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Abstract

To date, no targeted therapies are available to treat triple negative breast cancer (TNBC), while
other breast cancer subtypes are responsive to current therapeutic treatment. Metabolomics was
conducted to reveal differences in two hormone receptor-negative TNBC cell lines and two
hormone receptor-positive Luminal A cell lines. Studies were conducted in the presence and
absence of paclitaxel (Taxol®). TNBC cell lines had higher levels of amino acids, branched-chain
amino acids, nucleotides and nucleotide sugars, and lower levels of proliferation-related
metabolites like choline compared with Luminal A cell lines. In the presence of paclitaxel, each
cell line showed unique metabolic responses, with some similarities by type. For example, in the
Luminal A cell lines, levels of lactate and creatine decreased while certain choline metabolites and
myo-inositol increased with paclitaxel. In the TNBC cell lines levels of glutamine, glutamate, and
glutathione increased, whereas lysine, proline and valine decreased in the presence of drug.
Profiling secreted inflammatory cytokines in the conditioned media demonstrated a greater
response to paclitaxel in the hormone positive Luminal cells compared to a secretion profile that
suggested greater drug resistance in the TNBC cells. The most significant differences
distinguishing the cell types based on pathway enrichment analyses were related to amino acid,
lipid and carbohydrate metabolism pathways, whereas several biological pathways were
differentiated between the cell lines following treatment.
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Material supplied includes graph of Taxol/paclitaxel dose curves (Figure S-1), figure of multivariate analyses distinguishing BCa cell
lines following paclitaxel treatment (Figure S-2), table of metabolites and corresponding bins distinguishing in Luminal A and TNBC
cell line paclitaxel responses (Table S-1), pathway mapping analyses done in GeneGo software differentiating metabolite-dependent
Luminal A from TNBC cell line responses to paclitaxel treatment (Table S-2), cytokine-dependent cell line responses to paclitaxel
treatment (Table S-3), relative expression based on fold changes in 80 inflammatory cytokines profiled in the media of all paclitaxel-
treated BCa cell lines normalized to untreated controls (Table S-4), pathway enrichment analysis comparing AA-derived (MDA-
MB-468) and CA-derived (MDA-MB-231) TNBC cell line metabolite and cytokine responses to paclitaxel (Table S-5), and a table
listing all metabolites input in to GeneGo for pathway analyses (Table S-6).
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Introduction

Triple negative breast cancer (TNBC), is a highly aggressive form of breast cancer (BCa)
that derives its name from the absence of the estrogen receptor (ER*), progesterone receptor
(PR*), and HER2/neu receptor (HER2*). These receptors are expressed differentially in
other subtypes of BCa (i.e. Luminal A, Luminal B, HER2-positive) and have been
successfully targeted with therapeutics such as Tamoxifen and Herceptin. TNBC represents
as many as 20 % of current BCa cases,! and continues to pose a disparate human health care
problem for women diagnosed with this type of BCa when compared to other subtypes for
which targeted therapeutics are available for treatment. Particularly for younger African
American (AA) women who experience a disproportionate incidence and mortality from
TNBC. For some BCa subtypes, five-year survival rates greater than 85% have been
achieved, when the cancer is either detected early and/or targeted therapies have been
incorporated into treatment plans.2 Unfortunately, there are still no approved therapeutics
that specifically target TNBC available for clinical use and only a few validated novel targets
are in drug development. This gap in available treatments is a contributing factor of
recurrence and progression to metastatic disease3— for which currently there is no cure.
Additionally, other characteristics, such as earlier age or later pathological stage at time of
diagnosis, have led to TNBC being designated as some of the most aggressive forms of
BCa.5 New targeted therapeutics are needed to improve the prognosis for patients who get a
TNBC diagnosis.

Breast cancers characterized by the triple-negative phenotype typically present at a higher
prevalence in premenopausal women under the age of 40, usually with a BMI greater than
30, and have higher incidences of mutations in BRCAI or BRCAZ2,"~8 irrespective of
ancestry.9-11 The disparity of the increased prevalence in AA women (~40-65%) compared
to other racial ethnicities!: 12-17 js another troubling feature associated with the disease.
Beyond genomic mutations, currently known, the increased incidence in younger women
may also reflect the fact that without an established family history that results in earlier

J Proteome Res. Author manuscript; available in PMC 2017 September 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stewart et al.

Page 3

screening, many of these women have not started routine clinical monitoring programs18
that could facilitate earlier disease detection (i.e. Mammograms).

Within the past decade, one of the aggressive efforts in cancer research has been the
‘rediscovery’ of the critical role metabolic processes play in tumor etiology and progression.
From the early 1950s Warburg effect observation of high anaerobic glycolysis in malignant
cells, even when oxygen is plentiful 1 to recent years where differential metabolism has
been coined “an emerging hallmark of cancer,”2 it is now well-accepted that cancer has
unique metabolic signatures.21-25 The importance of these findings is the opportunity to
leverage these divergences from normal cellular functions into targetable features for novel
drug development. To this end, methods such as metabolomics is a valuable scientific tool in
deciphering differential metabolic patterns and identifying their driving factors.26-27 Some
examples include studies uncovering connections between proliferation of colon cancer cells
and dietary polyphenols,28 BCa investigations using nuclear magnetic resonance (NMR)
spectroscopy or mass spectrometry (MS) analytical methods to decipher pharmacodynamic
mechanisms of adriamycin resistance2® and finding novel roles for chemokines such as
CXCR4 in lipid and choline regulation.30

Treatment-dependent metabolites and pathways identified in the present study using BCa
cell lines that have different hormone receptor expression profiles and originally derived
from women of either AA or Caucasian American (CA) ethnicities (TNBC lines), suggests
these differences may contribute to phenotypic characteristics in aggressiveness and poor
chemotherapeutic treatment response outcomes. These results represent a significant starting
point to further investigate the potential of identified markers to serve as new therapeutic
targets for TNBC drug development. Further, useful data is provided from profiling changes
that occurred in inflammatory signaling cytokines, as demonstrated in previous studies,31-34
to increase our understanding of treatment responses that occur in TNBC.

We set out to determine how TNBC cells derived from women of two different ethnicities
respond to the taxane-based chemotherapeutic paclitaxel (Taxol®), which is commonly used
in the clinic, compared to hormone-responsive BCa cell lines based on metabolic profiling to
reveal novel biomarkers which may be leveraged for development of targeted therapeutics
for high risk populations. We used TNBC cells derived from both an AA woman (MDA-
MB-468) and a CA woman (MDA-MB-231),35-39 and compared their responses to
paclitaxel with two hormone receptor-positive, Luminal A subtype-representative cell lines
(CA-derived) with either a triple-positive ER*/PR*/HER2* (BT474) or ER*/PR*/HER2™
(MCF-7) phenotype. It is well-established that the cell lines used in this study are
metabolically and phenotypically similar to clinical BCa subtypes,*-42 and thus were
suitable for screening therapeutics to gauge representative therapy-dependent responses.
Individual cell line and cell type (Luminal A versus TNBC) differences were initially
assessed using 'H NMR broad spectrum metabolomics followed by comparison of treatment
responsivity between the cell lines. We examined metabolic differences between the
Luminal A and TNBC cell types, before and after treatment; as well as differences between
the AA- and CA-derived TNBC cell lines and the two CA-derived Luminal A lines. Our
study also confirmed several metabolite differences reported previously between the
Luminal A and TNBC cell types. Chemotherapeutic treatment response was further assessed
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by examining inflammatory cytokines secreted into the media, revealing secretion profiles
that suggests a pattern of increased drug sensitivity in the BT474 compared to MDA-
MB-468 cells, reflected by the number and functional classification of significantly
upregulated or downregulated cytokines. Integration of the differentially significant
metabolites and cytokines into pathway enrichment analysis identified unique and
potentially targetable pathways in the AA-derived versus the CA-derived TNBC cells
suggesting metabolic differences in carbohydrate metabolism versus more significant
changes in lipid metabolism pathways in the CA-derived TNBC cells. Further investigation
into the treatment response-dependent metabolic characteristics that define the BCa subtypes
across different ethnic populations may aid in identifying specific new markers for targeted
drug development.

Experimental Procedures

Cell lines and culturing

Luminal A BCa cell lines (BT474 and MCF-7) and TNBC cell lines (MDA-MB-231 and
MDA-MB-468) were purchased from ATCC and cultured in DMEM media (Gibco/Life
Technologies) supplemented with 10% FBS and 1% antibiotic/antimycotic. All ATCC cell
lines undergo authentication tests (i.e. for mycoplasma negativity) during the accessioning
process, which is described in the online ATCC brochure Maintaining High Standards in
Cell Culture (www.atcc.org). Cells were maintained in culture, incubated under humidified
conditions at 37 °C in 5% CO.,.

Drug treatment and sample preparation

Paclitaxel (Taxol®) from Taxus brevifolia (95%) was purchased from Sigma-Aldrich, Inc.
Stock solutions [1 mg/mL] were prepared in molecular biology grade DMSO (Sigma),
aliquoted and stored at —20 °C. Working solutions were prepared for treating cell lines [1
ug/mL] in sterile 1X PBS (Gibco) and stored for up to one week at 4 °C. Final dilutions
were prepared at [10 nM] in DMEM treatment media, immediately prior to each treatment.
The average LDsg concentration of paclitaxel across all four cell lines was determined to be
10 nM by cell viability assays using MTS-AQ reagent (Promega), with no noticeable effect
of the vehicle (DMSO) on cell growth across the ranges tested, resulting in a 46% (BT474),
54% (MCF-7), 51% (MDA-MB-231) and 49% (MDA-MB-468) decrease in cell viability
after 24 hr of drug exposure (Figure S-1, Supporting Information). To generate the samples
for metabolomics analysis and cytokine profiling, each cell line was plated in 10 cm dishes
with DMEM for 24 hr prior to treatment. Growth media was removed, cells were washed
with sterile 1X PBS and treated for 48 hr in fresh media alone or containing 10 nM
paclitaxel. Following treatment, 1 mL conditioned media aliquots were collected and stored
at —80 °C. Treated cells on plates were washed with cold, 1X PBS, and extracted using a
modified Folch method.43-44 Briefly, cells were quenched with 50:50 ice cold
acetonitrile:water, scraped off dishes, and collected in to 15 mL tubes containing zirconia
beads. Cold chloroform was added and each tube was vigorously vortexed on a multitube
vortexer for three 30 sec pulses. Tubes were centrifuged at 3,700 rpm for 60 min at 4 °C, and
the aqueous fractions were transferred to cryotubes, while the organic fractions were
collected into glass vials. The remaining protein layer and residual aqueous & lipid layers
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were transferred to Lo-Bind Eppendorf tubes, cold chloroform:methanol (2:1) was added,
and the tubes were quickly vortexed then centrifuged at 15,000 rpm for 20 min at 4 °C. The
remaining aqueous and lipid fractions were transferred into collection tubes, while the
protein pellets were dried for 20 min on a Speedvac (no heat) and weighed. All samples
were stored at =80 °C except for the aqueous fractions which were lyophilized to dryness
first then stored until NMR analysis.

NMR sample preparation and data acquisition

Lyophilized cellular extracts were reconstituted in 700 uL of a deuterium oxide (DO,
Aldrich) solution containing 0.6 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS-D6,
Chemical Shift Indicator), 0.6 mM Imidazole (pH indicator), and 0.2 % NaN3. The samples
were vortexed and centrifuged at 12,000 rcf for 3 min, then a 600 uL aliquot of each sample
supernatant was transferred into 5 mm NMR tubes (Bruker-BioSpin, Switzerland) for data
acquisition. TH NMR spectra were acquired on a Bruker Avance 111 600 MHz NMR
spectrometer (Bruker-Biospin, Rheinstetten, Germany) using a cryogenically cooled 5mm
ATMA probe at 25 °C. A 1D NOESY pulse sequence (noesyprld) with water pre-saturation
during the 2 sec relaxation delay and 100 ms mixing time was used, and 256 transients were
collected into 16k data points with a spectral width of 6602.1 kHz (11 ppm) and an
acquisition time of 2.48 sec.

NMR data analysis

Metabolomics analysis for IH NMR spectra was performed on cellular extracts as described
previously.#>-51 Free induction decays (FIDs) were zero-filled to 64k and a line broadening
factor of 0.5 Hz was applied before Fourier transformation. Spectra were manually phased,
baseline corrected, and referenced to DSS. Spectra were binned (0.14-9.35 ppm) using
intelligent bucketing integration with a 0.04 ppm bucket width and a 50% looseness factor in
ACD NMR Processor 12.0 (ACD Labs Inc., Toronto Ontario, Canada) software. Chemical
shift regions for water (4.66—4.86 ppm) imidazole (7.15-7.255 ppm), and region 2.03-2.08
ppm were excluded from binning. The bin integrals were normalized to the total integral of
each spectrum. We performed parametric analysis using a 2-sample equal variance Student’s
ttest to compare bins across cell lines in the absence of paclitaxel using the false discovery
rate (FDR) to control for multiple comparisons, and the Benjamini—Hochberg procedure5? to
control the FDR at < 0.1, and for each cell line after paclitaxel treatment compared to its
non-treated control, (Microsoft Excel). Principal components analysis (PCA) and orthogonal
partial least squares discriminant analysis (OPLS-DA) of binned data was performed using
Pareto-scaling and mean centering, in SIMCA 14.0 (Umetrics, Umea, Sweden). All models
used a 7-fold cross-validation to assess the predictive variation of the model (Q2) and model
statistics are included in the figure legends in brackets. Variable Influence on Projection
values (VIP = 1.0 with a jack-knife confidence interval that did not include 0) were used to
identify bins responsible for class separation based on multivariate analysis of treated versus
non-treated groups/cell line and between the cell lines. These bins were matched to the
metabolites using the metabolite library in Chenomx NMR Suite 8.1 Professional software.
All plots represent three biological replicates per sample. Statistical analyses for the
comparison between hormone-positive versus triple-negative BCa cell types were conducted
using SAS 9.4 (SAS Institute Inc., Cary, NC), and the Wilcoxon Rank Sum Test was used to
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determine statistical differences in bin intensity between the cell types. In this exploratory
analysis, p-values < 0.05 were considered to be statistically significant and were not adjusted
for multiple testing.

Cytokine profiling
Secreted protein expression profiling of 80 inflammatory cytokines was performed with
undiluted DMEM cultured media collected from control, untreated cells and paclitaxel-
treated cells (10 nM) after 48 hr using Human Cytokine Antibody G Series 5 arrays
(RayBiotech, Inc.) according to the manufacturer’s protocol. Cell media was collected into
clean tubes in 1.0 mL aliquots and immediately frozen at =80 °C until further processing.
For sample preparation, one aliquot was thawed on ice, centrifuged at 10,000 rpm for 5 min
to pellet any remaining cellular debris then 100 puL was transferred to the glass slide array
and incubated for 2 hr at room temperature, after the array was blocked for 30 min. The slide
was washed and then incubated with secondary biotin-conjugated antibody overnight at 4 °C
in the dark. The following day, the slide was washed and incubated with streptavidin
antibody, washed again, air dried, and shipped to RayBiotech, Inc. for scanning on a
GenePix 4000 scanner at a wavelength of 532 nm using GenePix Pro 6.0.1.25 software. The
relative expression for each cytokine was calculated according to the manufacturer’s
instructions by first subtracting the signal from the average of the Negative controls, then
normalized to the average of the Positive controls for each sample. Cytokine signals for each
paclitaxel-treated sample were then normalized to the untreated control for the
corresponding sample/cell line. Results are presented as significantly upregulated if the
signal intensity > 1.50 fold, while those with an intensity < 0.65 fold were considered
significantly downregulated, based on the manufacturer’s criteria. Significant results are
based on the average of three biological replicates per treatment condition for each cell line
(Table 5). Selected cytokines are also highlighted for specific relevance and presented as the
relative % change, calculated by subtracting 1 from the fold-change value and multiplying
by 100% to better visualize the up- versus down-regulation (Figure 3).

Pathway analysis

GeneGo (MetaCore) pathway enrichment software was used to identify significantly
perturbed biological canonical pathway and endogenous metabolic network differences
between hormone-positive and triple-negative BCa cell lines and for each individual cell line
in response to paclitaxel treatment. Integrative analysis was also performed using the
significantly differential metabolite and cytokine markers across the two TNBC cell lines.
The threshold and p-value criteria were included based on the calculated fold-changes
(threshold) and p-values from the binned data for analyses using metabolites, unless
otherwise stated in the table legend. For the analysis using cytokines, the direction and
threshold were based on the significance criteria of the assay (upregulated = 1.50 fold or
downregulated < 0.65) and a p-value < 0.05.
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Results and Discussion

Metabolomics distinguishes cell lines by ethnicity and receptor expression differences

As a highly heterogeneous disease, with at least 5 clinically accepted subtypes,12: 53-54 BCa
cell lines are highly useful research tools when studying BCa because they recapitulate
many of the clinical characteristics such as expression of hormone receptors, invasiveness, or
resistance to drug exposure. In that, we used broad spectrum *H NMR metabolomics and
showed that metabolic profiles reflected one of these primary clinical differences that
distinguishes the cell lines, being the presence or absence of ER, PR and HER2/neu
receptors. Although BT474 and MCF-7 are both CA-derived, hormone receptor-positive
BCa cell lines (classified as Luminal A), another major difference is HER2 expression;
where only BT474 cells express the receptor. MDA-MB-231 and MDA-MB-468 are both
TNBC cell lines that are distinct based on the ethnicity of the patients from which they were
derived (CA or AA, respectively). First, we performed a 2-sample equal variance Student’s
ttest adjusted for false discovery rate to compare each bin across the cell lines to investigate
metabolic differences between the cell lines in the absence of treatment (Table 1). Overall, in
the analysis of 248 bins (249 total), the AA-derived TNBC cell line (MDA-MB-468) was
very different from the three CA-derived cell lines (BT474, MCF-7 and MDA-MB-231),
while the comparison of bin intensities between the MCF-7 and MDA-MDA-231 cell lines
(126 bins) was also significant. The most significant difference was between the two TNBC
cell lines (151 bins). Next unsupervised multivariate analysis (PCA) was used to visualize
differences between the Luminal A and TNBC cell lines, and supervised multivariate
analysis (OPLS-DA) was used to identify the metabolites that differentiate the Luminal A
from the TNBC cell types. The PCA analysis (Figure 1A) demonstrates differences between
the Luminal A cell lines (BT474 and MCF-7) cell lines, which both cluster by the second
component, accounting for the variability between the replicates for BT474. Interestingly,
they are separated along the first (primary) component, which provides a testable hypothesis
that the difference in HER2 expression is related to metabolic changes. It is also an
intriguing observation that the three CA-derived cell lines (BT474, MCF-7 and MDA-
MB-231) appear to show more metabolic similarity in multivariate space when compared to
the AA-derived cell line (MDA-MB-468), even though hormone-receptor expression
strongly influences cell line responses and receptor profiles are associated with BCa patient
outcomes. In a pairwise, supervised analysis to determine the significant signals (VIP > 1)
that distinguish the metabolic profiles of each cell type (Figure 1B), NMR library-matching
(Chenomx) identified metabolites from the binned data, listed in Table 2, with corresponding
fold-change and p-values. Most notably, the Luminal A cell type (BT474 and MCF-7)
metabolic profiles are characterized by increased levels of proliferation-associated choline,
O-acetylcholine and O-phosphocholine,®>-57 lactate and myo-inositol versus the TNBC cell
type. In contrast to the primarily proliferative signature in Luminal A cells, the two TNBC
cell lines showed higher levels of metabolites across several compound classes including
amino acids and tripeptide (i.e., alaning, histidine, glutamine, and glutathione), branched-
chain amino acids (isoleucine and leucine), nucleotides (ADP, ATP) and nucleotide sugars
(UDP-galactose, UDP-glucose, and UDP-glucuronate). We also saw comparatively higher
levels of creatine and creatinine metabolites in the TNBC cells versus the hormone positive
lines in the absence of any treatment. Interestingly, a recent report related creatine kinase
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and creatinine as oxidative stress indicators in BCa patients following chemotherapeutic
treatment,>8 and considering the primary function of creatine is to support energy production
in the phosphorylation of ADP to make ATP, changes in these metabolites may be suggestive
of cell sensitivity to treatment. The heterogeneity of increased levels of all these metabolites
(Table 2) in TNBC cell lines as a cell type in comparison with Luminal A cells suggest a
greater robustness and redundancy of breast cancers classified by this subtype to facilitate
use from multiple pools of essential building blocks and nutrients to remain viable.

Luminal A and TNBC cells demonstrate different metabolic treatment responses

Evaluating treatment response to paclitaxel, supervised (Figure S-2A, Supporting
Information) and unsupervised (Figure S-2B, S-2C, Supporting Information) multivariate
analyses enabled us to identify differences in metabolites between each BCa cell line (Table
S-1, Supporting Information) following treatment. OPLS-DA plots for each treated cell line
compared to its non-treated control (Figure 2) were used to identify drug response-
dependent metabolites, listed in Table 3. Although there were some similarities between the
two cell lines defined by the same cell type (Luminal or TNBC), each cell line demonstrated
a unique metabolic profile, as evident in Table 3 listing how the identified metabolites
changed based on cell line response to paclitaxel treatment. In both Luminal A cell lines,
choline and associated metabolites (Table 2) were increased in the presence of drug,
continuing to show proliferation as a dominant signature in this cell type. Interestingly, these
metabolite levels (choline, o-acetylcholine, o-phosphocholine, sn-glycero-3-
phosphocholine), also increased in the AA-derived TNBC (MDA-MB-468) cell line, but
were reduced in the CA-derived TNBC (MDA-MB-231) cell line with the exception of sn-
glycero-3-phosphocholine following treatment. The level of myo-inositol, shown to be
higher in Luminal A cells compared to TNBC (Table 2), was also shown to be increased in
the MCF-7 (Luminal A) cells but reduced in the MDA-MB-468 TNBC line with drug.
Similarly, lactate was reduced in MDA-MB-468 and MCF-7 cells, but increased in MDA-
MB-231 cells following treatment with paclitaxel. More individual changes included drug-
responsive increases in glucose, glutamine, alloisoleucine, isoleucine, leucine and threonine
in the BT474 cells; with decreases in most of the identified nucleotide sugars (i.e. UDP-
glucose). Proline and valine also increased in the BT474 cell line after treatment, compared
to a reduction of these amino acids in the other three cell lines. While glutamine was
increased in BT474 following treatment, it was decreased in MCF-7 cells, but increased in
both TNBC cell lines. In contrast, glutamate was increased in MCF-7 and MDA-MB-468
cells, but decreased in BT474 and MDA-MB-231 cells. Other notable TNBC cell line
responses to paclitaxel treatment included increased glutathione in MDA-MB-231 cells and
several decreases (acetate, lysine, cystathionine, histidine, cystine, phenylalanine,
ethylmalonate and UDP-n-acetylglucosamine), with different decreases in MDA-MB-468
cells such as glycine, myo-inositol, betaine, taurine, trimethylamine-N-oxide and
lipoproteins. Two significantly increased metabolites in MDA-MB-468 cells only included
1-methylhistidine and a metabolite currently unknown by library matching (Table 3).

Using the metabolites identified from the Luminal A versus TNBC cell type comparison
before treatment, we also performed biochemical enrichment analysis in GeneGo
(MetaCore) to determine if specific pathways could explain the differences in metabolic
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profiles between the BCa cellular phenotypes, and found that the hormone-positive and
triple-negative cells are coordinated by different endogenous metabolic networks shown in
Table 4. For example, Lipid metabolism s a significant pathway in both cell types, but
TNBC cells appear to rely more on glycosphingolipids compared to a greater dependence on
phospholipids in Luminal A cells. Overall, TNBC cells as a group were far more enriched
for amino acid metabolic networks compared to several phosphocholine pathways in the
Luminal A cell type. In terms of individual cell line treatment-responsive pathways, Table
S-2, Supporting Information shows how different the profiles of each cell line’s response is
to treatment. In the MDA-MB-231 cell line, for example, pathways related to sulfur and
selenoamino acid metabolism significantly characterized treatment response; whereas
taurine, hypotaurine and glycine pathways were significantly perturbed and unique in the
MDA-MB-468 cells (Table S-2). In addition to the unique pathways across the cells, two of
the most significantly impacted pathways common to all the BCa cell lines included
Aminoacyl-tRNA biosynthesis in cytoplasm and in mitochondrion, demonstrating the ability
of paclitaxel to disrupt protein biosynthesis and utilization of branched chain amino acids in
BCa cells, which serve as essential nutrients and building blocks.

Luminal A and TNBC cell lines display differential secretomes in response to paclitaxel

A relevant question concerning inflammatory profiles or signatures when considering their
value is whether they are markers of cause or consequence? Many cancer-focused studies
support the designation of cause or being causative,°%-55 in spite of the fact that outside the
conditions of malignancy, inflammation has been and is traditionally regarded as a
consequence of injury. Even-so, because of the successes of drugs like the Denosumab,
which inhibits RANKL signaling to treat breast and prostate cancers;56-67 Trabectedin,
shown to reprogram tumor-associated macrophages in soft tissue sarcomas and ovarian
cancer;%8-71 or the recently FDA-approved Siltuximab’2=7> which acts by neutralizing IL-6
mediated inflammation,”® implicated in the progression of numerous malignancies,’’~"8 our
goal in profiling inflammatory cytokines in the context of treatment response was to
determine if it is possible to shift the focus of what these mediators represent as
symptomatic markers to ones of risk or responsivity prediction.

We profiled 80 inflammatory cytokines and chemokines in the media of cells before and
after treatment to determine the impact of paclitaxel on cytokine secretion in each BCa cell
line. Three corresponding media samples were analyzed per cell line and taken from the
matched triplicate cellular extracted samples used for metabolomics analysis. Table 5 lists
the significantly upregulated (=1.50 fold) and downregulated (<0.65 fold) cytokines
following 48 hr paclitaxel treatment, normalized to the untreated control media samples. The
patterns of cytokine expression also show a high degree of heterogeneity across the four
different cell lines. We suggest the cytokine profiles reflect a pattern of chemotherapeutic
sensitivity versus drug resistance based on the known aggressiveness of each cell line, such
that a number of cytokines associated previously with metastatic progression of BCa to bone
were only upregulated in the TNBC cell lines. Interestingly, osteoprotegerin (OPG) was the
only cytokine with a uniform expression pattern, being downregulated in all four cell lines
after treatment with paclitaxel, demonstrating the ability of the drug to reduce factors known
to be involved in the metastatic progression of BCa to bone, where OPG plays a role by
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binding to TRAIL and blocking initiation of apoptosis.”®-83 If this hypothesis is true, this
reduction would be expected to be more significant in the Luminal A cell lines which
represent the less aggressive clinical subtypes (Figure 3), and is what we observed.
Additionally, LIGHT, a member of the TNF superfamily that can activate tumor infiltrating
lymphocytes & induce apoptosis in cancer cells,84 is only upregulated in BT474 cells (triple
hormone-positive, Table 5). This suggests perhaps a role for this mediator in paclitaxel
sensitivity for BT474 cells compared to the other lines, as the immune responses within the
microenvironment would subsequently remain detrimental to the tumor.85-88 Further support
that the cytokine profiles reflect aggressiveness and treatment response resistance is
evidenced by upregulation of the CXC chemokine, growth-regulated oncogene (GRO) only
in the TNBC cell lines; and IL-4, IL-16 and RANTES in the AA-derived TNBC line. GRO
has been directly implicated in tumor aggressiveness by promoting angiogenic activity and
is linked to poorer prognosis in BCa patients;8°:86.87 and was not only significantly
upregulated in the MDA-MB-231 and MDA-MMB-468 cells, but also significantly
downregulated in the least aggressive BT474 cell line (Figure 3, Table 5). Several
interleukins participate in the tumor microenvironment facilitating the cross-talk between
tumor cells and inflammation-driving immune mediators.88-92 In our data, IL-4 and IL-16
were the only significantly upregulated interleukins secreted and only from the MDA-
MB-468 cell line in response to treatment (Table 5). In a previous study, using a coculture
cell-based system to interrogate Luminal A and Basal-like BCa differences in response to
immune mediators in the tumor microenvironment, it was shown that there is significantly
more interplay between the more aggressive Basal-like cells, with tumor-associated
macrophages.88 It is well accepted that a significant proportion of TNBC tumors have a
Basal-like phenotype and are often classified as both.92 Interestingly, IL-6 secretion was
downregulated in the three CA-derived cell lines and upregulated only in the AA-derived
cell line, though not significantly based on the manufacturer’s threshold criteria. Finally, of
importance to mention is the significant increase in RANTES/CCLS5, again only in the most
aggressive representative AA-derived cell line (Table 5, Figure 3), which has been recently
implicated in TNBC progression and aggressiveness and is being investigated as a new
potential therapeutic target for TNBC treatment.33

Pathway mapping analysis using GeneGo also revealed variability in the treatment-
responsive, cytokine-associated pathways that may be related to aggressive and/or drug
resistant phenotypes (Table S-3, Supporting Information). /mmune response T cell subsets:
secreted signals and Multiple myeloma (general schema) were commonly enriched
pathways across all four BCa cell lines, while /mmune response IL-17 signaling pathways
and PDEA4 regulation of cyto/chemokine expression in arthritis were significant to only the
three CA-derived BCa cell lines (BT474, MCF-7 and MDA-MB-231). The
Transcription_Role of VDR in regulation of genes involved in osteoporosis pathway was
significantly enriched in the three HER2™ cell lines (MCF-7, MDA-MB-231 and MDA-
MB-468), while the AA-derived MDA-MB-468 cell line was enriched in several interleukin-
related pathways (/mmune response_IL-15 signaling via JAK-STAT cascade, Immune
response_IL-4-anti-apoptotic action, and Signal transduction_PTMs in IL-23 signaling
pathway) in response to paclitaxel treatment by comparison (Table S-3, Supporting
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Information). The full list of fold changes for all 80 cytokines profiled across the four BCa
cell lines tested is shown in Table S-4, Supporting Information.

Conclusions

Our study was designed to demonstrate how TNBC cell lines derived from either AA or CA
women respond to the chemotherapeutic paclitaxel compared to hormone receptor-
responsive BCa cell lines, and reveal metabolic differences based on ethnicity, which could
potentially provide a direction towards targets for validation studies and development of
therapeutics. Although paclitaxel is a widely used and highly efficacious chemotherapeutic,
as many as 20% of breast cancers can be refractory to it and other chemotherapeutics,33 and
the causes are still poorly understood across all demographics of women diagnosed with
BCa. As a fundamental hallmark of cancer!® metabolism of both the host and the
malignancy are likely key contributors to this drug resistance. Metabolic differences may in
particular help to explain the disparate response to chemotherapy outcomes for AA patients
with TNBC compared to CA patients with this type of BCa.

Our data has shown that HER2*, Luminal A (BT474) cells are metabolically different from
HER2~, Luminal cells (MCF-7) cells before and after treatment with paclitaxel. Also, CA-
derived TNBC cells (MDA-MB-231) are metabolically different from AA-derived TNBC
cells (MDA-MB-468). As demonstrated previously in both cell-based*2 94 or xenograft9
models and in human subjects samples,*%-41 our data continue to confirm metabolomic
profiling as a suitable technology to distinguish the clinical subtypes of BCa under non-
treated conditions or following treatment. Biochemical pathway enrichment analyses
revealed novel and potentially relevant pathways contributing to the biology that
distinguishes the cell lines or that were perturbed in response to drug treatment depending
on the cell line and type. In addition to those previously discussed, the Galactose metabolism
pathway was also perturbed across all cell lines to varying degrees of significance (data not
shown). This is interesting because in an integrated enrichment analysis, combining both
metabolites and cytokines to determine their collective influence on how TNBC cells
derived from women of different ethnicities respond to the drug, carbohydrate metabolism
specifically related to Galactose metabolism was observed (Table S-5, Supporting
Information) in the MDA-MB-468 cells as more significant compared to the MDA-MB-231
cells, but different metabolites (Network Objects) appear to be driving the pathway
perturbations. The most significant pathways in the CA-derived (MDA-MB-231) cells
compared to the AA-derived (MDA-MB-468) cells based on metabolites was Cannabinoid
receptor signaling in nicotine addiction (Table S-5), pointing to a new potential avenue for
further research. Although the significant differential cytokines were integrated into this
overall enrichment analysis, no significant difference between the pathways was
demonstrated by their contribution compared to the influence of the metabolites based on the
integrated analysis, but looking at the contribution of the cytokines showed that pathways
unique to the MDA-MB-231 cells included Regulation of lipid metabolism_Alpha-1
adrenergic receptors signaling via arachidonic acid and Regulation of lipid
metabolism_Insulin regulation of fatty acid metabolism.
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Secretome profiling of key inflammatory cytokines further distinguished the treatment
response of the BCa subtype-representative cell lines suggesting that the hormone receptor-
positive cells reflected a pattern of greater chemotherapeutic sensitivity to paclitaxel
compared to potentially one of greater resistance in the TNBC cell lines, where more
cytokines implicated previously in malignant progression (i.e. GRO, IL-4 and RANTES/
CCL5), particularly in terms of TNBC aggressiveness33: 91. 96-97 \were downregulated or not
significantly expressed in the Luminal A lines, by comparison. Our data demonstrate these
observations were most evident in the MDA-MB-468 cell line responses (Table 5; Figure 3),
further support several in vitro and in vivo studies that suggest there is an ethnicity-based
disparity in outcomes for AA women diagnosed with TNBC, in-part due to decreased
therapeutic responsivity. These data strongly reiterate the need to identify suitable
therapeutic targets for TNBC, and likely in a more personalized fashion, that may at the start
take into account racial ethnicity during the rational design of drug discovery undertakings.
The pathways defined as differentially perturbed following the integrative analysis (Table
S-5, Supporting Information) provide biochemical roadmaps to facilitate such efforts. Some
of our metabolic data showing distinctions between hormone-receptor positive versus triple
hormone-negative BCa cells confirm other recent reports using cell-based systems or patient
samples.40: 42 For ease of data interpretation, Table S-6, Supporting Information lists all
metabolites input into GeneGo for pathway mapping.

Another speculation for the differences seen in metabolic drug response between the TNBC
cell lines is based on the genes involved in paclitaxel/Taxol® metabolism. Figure 4 (Taxane
Pathway), previously published by Oshiro and colleagues,®® nicely depicts many genes
presently known to be involved in paclitaxel metabolism. It stands to reason that genetic (i.e.
single nucleotide polymorphisms - SNPs) and epigenetic (i.e. methylation status)®® or
genomic differences would impact paclitaxel treatment response, and based on numerous
observations of inter-individual treatment response as a consequence of SNPs, in other
populations190-102 or for other drugs,103-105 may also explain some of the disparities
contributing to the poorer outcomes of AA women with TNBC. While several SNPs have
been identified, no definitive evidence has been found linking non-synonymous SNPs in
SLCO1B3Y2 or ABCBI, the primary transporter and efflux molecules, respectively, with
inter-patient variation in paclitaxel clearance across several populations; whereas /n vitro
evidence for CYP2C896 and in vivo for CYP3A495. 107 have been shown for the two major
metabolizing enzymes for paclitaxell98-111, Considering the other genes associated with
xenobiotic metabolism of taxanes (e.g., CYP1B1, CYP2C8, and CYP3A4), only three of
these previously reported studies looking for functional SNPs were conducted using samples
from either healthy AA volunteers, AA BCa patients or both.119-112 Tg date, we found that
none have been conducted with sufficient sample sizes to provide strong enough statistical
power to draw definitive conclusions. Even-so, enzymes from these genes and the
metabolites they result in provide an invaluable research path concerning how outcomes are
impacted by therapeutic efficacy, which will be dictated in large part by host metabolism.
Based on these published findings; and BCa-risk-associated data,113-118 we suggest there
are as yet identified AA-specific SNPs involved in the way paclitaxel, as well as other
commonly used chemotherapeutics, is metabolized that do significantly influence drug
efficacy and ultimately treatment responsivity.
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In considering a genetically-driven ethnic disparity, an understudied and plausible set of
genes implicated in a number of malignancies,119-124 that should be mentioned includes
those in the glutathione S-transferase (GST) superfamily, involved in cellular detoxification
by conjugating chemotherapeutics (and other endogenous or xenobiotic compounds) to
glutathione (GSH) for urinary clearance.122 These Phase-11 enzymes are also known to act
on apoptotic pathways.123 Because we found very few to no published reports of studies
looking for relevant functional SNPs in GSTT1/2, GSTMI1-5, GSTP1or GSTO1/2in the AA
ethnic population,07 it represents a pressing knowledge gap for further investigation,
especially in light of our findings that GSH was shown increased in the TNBC cell type
when compared to Luminal A cells at steady state, and GSH metabolism pathways were
most significantly perturbed in the MDA-MB-468 (AA-derived) cell line compared to the
other three (data not shown). This observation could reflect a metabolic advantage for these
cancer cells to eliminate chemotherapeutic drugs and thus contribute to resistance and
ultimately be further investigated to determine an influence on poorer patient outcomes;
whereby these cells potentially make more GSH, representing an advantage, or possibly
have the GSH increased GST activity, which would also be beneficial for the cancer and not
the patient.

Integrative analysis and prediction modeling tools will be essential to making the best use of
different types of biomarkers, from genetic SNPs, genomic signatures, metabolic profiles
and to inflammatory markers; to develop biomarker suites that best reflect the status of
disease that can hopefully and eventually be used in the clinic. We believe metabolomics
methods will continue to be instrumental in providing those signals that are most relevant for
data integration on disease and population-based levels. Specific to our study is how these
signatures hold the potential to inform on treatment responsiveness, drug resistance and
potentially on relapse after treatment.125 Additionally, this would further a promise of
omics-based methodologies to deliver on tools to implement personalized medicine
strategies to individuals most at risk, who may in-tern be the best benefactors of having
these types of data collections/screens incorporated into their treatment care plans.

Our current data demonstrates the ability of the metabolomics method in conjunction with
secretory cytokine profiling to distinguish hormone-responsive phenotypes of BCa cells
(HER2* vs. HER2") from each other and from TNBC cells that differ in their ethnic origin
of women from which they were collected. Using enrichment analysis, different biological
pathways related to carbohydrate and lipid-associated metabolism were shown utilized by
AA-derived TNBC cells, suggesting a means through which they might overcome
chemotherapeutic insult by overcompensating to ensure sufficient biomolecules and energy
sources are available from the microenvironment; or potentially become resistant by down-
regulating myo-inositol to activate autophagy of damaged products and impair apoptosis.126
Current studies are underway to follow up on these initial finding and better interrogate
energy utilization differences in metabolic responses to paclitaxel and other frequently used
chemotherapeutics (e.g., doxorubicin and cisplatin).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Multivariate analyses comparing breast cancer (BCa) cell lines

(A.) Unsupervised multivariate analysis (PCA) of Luminal A BCa and TNBC cell lines in
the absence of paclitaxel treatment. [R2X(cum) = 0.769, Q%(cum) = 0.211]. (B.) Supervised
analysis (OPLS-DA) of Luminal A versus TNBC cells. [R2X(cum) = 0.901, R2Y(cum) =

0.993, Q2(cum) = 0.935].
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Figure 2. Multivariate analyses comparing breast cancer (BCa) cell linesin the presence of
paclitaxel treatment

The panels are pairwise supervised analyses (OPLS-DA) of non-treated controls compared
to cells treated for 48 hr with paclitaxel [10 nM]. (A.) BT474 (ER*/PR*/HER2*) Luminal A
cells. [R2X(cum) = 1, R2Y(cum) = 1, Q%(cum) = 1]. (B.) MCF-7 (ER*/PR*/HER2")
Luminal A cells. [R2X(cum) = 1, R2Y(cum) = 1, Q%(cum) = 1]. (C.) MDA-MB-231 is the
TNBC cell line derived from a Caucasian woman. [R2X(cum) = 1, R2Y(cum) = 1, Q%(cum)
=1] (D.) MDA-MB-468 is the TNBC cell line derived from an African-American woman.
[RZX(cum) = 1, R2Y(cum) = 1, Q%(cum) = 1].
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Figure 3. Secretome expression responses to paclitaxel treatment
Bar graph depicts relative % change in expression of selected inflammatory cytokines

secreted into the media of the four BCa cell lines tested, normalized to each cell line’s non-
treated control.
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Figure 4. Taxane Pathway
Representation of known candidate genes involved in the pharmacokinetics and

pharmacodynamics of taxanes. Permission to reproduce diagram has been given by
PharmGKB® and Stanford University https://www.pharmgkb.org/pathway/PA154426155.98
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Table 5

Paclitaxel response-dependent inflammatory cytokine profiles in Luminal A and TNBC cell lines are highly
heterogeneous.

Cytokine Symbol | BT474 | MCF-7 | MDA-MB-231 | MDA-MB-468

CSF2/GM-CSF
GRO

IL-4

IL-6

MCP-1

MDC
MIP-18/delta
RANTES

SCF
ANG/Angiogenin
VEGF-A
PDGF-BB
BDNF

FGF-4

FGF-9

CX3CL V/Fractalkine
IGFBP-1

IGFBP-2

IGFBP-4

IL-16

LIGHT

MIF

MIP-3 a/alpha
NAP-2
OPG/Osteoprotegerin
TIMP-1

TIMP-2

Relative expression of significantly heterogeneous profiles of secreted cytokines into media from BT474, MCF-7, MDA-MB-231 and MDA-
MB-468 BCa cell lines after 48 hr treatment with paclitaxel (10 nM) normalized to their individual non-treated, time-matched control secretory
signals. Relative expression levels are defined as significantly upregulated if = 1.5 (highlighted in red and bold-print) or significantly
downregulated if < 0.65 (highlighted in green and Jtalicized).
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