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Abstract. Background: The Human Epidermal Growth
Factor Receptor 2 (HER-2), overexpressed in 25-30% of
breast carcinomas (BC), is the therapeutic target for
trastuzumab, a recombinant humanized monoclonal
antibody. The initial response to trastuzumab is often
followed by drug-insensitivity within one year. Several
hypotheses have been raised to explain this event, but the
mechanisms behind the responses to trastuzumab are still
unclear. Aim: To study the effects of short and prolonged
trastuzumab treatment on the proteomic profiles of HER-2-
overexpressing SKBR-3 BC cells. Materials and methods:
Cells were treated with trastuzumab to obtain sensitive and
resistant clones. The drug effects were evaluated at the
Results: In the
trastuzumab-resistant cells the expression of a large amount
of proteins, initially affected by treatment, reverted to levels
of the untreated cells. Conclusion: The results obtained so
far illustrate for the first time a large-scale differential
trastuzumab-treated and
untreated cells, and between trastuzumab-sensitive and
resistant cells. We believe that the results obtained will help
to increase the knowledge of the molecular effects of
trastuzumab and will be useful to better-understand the drug
resistance mechanisms.

phenotypical and proteomic levels.

protein expression between

The Human Epidermal Growth Factor Receptor 2 (HER-2)
belongs to EGF tyrosine kinase receptor family that also
includes HER-1, HER-3 and HER-4. Once activated by
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interaction with their cognate ligands, these receptors form
homo- or heterodimers and trigger tyrosine kinase activity,
which in turn, initiates a signal transduction cascade, leading
to alternative routes towards cellular proliferation,
differentiation, and survival (1). HER-2 is considered an
‘orphan’ receptor because it does not seem to interact with
any known ligand in the form of a homodimer, while it is
able to form heterodimers with other members of the HER
family, thus activating multiple transduction pathways.

The overexpression of HER-2, primarily due to gene
amplification, occurs in approximately 25-30% of invasive
breast carcinomas (2). Several in vivo and in vitro studies
have demonstrated that HER-2 overexpression is associated
with increased cell proliferation and survival, resistance to
apoptosis, activation of cell motility, promotion of
angiogenesis and increased tendency for tumor metastasis (3,
4). Hence, HER-2 is considered a reliable prognostic and
predictive marker, and a privileged therapeutic target in
primary tumors and metastatic sites (5, 6). In addition, since
the levels of HER-2 expression in human cancer cells are
much higher than those of normal adult tissues, the latter are
potentially less sensitive to the toxicity of HER-2-targeting
drugs. In 1998 the United States Food and Drug
Administration approved trastuzumab for clinical use against
metastatic breast cancer that overexpress HER-2 (7).

Trastuzumab (Herceptin®) is a recombinant humanized
monoclonal antibody against HER-2 whose main epitope
corresponds to a sequence in the extracellular domain of
HER-2, adjacent to the cell membrane (8, 9).

According to experimental studies, trastuzumab may act
both directly and indirectly in cancer therapy. The direct
effects concern: the inhibition of HER-2 internalization and
its turnover from the cell membrane (10), the down-
regulation of cell proliferation (11, 12), the possible
induction of DNA damages and the simultaneous inhibition
of DNA repair processes (13), and the blockage of the
metalloproteinase-mediated shedding of HER-2 ectodomain
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(14). Among the indirect effects, the promotion of the
antibody-dependent cytotoxicity by interaction with the Fc
receptor (CD16) expressed by Natural Killer (NK) cells, has
been reported (15).

Unfortunately, the initial response to trastuzumab-based
regimens is often followed by drug-insensitivity occurring
within one year in the majority of patients with HER-2-
overexpressing breast cancer (16). Although several
hypotheses have been raised to explain this event, the
biochemical and molecular mechanisms behind the responses
to trastuzumab are still unclear (17). Major difficulties lie in
explaining if trastuzumab-resistant cells are pre-existing
subclones of the tumour cell population, or the result of
clonal selection occurring during treatment.

The proteomic approach, based on two-dimensional gel
electrophoresis, is a powerful instrument to evaluate
qualitative and quantitative modifications of protein profiling
induced by pharmacological treatments of appropriate
cellular systems. The present investigation aimed at studying
and comparing the effects exerted by short- and long-term
trastuzumab treatment on the proteomic profile of cells
overexpressing HER-2. As a model system, we used SKBR-
3 cells because of their ERBB2 gene amplification and strong
overexpression of HER-2.

Materials and Methods

Cell culture. SKBR-3 cells were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA), and grown in
RPMI-1640 (Gibco, Paisley, UK) with 10% Fetal Bovine Serum
(FBS), containing 100 U/ml penicillin and 100 pg/ml streptomycin,
at 37°C in an atmosphere of 5% CO,. The cell medium was
replaced every 48 h.

The expression level of HER-2 was assessed by western blot
analysis, using the 8701-BC cell line which does not overexpress
HER-2 as a negative control (Figure 1). The 8701-BC cells were
derived from an infiltrating ductal carcinoma and have been well-
characterized (18) for their phenotypic and molecular features,
including their proteomic profile (19, 20).

Cell proliferation assay. The growth rates of SKBR-3 cells were
determined by a colorimetric method (Promega, Madison, WI, USA)
using a kit based on 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methonyphenol)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)-to-formazan
degradation, according to the manufacturer’s instructions. Cell
proliferation was recorded at different time intervals according to the
experimental design.

Pharmacological treatment. Trastuzumab (Herceptin®; Genentech,
South San Francisco, CA, USA) for present research was furnished
by the operative unit of Pharmacology (La Maddalena Hospital,
Level III Oncological Department), as residual aliquots after the
preparation of the drug for patient therapy. The dose responses to the
drug were tested at three different concentrations of trastuzumab,
namely 1 pg/ml, 5 pg/ml, 10 pg/ml, by the administration of the drug
doses at every change of the culture medium for seven days.
Untreated SKBR-3 cells (WT) were used as control.
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To obtain the sensitive (TS) clone, the SKBR-3 cells were
treated for seven days with 10 pg/ml of trastuzumab, which
represents the saturation dose (SD) for SKBR-3 cells (21). Cells
surviving this treatment were collected, cultured and submitted to
long-term treatment with 10 pg/ml trastuzumab, until the growth
rate of the treated cells became synchronous with that of parental
WT cells (75 days).

Sample preparation for proteomics. WT-, TS- and TR-SKBR-3 cells
used for proteomic experiments were serum-starved for 24 h,
harvested with a cell scraper in phosphate buffered saline (PBS) and
lysed in M-RIPA buffer (50 mM Tris pH 7.5, 0.1% Nonidet P-40,
0.1% deoxycholate, 150 mM NaCl, 4 mM EDTA) added with a
mixture of protease inhibitors [0.01% aprotinin, 10 mM sodium
pyrophosphate, 2 mM sodium orthovanadate, 1 mM phenylmetha-
nesulfonylfluoride (PMSF)].

Cellular lysates were centrifuged at 12,000 xg for 10 min to clear
cell debris, and the supernatants were dialyzed against ultrapure
distilled water, lyophilized and stored at —80°C until analysis.
Protein concentration in the cellular extracts was determined using
the Bradford method (22).

2D gel electrophoresis (2D-E). 2D-E was performed essentially as
described (23). Aliquots of the cell lysates were solubilized in a
buffer containing 4% CHAPS, 40 mM Tris, 65 mM 14-
dithioerythritol (DTE) and a trace amount of bromophenol blue in
8 M urea. The first dimensional separation was performed at 10°C
on commercial sigmoidal immobilized pH gradient strips (IPG),
18-cm long with pH range 3.0-10, (Bio-Rad, Milan, Italy). The
strips were rehydrated in 8 M urea, 2% CHAPS, 10 mM DTE and
0.5% carrier ampholytes (Resolyte 3.5-10, Amersham Bioscience,
Milan, Italy). Aliquots of 45 g (analytical gels) or 1.5 mg
(preparative gels) of total proteins were applied to each gel strip.

The isoelectric focusing was carried out by linearly increasing
voltage from 200 to 3500 V during the first 3 h, after which focusing
was continued at 8000 V for 8 h. After the run, the IPG strips were
equilibrated with a solution containing 6 M urea, 30% glycerol, 2%
Sodium dodecyl sulfate (SDS), 0.05 M Tris—HCI pH 6.8 and 2%
DTE for 12 min. The —SH groups were then blocked by substituting
the DTE with 2.5% iodoacetamide in the equilibrating buffer. The
focused proteins were then separated on 9-16% linear gradient of
polyacrylamide gels (SDS-PAGE) with a constant current of 40
mA/gel at 10°C. The gels were stained with ammoniacal silver
nitrate, digitized and processed with Image-Master 2D Platinum
system (Amerham Bioscience, Milan, Italy) (24).

Mass spectrometry. Mass spectrometric analysis was carried out after
in-gel digestion of protein spots, using sequencing-grade trypsin
(20 pg/vial), according to the method of Shevchenko et al. (25) with
some modifications (26, 27). The tryptic peptide extracts were dried
in a vacuum centrifuge and re-dissolved in 10 ul of 0.1%
trifluoroacetic acid (TFA). The matrix, a-cyano-4-hydroxycinnamic
acid (HCCA), was purchased from Sigma-Aldrich (St. Louis,
Missouri, USA). A saturated solution of HCCA (1 ul) at 2 mg/200 wl
in CH3CN/H,O (50/50 (v/v), containing 0.1% TFA was mixed with 1
wl of peptide solution on the Matrix-assisted laser desorption/ionization
(MALDI) plate and left to dry.

Mass spectra were recorded on a Voyager DE-PRO (AbSciex,
Foster City, CA, USA) mass spectrometer, in the 500-5000 Da mass
range, using a minimum of 100 shots of laser per spectrum. Delayed
extraction source and reflector equipment allowed sufficient
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Figure 1. Western blot assay of proteins extracted from Human
Epidermal Growth Factor Receptor-2 (HER-2)-amplified SKBR-3 cells
and non-HER-2-amplified 8701-BC cells. Proteins extracted from the
two cell lines were separated by a gradient (4-20%T) SDS-PAGE and
probed with a mouse monoclonal antibody directed against the full-
length HER-2 protein. The 200 kDa reference standard is marked.

resolution to consider MH+ of monoisotopic peptide masses.
Internal calibration was carried out using trypsin autolysis fragments
at m/z 842.5100, 1045.5642 and 2211.1046 Da.

Peptide mass fingerprinting was compared to the theoretical masses
from the Swiss-Prot or U.S. National Center for Biotechnology
Information (NCBI, Rockville Pike, Bethesda, MD, USA) sequence
databases using Mascot (http://www.matrixscience.com/). Typical
search parameters were as follows: +50 ppm of mass tolerance,
carbamidomethylation of cysteine residues, one missed enzymatic
cleavage for trypsin, a minimum of four peptide mass hits was
required for a match and methionine residues could be considered in
oxidized form.

Western blot. The 1-D SDS-PAGE was performed in 4-20% gradient
polyacrylamide mini-gels by loading 40 pg of each protein sample
prepared according to Laemmli (28). For immunodetection the 1-D
gels were electrotransferred onto nitrocellulose membranes
(HyBond ECL; Amersham Bioscience) and stained with Ponceau S
(Sigma-Aldrich). The membranes were then probed with the
following antibodies from Santa Cruz Biotechnology (Heidelberg,
Germany): anti-HER-2 (mouse monoclonal, sc-80898), anti-HER-1
(mouse monoclonal, sc-57092), anti-HER-3 (mouse monoclonal, sc-
71067), anti-HER-4 (mouse monoclonal, sc-8050), anti-RAC-alpha
serine/threonine-protein kinase (AKT1) (mouse monoclonal, sc-
5298), anti-Insulin growth factor-1 receptor (IGF-IR) (mouse
monoclonal, sc-81464), anti-Transforming growth factor-beta
receptor type II (TGFB-RII) (rabbit polyclonal, sc-1700), anti-
p27(KIP1) (mouse monoclonal, sc-56338), anti-p21(WAF1) (rabbit
polyclonal, sc-756).

Following incubation with the appropriate secondary peroxidase-
linked antibody (goat anti-mouse, sc-2005; goat anti-rabbit, sc-
2030, Santa Cruz Biotechnology), the reaction was revealed by the
ECL detection system, using high performance films (Hyperfilm
ECL; Amersham Bioscience). ECL films were digitized and
processed with Image Master-2D Platinum system (Amerham
Bioscience), in order to perform densitometric quantification of the
immunoreactive bands.

Results

Effects of trastuzumab on cell proliferation and cell
behaviour. The effects of trastuzumab on cell proliferation
were tested by administration of incremental doses of the
drug, namely 1 pg/ml, 5 pg/ml and 10 pg/ml.
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Figure 2. Growth curves of SKBR-3 cells treated with three different
trastuzumab doses (1 ug/ml, 5 ug/ml and 10 ug/ml) for seven days and
plotted with untreated cells used as reference. On the ordinate the cell
concentration is reported as optical density at a wavelength of 492 nm
(0.D. A=492 nm).

As shown in Figure 2 the growth curves of the parental
and responsive cells are very similar for the first 48 h. After
this point, the rate appears significantly decreased in the cells
treated with 10 pg/ml of trastuzumab, reaching about 60%
of decrement at the seventh day from seeding, while minor
effects were elicited at the other doses. Indeed the dose of
1 pg/ml caused a reduction of about 8% in the growth rate
and the 5 pg dose of 23%. As reported by literature data (21)
the amount of 10 pg/ml of trastuzumab represents a
saturation dose (SD) for SKBR-3 cells. The cell clone
sensitive to 10 pg/ml of trastuzumab was named
trastuzumab-sensitive SKBR-3 (TS-SKBR-3).

The cells surviving treatment of trastuzumab for seven
days, were collected, cultured and submitted to a long-term
treatment with 10 pg/ml trastuzumab, until the growth rate
of the treated cells became synchronous with that of the
parental WT cells (75 days). This clone was named
trastuzumab-resistant SKBR-3 (TR-SKBR-3).

The optical micrographs in Figure 3 show representative
fields of the WT-SKBR-3, TS-SKBR-3 and TR-SKBR-3
cultures illustrating the effects of the drug at the SD on the
cell morphology from 72 h to 7 days from seeding. As shown
in Figure 3B, the cells treated with SD of the drug appear
more dispersed and less adherent to the substrate on the
seventh day in comparison with the untreated cells (Figure
3A); in addition, the treated cells display a more irregular
morphology, with signs of cellular instability, such as the
tendency to project several spikes and protrusions. At the
same time of culture, cells resistant to the SD of trastuzumab
display some characteristics in common with the two other
cultures (Figure 3C): indeed the TR-SKBR-3 cells attained a
higher density in culture than did TS-SKBR-3 cells, but this
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Figure 3. Panel of optical micrographs showing the effects of trastuzumab on the density and the morphology (see the insets) of the treated and
untreated SKBR-3 cell populations at different times of culture with trastuzumab, from 72 h to 7 days from seeding. A: WT, trastuzumab untreated
cells; B: TS, trastuzumab-sensitive cells; C: TR, trastuzumab-resistant cells. Bar=25 um.

was lower with respect to the untreated cells. However, the
tendency to form spikes can be seen to have been maintained
for a great of number TR-SKBR-3 cells in the field.

HER-2 levels in treated cells. To test the effect of
trastuzumab treatment on the HER-2 expression levels we
performed an immunodetection assay in the protein extracts
from the TS-, TR- and WT-SKBR-3 cells. The analysis
revealed that treatment induced a 2.3-fold decrease of the
HER-2 level in both populations of treated SKBR-3 cells,
compared to untreated cells (Figure 4).

SKBR-3 cell proteomics. Figure 5 shows a representative
proteomic map of WI-SKBR-3. The protein identities are
reported with the abbreviated name according to the Uniprot
database (www.expasy.ch). A total of 293 proteins were
identified, corresponding to 173 genes, due to the fact that
many proteins are expressed by the cell in a variety of
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isoforms. Isoforms are indicated with letters in a progressive
manner, starting with ‘a’ for lower plI or heavier MW. The
173 genes corresponding to the identified proteins are
reported in Table II.

The known proteins were clusterized into 12 functional
classes according to their major biological role in the current
ontology database, namely: metabolic enzymes; cytoskeleton
structure; cytoskeleton dynamics; detoxification; heat-
shock/folding/chaperones; protein biosynthesis and degradation;
calcium binding; nuclear proteins; ionic homeostasis; processing
of metabolites and amino acids; proteins with extracellular
activity; and nucleoside-related processes (Table I).

Proteomic profiling of trastuzumab-sensitive and -resistant
SKBR-3 cells. The qualitative and quantitative analyses of
the proteomic profiles (triplicate replicas, Figure 6) of
untreated, sensitive and resistant cells revealed that the short-
term treatment induced modulation of 84 out 293 identified
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proteins, corresponding to 66 genes. The effects exerted by
the drug during the long-term treatment involved 41 proteins,
corresponding to 33 genes. The modulated proteins are
unevenly distributed over the 12 functional categories, with a
major concentration in the groups of metabolic enzymes,
cytoskeleton, heat-shock/folding/chaperone, calcium binding
and detoxification.

The panel in Figure 7 reports the histograms of protein
level variations following the short- and long-term
trastuzumab treatment, as compared with these of the
untreated cells. The quantitative level of each protein spot is
given as %Vol, calculated as the integration of the intensity
of the spot area, normalized by the sum of all spot volumes.

As shown by the graphs, there is a significant difference in
the responses elicited by short- and long-term treatment. This
is evident both in the number of responsive proteins and also
in the quantitative expression of the proteins. The majority
of proteins modulated appeared to be down-regulated: indeed
out of the 84 responsive proteins in the TS-SKBR-3 cells, 60
displayed diminished intensity levels, while those for 24
increased with respect to the untreated cells. On the contrary,
in the TR-SKBR-3 cells, out of the 41 modulated proteins,
24 appeared to be up-regulated and 17 down-regulated.

The group of up-regulated proteins in the TS-SKBR-3
cells comprises of: two calcium binding proteins (S10A7a
and S10AD); proteins of the heat-shock/folding/chaperone
cluster [two isoforms of protein DJ-1(PARK7) and two
isoforms of Cyclophilin A (PPIA)]; several proteins
belonging to cytoskeletal dynamics group [Cofilin-1 (COF1),
Profilin-1 (PROF1), Fascin (FSCN1) and Ras-related protein
Rab-18 (RAB18)]; proteins of the detoxification cluster [two
isoforms of Aldo-keto reductase 1 B10 (AKI1BA),
Glutathione S-transferase omega-1 (GSTO1), Superoxide
dismutase 1 (SODC)]; some isoforms of the metabolic
enzymes [Glyceraldehyde-3-phosphate dehydrogenase (G3P)
and alpha-Enolase (ENOA)] and others belonging to the
nuclear proteins (Purine nucleoside phosphorylase, PNPH),
to the ionic homeostasis cluster (V-type proton ATPase F,
VATF) and to the metabolites and aminoacid processing
proteins [Acyl-CoA-binding protein (ACBP) and D-
dopachrome decarboxylase (DOPD)].

Among those down-regulated, it is worth noting the
decreased level of some protein spots corresponding to some
glycolytic enzymes. Among these, G3P is represented in our
map by five protein spots. The more basic form, at pI 7.52,
has been identified as the ‘canonical” primary gene product,
while the other spots at lower pl, from 7.09 to 7.44, represent
protein isoforms. Comparison with the WT-SKBR-3 cells
highlighted that in TS-SKBR-3 cells the canonical form was
down-regulated by almost two-fold, while three of the more
acidic isoforms appeared to be up-regulated. Similarly, other
metabolic enzymes, L-lactate dehydrogenase B chain
(LDHB), Transaldolase (TALDO), Glucose-6-phosphate 1-
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Figure 4. A: Western blot immunodetection of the Human Epidermal
Growth Factor Receptor-2 (HER-2) expression in short- and long-term-
treated cells (indicated as TS- and TR-SKBR-3 respectively) with respect
to untreated (WT) cells. B: Histogram of the densitometric quantification
of the immunoreactive bands. Trastuzumab administration induced a
2.2/2 3-fold downregulation of HER-2 expression in both TS and TR cells.

dehydrogenase (G6PD), and two isoforms of Aconitase
(ACON) appeared to be down-regulated by about 50% in
TS-SKBR-3 cells.

Interestingly, on short term there was a drastic down-
regulation of several proteins belonging to the heat-
shock/folding/chaperone proteins: Calreticulin (CALR),
Hypoxia up-regulated protein 1, (HYOU1), Programmed cell
death 6-interacting protein (PDC6I), three isoforms of
Protein disulfide-isomerase (PDIA), Endoplasmin (ENPL),
Heat shock protein HSP 90 alpha and beta, (HSP90A,
HSP90B). Among these, ENPL, HSP90A and HSP90B are
related to the HER-2 maturation pathway.

Within the cytoskeleton structural proteins, there was a drastic
down-regulation of the epithelial cytokeratins K2C8, K1C19 and
K1C9, and an evident reduction of some proteins involved in
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Figure 5. Representative proteomic analysis of SKBR-3 cells. Protein separation was performed by Immobilized pH Gradient (IPG) gel strips
(18 cm, 3.5-10 non-linear gradient) followed by a gradient (9-16%T) sodium dodecyl sulphate-polyAcrylamide gel electrophoresis (SDS-PAGE).

The 293 identified protein spots are labelled with the Uniprot AC number.

cytoskeletal dynamics, namely: Coronin-1A (COR1A), Ezrin
(EZRI), Rho GDP-dissociation inhibitor 2 (GDIR2) and three
acting capping proteins [Adenylyl cyclase-associated protein 1,
(CAP1), Macrophage-capping protein (CAPG) and F-actin-
capping protein subunit alpha-1, (CAZAI)].

Trastuzumab effects on TS-SKBR-3 cells include also the
down-regulation of proteins involved in disparate functions,
such as: detoxification [Chloride intracellular channel protein
1 (CLIC1) and three isoforms of Thioredoxin (THIO)]; the
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nuclear protein cluster [Acidic nuclear phosphoprotein pp32
(AN32A), Cyclin H (CCNH), two Prelamin-A (LMNA)
fragments and Nuclear matrix protein 200 (PRP19)]; protein
biosynthesis and degradation [Proteasome activator complex
subunit 1 (PSMEI), 60S acidic ribosomal protein PO
(RLAO), Ribosome-binding protein 1 (RRBPI1) and
Ribosomal protein S22 (RT22)]; and ionic homeostasis [ATP
synthase subunit beta (ATPB), Inorganic pyrophosphatase
(IPYR) and Fortilin (TCTP)].
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Figure 6. Miniatures of triplicate 2D silver-stained gels of untreated (WT)- (A), trastuzumab-sensitive (TS)- (B) and trastuzumab-resistant (TR)-

SKBR-3 cells’ (C) protein extracts.

The comparison of the trastuzumab-resistant cells with the
untreated ones revealed a reversion of the responses initially
observed in the trastuzumab-sensitive cells. This trend is
fully elucidated in the graph in Figure 7, which clearly shows
that the expression of about 60% of the proteins modulated
on short-term treatment (49 out of 84) reverted to the levels
of the untreated cells in the resistant, long-term treated cells.

Finally, we found a small group of 24 protein spots,
corresponding to 21 genes, unaffected by the short
treatment but responsive to the prolonged administration,
18 of which were up-regulated and six down-regulated. The
latter group comprises an isoform of ENOA, Peroxiredoxin-
3 (PRDX3), Proteasome subunit beta type-5 (PSBS), 40S
ribosomal protein SA (RSSA) and Ubiquitin carrier protein
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Figure 7. The panel summarizes the protein level variations (cut off =22-fold) among sensitive cells (TS-SKBR-3), resistant cells (TR-SKBR-3) and
untreated cells (WT). The protein names, abbreviated according to the Uniprot database are given on the abscissa; on the ordinate the quantitative
level of each protein spot is given as %volume (%Vol) derived from three independent replicates. The protein distribution in the graph is performed
according to the functional categories. The isoforms are indicated with alphabetical letters and the primary protein (canonical form, according to
the theoretical MW and PI) is labeled with an asterisk. For each histogram error bars indicate the standard deviation from the mean of triplicate

determinations.

N (UBE2N). Among the 18 proteins positively affected by
long exposure to trastuzumab, the remarkable increase of
an isoform of Peroxiredoxin-1 (PRDX1) and of the acidic
form of S1I0AB is noteworthy. Less evident but equally
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interesting is the increase in the expression of other
proteins, namely: Annexin-Al (ANXA1), Annexin-A2
(ANXA2), CAP1, 78 kDa glucose-regulated protein
(GRP78) and S10A2.
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4 (HER1-4), Insulin growth factor 1 receptor (IGF-IR), Transforming growth factor-beta receptor type 11 (TGFB-RII), RAC-alpha serine/threonine-

protein kinase (AKT)].

Immunodetection of the main HER-2 pathway co-actors. Due
to the drastic reversion of the responses to trastuzumab of
the resistant cells, we investigated about the major co-actors
of the HER-2 pathways, probably related to cellular
mechanisms underlying the resistance to trastuzumab,
through western blot immunodetection.

Figure 8 reports the comparative levels of the HER family
members, of two other tyrosin-kinase (TK) receptors (IGF-IR
and TGFB-RII) and three downstream proteins [AKT,
p27(KIP1) and p21(WAF1)]. Interestingly, trastuzumab
resistance is related to the increment of two other HER family

members receptors, i.e. HER-1 (5-fold) and HER-4 (2.2-fold),
of the two other TK receptors, IGF-IR (2-fold) and TGFB-
RII (2.2-fold), and of the downstream kinase AKT (4.5-fold).
The treatment also induced the drastic down-regulation of
HER-3 receptor (3-fold) and of p27(KIP1) protein (4.5-fold),
a cell-cycle modulator. Moreover, the immunodetection of the
protein p21(WAF1), which participates in p53-mediated cell
proliferation control, revealed the presence of two
immunoreactive bands: the higher MW band is identifiable as
the phosphorylated form of p21, whereas the lower MW band
may represent the non-phosphorylated protein. Our results
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Figure 9. Histograms representing the expression levels of the 28 proteins related to the regulation of cell death affected by short- and long-term
treatment with trastuzumab. The protein names, abbreviated according to the Uniprot database are given on the abscissa; on the ordinate the
quantitative level of each protein spot is given as %ovolume (%Vol) derived from three independent replicates. The isoforms are indicated with
alphabetical letters and the primary protein (canonical form, according to the theoretical MW and PI) is labeled with an asterisk. For each histogram
error bars indicate the standard deviation from the mean of triplicate determinations.

indicate that prolonged treatment with trastuzumab induce a
3-fold increase of the higher MW band and a 2.5-fold
decrease of the lower MW band.

Discussion

The present study is, to our knowledge, the first large-scale
proteomic identification of protein clusters involved in the
responses to trastuzumab treatment in vitro. As a cellular
model, we used the well-characterized SKBR-3 cells
overexpressing the drug target HER-2. Cells were submitted to
short- and long-term treatment, in order to obtain sensitive and
resistant clones. The comparative proteomic profiling of the
untreated and treated SKBR-3 clones highlighted interesting
differences in both the number and expression levels of
identified proteins. The proteins mainly involved in drug
responses belong to the categories of metabolic enzymes,
cytoskeleton, detoxification, heat-shock/folding/chaperones,
protein biosynthesis and degradation and calcium binding.

In some instance, it was observed that when more
isoforms of the same protein were present, these were not
always equally affected by the treatment. A peculiar example
is G3P which is present in our map in five isoforms. One of
them, representing the primary gene product since it was the
most intense and the more basic among the group, appeared
to be the only one significantly repressed by trastuzumab.
This result suggests that one of the effects of trastuzumab
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treatment may be the down-regulation of glycolytic enzymes,
which in neoplastic cells, especially HER-2-positive cells,
are overexpressed according to the well-known Warburg
effect (3). More interestingly, this drug effect was observed
under short-term treatment, while it appears to have been lost
in the long-term-treated cells. The same result, even though
at lower levels, was observed for other metabolic enzymes
(LDHB, TALDO, G6PD, and two isoforms of ACON).

The observed involvement of several proteins related to
HER-2 maturation and HER-2 pathways was also of note.
Among these, nine cytoskeletal proteins (five genes) and
three HSPs (two genes) were mostly represented. HSPs
included two isoforms of Endoplasmin (ENPL) (also called
GRP94) and HSP90A, which are chaperones involved in
cancer progression at multiple levels. In particular, HSP9OA
and its endoplasmic reticulum homolog ENPL, are known as
‘capacitors for evolution’ for their capacity to stabilize the
conformations of mutated forms of oncogenic proteins
arising during neoplastic transformation (29).

On the other hand, it must be recalled that probably
each of the modulated proteins, in addition to their
canonical primary function, are able to perform, or to
participate in, several additional roles in the life and death
of the cell. In particular, at least 28 of the differentially
expressed proteins, each included in a specific cluster, are
involved in the regulation of apoptosis (Figure 9). Among
these, two proteins deserve particular attention. The first
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is COF1, a cytoskeleton-associated protein, which was 2.5-
fold increased in the short-term treatment, while its
expression was at basal levels in the resistant cell clones.
This seems relevant when considering the additional
cellular functions of COF1 unrelated to actin-assembly
regulation. Among these, its mitochondrial translocation
and induction of cytochrome ¢ release in the initiation
phase of apoptosis (30) and its chaperoning of actin to the
nucleus to enable nuclear functions of actin (31) are
among the most crucial cellular roles. Hence, it can be
hypothesized that Cofilin may be one of the key players in
trastuzumab treatment, whose function is probably lost in
resistant cells.

The other protein which was significantly incremented in
the short-term-treated cells and reduced in the long-term-
treated cells is the Cyclophilin A (PPIA), which is primarily
involved in the regulation of protein conformation. Several
groups have reported that overexpression of PPIA protects
cancer cells against cellular stress, including hypoxia and
cisplatin treatment, through its antioxidant function (32-35),
in general suggesting a positive function of PPIA toward
progression in many solid tumors.

The fact that 18 proteins appear to be overexpressed only
in the long-term-treated cells is also of interest. Two of these
were de novo expressed, namely the acidic isoform of
S10AB and the more basic isoform of PRDX1. The latter,
besides its pivotal role in stress responses, is involved in
multiple pathways of cell metabolism and cytoskeletal
dynamics (36, 37). This suggests a novel role for PRDX1 as
a possible common node downstream of multiple
trastuzumab-resistance pathways. The other de novo
expressed protein is SIOAB, a small calcium-binding protein
involved in multiple cell pathways regarding cell
proliferation, differentiation and cancer. SIOAB represents a
candidate prognostic marker for a wide number of tumors,
both for its correlation with histological grade and for its
dramatic increase during the progression of many tumor
types (38). Moreover, other S100 family proteins were
reported to be closely related to cancer progression (39):
S10A7 (40), S10A4 (41), SIOA18 (42), SI0A9 (43) and
S10A8 (44).

Most relevant is the evidence that long-term treatment
with trastuzumab induces a significant decrement not only
of HER-2 (its primary target), but also of its heterologous
partner HER-3. Indeed, the heterodimer HER-2-HER-3 plays
a pivotal role in tumour progression through de-regulation of
the G-S transition and through favouring uncontrolled cell
proliferation (45).

In contrast, resistance to the drug is associated with a
significant increase of the expression levels of other HER
family receptors, HER-1 and HER-4, as well as of other TK
receptors, IGF-IR and TGFB-RII, as demonstrated by the
immunodetection assays.

Table 1. Functional classes of the 293 proteins identified in the SKBR-3
proteome, grouped according to the major biological function, as reported
by the current ontology databases. Number of proteins represents the total
proteomic profile, independent of drug-induced variations.

SKBR-3 cells protein clusters Number of proteins

Heat-shock/folding/chaperones 49
Metabolic enzymes 37
Cytoskeleton structure 34
Cytoskeleton dynamics 33
Detoxification 32
Protein biosynthesis and degradation 31
Calcium binding 23
Nuclear proteins 19
Tonic homeostasis 11
Processing of metabolites and amino acids 9
Proteins with extracellular activity 8
Nucleoside-related processes 7
Total proteins 293

It is known that IGF-IR, TGFB-RII and HER-2 may cross-
talk by common downstream pathways, such as Mitogen-
activated protein kinase (MAPK) and Phosphoinositide 3-
kinase (PI3K) (46, 47). On this basis, the observed increment
of IGF-IR and of TGFB-RII in long-term responses to
trastuzumab could trigger survival and mitogenic pathways
in spite of HER-2 targeting by the drug. This is also
supported by the 4.5-fold increase of AKT expression in the
resistant cells. It has been reported that the deregulation of
the AKT-PTEN (Phosphatidylinositol 3,4,5-trisphosphate 3-
phosphatase) network may be related to the evasion of the
pharmacological action of trastuzumab (11, 48). Once
activated, AKT stimulates cell survival, cell-cycle
progression, angiogenic pathways and responses to
environmental stress (e.g. hypoxia and nutrient depletion).

Finally, our results indicate a marked down-regulation of
the expression of p21 and p27 in cells treated long-term
with trastuzumab. p27 induces cell-cycle arrest in the G,
phase by inhibiting the formation of the complexes Cyclin-
dependent kinase 2 (CDK2)-cyclin E and CDK2-cyclin A in
the presence of DNA alteration and damage. It has been
shown that the p27 protein levels decrease in a wide number
of cancer types as a result of its interaction with a
component of the signalosome complex and subsequent
degradation via the proteasome (49). With regards to p21
protein, its action is dependent on its subcellular
localization: as a nuclear protein it exerts an antiproliferative
role, while as a cytoplasmic protein, it has anti-apoptotic
activity. p21 cellular destiny is closely related to the AKT
kinase activity and is associated with poor prognosis in
patients with neoplasms (50).
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Table II. Lists of the 173 genes encoding for the 293 protein spots identified in the 2D maps of the proteome of SKBR-3 cells. The table reports: the
protein name, Uniprot AC number, gene number and number of identified isoforms.

Protein name Uniprot AC Gene name Isoforms Protein name Uniprot AC Gene name Isoforms
1433G P61981 YWHAG 1 GDIS P52566 ARHGDIB 1
A26CA Q6S8J3 POTEE 2 GELS P06396 GSN 2
ABHEB Q961U4 ABHDI14B 1 GMFB P60983 GMFB 1
ACBP P07108 DBI 1 GRP75 P38646 TSPA9 1
ACON Q99798 ACO2 2 GRP78 P11021 TSPAS 4
ACTB/G P60709 ACTB 4 GSTO1 P78417 GSTO1 2
AKIA1 P14550 AKRIAI 1 GSTPI P09211 GSTP1 2
AKIBA 060218 AKRIBI10 2 HIBCH Q6NVY1 HIBCH 1
AL1A1 P00352 ALDHIAI 1 HMGBI1 P09429 HMGBI 1
ALDOA P04075 ALDOA 2 TSP27 P04792 TSPBI 5
ALDR P15121 AKRIBI 2 TSP60 P10809 TSPDI 4
AMPL P28838 LAP3 1 TSP71 P08107 TSPAIA 1
AN32A P39687 ANP32A 1 TSP74 P34932 TSPA4 1
ANXALI P04083 ANXAI 4 TSP7C P11142 TSPAS 4
ANXA2 P07355 ANXA2 3 TSPO90A P07900 TSP90AAI 1
ANXA4 P09525 ANXA4 1 TSP90B P08238 TSP90ABI 1
ANXAS P08758 ANXAS 2 HYOUl Q9Y4L1 HYOU!I 1
ARP3 P61158 ACTR3 1 IF5A P63241 EIF5A 1
ARPCS 015511 ARPCS 1 IF6 P56537 EIF6 1
ATPA Q53XX6 ATP5AI 1 IPYR Q15181 PPAI 2
ATPB P06576 ATP5B 1 K1C19 P08727 KRT19 1
B2MG P61769 B2M 1 K1C9 P35527 KRT9 1
CI1QBP Q07021 CI1QBP 1 K2C7 P08729 KRT7 1
CAH1 P00915 CAl 1 K2C8 P05787 KRTS 3
CALM P62158 CALM1 1 KCY P30085 CMPKI1 1
CALR P27797 CALR 1 KPYM P14618 PKM?2 2
CAP1 Q01518 CAP1 2 LDHA P00338 LDHA 1
CAPG P40121 CAPG 2 LDHB P07195 LDHB 1
CATD P07339 CTSD 3 LEG1 P09382 LGALS! 2
CAZA1 P52907 CAPZAI 1 LEG3 P17931 LGALS3 2
CCNH P51946 CCNH 1 LGUL Q04760 GLOI 1
CHI10 P61604 HSPEI 1 LMNA fr P02545 LMNA 2
CLIC1 000299 CLICI 2 MDHC P40925 MDH1 1
COF1 P23528 CFLI 4 MDHM P40926 MDH?2 1
CORI1A P31146 COROI1A 1 MIF P14174 MIF 2
CYTB P04080 CSTB 2 MYL6 P60660 MYL6 2
DDAHI1 094760 DDAHI 1 NDKA P15531 NME]I 1
DDAH2 095865 DDAH?2 1 NDKB P22392 NME?2 1
DOPD P30046 DDT 2 NPM P06748 NPM1 2
ECHM P30084 ECHSI 1 NTF2 P61970 NUTF?2 1
EF1B P24534 EEFIB2 1 PA2G4 QIUQ80 PA2G4 1
EFTU P49411 TUFM 1 PARK?7 Q99497 PARK7 4
EIF31 Q13347 EIF31 1 PDC6I Q8WUM4 PDCD6IP 1
ENOA P06733 ENOI 7 PDIA1 P07237 P4HB 1
ENPL P14625 TSP90B1 2 PDIA3 P30101 PDIA3 4
ERP29 P30040 ERP29 1 PEBP P30086 PEBPI 1
ESTD P10768 ESD 3 PFD2 Q9UHV9 PFDN2 1
EZRI P15311 EZR 2 PGAM1 P18669 PGAM1 2
FAAA P16930 FAH 1 PGK1 P00558 PGK1 3
FABP7 015540 FABP7 1 PHB P35232 PHB 1
FKBIA P62942 FKBPIA 1 PLPP Q96GDO PDXP 1
FSCNI1 Q16658 FSCNI 1 PNPH P00491 NP 2
FUMH P07954 FH 1 PPIA P62937 PPIA 5
G3p P04406 GAPDH 5 PPIB P23284 PPIB 1
G6PD P11413 G6PD 1 PPIF P30405 PPIF 1
GANAB Q14697 GANAB 1 PRDX1 Q06830 PRDX1 4
GDIR P52565 ARHGDIA 1 PRDX?2 P32119 PRDX2 3
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Table II. continued

Protein name Uniprot AC Gene name Isoforms
PRDX3 P30048 PRDX3 1
PRDX4 Q13162 PRDX4 1
PROF1 PO7737 PFNI 2
PRP19 QIUMS4 PRPFI19 1
PRS8 P62195 PSMC5 1
PSA1 P25786 PSMAI 1
PSAS P28066 PSMAS 1
PSA6 P60900 PSMA6 1
PSB3 P49720 PSMB3 1
PSB5 P28074 PSMB5 1
PSME1 Q06323 PSME1 1
RABIS8 QONP72 RABIS 1
RABP2 P29373 CRABP2 2
RLAO P05388 RPLPO 1
ROA2 P22626 HNRNPA2B1 2
ROA3 P51991 HNRNPA3 1
RRBPI QI9P2E9 RRBPI 1
RSSA P08865 RPSA 1
RT22 P82650 MRPS22 1
RUVBI QY265 RUVBLI 1
S10A2 P29034 S100A2 1
S10A4 P26447 S100A4 1
S10A6 P06703 S100A6 2
S10A7 P31151 S100A7 2
S10A8 P05109 S100A8 1
S10A9 P06702 S100A9 1
S10AB P31949 S100A11 2
S10AD Q99584 S100A13 2
SBP1 Q13228 SELENBPI 1
SH3L1 075368 SH3BGRL 1
SH3L3 QI9H299 SH3BGRL3 1
SIAS QINR45 NANS 1
SODC P00441 SOD1 1
SODM P04179 SOD2 2
STMNI1 P16949 STMN1 1
SUMO1 P63165 SUMO1 1
SUMO4 QO6EEV6 SUMO4 1
TAGL2 st P37802 TAGLN2 1
TALDO P37837 TALDOI 1
TBA1 Q71U36 TUBAIA 4
TBB5 P07437 TUBB 3
TCTP P13693 TPTI 1
TERA P55072 vCcp 2
THIO P10599 TXN 4
TIPRL 075663 TIPRL 1
TPIS P60174 TPII 5
TPMI P09493 TPM1 1
TPM4 P67936 TPM4 2
TYB4 P62328 TMSB4X 1
TYPH P19971 TYMP 1
UB2V2 Q15819 UBE2V2 1
UBE2N P61088 UBE2N 1
UBIQ P62987 UBA52 2
UCHLI P09936 UCHLI 1
VATF Q16864 ATP6VIF 1
VDACI P21796 VDACI 2
VDAC2 P45880 VDAC2 1
VIME P08670 VIM 3
VINC P18206 VCL 2

Conclusion

The present data suggest that the primary effect of trastuzumab
at the SD is the slowing down of the growth rate of sensitive
SKBR-3 cells in concomitance with metabolic regression, as
judged by the down-regulation of key metabolic enzymes
belonging in the glycolytic pathway, and the decrement of
several proteins related to HER-2 maturation and HER-2
pathways.

Once insensitivity to trastuzumab is achieved, following
prolonged administration, the surviving cell clones appear
to revert their phenotype to match that of untreated parental
cells. Moreover, prolonged exposure to the drug induces the
overexpression of alternative TK receptors and of
downstream effectors [(AKT), p21(WAF1)] which may
compensate for the HER-2 block. The de novo expression
of two proteins with crucial role in tumour progression, the
acidic isoform of SIOAB and the more basic isoform of
PRDX1, may also play a crucial role in the resistant cell
progression.

Conclusively, the large-scale proteomic approach applied to
the study of the effects induced in target cells by trastuzumab
highlights new complex scenarios, as it could be expected
when molecular perturbation is induced into cells. Many
interrelated pathways have been found to be involved in the
responses to trastuzumab. We suggest that the present results
may improve the knowledge of the molecular effects of
trastuzumab and could be useful for understanding resistance
mechanisms while improving the efficacy of the treatment
response.
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