge tube and pelleted using a bench-top
microcentrifuge. The spots were then processed for peptide mass fingerprinting and de novo
sequencing: 500 µL of neat acetonitrile was added to each spot and the tubes were incubated for
10 min until gel pieces shrank (became opaque). The gel pieces were pelleted by centrifugation
and all liquid was removed. An aliquot 30–50 µL of tris (2-Carboxyethyl) phosphine
hydrochloride (TCEP) solution was added to completely cover gel pieces, which were then
incubated for 30 min at 56 °C in a thermostatted chamber. The tubes were cooled to room
temperature (ca. 22 °C) and 500 µL of acetonitrile was added. The tubes were incubated for 10
min and then all liquid was removed. An aliquot (30–50 µL) of iodoacetamide (IAC) solution (a
volume sufficient to cover the gel pieces) was added and the tubes were incubated for 20 min at
room temperature in the dark. Gel pieces were shrunk with acetonitrile and all liquid was
removed.

The gel pieces were saturated with trypsin by adding enough trypsin buffer (50 mM ammonium
bicarbonate, pH 7.8, containing sequencing grade porcine trypsin) to cover the dry gel pieces and
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cooling in an ice bucket (to allow swelling but to decrease the amount of trypsin self-digestion).
After 30 min, a check was made to insure all solution was absorbed and more trypsin buffer was
added, if necessary. The gel pieces were allowed to sit for another 90 min to insure saturation
with trypsin, and then an additional 10–20 µL of ammonium bicarbonate buffer was added to
cover the gel pieces and keep them wet during enzymatic cleavage.

Digestion: Tubes with gel pieces were placed into a thermostatted chamber and incubated
overnight at 37 °C. An aliquot was withdrawn from the digest for the protein identification by
MALDI-TOF-MS peptide mass fingerprinting. Tubes were chilled to room temperature, the gel
pieces were spun down using a microcentrifuge and 1–1.5 µL aliquots of the supernatant were
directly withdrawn from the digest without further extracting the gel pieces. As the typical
volume of the digestion buffer is approximately 50 µL this leaves ample peptide material for the
subsequent MS/MS analysis, if required.

Peptide digestion products were extracted by adding 100 µL of extraction buffer (1:2 (v/v) 5%
formic acid/acetonitrile) to each tube and incubation for 15 min at 37 °C in a shaker. The residual
was dried down in a vacuum centrifuge and stored at –20 °C as a contingency.

15

Figure 8. Typical workflow for in-gel digestion using trypsin as cleavage enzyme [adapted from Jaime Mora,
et al Biol. Proced. 2005]

Protein ID using MALDI-TOF-MS
MALDI-TOF-MS was used to determine protein identities and analyze protein characteristics
[35][36][37].

Raw data was analyzed by manual comparison combined with MASCOT,

ProteinProspector/MS-FIT and ProFound database searches. Processes were carried out as
follows:

Each sample was reconstituted in 3 µL of 50% ACN with 0.1% TFA prior to MS analysis and
1µL was spotted on a MALDI target plate. After the samples dried, 0.5 µL of saturated matrix
(10 mg/mL of α-cyano-4-hydroxycinnamic acid (CHCA) in 50% ACN with 0.1% TFA) was
spotted on top of each sample and allowed to dry completely. The samples were then subjected
to MALDI-TOF-MS analysis using a Voyager Biospectrometry Workstation. Database searching
was

performed

using

online

search

(http://www.matrixscience.com/search_form_select.html),
MS-Fit (http://prospector.ucsf.edu/ucsfhtml4.0/msfit.htm),
16

engines,

e.g.,

Mascot

and/or ProFound (http://prowl.rockefeller.edu/profound_bin/WebProFound.exe) .

3.1.2

Results and discussion

KDc

KD1

Figure 9. SyproRuby stained gel image acquired by fluorescence microscope (KDc & KD1)

Shown in Figure. 9 are two fluorescent images of KDc and KD1, of which several hundreds of
proteins were separated and visualized. After analyzing the images with Delta 2D software [38], a
picking list including about 300 spots of interest was generated. Most of them had volume
changes over 2-fold. The picking lists are shown graphically in Figure 10.

17

KDc

KD1

Figure 10. Spots picking list generated by Delta2D software (KDc & KD1)

Due to the high workload involved in spot picking, two robotic systems, a Propic system for
picking and an Intavis liquid handling system with a Peltier unit for heating during enzymolysis
were used. In spite of its high throughput and efficiency, shortcomings remained: the accuracy of
picking not as high as needed; the digestion process was not as efficient as hoped; it was difficult
to monitor and control the machines’ operation during running; and, the user interface on each
instrument was not user-friendly.

Figure 11 shows a spectrum of a trypsin in-gel digest of bovine serum albumin (BSA) from the
above workflow acquired on the Voyager MALDI-TOF-MS, which confirmed that the digestion
process was acceptable and successful. Yet, the spectra obtained for the spots from the gels run
on lysates of the cell lines (both KDc and KD1) were not satisfactory, which made it impossible
to identify specific proteins/peptides (sample mass spectrum shown in Figure 12).
18

BSA-Voyager

Figure 11. MALDI mass spectrum of BSA standard acquired by Voyager workstation

KDc-Voyager

Figure 12. MALDI mass spectrum of KDc acquired by Voyager workstation

19

There might be several reasons for the inability to detect peptides/proteins and for unacceptable
mass spectra: too little protein in the spots caused by poor protein solubility and protein
aggregation [39]; spots without proteins due to spot picking robot displacement; the sensitivity of
the mass spectrometer [40]; ion suppression [41][42]; and matrix quality [43]. These possible causes
will be discussed below.

Efficient and reproducible sample preparation methods are key to successful 2-D gel
electrophoresis. In the 2D gel images, several vertical streaks were observed, indicating a loss of
solubility of protein at its pI during focusing and/or protein aggregation, especially hydrophobic
proteins. One workaround is the total protein load applied to the isoelectric focusing strip could
be decreased in an attempt to prevent the vertical streaks and improve the resolution of protein
separation. In order to yield proteins of interest at detectable levels, however, removal of
interfering abundant proteins or nonrelevant classes of proteins would be beneficial. Nucleic
acids and other interfering molecules, e.g., lipids, could also be potential interfering factors.
Thus, a new technique called ZOOM 2D protein fractionator (Figure 13), a solution-phase
isoelectric focusing system was applied as the strategy to separate protein mixtures into
reproducible and simplified fractions. The major benefits of this approach were its higher protein
load capacity, complete solubilization and denaturation of the proteins, its maintenance of
proteins in solution during IEF, sample fractionation, reduction and alkylation of disulfide bonds
in proteins prior to IEF, and its enhanced capacity to prevent protein modifications and
proteolysis.

20

Figure 13. Illustration of ZOOM 2D protein fractionator [excerpted from Zoom 2D fractionator manual]

Traditional 2D electrophoresis requires considerable time and effort to analyze the resulting
images due to inter-gel variation, so a new technique known as difference gel electrophoresis
(DiGE), as shown in Figure 14-15, was employed instead of traditional 2D gel electrophoresis
[44][45][46].

The proteins from the different sample types (KDc & KD1) were each labeled with

one of two electrophilic dyes, PrCy3OSu or MeCy5OSu, then mixed and separated on the same
gel where they could be directly compared. Because the versions of Cy3 and Cy5 are size and
charge matched, the same labeled protein from different samples will migrate to the same
position, regardless of the dye used. Also, fluorescence detection of these dyes is highly sensitive
-- as little as 125 pg of protein can be detected. This provides better resolution and accuracy for
future mass spectrum analysis.
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Figure 14. Schematic of DIGE analysis [excerpted from Jonathan S Minden et al. Nature Protocols 2006]

Figure 15. Chemical structure of DIGE dyes (Cy3 & Cy 5) [excerpted from Minden J. Biotechniques. 2007]

Due to the high throughput of data acquisition and analysis, the robotic gel picking, digestion
and spotting were applied. Unfortunately, it turns out that the automated method did not provide
as confident and stable results as expected. Thus, the staining method was switched to a reverse
zinc stain and gel spots were manually removed.

Particularly, the interface (like low sample concentration, high ion/salt concentration,
suppression of larger fragments) between protein digestion and mass spectrometric analysis had
22

a large influence on the overall quality and sensitivity of the analysis. It is ideal to concentrate,
desalt, fractionate, and enrich protein/peptide samples prior to MS analysis. Sample cleanup
could be achieved with the use of a ZipTip, which is a miniature reverse-phase column (solid
phase extraction system) packed into a 10 µL pipet tip with a micro volume (approx 0.5 µL) bed
of reversed-phase, ion exchange, or affinity chromatography medium fixed at its end without
dead volume [47][48][49]. ZipTip-C18 tips can be used for purifying and concentrating femtomoles
to picomoles of protein/peptide samples prior to analysis. After a process of wetting, binding,
washing, recovered samples were contaminant free and eluted in 0.5–4 µL for direct transfer to a
MALDI target.

In order to enhance the sensitivity of peptide detection, mass spectrometric determinations were
made on an Applied Biosystems 4800 Plus MALDI-TOF/TOF-MS Analyzer. This tandem timeof-flight MS/MS system provided a higher level of protein coverage, throughput, and confidence
in proteomic analysis. Its expanded dynamic range enabled higher confidence and sensitivity for
identifying and quantifying low abundance proteins in complex matrices.
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3.2

PROTEOME CHANGE ANALYSIS USING ZOOM

FRACTIONATED 2D ELECTROPHORESIS WITH CY-DYE LABEL

3.2.1

Experimental section

Cell culture and cell lysates
The three cell lines (KDc, KD1 and KD2) were obtained from Prof. Mary Ann Jordan and grown
in RPMI-1640 with G418. Trypsinised cells were washed with cold Hanks balanced salts
solution. Lysis buffer was made using 2 μL of 100X protease inhibitor cocktail, 8 units of
benzonase and 148 µL 40 mM tris base, mixed well and stored on ice until use. To 50 μL of
packed cells, 150 µL of chilled lysis buffer was added. The lysate was then incubated for 30 min
at room temperature. To this was added 25 µL of 20 mM tris(2-carboxyethyl)phosphine
hydrochloride (TCEP), 5.2 µL of 50mM iodoacetamide (IAC) solution, 200 µL of 20% (w/v)
SDS and deionized water (to 1 mL) for reduction and alkylation. After centrifuging at 16,000 x g
for 20 min at 4°C, the supernatant was transferred to sterile tubes in which cold acetone was
added for protein precipitation. The precipitated pellet was washed with cold acetone, allowed to
air-dry at room temperature, and resuspended in 1 mL of ZOOM® 2D Protein Solubilizer.
Protein content was estimated using the BioRad procedure, aliquoted into smaller volumes and
stored at –80° C.

Cy-dye labeling
Stock solutions (8.6 mM) of Cy-dyes (PrCy3-OSu and MeCy5-OSu) were prepared in the Day
lab by dissolving the solid dyes separately in DMF and aliquoting into 10 μL working solutions.
The stock solution was stored at –80°C. Equal amounts of protein samples (lysates from KDc
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control vs. stathmin knockdown KD1) were placed into tubes, mixed and spun briefly in a
microcentrifuge. Each tube was treated with 1.0 μL of PrCy3-OSu or MeCy5-OSu and incubated
on ice in the dark for 20 min. Afterwards, 1.0 μL of a hydroxysuccinide ester-quenching solution
(5 M methylamine in 100 mM HEPES, pH 8.0) was added and the samples were incubated on
ice in the dark for another 30 min. The paired tubes (Cy3 for KDc and Cy5 for KD1) were
pooled and mixed well. An ampholyte solution (Bio-Lyte 3/10) was added to each tube and the
contents were mixed well for rehydration.

ZOOM IEF Fraction
After labeling, the Cy-dye labeled lysates were diluted to 0.5 mg/mL for IEF fractionation with
the ZOOM® IEF Fractionator. Diluted sample (1 mL) was prepared by mixing of the following:
a) lysate prepared (51-64 μL); b) 1.1X ZOOM® 2D Protein Solubilizer (909 μL); c) ZOOM®
Focusing Buffer, pH 3-7 (10 μL); d) ZOOM® Focusing Buffer pH 7-12 (10 μL); e) 2M
dithiothreitol (DTT; 5 μL); f) trace bromophenol blue dye. The volume was adjusted to 1.0 mL
with deionized water. The diluted samples and running buffers were then loaded for IEF as
described in the ZOOM® IEF Fractionator manual. Twenty to twenty-four fractions within
narrow pH range were obtained and stored at –80° C until the next step of 2-D gel
electrophoresis.

2-D Gel electrophoresis
NuPAGE® Novex 10% Tris-Acetate Midi gel was stored in the cold room until used. Samples
were prepared by mixing 7 μL fractions, 5 μL NuPAGE® LDS Sample Buffer (4X), 2 μL
reducing agent (NuPAGE®) and 7 μL deionized water to a final volume of 20 μL. Each well was
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loaded with 20 μL of sample, and running conditions were as follows: Running buffer: 1X
NuPAGE® SDS; Voltage: 200 V constant; Run time: 40 minutes.

2-D Gel image and analysis
The gels were fixed in water containing 40% methanol and 5% acetic acid for 1 h, then washed
with deionized water 4-5 times. After rinsing, the images of the gels submerged in deionized
water were obtained with WinDige software (J. Minden, Carnegie-Mellon University) using a
custom-built instrument with a high-resolution, cooled Prometrix CCD camera and appropriate
excitation/emission filters at 30 sec exposure times. Digital images were analyzed by manual
comparison and/or with ImageJ, in which the intensity of gel bands was plotted by which
interactive quantitation of those bands using simple interactive integration was made.

Gel visualization
The gel was also visualized by direct zinc-reverse staining. The gel was first rinsed briefly with
dH2O twice and submerged into fixing solution for 20 min, followed by washing twice in dH2O
for another 15 min with gentle shaking. The washed gel was incubated in 200-300 mL of 0.2M
imidazole-SDS solution (13.6 g/L) for 15 min. After removing the imidazole-SDS solution, 200300 mL of 0.3 M zinc sulfate was poured into the gel, with gentle agitation for 30-60 sec. Once
the gel had stained satisfactorily (showing opaque on the blank gel background where protein
was know to be absent), the zinc sulfate solution was quickly removed to prevent over-staining
and the gel was stored in dH2O for excising and in-gel digestion.
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In-gel trypsin digestion
After visualizing with the direct zinc-reverse staining, protein bands of interest were excised for
in-gel trypsin digestion. The protocol is based on the 10-year-old recipe by Shevchenko et al. [34],
which has been optimized to increase the speed and sensitivity of analysis. Details are as follows.
The gel pieces were transferred into a microcentrifuge tube and pelleted using a bench-top
microcentrifuge. The spots were then processed for peptide mass fingerprinting and de novo
sequencing: 500 µL of neat acetonitrile was added to each spot and the tubes were incubated for
10 min until gel pieces shrank (became opaque). The gel pieces were pelleted by centrifugation
and all liquid was removed. An aliquot 30–50 µL of TCEP solution was added to completely
cover gel pieces, which were then incubated for 30 min at 56 °C in a thermostatted chamber. The
tubes were cooled to room temperature (ca. 22 °C) and 500 µL of acetonitrile was added. The
tubes were incubated for 10 min and then all liquid was removed. An aliquot (30–50 µL) of
iodoacetamide (IAC) solution (a volume sufficient to cover the gel pieces) was added and the
tubes were incubated for 20 min at room temperature in the dark. Gel pieces were shrunk with
acetonitrile and all liquid was removed.

The gel pieces were saturated with trypsin by adding enough trypsin buffer (50 mM ammonium
bicarbonate, pH 7.8, containing sequencing grade porcine trypsin) to cover the dry gel pieces and
cooling in an ice bucket (to allow swelling but to decrease the amount of trypsin self-digestion).
After 30 min, a check was made to insure all solution was absorbed and more trypsin buffer was
added, if necessary. The gel pieces were allowed to sit for another 90 min to insure saturation
with trypsin, and then an additional 10–20 µL of ammonium bicarbonate buffer was added to
cover the gel pieces and keep them wet during enzymatic cleavage.
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Digestion: Tubes with gel pieces were placed into a thermostatted chamber and incubated
overnight at 37 °C. An aliquot was withdrawn from the digest for the protein identification by
MALDI-TOF-MS peptide mass fingerprinting. Tubes were chilled to room temperature, the gel
pieces were spun down using a microcentrifuge and 1–1.5 µL aliquots of the supernatant were
directly withdrawn from the digest without further extracting the gel pieces. As the typical
volume of the digestion buffer is approximately 50 µL this leaves ample peptide material for the
subsequent MS/MS analysis, if required.

Peptide digestion products were extracted by adding 100 µL of extraction buffer (1:2 (v/v) 5%
formic acid/acetonitrile) to each tube and incubation for 15 min at 37 °C in a shaker. The residual
was dried down in a vacuum centrifuge and stored at –20 °C as a contingency.

Mass spectrometric analysis
MALDI-TOF/TOF-MS (ABI 4800 plus Proteomics Analyzer) was used to determine protein
identities and analyze protein characteristics. Raw data was analyzed by manual comparison
combined with MASCOT, ProteinProspector/MS-FIT and ProFound database searches.
Processes were carried out as follows:

Each sample was reconstituted in 3 µL of 50% ACN with 0.1% TFA prior to MS analysis and
1µL was spotted on a MALDI target plate. After the samples dried, 0.5 µL of saturated matrix
(10 mg/mL of α-cyano-4-hydroxycinnamic acid (CHCA) in 50% ACN with 0.1% TFA) was
spotted on top of each sample and allowed to dry completely. The samples were then subjected
to MALDI-TOF/TOF-MS analysis using 4800 Proteomics Analyzer (Applied Biosystem)
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equipped with 4000 Explorer version 2.0. The instrument was operated in 2 kV reflector positive
ion mode and calibrated with a calibration kit (Applied Biosystems) containing a mixture of
standard peptides as a default calibration for spectra acquisition. Database searching was
performed using online search engines, eg.
Mascot (http://www.matrixscience.com/search_form_select.html),
MS-Fit (http://prospector.ucsf.edu/ucsfhtml4.0/msfit.htm),
or Profound (http://prowl.rockefeller.edu/profound_bin/WebProFound.exe).

3.2.2

Results and discussion

Protein identification was based on the combined PMF and peptide sequence information
acquired from MALDI-TOF-MS experiments. The results showed that two proteins, PKC
epsilon and MAP6, were identified with statistical significance. (Figure 16-22)

PKC epsilon
Protein kinase C (PKC) is a family of serine- and threonine-specific protein kinases that can be
activated by calcium and the second messenger diacylglycerol. PKC is thought to reside in the
cytosol in an inactive conformation and translocate to the plasma membrane upon cell activation
where it modifies various cellular functions through phosphorylation of target substrates.
Findings suggest that phosphorylation of stathmin in REH6 cells could be in part mediated by
PKC activation

[50].

Work done by Prekeris et al. also discovered an actin-binding motif unique

to the epsilon isoform of protein kinase C, and determined the interactions between protein
kinase C-epsilon and filamentous actin [51].
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The protein kinase C (PKC) family of proteins plays an important part in growth regulation and
is implicated in tumorigenesis. Inhibition of the PKC epsilon pathway using a kinase-inactive,
dominant-negative PKC epsilon, PKC epsilon (KR), led to a significant inhibition of
proliferation of human NSCLC cells in a p53-independent manner. Other results reveal an
important role for PKC epsilon signaling in lung cancer and suggest that one potential
mechanism by which PKC epsilon exerts its oncogenic activity is through deregulation of the
cell cycle via a p21/Cip1-dependent mechanism

[52].

Furthermore, data from McJilton et al.

shows that protein kinase C epsilon interacts with Bax and promotes survival of human prostate
cancer cells, indicating that an association of PKC epsilon with Bax may neutralize apoptotic
signals propagated through a mitochondrial death-signaling pathway

[53].

The latest results

clearly show that protein kinase C epsilon (PKC epsilon) protects breast cancer cells from tumor
necrosis factor-alpha (TNF)-induced cell death [54].

In the present experiments, it appears that the downregulation of PKC induces a lowered level of
phosphorylation of stathmin, which accordingly increases the functional (tubulin-sequestering)
level, or at least the ratio of functional-to-phosphorylated stathmin, and compensates for the
reduced amount of stathmin. This reaction might be a feedback regulation of potential PKCstathmin pathway and of great importance to maintain the balance of microtubule dynamics.
Considering its role in neutralizing apoptosis, the downregulation of PKC in KD1 group makes
BT549 cells more likely to use normal cellular suicide mechanisms and thus, more sensitive to
the treatment of paclitaxel, which is consistent with the previous observations in the present body
of work.
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MAP6
Proteins that interact with microtubules and/or free tubulin dimers also have the potential to
regulate both catastrophe and rescue rates of microtubules

[55].

The best characterized of these

regulatory proteins are microtubule-associated proteins (MAPs), the majority of which stabilize
microtubules by decreasing catastrophes and/or increasing rescues

[56].

MAPs represent such

proteins that regulate the dynamics of cellular microtubules [57][58]. They likely have the potential
to modulate the sensitivity of a cell towards paclitaxel, and to make compensations when
stathmin levels are altered.

The present work identified altered levels of a protein called MAP6, as known as microtubuleassociated protein 6. MAP6 is a calmodulin-binding and -regulated protein that is involved in
microtubule stabilization

[59].

An alteration in the expression of MAP6 is predicted to modulate

cancer cell sensitivity to microtubule-interacting drugs like paclitaxel. As for the downregulation
of MAP6, one possible explanation is that the ability of MAP6 to stabilize microtubule could be
lessened due to the reduced destabilizing function of stathmin; a decrease in MAP6 would be
needed in order to retain the needed balance for microtubule dynamics.
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Figure 16. Image of Cy3 labeled KDc control cell line & Cy5 labeled KD1 cell line acquired by Prometrix
CCD camera
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PKC e - 4800

Figure 17. MALDI mass spectrum of Band 1 acquired by 4800 plus MALDI-TOF/TOF

MAP6 - 4800

Figure 18. MALDI mass spectrum of Band 2 acquired by 4800 plus MALDI-TOF/TOF
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PKC epsilon (Search 1)
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Figure 19. Identification of PKC epsilon by mascot database search of band 1 (Search 1)
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PKC epsilon (Search 2)
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Figure 20. Identification of PKC epsilon by mascot database search of band 1 (Search 2)

37

MAP6_HUMAN (Search 1)
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Figure 21. Identification of MAP6 by mascot database search of band 2 (Search 1)
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MAP6_HUMAN (Search 2)

40

Figure 22. Identification of MAP6 by mascot database search of band 2 (Search 2)
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Table 2. Proteins identified with significant score using Mascot database search
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