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Mammary Tumors ldentifies Fatty Acid
Metabolism Members as Potential Predictive
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In contrast to various signatures that predict the progno-
sis of breast cancer patients, markers that predict chem-
otherapy response are still elusive. To detect such pre-
dictive biomarkers, we investigated early changes in
protein expression using two mouse models for distinct
breast cancer subtypes who have a differential knock-out
status for the breast cancer 1, early onset (Brca) gene.
The proteome of cisplatin-sensitive BRCA1-deficient
mammary tumors was compared with that of cisplatin-
resistant mammary tumors resembling pleomorphic inva-
sive lobular carcinoma. The analyses were performed 24 h
after administration of the maximum tolerable dose of
cisplatin. At this time point, drug-sensitive BRCA1-defi-
cient tumors showed DNA damage, but cells were largely
viable. By applying paired statistics and quantitative filter-
ing, we identified highly discriminatory markers for the
sensitive and resistant model. Proteins up-regulated in
the sensitive model are involved in centrosome organiza-
tion, chromosome condensation, homology-directed DNA
repair, and nucleotide metabolism. Major discriminatory
markers that were up-regulated in the resistant model
were predominantly involved in fatty acid metabolism,
such as fatty-acid synthase. Specific inhibition of fatty-
acid synthase sensitized resistant cells to cisplatin. Our
data suggest that exploring the functional link between
the DNA damage response and cancer metabolism
shortly after the initial treatment may be a useful strategy
to predict the efficacy of cisplatin. Molecular & Cellular
Proteomics 12: 10.1074/mcp.M112.024182, 1319-1334,
2013.
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Breast cancer is a heterogeneous disease consisting of a
variety of subtypes that need different treatment strategies. In
contrast to several prognostic signatures for clinical outcome,
markers that predict treatment efficacy have been difficult to
define. Reasons to explain this failure have been discussed
elsewhere (1). A shortcoming of previous attempts to identify
such markers may be that tumors were usually not challenged
by drugs when sampled for analysis, or treatment was given a
few weeks before sampling (neoadjuvant trials). Moreover,
most previous studies focused on the analysis of gene ex-
pression to identify useful markers. However, differential ex-
pression of relevant factors, such as those involved in the
DNA damage response, may be easier to detect shortly after
chemotherapy-induced stress, and protein level readouts
may provide a more direct way of assessing drug response.

In this study, we aimed at detecting predictive biomarkers
at the protein level by comparing the short term treatment
response of platinum-sensitive versus platinum-resistant
mouse mammary tumors that represent different breast can-
cer subtypes. As a sensitive model, we used the K74cre;
Brca1™;p53F mouse model (2) for BRCA1'-deficient breast
cancer. The Brcal~/~;p537/~ tumors that arise in this model
include a large intragenic deletion of Brcal, and we have
previously shown that these tumors are highly sensitive to
cisplatin treatment (3). The response that we observed in this
mouse model is consistent with the sensitivity of BRCA1-like
breast cancer to intensive platinum-based chemotherapy in
the clinic (4). Moreover, it was recently shown that triple-
negative breast cancer patients frequently respond to cispla-
tin treatment, especially in patients with lower BRCA1 expres-
sion (5).

As resistant model, we chose WAPcre;Cdh1F;p53F
mice. The cadherin-1 (CDH1)- and p53-deficient mammary

" The abbreviations used are: BRCA1, breast cancer antigen 1;
FASN, fatty-acid synthase; CDH1, cadherin-1; PARP1, poly(ADP-
ribose) polymerase 1; HR, homologous recombination; p53, tumor
protein p53; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)-
propane-1,3-diol; PPAR, peroxisome proliferator-activated receptor.
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tumors generated in these animals resemble human pleomor-
phic invasive lobular carcinomas (6). We show here that the
tumors of this model hardly respond to cisplatin. This is also
consistent with the nature of invasive lobular carcinoma
cancers in patients, which usually have only a modest ben-
efit of chemotherapy as compared with invasive ductal car-
cinoma (7).

Platinum agents induce DNA damage by forming inter- and
intrastrand DNA cross-links. The repair of DNA-platinum ad-
ducts involves several repair pathways including the Fanconi
anemia pathway, nucleotide excision repair, and homologous
recombination (HR) (8). Because BRCA1 is an important
player in the HR pathway, which results in error-free repair of
double strand breaks, it is not unexpected that BRCA1-defi-
cient tumors respond to platinum. Multiple cisplatin resis-
tance mechanisms have been put forward (9), of which reac-
tivation of the HR pathway by genetic restoration of BRCA1
function is found to be a clinically relevant cisplatin resistance
mechanism (10).

Unfortunately, the precise BRCA1 status or HR activity of
tumor cells is frequently not known for breast cancer patients.
Early treatment resistance and response proteins that assess
HR competence, both in familial and sporadic breast cancers,
could therefore aid in selecting patients for platinum-based
chemotherapy. In addition, identification of (druggable) pre-
dictive markers of resistant tumors might help to identify
patients that need an alternative treatment.

In this study, we found that major discriminatory proteins
after treatment with cisplatin are involved in fatty acid metab-
olism and signaling. These proteins include the following:
FASN, which is known as a central player in de novo fatty acid
synthesis; fatty acid-binding protein 4 (FABP4), a major trans-
porter of fatty acids; and y-synuclein, a protein that has
hypothesized lipid binding properties. Our data suggest that
the analysis of fatty acid metabolism may be a useful readout
to predict platinum resistance early after initial treatment.

EXPERIMENTAL PROCEDURES
Materials

All chemicals, unless otherwise specified, were obtained from Sig-
ma-Aldrich. HPLC solvents, LC-MS grade water, acetonitrile, and
formic acid were obtained from Biosolve (Biosolve B.V., Valken-
swaard, The Netherlands). Porcine sequence-grade modified trypsin
was obtained from Promega (Promega Benelux B.V., Leiden, The
Netherlands).

Mouse Tumors

The generation of Cdh1~/~;p53~/~(WEP) or Brcal '~ ;p53~/~
(KB1P) mammary tumors has been described previously (2, 6, 11).
Orthotopic transplantation of tumors into syngeneic mice and treat-
ment with cisplatin were performed as reported previously (3). Tumor
samples for the proteomic analysis were snap-frozen and stored at
—80°C until use. All animal experiments were approved by The Neth-
erlands Cancer Institute ethical review committee.

Cell Culture and RNA Interference

The Cdh1~/~;p53 7/~ cell line (KEP11) was derived from a primary
tumor that arose in a K14cre;Cdh1™F;Trp537F mouse, and the cells
were cultured as described (11). KEP11 cells were transduced with
pLKO-puro short hairpin RNA (shRNA) lentiviruses obtained from
Mission library clones (Sigma-Aldrich). To target Fasn, we used
TRCNO0000075704 (shRNA#1) and TRCNO000075707 (shRNA#2). Af-
ter selection with 3 ug/ml puromycin, 8000 cells per well were seeded
in 6-well plates and assayed for clonal growth in the presence of
cisplatin. 1 day after seeding, cells were incubated for 24 h with 2,
2.25, or 2.5 uM cisplatin. Surviving colonies were visualized using
Leishman stain 6, 8, or 9 days after starting treatment.

The efficacy of Fasn inhibition was determined by quantitative
RT-PCR using the LightCycler® 480 SYBR Green | Master reagents
according to the manufacturer’s protocol (Roche Applied Science,
catalog number 4707516001). To amplify mouse hypoxanthine-gua-
nine phosphoribosyltransferase Hprt or Fasn cDNA, the following
primers were used (5’ to 3'): Hprt_for (CTGGTGAAAAGGACCTCTCG)
and Hprt_rev (TGAAGTACTCATTATAGTCAAGGGCA); Fasn_for
(ATTGTCGCTCTGAGGCTGTTG) and Fasn_rev (TTGCTCCTTGCT-
GCCATCTG). To measure cell proliferation, ~2000 KEP11-derived
cells were seeded into 96-well plates. At the indicated time points,
each well was refreshed by 150 pl of fresh medium containing 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (0.5 mg/ml,
Sigma-Aldrich) and incubated for another 4 h at 37°C. Then the
medium was removed, and 150 pl of DMSO was added into each well
to dissolve the resultant formazan crystals. Cell growth was deter-
mined by the absorbance detected at 490 nm using a microplate
reader (Tecan, Infinite M200PRO).

Tissue Homogenization and Fractionation Using Gel
Electrophoresis

For homogenization, we cut into smaller parts an ~20-mg piece of
tumor tissue into a bath of liquid nitrogen. The proteins in the breast
tumor tissue samples were solubilized in 800 ul of 1X reducing SDS
Sample Buffer (containing 62.5 mm Tris-HCI, 2% w/v SDS, 10% v/v
glycerol, and 0.0025% bromphenol blue, 100 mm DDT, pH 6.8) using
a Pellet Pestles micro-grinder system (Kontes Glassware, Vineland,
NJ). Subsequently, the proteins were denatured by heating at 100°C
for 10 min. Any insoluble debris was removed by centrifugation for 15
min at maximum speed (16.1 relative central force) in a bench top
centrifuge.

Proteins were fractionated using one-dimensional SDS-PAGE. 25
wul of each homogenized sample (containing about 50 pg of protein)
was loaded into a well of a pre-cast 4-12% NuPAGE (w/v) BisTris
1.5-mm minigel (Invitrogen). The stacking gel contained 4% (w/v)
acrylamide/BisTris. Electrophoresis was carried out at 200 V in Nu-
PAGE MES SDS running buffer (50 mm Tris base, 50 mm MES, 0.1%
w/v SDS, 1 mm EDTA, pH 7.3) until the dye front reached the end of
the gel. Following electrophoresis, gels were fixed with a solution of
50% ethanol and 3% phosphoric acid. Staining was carried out in a
solution of 34% methanol, 3% phosphoric acid, 15% ammonium
sulfate, and 0.1% Coomassie Blue G-250 (Bio-Rad) with subsequent
destaining in milli-Q water.

In-gel Digestion and Nano-liquid Chromatography-Fourier
Transformation-Mass Spectrometry (nanoLC-FT-MS)

In-gel digestion and nanoLC-FT-MS for the 12 tumors from the
discovery experiment were performed as described previously (12). In
short, processed gel lanes were cut in 10 equal bands, after which
they were in-gel digested with trypsin. Extracted peptides from each
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band were separated on a C18 column for subsequent MS/MS
analysis.

In-gel Digestion and Nano-liquid Chromatography-Q
Exactive-Mass Spectrometry

Cell lysates from the FASN knockdown and control experiments
were applied to a one-dimensional SDS-polyacrylamide gel. Proteins
were allowed to enter the stacking gel, and the voltage was switched
off when the proteins were just in the running gel. The samples on gel
were processed as a single gel band and were in-gel digested with
trypsin. After vacuum centrifugation, the peptide extract was filtered
through a 0.45-pm low protein-binding PVDF membrane (Millipore) to
remove particles. Extracted peptides were separated on a 75-um X
20-cm custom-packed Reprosil C18 aqua column (1.9 um, 120 A)in
a 150-min gradient (5-32% acetonitrile + 0.5% acetic acid at 300
nl/min) using a U3000 RSLC high pressure nano-LC (Dionex). Eluting
peptides were measured on line by a Q Exactive mass spectrometer
(ThermoFisher Scientific) operating in data-dependent acquisition
mode. Peptides were ionized using a stainless steel emitter at a
potential of +2 kV (ThermoScientific). Intact peptide ions were de-
tected at a resolution of 35,000 and fragment ions at a resolution of
17,500; the MS mass range was 350-1500 Da. AGC target settings
for MS were 3E6 charges and for MS/MS 2E5 charges. Peptides were
selected for higher energy C-trap dissociation fragmentation at an
underfill ratio of 1% and a quadrupole isolation window of 1.5 Da,
peptides were fragmented at a normalized collision energy of 30. QE
raw files were searched against the International Protein Index mouse
3.68 database (56,729 entries, released December 18, 2009) using
MaxQuant 1.2.2.5 (13). Data was filtered at 1% false discovery rate at
both the peptide and protein levels.

Data Analysis

Protein Identification—MS/MS spectra were searched against the
mouse International Protein Index database 3.31 (56,555 entries,
released August 17, 2007) using Sequest (version 27, revision 12),
which is part of the BioWorks 3.3 data analysis package (Thermo
Fisher, San Jose, CA). MS/MS spectra were searched with a maxi-
mum allowed deviation of 10 ppm for the precursor mass and 1
atomic mass unit for fragment masses. Methionine oxidation and
cysteine carboxamidomethylation were allowed modifications; two
missed cleavages were allowed, and the minimum number of tryptic
termini was one. After database searching the DTA and OUT, files
were imported into Scaffold version 1.07 (Proteome software, Port-
land, OR). Scaffold was used to organize the gel band data and to
validate peptide identifications using the Peptide Prophet algorithm
(14, 15). Only identifications with a probability >95% were retained.
Subsequently, the Protein Prophet algorithm was applied, and protein
identifications with a probability of >99% with two peptides or more
were retained. The false discovery rate for the detected proteins using
this workflow is on average around 0.5%, and it was not calculated
again (16). For each protein identified, the total number of MS/MS
spectra detected for each protein identified (spectral counts) was
exported to Excel 2003 (Microsoft, Redmond, WA).

Spectral Count Normalization and Statistics—Normalization was
performed as described previously (12, 17). A one-sided paired B-bi-
nomial test (18) was applied to find proteins that showed statistically
significant differences in spectral count numbers between the un-

treated control tumors and the cisplatin-treated tumors, and it was
applied both to the BRCA1-deficient and -proficient model. Statistical
testing between the two differently treated tumor models was per-
formed using a unpaired two-sided B-binomial test (17). Proteins with
a p value of less than 0.05 were designated as being significant.
Hierarchical clustering was carried out using R statistical software.
For protein clustering, the abundances were normalized to zero
means and unit variance for each individual protein. Subsequently,
the Euclidean distance measure was used. For sample clustering, a
divergence measure between two Poisson distributions was used,
preventing highly abundant proteins from dominating others in con-
tribution to the total sample difference, as described by Albrethsen et
al. (16). The Ward linkage was used. For analysis of reproducibility, we
calculated the average coefficient of variation of the spectral counts
from overlapping proteins of each set of three biological replicates.

Data Mining for Functional Analyses—For STRING (Search Tool for
the Retrieval of Interacting Genes/Proteins) pathway analysis (version
9.0) (19), International Protein Index identifiers were mapped to hu-
man gene symbols, after which networks were generated and down-
loaded. Graphical rich networks with color intensities indicating pro-
tein fold changes were made using the Cytoscape software (20) after
which groups of well connected proteins were identified (21). Gene
ontology analysis was performed using the BiNGO (Biological Net-
works Gene Ontology, Ghent, Belgium) software (22) on the top three
most significant groups of well connected proteins identified by Clus-
ter ONE (Clustering with Overlapping Neighborhood Expansion,
Egham, UK).

RESULTS

BRCA1-proficient/CDH1-deficient Mammary Tumors Re-
spond Poorly to Cisplatin—We have previously shown that
BRCA1-deficient mammary tumors, which contain large intra-
genic deletions of the Brcal and p53 genes, are highly sen-
sitive to the maximum tolerable dose of cisplatin (3). When we
treated CDH1-deficient tumors, however, we found that these
hardly responded to the same regimen (Fig. 1A). This differ-
ence in cisplatin response between the models is not unex-
pected, because CDH1-deficient tumors are still capable of
repairing cisplatin-induced DNA damage by homologous re-
combination (HR), in contrast to BRCA1-deficient tumors. In
line with this, we previously observed that the CDH1-deficient
tumors do not respond to treatment with the PARP inhibitor
olaparib, which targets HR deficiency (23). These contrary
drug responses therefore provide an opportunity to investi-
gate differential treatment-induced protein expression in two
mouse models, which carry mammary tumors that resemble
specific breast cancer subtypes.

To measure proteins of viable tumor cells after treatment,
we aimed at a time point when sufficient DNA damage was
induced but when most drug-sensitive tumor cells had not yet
entered apoptosis. Moreover, the percentage of stromal cells
that eventually replace viable tumor tissue should be small. As
presented in Fig. 1B, we found that 24 h after cisplatin ad-

Fic. 1. Responses of Brca1~/~;p53~/~ (KB1P) or Cdh1~/~;p53~/~ (WEP) mammary tumors to cisplatin. A, five individual KB1P or WEP
tumors were transplanted orthotopically into syngeneic mice. Once tumors reached a volume of 200 mm?, they were left untreated or treated
with the maximum tolerable dose of cisplatin (6 mpk i.v. on days 0 and 14). B, analyses of drug-sensitive KB1P tumors using H&E staining
(arrows indicate examples of cells with morphological characteristics of single cell death such as fragmented or pyknotic nuclei and
hypereosinophilic cytoplasm), cleaved caspase 3, pH2AX, and Masson’s trichrome stain (MT). Bar, 50 um.
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Fic. 2. Experimental setup for the high throughput proteomics
experiment using KB1P or WEP mouse models with and without
cisplatin treatment.

ministration most BRCA1-deficient tumor cells showed DNA
damage foci (pH2AX), but only a few tumor cells showed
morphological signs of cell death (e.g. pyknosis, nuclear frag-
mentation, or hypereosinophilic cytoplasm) or activation of
caspase 3. In contrast, 48 or 96 h after treatment, the number
of dying BRCA1-deficient tumor cells increased and was re-
placed by reactive stroma. In cisplatin-resistant (Cdh?/;
p53~/7) tumors, the number of apoptotic or necrotic tumor
cells was also low after 24 h of treatment as expected by the
poor response (data not shown). Hence, the 24-h time point is
appropriate to investigate differential induction of protein
expression in cisplatin-sensitive versus cisplatin-resistant
tumors.

Proteome Differences between Cisplatin-sensitive and -re-
sistant Mouse Mammary Tumors Shortly after Cisplatin Treat-
ment—To identify early response biomarkers, we used three
individual cisplatin-sensitive tumors (Brca? ’~;p53~/~) and
three cisplatin-resistant tumors (Cdh1~/";p53 /") that were
either treated with cisplatin or left untreated (see Fig. 2 for
experimental setup). Comparative proteomics based on SDS-
PAGE (see supplemental Fig. 1A for gel images) in combina-
tion with nanoLC-MS/MS identified a total of 3486 proteins in
the 12 mammary tumor samples using stringent protein iden-
tification criteria (only protein identifications with a probability
of >99% identified with at least two peptides of >95% in one
of the samples were retained). The whole dataset of identified
proteins is provided in supplemental Tables 1, and supple-
mental Table 2 contains the peptide identifications. The num-

ber of identified proteins in each biological group was com-
parable and ranged from 3104 to 3206 with good
reproducibility of protein identification in the four groups:
66-75% of the proteins were identified in all three biological
replicates (for Venn diagrams see supplemental Fig. 1B).

Unsupervised cluster analysis using all 3486 proteins (sup-
plemental Fig. 2) showed that CDH1-deficient tumors were
clearly separated from the BRCA1-deficient ones. Within
these groups, however, treated tumors were not separated
from untreated controls. Instead, tumors derived from the
same donor tumor clustered together. This result demon-
strates that proteome differences between the three different
tumors are larger then those induced by short term cisplatin
treatment. This is consistent with previous gene expression
analyses of matched tumor samples before and after acquir-
ing drug resistance (3). Statistical analysis (18) of the cisplatin-
treated versus -untreated samples in the sensitive model
identified 167 differentially expressed proteins (p < 0.05). Of
these, 105 were up-regulated and 62 were down-regulated
(see supplemental Table 1). In the cisplatin-resistant model,
we found 98 proteins differentially expressed between the
control tumor and the cisplatin-treated tumor, with 68 up- and
30 down-regulated. The supplemental Table 3 contains the
combined lists of the 254 proteins regulated after cisplatin
treatment in the sensitive and resistant models. Importantly,
supervised cluster analysis using subsets of the significantly
regulated proteins that showed highly divergent properties in
the two models (Fig. 3 and see below) clearly showed that the
treatment and control groups are in different sub-clusters of
the branches containing each model (Fig. 5 and supplemental
Fig. 2, B and C), thereby underscoring the potential of a
proteomics readout for assessing drug response. For a study
overview that includes the different comparisons, analyses,
and marker selections, see Fig. 3 and below.

Protein Interactions in Cisplatin-sensitive BRCA1-deficient
Mammary Mouse Tumors after Cisplatin Treatment—To visu-
alize interactions of the differentially expressed proteins in the
sensitive BRCA1-deficient tumors before and after cisplatin
treatment, we employed the STRING protein network analysis
tool (19) together with graphic-rich graphs generated in Cy-
toscape (20). Network analysis using the Cluster ONE soft-
ware (21) and BiNGO analysis (22) was used to associate
subsets of proteins with biological information. To this end,
we annotated the three most significant groups of well con-
nected proteins (with a p value < 0.05 generated by Cluster
ONE). Within the network of the 105 up-regulated proteins by
cisplatin, Fig. 4A shows significant groups of highly con-
nected nodes that were identified. The largest group of well
connected proteins, containing 25 members, was associated
with GO terms involving chromosome segregation during mi-
tosis (e.g. “M-phase” and "chromosome segregation”) and
“DNA metabolic process/deoxyribonucleotide metabolic
process”. See Fig. 4E and supplemental Table 4A for BINGO
analysis results on the regulated proteins and the significant
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describes the discovery experiment including four groups consisting
of cisplatin-sensitive and -resistant models with the control and cis-
platin treatment groups for each model, with three animals in each
group. B, displays the statistical comparisons. All statistical analyses
were performed using R as described previously (17, 18). To select
the most discriminatory markers , we applied quantitative filtering in
Excel. To this end, protein spectral count data of the 3486 proteins
were exported from Scaffold to Excel. Paired statistical testing (18) in
R identifies differentially expressed proteins between the treated and
untreated tumors in each tumor type separately (comparisons 7a and
1b). C, shows the criteria to select for proteins with divergent regu-
lation in the sensitive and resistant model. To this end, base-line
transformation was applied to each protein. Furthermore, only pro-
teins were retained that displayed a minimum separation of 0.5
counts between the lowest and the highest value in the two models
after cisplatin treatment. This led to a selection of 56 discriminatory
candidate markers. Left graph, example of untransformed spectral
counts for the sensitive and resistant paired sets. Right graph, exam-
ple using the same protein, with untreated tumors brought to a base
line of zero counts. D, further selection was made to pinpoint the most
discriminatory proteins. Using B-binomial statistics (17) on the list of
56 proteins, we selected 30 proteins who were significantly different
between the sensitive and resistant models after cisplatin treatment
(comparison 2 in B). From these 30 proteins, the top 12 was selected
with highly divergent regulation patterns in the two models, i.e. pro-
teins displaying on average at least eight counts of separation be-
tween the average values in both models after treatment (before
base-line transformation).

groups of well connected proteins. Well known examples of
chromosome segregation proteins include multiple kinesins
(KIF11, KIF23, and KIF4B) as well as centrosome-related pro-
teins (INCENP, CENPE, KNTC1, and AURKB). Also, chromo-
some condensation proteins were up-regulated (NCAPG and
NCAPH). In the GO category “nucleic acid metabolic pro-
cess,” we detected proteins such as TOP2A, RRM1, and
DTYMK. In addition, this cluster includes DNA repair proteins
such as MRE1A, poly(ADP-ribose) polymerase 1 (PARP1),
FEN1, and LIG1. The second group contained eight proteins
(Fig. 4A) involved in a “multiorganism process” and “response
to biotic stimulus.” The third group consisted of five members
(Fig. 4A) that are mainly involved in RNA splicing with GO
terms like “RNA splicing” and “RNA metabolic process” (Fig.
4F and supplemental Table 4A). FXR1, an RNA-binding pro-
tein that is not a member of this group, was also up-regulated.
Other proteins of interest but not included in the top three
groups are CHD4, a modulator of homologous repair (24), the
DNA-associated protein NCOR2, a chromatin remodeler, and
the histone-binding protein NASP.

When visualizing the down-regulated proteins in BRCA1-
deficient tumors after cisplatin treatment as a protein-protein
interaction network using the STRING tool (see Fig. 4B), we
identified two large groups of well connected proteins of 14
and 9 proteins related to inflammatory response as indicated
by GO terms like “response to wounding” and “inflammatory
response” (and Fig. 4E and supplemental Table 4B). The main
difference between the two groups is that proteins in group 1
are mainly localized in the extracellular space, whereas the
smaller group 2 contains predominantly intracellular proteins
that are also implicated in regulation of vesicle-mediated
transport, response to oxidative stress, and anti-apoptosis.
The majority of proteins in the third group are associated with
“carbohydrate metabolic process” with ITIH1, ITIH2, and
ITIH3 involved in the transport of the carbohydrate polymer
hyaluronan. Other proteins outside this group (e.g. PC,
MAGT1, and HK1) are also implicated in carbohydrate metab-
olism. A total of 34 proteins within the 62 down-regulated
proteins fell within the GO term called “metabolic process”
suggesting major down-regulation of metabolic proteins.

In conclusion, the proteomics and gene ontology data of
early cisplatin response show that DNA segregation/metabo-
lism/repair and inflammatory response are the major biologi-
cal processes altered in the sensitive Brcal /~;p53~/~ tu-
mors after cisplatin treatment.

Protein Interactions in Cisplatin-resistant Mammary Mouse
Tumors after Cisplatin Treatment—Protein network analysis in
the cisplatin-resistant model using the 68 up-regulated pro-
teins after cisplatin treatment revealed two main groups of
well connected proteins with functions involved in fatty acid
synthesis and chromosome/centrosome regulation as identi-
fied in Cluster ONE/BINGO analysis (see Fig. 4C). The first
sub-network is associated with fatty acid synthesis, as indi-
cated by the GO terms “fatty acid metabolic process” and
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“lipid metabolic process” (see Fig. 4E and supplemental Table
4C). Some of these proteins are known to be involved mainly
in de novo fatty acid synthesis and/or fatty acid degradation
(e.g. FASN, ACACA, ACOX1, and ACSL1), whereas others
function in mechanisms related to lipid storage or transport
(e.g. FABP4 and PLIN1). In addition, synuclein y, a known
interactor of FABP4 (25) with a hypothesized lipid binding
domain, was up-regulated.

The second group contained mostly chromosome/centro-
mere proteins that function during cell division (e.g. GO term
“M phase of mitotic cell cycle”). Members include TRIP13,
involved in chromosome recombination and chromosome
structure development during meiosis, and also KNTC1, an
essential component of the mitotic checkpoint. The third
group is involved in “regulation of biological quality” with a
diverse set of sub-functions within this GO term (supplemen-
tal Table 4C). STXBP1 functions as a vesicle-membrane reg-
ulating protein, whereas SPTAN1 is responsible for cytoskel-
etal movement near the membrane, but it is also implicated in
DNA repair and the cell cycle. PYGL, an enzyme functioning
within the carbohydrate metabolism, was also present in this
group. Moreover, outside the three main clusters, a number of
other proteins are involved in metabolism, including PC,
CAR3, ME2, and PCCB.

The protein network of the down-regulated proteins (see
Fig. 4D) contained two groups of well connected proteins as
follows: the first and main group is associated with the GO
terms “nucleotide catabolic process” (NTS5E and ENPP1) and
“ER-nucleus signaling pathway” (VAPB and LMNA, also see
Fig. 4E and supplemental Table 4D), and the second smaller
group includes proteins associated mostly to “ubiquitin-de-
pendent protein catabolic process” and “protein catabolic
process” (HSP90B1 and RPN1). Overall, seven out of the 30
proteins in Fig. 4D are involved in “cellular catabolic process”
and are included, for example, in UBA6 and UBE2G1, two
enzymes functioning as ubiquitination proteins.

In summary, fatty acid metabolism and the M phase of the
cell cycle are the major processes associated with the up-
regulated proteins after short term cisplatin treatment in re-
sistant tumors, whereas several proteins involved in catabolic
processes are down-regulated.

Selection of FASN for Functional Follow Up—To identify
cisplatin response markers showing the most diverging pat-
tern between sensitive and resistant models, we selected
proteins with optimal separating properties by applying a
number of filtering criteria on the differential proteins iden-
tified using the paired statistics (Fig. 3 and supplemental

Table 3 for all relevant criteria used for inclusion). First, we
reasoned that the more robust markers are those proteins
whose regulation is consistent in all biological replicates (i.e.
in the same direction) and that have an average fold change
of minimally 1.5. Next, we selected proteins with divergent
regulation in the cisplatin-sensitive and -resistant models
(Fig. 3C). To this end, we brought all protein quantifications
of the untreated tumors to a base line of zero counts,
whereby the protein quantifications of the matching treated
tumors were adjusted in the same way for each protein
separately. After this base-line transformation, we selected
proteins whose normalized spectral counts in the treated
tumors did not overlap between the sensitive and the re-
sistant models. See Fig. 3C for a graphical example. This
resulted in 56 top discriminatory candidates that are de-
scribed in Table | (also see supplemental Table 3 for de-
tailed quantitative information). These top 56 discriminatory
proteins showed an optimal clustering pattern that could
separate the four groups in a supervised clustering (Fig. 5A).
For a further selection of proteins with optimal separation
power, we selected proteins that were significantly differ-
ential between the two cisplatin-treated groups (p < 0.05,
using the unpaired B-binomial test (17)), yielding 30 proteins
(Fig. 3D). Of these, 12 proteins displayed strong opposite
regulations as revealed by applying a cutoff of eight spectral
counts between the averaged spectral counts of the two
treated groups (Fig. 3D) (both criteria implemented before
base-line transformation). Both top lists also displayed op-
timal clustering patterns. See supplemental Fig. 2, B and C,
for the supervised hierarchical clustering results of the 30
and 12 most discriminatory proteins, respectively. Fig. 5B
displays expression profiles for the 12 proteins. We chose
FASN for targeted follow up because it showed the largest
quantitative difference (123 spectral counts) between the
two models after treatment and because of its involvement
in one of the major discriminatory pathways, namely fatty
acid metabolism.

FASN Knockdown Sensitizes Resistant Cells for Cisplatin
Treatment—In a proof-of-concept experiment, we determined
whether inhibition of the fatty acid metabolism sensitizes
Cdh1~/7;p53/~ tumor cells to cisplatin. For this purpose, we
transduced KEP11 cells with two Fasn-targeting shRNA con-
structs. These resulted in target inhibition of about 60% for
mRNA and protein expression levels (Fig. 6, A and B). There
was no alteration of cell proliferation for the transduced cells
(Fig. 6C). When we tested the cells expressing these hairpins
for cisplatin sensitivity, we found that cells with a lower Fasn

Fic. 4. Protein-protein networks of the regulated proteins selected using a paired statistical analysis between treated and untreated
conditions. The networks were generated using default settings in String (and visualized using Cytoscape. Dashed lines indicate the top three
most significant clusters identified by Cluster ONE analysis. Nodes represent proteins, and the edges represent interactions that include direct
(physical) and indirect (functional) associations. See Szklarczyk et al. (19) for more details on edge generation. A, up-regulated proteins in the
cisplatin-sensitive tumors. B, down-regulated proteins in the cisplatin-sensitive tumors. C, up-regulated proteins in the cisplatin-resistant
tumors. D, down-regulated proteins in the cisplatin-resistant tumors. E, representative GO terms identified by BiINGO analysis for the top three

clusters within the regulated proteins.
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Fic. 6. Fasn knockdown and clonogenic survival after cisplatin treatment in Cdh1~/~;p53~/~ (KEP11) cells. A, knockdown efficacy of
two shRNA hairpins targeting Fasn and an empty vector as determined by quantitative RT-PCR. Hprt gene expression was used as reference.
All experiments were performed in triplicate, and the error bars indicate S.D. (also for B and C). B, knockdown efficacy of the same two shRNA
hairpins targeting and empty vector at the protein level as determined by mass spectrometry. TUBA1B expression is shown as a reference.
C, proliferation rate of the cell lines transduced with the two Fasn-targeting shRNAs and empty vector. D, clonogenic survival of the cell lines
transduced with the two Fasn-targeting shRNAs and empty vector after cisplatin treatment. Six, 8, or 9 days after treatment with 2, 2.25, or
2.5 uM cisplatin, respectively, the surviving colonies were stained. This experiment was carried out in triplicate, and a representative result is
shown. E, quantification of D. Average colony numbers of cells with the Fasn-targeting shRNAs are presented relative to the number of colonies
of the control cells. The error bars indicate S.D., and ** indicates a p < 0.001 (Student’s t test).

gene expression were more sensitive to cisplatin (Fig. 6D). We  control or shfFasn constructs (data not shown). These data
obtained the same result when we transduced another suggest that targeting fatty acid metabolism may be a useful
Cdh1~/7;p537'~ cell line (called KEP23) with the indicated therapeutic strategy to sensitize the cisplatin-resistant tumors

Fic. 5. A, hierarchical cluster analysis of the top 56 discriminatory proteins, showing complete separation of all four control and treatment
conditions of the cisplatin-sensitive (KB1P) and -resistant (WEP) tumors. B, expression profiles using spectral counting of the 12 significant
proteins with at least eight spectral count differences between the two treated tumor types. Expression profiles were constructed using
normalized spectral counts. Lines connect paired samples before and after treatment. Yellow lines represent the three sensitive tumors before
and after treatment, and black lines represent the resistant tumors.
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and further emphasizes the validity of our approach for
finding candidate biomarkers that are predictive of cisplatin
treatment.

DISCUSSION

In this study, we generated proteome signatures after a
short pulse of cisplatin treatment using two mouse models for
specific breast cancer subtypes that display a marked differ-
ence in drug response. We report a comprehensive dataset of
about 3400 proteins with 167 and 98 differentially expressed
in the sensitive and resistant model, respectively. To our
knowledge, this study provides the first and largest proteomic
screen to date to identify cisplatin-responsive candidate
markers shortly after treatment. Most notably, we identified
highly discriminatory protein subsets of 56, 30, and 12 pro-
teins that showed diverging patterns in the two models and
could separate all four conditions using hierarchical clustering
(see flowchart in Fig. 3 for selection of different discriminatory
subsets).

To predict chemotherapy response, the additional use of
tumor samples taken shortly after the first treatment may be
advantageous over the common practice to find predictive
markers only by using unchallenged tumors. This approach is
encouraged by the recent finding that low scores of RAD51
foci, assessed 24 h after the first chemotherapy cycle, help to
find patients with breast cancers that are defective in DNA
repair by HR (26). Future clinical trials will show whether the
predictive value of RAD51 scores is sufficient to identify pa-
tients who may benefit from DNA repair-targeting therapy,
such as PARP inhibition.

In our study we used cisplatin, because platinum drugs are
frequently applied in the clinic to treat cancer patients. In
particular, platinum drugs may be helpful to treat breast can-
cer patients with HR-defective tumors (4, 5). This is consistent
with our previous finding that mammary tumors generated in
our mouse model for BRCA1-deficient tumors are highly sen-
sitive to cisplatin (3).

In these tumors, we found that up-regulated proteins after
cisplatin treatment were mostly involved in DNA repair, DNA
metabolism, and chromosome segregation. Of these, only
three (TOP2A, KIF11, and KNTC1) were also significantly up-
regulated in the cisplatin-resistant tumors. Previously, we
showed major up-regulation of DNA repair proteins in drug-
naive BRCA1-deficient mouse tumors (12). Consistent with
the important role that BRCA1 plays in the DNA damage
response (27), we illustrate that DNA damage repair is further
challenged in response to treatment with the DNA-damaging
agent cisplatin. In the absence of a proper homology-directed
DNA repair, more pressure appears to be put on other DNA
repair mechanisms. This is indicated by the increased levels
of enzymes involved in single-stranded DNA break repair such
as PARP1, FEN1, and LIG1. Moreover, up-regulated MRE11A
suggests that more error-prone nonhomologous end-joining
may occur to repair double-stranded DNA breaks.

One of the down-regulated proteins in the BRCA1 model
that is part of the top 12 proteins, GSTM1, is involved in
glutathione metabolism and acts as detoxification protein.
GSTM1 and other glutathione S-transferases have been
linked with differences in cisplatin response (28).

In the cisplatin-resistant model, a remarkable finding was
that fatty acid metabolism proteins were the most significant
up-regulated cluster. Some of these proteins (FABP4, CAS3,
and PC) were also significantly down-regulated in the sensi-
tive (BRCA1-deficient) model. This indicates a good resolving
power to distinguish the two models in a short term treatment
setting and suggests the potential usefulness of such markers
for cisplatin resistance.

Among the top 56 discriminatory proteins, FASN and
ACACA are two core proteins involved in de novo fatty acids
synthesis, of which FASN showed the largest quantitative
difference between the two models after cisplatin treatment.
Proliferating cancer cells have a highly up-regulated de novo
fatty acid synthesis to provide sufficient lipids for membrane
components, B-oxidation, and lipid modification of proteins.
In human breast cancer cell lines, vector-induced FASN over-
expression has been shown to increase resistance to cisplatin
as well as inducing overexpression of ERBB2, a receptor
tyrosine kinase that induces cell proliferation (29). In CDH1-
deficient cells derived from our mouse model, we do not find
a change in proliferation after FASN inhibition. FASN inhibition
has also been described as a sensitizer for cisplatin treatment
in mice xenografted with human ovarian cancer cells (30). In
fact, FASN is highly expressed across a wide range of human
tumor types where its inhibition either induces apoptosis
and/or synergizes with cytotoxic agents (31-38). Consistent
with these data, we show that inhibition of FASN with short
hairpin RNAs also sensitized our CDH1-deficient cells to cis-
platin treatment. In contrast to previous FASN inhibitors that
displayed off-target effects and induced weight loss, novel
FASN inhibitors are currently being developed that specifically
target only FASN and shown encouraging in vitro and in vivo
anti-cancer activity in human breast cancer (39-41).

Another more complex functional link between fatty acids
and cisplatin resistance has recently been described in xeno-
transplantation models. Specific unsaturated platinum-in-
duced fatty acids secreted from circulating mesenchymal
stem cells cause cisplatin resistance (42). The precise mech-
anism by which these platinum-induced fatty acids induce
resistance still remains to be elucidated, and we are currently
investigating whether there is an effect of platinum-induced
fatty acids on our BRCA1-defective tumors.

In this study, we did not only identify proteins involved in de
novo fatty acid synthesis (e.g. FASN and ACACA) but also in
fatty acid signaling, transport, and storage. Two of our top
discriminatory proteins, FABP4 and +vy-synuclein, have lipid
binding potential, whereas PLIN is involved in lipid droplet
storage. Lipid droplet accumulation has been correlated with
malignancy and chemotherapy treatment. FABP4 is thought
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to bind primarily palmitic acid, although the majority of the
fatty acid-binding protein family, including FABP4, has a more
broader binding affinity for different fatty acid structures (43).
FABP4 can activate PPARvy signaling when translocated to
the nucleus. PPARYy regulates fatty acid storage and glucose
metabolism. FABP4 has also been described as a PTEN
interactor, whose loss has been described as an activator of
cancer-specific metabolic activity. Also, PTEN loss has been
shown to increase FABP4 expression. Recently, FABP4 was
implicated as an important mediator for metastasis to fat-rich
tissues (44), whereby FABP4 was used to transport fatty acids
from the fat cell to cancer cells. Furthermore, activated AMP
kinase, a known inhibitor of FASN and ACACA, two of our top
discriminatory proteins, has been shown to inhibit PPARYy.
AMP kinase, a major metabolic sensor, is frequently inacti-
vated in a wide range of cancers. Recently CA3, also a major
discriminatory enzyme, has been described to be functionally
involved with PPARYy in adipose tissue (45). Moreover, pro-
teins with established roles in double-stranded DNA repair
(e.g. BRCA1 and DNA-PK) have been implemented as regu-
lators of fatty acid metabolism (46, 47). Combined, our data
point toward an intricate cooperation between metabolic and
DNA repair proteins when tumors with differential BRCA1
status are treated with cisplatin.

In summary, we showed the feasibility of proteomic profil-
ing in mouse tumor models to assess treatment outcome for
cisplatin treatment. Early treatment profiling to predict therapy
outcome might also be useful for less toxic treatments such
as PARP inhibitors, which specifically target HR-deficient tu-
mors. Our proteomic screen identified proteins involved in
DNA repair and cancer (fatty acid) metabolism as the major
discriminators between sensitive and resistant tumors shortly
after cisplatin treatment. These proteins may contribute to
functionally test whether tumors respond to anti-cancer ther-
apy. Because finding markers that distinguish drug-resistant
from drug-sensitive tumors before treatment starts has
proven to be difficult, the analysis of protein changes shortly
after initial treatment may facilitate clinical decision making
and help to optimize personalized treatments.
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