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Abstract

Metastatic breast cancer is a leading cause of cancer-related deaths in women worldwide. Patients
with triple negative breast cancer (TNBCs), a highly aggressive tumor subtype, have a particularly
poor prognosis. Multiple reports demonstrate that altered content of the multicopy mitochondrial
genome (MtDNA) in primary breast tumors correlates with poor prognosis. We earlier reported
that mtDNA copy number reduction in breast cancer cell lines induces an epithelial-mesenchymal
transition associated with metastasis. However, it is unknown whether the breast tumor subtypes
(TNBC, Luminal and HERZ2+) differ in the nature and amount of mitochondrial defects and if
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mitochondrial defects can be used as a marker to identify tumors at risk for metastasis. By
analyzing human primary tumors, cell lines and the TCGA dataset, we demonstrate a high degree
of variability in mitochondrial defects among the tumor subtypes and TNBCs, in particular, exhibit
higher frequency of mitochondrial defects, including reduced mtDNA content, mtDNA sequence
imbalance (MtRNR1:ND4), impaired mitochondrial respiration and metabolic switch to glycolysis
which is associated with tumorigenicity. We identified that genes involved in maintenance of
mitochondrial structural and functional integrity are differentially expressed in TNBCs compared
to non-TNBC tumors. Furthermore, we identified a subset of TNBC tumors that contain lower
expression of epithelial splicing regulatory protein (ESRP)-1, typical of metastasizing cells. The
overall impact of our findings reported here is that mitochondrial heterogeneity among TNBCs can
be used to identify TNBC patients at risk of metastasis and the altered metabolism and metabolic
genes can be targeted to improve chemotherapeutic response.
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Mitochondrial DNA copy number; Mitochondrial DNA sequence imbalance; Metabolic gene
expression; Triple negative breast cancer; ESRP1

1. Introduction

Metastatic breast cancer accounts for the highest mortalities in women worldwide [1]. It is
estimated that 20-30% of all newly diagnosed breast cancers progress to metastatic breast
cancer in which case the median survival is < 3 years. Furthermore, tumor heterogeneity and
the existence of several molecular subtypes of breast tumors [2-6] make it difficult to design
individualized therapeutics, and to identify patients at risk to develop metastatic disease.
While the response to targeted therapies for receptor positive tumors (ER+, PR+, HER2+)
has improved significantly, 10-15% patients with the highly aggressive triple negative
tumors (TNBC: ER-, PR—, HER2-) have not benefitted from current therapies which
emphasize the need for identifying effective drug targets in TNBCs [7]. While
transcriptional (oncogene activation/suppressor gene loss) and environmental (local hypoxia,
oxidative stress) changes drive progression within the primary tumor, such environmental
stressors also select for cells that have adapted to these changes by altering their metabolism
to meet nutrient availability. Mitochondria, principle regulators of these metabolic changes,
are now recognized as the cellular stress-sensors that promote adaptation during tumorigenic
transition [8]. However, such stress also promotes the acquisition of mitochondrial defects
that in turn exacerbate stress factors favoring metastasis. Mutations in mitochondrial genes
and mtDNA as well as reduced mtDNA copy number often reported in cancer cells do not
completely inactivate mitochondrial functions but they alter the mitochondrial bioenergetics,
metabolic and biosynthetic state to adapt to the substrate requirements of the tumor cell [9-
15]. It has been well documented that while reduced mtDNA copy humber and impaired
mitochondrial functions are associated with tumorigenicity, complete loss of mitochondrial
functions, such as elimination of mitochondrial respiration, inhibits tumor cell growth
[12,16-20].
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The number of mitochondria and copies of the mitochondrial genome per cell varies
according to the tissue type and energy demand [21]. Numerous cellular and environmental
factors including reactive free radicals, the hypoxic environment within solid tumors and
defects in mtDNA transcriptional machinery (such as mtPOLG and TFAM mutations/
deletions) result in loss of mtDNA copy number. Ironically, many chemotherapeutic drugs
targeting primary tumors, including doxorubicin and other anthracycline derivatives, damage
mtDNA and impair mitochondrial functions among breast cancer patients [22]. Reports
suggest over half of all breast cancer patients have markedly reduced mtDNA copy number
[23-29]. A study observed that the 5 year-disease free survival post-surgery for patients
without adjuvant chemotherapy was only 59% with low mtDNA content compared to 91.7%
for patients with high mtDNA content [30]. However, whether mitochondrial genome
defects are more prevalent in any particular subtype of breast tumors has not been
investigated.

Over 90% of primary breast tumors undergo cellular reprogramming during metastasis
involving an epithelial-to-mesenchymal transition (EMT) which gives rise to tumor initiating
breast cancer stem cells (brCSCs) and disseminated tumor cells in the bone marrow (BM-
DTCs) with self-renewal potential that drive metastasis [31-33]. We previously
demonstrated that 70-80% reduction in mtDNA copy number impaired cellular respiration
in breast cancer cell line MCF7 as well as normal human mammary epithelial cell line
MCF10A and activates a mitochondria-to-nucleus retrograde signal leading to cellular and
transcriptional reprogramming similar to an EMT [34]. These effects were reversed by
restoring mtDNA content, indicating that changes in mtDNA content are a signal of
metastatic transition [34]. We also reported that experimentally reducing mtDNA copy
number diminished the expression of the epithelial splicing regulatory protein-1 (ESRP1)
suggestive of changes in gene splicing favoring metastasis [34]. Notably, ectopic expression
of ESRP1 in low mtDNA cells reversed the EMT suggesting that mtDNA loss induced EMT
in cell lines is mediated at least in part via loss of ESRP1 [34].

Based on our previous observations that mtDNA loss induces EMT and a metastatic
phenotype in mammary cells [34], combined with the reported molecular tumor
heterogeneity and variability in treatment responses among patients, we hypothesized that
the different breast tumor subtypes have varying patterns of mitochondrial genome and
functional defects which possibly determines their metastatic potential and response to
therapy. However, there is no report analyzing the exact nature of mitochondrial defects in
primary tumors of TNBC and non-TNBC (Luminal and HER2+) human patients. To test this
hypothesis, we first analyzed The Cancer Genome Atlas (TCGA) breast cancer dataset, and
subsequently validated our findings using primary breast tumors from an ethnically diverse
patient population as well as human breast cancer cell lines from the four tumor subtypes
(TNBC and non-TNBC). Here, we report that in primary tumors, mitochondrial defects
(mtDNA copy number reduction, low basal respiratory capacity and mtDNA sequence
imbalance) are more pronounced in the highly aggressive triple negative tumors compared to
other subtypes, and low mtDNA content in primary tumors reported in TCGA correlates
with tumor metastasis. We observed that TNBCs showed marked variability in
mitochondrial metabolism gene expression compared to non-TNBCs, indicating that
mitochondrial defects and loss of ESRP1 expression are molecular markers associated with
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aggressive TNBCs. Interestingly, we observed that the glycolytic flux is higher in TNBC
cells compared to LumA and HER2+ cells and the in vivo tumorigenicity in a xenograft
model correlated with the mitochondrial dysfunction and higher glycolysis. Understanding
the fundamental mitochondrial and metabolic differences among breast tumors, is critical to
new advances in precision medicine. We report here: (1) unique mitochondrial aberrations in
TNBCs which can potentially serve as a diagnostic marker of TNBC metastasis (2) a novel
mtDNA-RNRI ratiometric sequence imbalance in TNBCs. In future, mtDNA defects and
altered metabolic profile can serve as new molecular targets to design effective
chemotherapeutics for TNBC patients.

Materials and methods

Human tissue samples

Malignant breast tumors from patients in three different populations were used in this study.
We analyzed 20 tumors with matched non-tumor tissue (77 = 20) from the same patient from
a cohort of Japanese, Caucasian, Hispanic and African-American patients and 22 tumors
from the TNBC (ER-, PR-, HER2-) and non-TNBC (ER+, PR+, HER2+) subtypes
obtained from the Comparative Human Tissue Network (CHTN). Tumor biopsies used in
this study were confirmed histopathologically to be > 70% tumor. Because mtDNA is
polymorphic and the resulting haplogroups segregate with ethnicity, we included tumors
from individuals of Asian, Caucasian, Hispanic and African American ancestry to enhance
the generality of our findings. Sample numbers are indicated in the figures. We did not
exclude samples based on age, race and treatment regimen. This study was carried out in
compliance with the regulations of the Institutional Review Board (IRB), IACUC (Protocol
# 805964) and Environmental Health and Radiation Safety (EHRS) at the University of
Pennsylvania.

2.2. Celllines

Receptor triple negative basal-like cells (TNBC: ER-, PR—, HER2-) Hs578T, SUM1315,
MDA-MB-231 and HCC1806 and receptor positive cells (non-TNBC: ER+, PR+ and ER+,
PR+, HER2+) T47D, MCF7 and SUMS52PE cell lines were obtained either from ATCC or
collaborators and cultured in their recommended growth medium. All cell lines used in this
study have been authenticated by STR profiling using Promega’s GenePrint® 10 kit. None
of the cell lines used in this study is included in the database of misidentified and cross-
contaminated cell lines (http://iclac.org/databases/cross-contaminations).

2.3. TCGA dataset analyses

In this study we analyzed The Cancer Genome Atlas (TCGA) dataset for 825 breast cancer
patients. For mtDNA copy number estimation of the TCGA dataset, we used a
computational approach using the Sanders algorithm [35]. Data for mtDNA tumor levels
were obtained from supplementary material of Reznik et al. [35]. Briefly, Sander’s algorithm
for mtDNA copy number estimation in tumors was designed based on comparing the
number of sequencing reads aligning to [1] the mitochondrial (MT) genome and [2] a
nuclear genome of known ploidy (which for normal tissues is 2 and for tumor tissues varies
based on a correction factor influenced by the copy number of the tumor genome and
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stromal contamination). TCGA breast cancer expression data for ESRP1 was obtained from
the Genomics Data Commons Portal (https://gdc.nci.nih.gov/). TCGA breast cancer PAM50
molecular classification and BRCAL mutation data was obtained from the cBioPortal
(www.chioportal.org). Data was processed, integrated, analyzed and visualized in R
Bioconductor using the ‘readxl’, ‘biomaRt’, ‘jsonlite” and ‘ggplot2’ packages.

2.4. mtDNA copy number estimation

At least three punch sections were taken from each tissue for replicates to rule out the effects
of intratumor heterogeneity and each sample was analyzed in triplicate. MtDNA copy
number was measured from total genomic DNA isolated from normal and tumor tissues
using DNeasy Blood and Tissue kit™ (Qiagen Cat # 69504). Using SYBR Green assay and
quantitative real time PCR (gPCR) we amplified mtDNA (50 ng template) using primers
specific for mtDNA encoded gene Cytochrome Oxidase subunit | (MT-COI) and normalized
using a nuclear encoded single copy gene Cytochrome ¢ Oxidase subunit IVil (CcO IVil).
Data analysis was done using the AACT method. This method of analysis estimates mtDNA
copy number relative to a single copy nuclear gene as an internal reference gene [34,36,37].
Taking into consideration that tumors often have nuclear genome polyploidy due to
chromosomal instability, in preliminary experiments, we have used multiple nuclear encoded
single copy genes coded on different chromosomes, 18S, 36B4, RPL13A and CcOlVil as
reference genes for normalization. Although there are possible inter individual differences in
the transcripts of nuclear coded genes in tumors, the overall patterns of mtDNA contents
among our comparisons remained unchanged irrespective of the gene of reference.

2.5. Analysis of variations in mtDNA sequence amplifications

For estimating mtDNA sequence variations, multiplex gPCR assays were completed using
TagMan® Fast Advanced Master Mix (Thermo Fisher Scientific Inc.). 5 uM primer/probe
were used in each 8 pl reactions, which were performed on a Quant Studio 5 Thermocycler
(Thermo Fisher Scientific Inc.). Cycling parameters were optimized for each multiplex
primer/probe assays: for ND1pl-B2M, CYTBpl-GUSB, ND1-ND4, ND1-RNR1, or ND4pl-
RNR1 assays, 95 °C for 20 s followed by 40 cycles of 95 °C for 1 s, 63 °C for 20 s and

60 °C for 20 s; for RNR1pl-hPRT assays, 95 °C for 20 s followed by 40 cycles of 95 °C for
1s, 62 °C for 20 s and 60 °C for 20 s; for ND4pl-hPPIA assays, 95 °C for 20 s followed by
40 cycles of 95 °C for 1's, 59 °C for 20 s and 60 °C for 20 s. Standard curves were generated
using 4-5 serial dilutions performed for every primer/probe set and both CT and ACT were
analyzed to ensure linearity to input DNA. Relative mtDNA content was calculated using
AACT normalized to the average ACT of the standard curve. This allows averaging across
different probe sets, which was employed to limit the impact of genome sequence variation.
The ratio of specific mtDNA sequences was calculated as previously described [38]. In the
current study, we have included a TAQMAN probe for RNR1 sequence, and performed
pairwise comparison of all three probe sets to identify regions of instability. Alterations in
ND4 abundance was calculated by subtracting the Ct value of ND1 from ND4 in each
replicate, while normalizing back to the average of non-TNBC samples. Similarly, alteration
of RNR1 abundance was calculated where Ct values of ND1 or ND4 were subtracted from
RNR1 Ct values, then normalizing as above.
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2.6. Cellular respiration assays

2.7. Tumor

Oxygen consumption rate (OCR) and extracellular rate of acidification rate (ECAR) was
carried out in a XF24 Seahorse Analyzer (Seahorse Bioscience, Billerica, MA, USA) using
5 x 10% cells as described before [34]. Equal number of cells were counted and seeded on
the XF24 culture plates 6 h prior to performing the assay to rule out the differences in
proliferation rates between cell types. Thirty minutes prior to the OCR and ECAR
measurements, the growth medium of the cells was replaced with unbuffered assay medium
containing 10 mM glucose in the absence of CO,. Cellular protein was estimated after the
assay and oxygen consumption rates are represented per 0.1 mg cellular protein.

xenotransplantation

Mammary fat pad injections for tumor xenotransplantation were performed following
standard procedure [39]. Hs578T and SUM1315 cells (1 x 10°) suspended in Matrigel:PBS
(1:1) solution were injected in the mammary fat pad of 6 weeks old female
immunocompromised NSG™ mice in an orthotopic tumor model. Tumor growth was
monitored weekly for 8 weeks. In the initial two weeks, there were no detectable tumors.
Cells were labeled only numerically during this study and researchers and technician who
measured the tumors remained blind to the cell identity during the course of this study. For
statistical significance of the observed differences, we used sample size of 4 animals per
group as determined by power analysis calculation, based on one tailed alpha value of 0.05,
a beta value of 0.8, and effect size of 0.9. All animal studies were performed in accordance
with IACUC regulations.

2.8. Gene expression analysis

Total cellular RNA was prepared using the RNeasy mini kit™" (Qiagen Cat # 74104).
Genomic DNA was eliminated from the RNA preparations using Turbo DNA Free kit™
(Thermo Fisher Scientific). 1 pg RNA was reverse transcribed into cDNA using High
Capacity reverse transcription kit (Applied Biosystems). 10 ng cDNA was used in each
Tagman Assay reaction for the ESRP1 (Life technologies ID # Hs00214472_m1) and 18S
(Life Technologies ID # Hs03928985_g1) TAQMAN Assay reactions. 25 ng cDNA was
used for each SYBR Green reaction for expression analysis of TEFAM, SLC25A25, HK?Z,
UQCRI11. RPL13A was used as an endogenous control. Quantitative Real Time PCR assays
were run on an ABI Quant Studio 6 real time thermocycler (Applied Biosystems). All real
time PCR assays were run in triplicate. Data are presented as Relative Quantitation (RQ).

2.9. RT2 profiler array for mitochondrial metabolism pathway genes

The mitochondrial gene expression pattern was analyzed using the human mitochondrial
metabolism Pathway RT?2 pre-designed PCR profiler array. This array (catalog number
PAHS-008Y, SA Biosciences, Qiagen, CA) is designed to quantify the mRNA transcript
levels for 84 genes representative of cellular metabolism, mitochondrial biogenesis and
mitochondrial structural and functional integrity pathways. Total RNA was extracted from
the tumors and breast cancer cell lines as indicated in the figure. Data was analyzed using
the SA Biosciences (Qiagen) web-based RT? Profiler Array Data Analysis version 3.5
program. No template controls on the predesigned array plates ensured lack of

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2019 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Guhaetal.

Page 7

contamination and set the threshold for the absent/present calls. Samples yielding Ct values

above 35 (transcript abundance below detection threshold) were discarded. Genes were

considered as altered if there was at least 2 fold change in expression. The resulting values

are reported as fold change in gene expression in non-TNBC compared to TNBCs.

2.10. Primer sequences

mtDNA copy number analysis:

COX1 gene:

TGATCTGCTGCAGTGCTCTGA (forward)
TCAGGCCACCTACGGTGAA (reverse)

COX IV1i gene:

GAAAGTGTTGTGAAGAGCGAAGAC (forward)
GTGGTCACGCCGATCCAT (reverse)

mtDNA imbalance analysis:

hTRNP-RNR1 primer 1:

GGTTTGGTCCTAGCCTTTCTAT

hTRNP-RNRL1 primer 2:

GTGCTTGATGCTTGTTCCTTT

hTRNP-RNR1:

HEX: /SHEX/CCCGTTCCA/ZEN/GTGAGTTCACCCTCTA/3IABKFQ/
ND1 assay:

Probe: 5"-HEX/CCATCACCC/ZEN/TCTACATCACCGCCC/3IABKFQ/-3’
Primer 1: 5" -GAGCGATGGTGAGAGCTAAGGT-3’

Primer 2: 5"-CCCTAAAACCCGCCACATCT-3’

ND4 assay:

Probe: 5"-FAM/CCGACATCA/ZEN/TTACCGGGTTTTCCTCTTG/3IABKFQ/-3’

Primer 1: 5’ -ACAATCTGATGTTTTGGTTAAACTATATTT-3’
Primer 2: 5"-CCATTCTCCTCCTATCCCTCAAC-3’

mMRNA quantitation by qReal Time PCR:

TFAM:

ACCGAGGTGGTTTTCATCTG (forward)
TTTGCATCTGGGTTCTGAGC (reverse)

RPL13A:
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GCCATCGTGGCTAAACAGGTA (forward)
GTTGGTGTTCATCCGCTTGC (reverse)

SLC25A25:

TGACCATCGACTGGAACGAGT (forward)
ACATCAAAGATCGTGGAATGCTT (reverse)

UQCR11:

AACTGGGTCCCGACGGCCTA (forward)
ATCCTTCTTAAACTTGCCAT (reverse)

HK2:

TGCCACCAGACTAAACTAGACG (forward)
CCCGTGCCCACAATGAGAC (reverse)

ESRP1: Tagman probe Assay ID: Hs00214472_m1 (Thermo Fisher)
18S: Tagman Probe Assay ID: Hs03928985 g1 (Thermo Fisher)

2.11. Statistical analysis

We analyzed the statistical significance of differences using two-tailed #test for normally
distributed datasets. Welch’s #test was used while comparing between two tumor types and
human samples which have high variance within each type. We used ANOVA for analyses in
experiments where we compared among multiple tumor types. Copy numbers/expression
levels were not normally distributed and were log2 transformed for analyses to conform
Gaussian distributions. Data are presented as the mean £ SEM (standard error of the mean)
with individual data points (red cross) and the standard box-plot with median (red line),
lower and upper quartile values (blue box), and 1.5 interquartile-ranges (black whiskers).
Groups were compared by one-tailed Welch’s £test (in the log2 scale) and statistical
significance was set at 0.05. For mtDNA sequence imbalance in non-normally distributed
tumor samples Mann-Whitney test was used to calculate the significance of the differences
in the mtDNA sequence imbalance assays. * indicates p < .05, ** indicates p < .01, ***
indicates p < .001.

3. Results

3.1. Mitochondrial DNA copy number variations among breast cancer patients analyzed
from the TCGA dataset

Association between mtDNA content and prognosis has been previously reported [23,25—
28,30] but these reports are contradictory as to whether high or low levels of mtDNA
correlate with poor prognosis. Here we extracted the mtDNA copy number from 825 breast
cancer patients in the TCGA dataset following the Sander’s algorithm [35]. We analyzed the
TCGA dataset for associations between patient tumor mtDNA content and metastasis
following the tumor staging TNM (Tumor size, lymph Nodes affected and Metastases)
recommended by the American Joint Committee on Cancer (AJCC) (https://
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cancerstaging.org). Patients with most advanced Stage IV disease, who have at least one
diagnosed metastatic site, had the lowest tumor mtDNA copy number (Fig. 1). Furthermore,
of all tumors examined, those that progressed to metastasis had the lowest mtDNA copy
number by two-tail Student’s #test (p=.007) (Fig. 1). Although the TCGA dataset for
metastatic tumors has a smaller sample size as there is no information on metastases for the
majority of the TCGA breast tumors, based on the effect size, the difference in mtDNA
content between non-metastatic and metastatic tumors were significant as noted above with
p=.007. Although aging is associated with cancer incidences, we did not find any
significant correlation in the mtDNA content of primary breast tumors in the TCGA with the
age at initial diagnosis of the patients (Suppl. Fig. S1).

3.2. Mitochondrial genome content is variable among the intrinsic subtypes of breast
tumors

To analyze mtDNA copy numbers in tumors, we obtained tumor and matched normal (non-
tumor) breast tissues from different patient cohorts. The tissues used in this study were
obtained from diverse ethnic background of patients (Asian, Caucasian, Hispanics and
African American) to circumvent potential affects due to mtDNA sequence differences (i.e.,
haplogroups) [40]. We observed the tumor mtDNA content was not statistically significant
compared to the matched non-tumor tissue when we grouped all tumors and non-tumor
tissues. The copy number distributions of non-tumor and tumor tissues have
indistinguishable averages (mean £ S.E.M.: 10.7 £ 0.7, 10.2 + 0.2, respectively; p=.23, n=
20, one-tail paired Student’s #test). While tumors have lower mtDNA contents, we also
observed that mtDNA content in tumors have less variability than non-tumor tissues which
have a wider distribution (second momentum + S.E.M.: 8.4 £ 4.4, 0.7 = 0.3, respectively; p
=.05, n= 20, one-tail paired Student’s #test) (Fig. 2A).

Our observation in Fig. 2A that there was no significant difference in mtDNA copy number
in tumors when compared to matched normal (non-tumor) tissues in our cohort could
account for the contradicting reports about tumor mtDNA levels because most prior studies
included all breast tumor subtypes for their analyses. However, the molecular gene
signatures are variable among the tumor subtypes: triple negative (TNBC: ER-, PR-,
HER2-) and non-TNBC (Luminal A, B and HER2+: ER+, PR+, HER2+) [41] which could
influence mitochondrial biogenesis, functions and mtDNA content. To evaluate the notion
that mtDNA copy number loss is unique to specific tumor subtypes, we measured mtDNA
copy number in tumors compared to their matched non-tumor tissues (Fig. 2B). We observed
that mtDNA copy number was significantly (o= .039) lower in TNBC tumors compared to
their matched non-tumor tissue. In contrast, mtDNA content in non-TNBC (Luminal A, B,
and HER2+) tumors either tended to be higher or remained unchanged relative to the non-
tumor matched tissue (Fig. 2B and Suppl. Fig. S2). We analyzed at least 3 punch biopsies
from the tumor sample (as determined by a pathologist). The mtDNA copy numbers
between the different punch biopsies from the same patient tumor remained similar with no
statistical difference.
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3.3. Triple negative basal-like breast cancer cells have impaired mitochondrial functions

We analyzed mtDNA content and mitochondrial functions in human TNBC and non-TNBC
cell lines. We aimed to address if TNBC cell lines in general, similar to human tumors, had
higher prevalence of mitochondrial defects. Even though we observed variability in mtDNA
content among individual cell lines in both TNBC as well as non-TNBCs, which is reflective
of inter-individual differences observed among human tumors, TNBC cells have lower
mtDNA contents compared to non-TNBC cells (Fig. 3A). We next quantified the mRNA
levels of the mtDNA regulatory nuclear-encoded transcription factor 7FAM. TFAM levels
have been reported to positively correlate with mtDNA levels [42]. Similar to breast cancer
tissues, 77am mRNA level was lower in TNBC basal-like cells when compared to the non-
TNBC cells (Fig. 3B and Suppl. Fig. S3). It is likely that lower mtDNA contents in TNBC is
related to lower TFAM mRNA levels.

We assessed cellular respiration as a measure of mitochondrial function in a panel of breast
cancer cell lines (Fig. 3C). The basal oxygen consumption rate in the four TNBC basal-like
cells were markedly lower than the non-TNBC cells (Fig. 3C). This is indicative of impaired
mitochondrial functions in TNBC subtype compared to other subtypes.

3.4. MtDNA sequence imbalance in breast tumors is variable among the intrinsic

subtypes

Mutations and deletions in mtDNA are widely reported in breast tumors and purported to
contribute to tumor progression. However, there is no report examining the variations in
mtDNA sequence contents among the four major molecular subtypes of breast tumors. This
is important because variation among tumor subtypes in one mtDNA coding sequence region
is evidence of abnormal mtDNA metabolism. To evaluate this point, we used quantitative
PCR for multiplex reactions using multiple custom-designed primer-probe combinations for
sequences spanning the mtDNA (Fig. 4A), some of which are imbalanced in other disease
states [38].

We probed for relative abundance of RNR1 (ribosomal subunit 1), ND1 (NADH
dehydrogenase subunit 1) and ND4 (NADH dehydrogenase subunit 4) sequences in all
pairings (Fig. 4A—C and Suppl. Fig. S4). We normalized and compared the average values
between TNBC and non-TNBC tumors. In Fig. 4 and Suppl. Fig. S4, plots show comparison
of two probes, where a data point off of zero toward one marker (such as RNR1) indicates
imbalance that could be decrease in RNR1 content, or increase in the other marker (such as
ND4 or ND1). The so called “common” mtDNA deletion is evident when ND4 amplification
is lower than ND1 [38] where ND1-ND4 would produce a negative stability value, but this
was not evident in any of the tumor subtypes (Fig. 4). The lower amplification of RNR1
ratiometric to ND4 we observed in the TNBC tumors is statistically significant at p= .03
(Fig. 4B). This is interesting in light of the fact that previous studies with non-cancer post-
mitotic tissues reported that the ND4 region is more vulnerable to deletions [43]. The bulk of
samples for any one analysis did not show imbalance, but we observed some interesting
trends centered around the RNR1 probe set in these pairwise comparisons (Fig. 4B,C). To
combine these parameters, we plotted the data in a 3D scatter plot, which allows us to
visualize three clusters (Fig. 4C). Cluster 1 contains the majority of cancer samples, all
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having normal sequence stability (within ~20% zero in X, Y, and Z axes). Cluster 2 is
typified by ~25% ND4-RNR1 and ~50% ND4-RNR1 imbalance, with the common trend
toward more RNR1 sequence amplification. Cluster 3 shows ~40% ND1-RNR1 and ~50%
ND4-RNR1 imbalance, with the common aspect toward less RNR1. Although tumor
samples from all groups appeared in Cluster 3, it was striking that 50% of the TNBCs were
in this population. Tumor samples being limiting, for validating our assays we combined
samples and performed dilution analysis to ensure linearity of each probe set, as well as test
the consistency of clustering (data not shown). Considering the stringency of the assay,
ratiometric imbalance of these mtDNA probe sets can potentially be used for stratifying
primary breast tumors on the basis of mtDNA defects.

Differential OXPHOS modulation among the intrinsic subtypes of breast tumors

MtDNA defects can induce broad transcriptional changes in multiple metabolic pathways
and modulate mitochondrial functions which is commonly observed in tumors [36,37,44—
47]. However, it has not been investigated if there are metabolic differences among the
intrinsic subtypes of breast tumors. We therefore tested the relationship between the mtDNA
copy number variability among the intrinsic subtypes and the gene expression levels for 84
genes which regulate different pathways involved in mitochondrial energy metabolism using
the Human Mitochondrial Energy Metabolism Pathway Plus RT?2 (SA Biosciences, Qiagen)
profiler array (Fig. 5 and Table 1). We explored the possibility that clinically challenging
TNBCs, containing lower mtDNA content have metabolic differences that can be harnessed
in future for therapeutic targeting. Scatter plot and Clustergram analyses of overall changes
in gene signatures identified differential metabolic gene expression patterns and the
pathways they regulate between TNBC when compared to non-TNBC subtypes (Fig. 5A—
C). Because we compared among tumor tissues, we observed an overlap in metabolic gene
expression patterns between TNBC and non-TNBCs (Fig. 5A). However, 52% genes (p=.
05) involved in mitochondrial functions were down-regulated in TNBCs compared to non-
TNBC subtypes (Fig. 5 and Table 1).

Genes downregulated in TNBCs compared to non-TNBC subtypes were mainly associated
with mitochondrial ATP synthesis-coupled electron transport, including subunits of Complex
| (NDUFA2, NDUFA4, NDUFAG, NDUFA8, NDUFB10, NDUFS1, NDUFS7,NDUFS8),
Complex Il (UQCR11, UQCRC1,UQCRC2, UQCRFS1, UQCRH, UQCRQ), ATP-Mg?*/Pi
transporter (SLC25A25), ATP synthase, MitoH2_14573, MitoH2_4162. This is consistent
with our observation that TNBCs have a reduction in mitochondrial respiratory capacity and
decreased mtDNA copy number. A complete list of the genes expression changes in non-
TNBC (Luminal A, Luminal B and HER2+) compared to TNBC tumors and cells is
provided in Fig. 5B and Table 1.

We verified by quantitative real time PCR analysis the mRNA levels of an ETC component
gene (UQCR11) and a solute carrier gene (SLC25A25), which we identified from the RT?2
profiler array were downregulated in TNBCs. The mRNA levels of the ATP-MgZ*/Pi
transporter SLC25A25 and the Ubiquinol-cytochrome ¢ Reductase, Complex I11, subunit 11
(UQCR11) are lower in TNBC cells compared to the non-TNBC cells (Fig. 6A, B and
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Suppl. Fig. S5A, B). The UQCR11 mRNA was lower in TNBC compared to the non-TNBC
tumor tissues (Suppl. Fig. S5C).

Metabolic switch to higher glycolysis is widely accepted as a hallmark of many aggressive
tumors [48-50]. This prompted us to investigate the expression of hexokinase 2 (HK2) gene,
an irreversible enzyme at the start of glycolysis. We observed that TNBC cell lines and
tumors expressed higher HK2 mRNA compared to the non-TNBCs (Fig. 6C and Suppl. Fig.
S5D, E). Extracellular flux analysis measures the rate of acidification of the medium and is
an indicator of glycolytic flux [51]. We observed that TNBC cells have higher extracellular
flux (ECAR) indicative of higher glycolysis (Fig. 6D). To further test the hypothesis that
higher glycolysis in TNBCs is an adaptive mechanism to meet their high proliferation, we
selected two TNBC basal-like cell lines, Hs578T and SUM1315 with varying ECAR to test
their tumorigenic potential in a xenograft model. SUM1315 which has higher extracellular
acidification rate (ECAR) compared to Hs578T (Fig. 6D), formed higher tumor load when
injected into immunocompromised AV'SG™ mice compared to Hs578T, which formed no
tumors in the 6 weeks duration of the study (Fig. 6E). It is notable that although there are
differences in the molecular signature between Hs578T and SUM1315, it is of potential
clinical significance that tumorigenic potential can be additionally determined based on
differences in their metabolic (glycolytic) status.

3.6. A subset of TNBCs has lower ESRP1 expression correlating with low mtDNA content

ESRP1 is involved in epithelial-mesenchymal transition and metastasis by regulating
alternative splicing [52-54] and mediates the retrograde response toward epithelial to
mesenchymal transition in low mtDNA containing mammary epithelial cells [34]. We
therefore analyzed the breast tumor tissues with the goal to identify a subset of the tumors
containing low mtDNA as well as low ESRP1 levels which based on our previous report
would potentially be have higher metastatic risk. In agreement with our previous report [34]
that ESRP1 levels positively correlate with low mtDNA content and inversely related to
metastasis, we observed that ESRP1 mRNA levels were lower in the low mtDNA containing
TNBC cells when compared to the non-TNBC cells (Fig. 7A and Suppl. Fig. S6A). By
association analysis, we identified unique subset of tumors containing both low mtDNA
content as well as low ESRP1 mRNA levels (Fig. 7B and Suppl. Fig. S6B). Additionally we
identified a subset among TNBC tumors (marked in red box), which contained the lowest
mtDNA content, as well as lower ESRP1 gene expression (Suppl. Fig. S6C).

4. Discussion

Mitochondrial genome defects have been associated with various aggressive cancers
including breast cancer. Numerous reports show mtDNA copy number changes (high and
low), mtDNA mutations and deletions in breast tumor tissues compared to normal tissues
[25,55-60]. However, breast tumors are heterogeneous and have distinct molecular
signatures depending on their subtypes, which dictate their progression and therapeutic
outcome. In this study, we aimed to address if there are differences in mtDNA copy number
and mitochondrial functional defects among the four major molecular subtypes of breast
tumors [3,4] and identify the nature of mitochondrial defects that could be used for tumor
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stratification and metastasis-risk analysis. Our results suggest that reduced mtDNA copy
number loss and lower cellular respiration occur preferentially in receptor triple negative
tumors and basal-like cells is suggestive of the contribution of mitochondrial defects toward
the aggressiveness frequently observed in TNBCs. Furthermore, lower amplification in the
RNR1 region relative to ND4 is indicative of either higher mtDNA deletion, or replication
defects specifically in the RNR1 loci and this needs to be investigated further. Tumor
mtDNA content and specific mtDNA alterations should therefore be explored in larger
retrospective and prospective studies to examine their potential as prognostic indicators of
metastatic disease.

Triple negative tumors account for 5-10% of all breast cancers and affect mostly African
Americans and younger women [7,61]. Moreover, a high percentage of individuals
harboring defects (mutations or deletions) in the tumor suppressor gene BRCA1 have
receptor triple negative tumors and are at an increased lifetime risk for developing high
aggressive breast tumors [62,63]. Interestingly, it has been suggested that BRCAL, a nuclear
DNA damage response protein, similar to ATM, is involved in mtDNA maintenance,
mtDNA integrity and mtDNA damage repair and regulates cellular metabolism [64]. Our
analysis of the TCGA dataset suggests that tumors containing low mtDNA content harbor a
higher frequency of pathogenic BRCA1 mutations (Suppl. Fig. S7). Therefore, it is plausible
that BRCAL regulates mtDNA biogenesis in TNBCs and patients harboring mtDNA defects
with associated BRCA1 loss/mutations may respond better with chemotherapeutics
modulating tumor metabolism.

Recent reports suggest OXPHOS modulation in mammary tumors and the microenvironment
is an adaptive mechanism by which tumor cells meet their energy demands [65-68].
However, it remained unclear if there were significant differences in metabolic gene
expression among the four intrinsic breast tumor subtypes. We observed differences in the
extracellular flux and OXPHOS gene expression among the tumor subtypes, which indicate
that the metabolic reprogramming, is not a generalized phenomenon in all tumors but have
unique differences among tumor subtypes. We identified genes involved in maintenance of
mitochondrial structural and functional integrity that are differentially expressed in TNBCs
compared to non-TNBCs which make them potential molecular candidates to therapeutically
target in TNBCs. Reports show changes in one or more respiratory chain complexes in
various pathologies including different cancers and because each of the respiratory chain
complexes are comprised of many subunits, subtle differences in gene expression can
potentially affect metabolic pattern of the tumor cell. Therefore, in our study we focused on
identifying differences at the molecular level in mitochondrial OXPHOS gene expressions
and identified differential expression of genes involved in mitochondrial biogenesis, ion
transporters, solute carriers between TNBCs and non-TNBCs. A top candidate gene we
identified is the reduced expression in TNBCs of the ATP-Mg/Pi carrier SLC25A25 which
shuttles metabolites, nucleotides and cofactors through the mitochondrial membrane and
modulates cytoplasm and matrix functions.

Changes in alternative splicing mediated by various RNA-binding proteins affect cancer
progression. The regulation of splicing factors and alterations in splicing events mediated by
these factors are dynamic and responsive to signals from tumor cells and their
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microenvironment [54]. In recent years, ESRP1 has emerged as a key regulator of cancer
cell associated splicing network. Whole genome and transcriptome analysis show reduced
ESRP1 expression in breast tumors compared to matched normal tissues [54]. We earlier
reported that mitochondrial dysfunction modulates the expression of ESRP1 and associated
splicing events of oncogenes and drives epithelial-mesenchymal transition in mammary cell
lines [34]. Therefore it is clinically important that we identified a subset of TNBC tumors
containing mtDNA defects as well as expressing low ESRP1 suggesting stratification of
TNBCs further on the basis of the mitochondrial/metabolic defects and ESRP1 expression
can be an effective diagnostic tool for metastasis risk assessment. Interestingly, in silico
analysis indicates alternative splicing sites in the mitochondrial solute carrier SLC25A25
gene which is downregulated in TNBCs and the role of ESRP1 in its regulation remains to
be investigated. Identification of additional splicing regulatory proteins that are uniquely
modulated in TNBCs compared to the other subtypes will be beneficial in designing targeted
therapeutics in TNBCs for metastasis ablation.

We postulate that mitochondrial genome defects provide the second line of assault in tumor
cells, which dictate the pathogenesis and drug resistance in highly aggressive triple negative
tumors. In the absence of targeted therapeutics for TNBCs, there is an unmet need to design
new strategies to improve precision medicine. Our current study identified unique
mitochondrial genome and functional defects and altered expression of metabolic genes
specifically in the highly metastatic TNBCs. While it is essential to confirm these findings in
larger cohorts and further investigate the mechanisms for the mtDNA changes our data
suggest that the candidates identified in this study will potentially be useful to develop a
combinatorial diagnostic platform for metastatic risk assessment and develop precision
medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

TCGA analysis of the mtDNA content among breast tumors.

mtDNA content of breast tumors in TCGA dataset correlating with the metastatic stage.
Negative = tumors did not proceed to metastases; positive = tumors formed metastases.
Significance analysis was done using two-tail Student’s #test (p=.007) ** = p<.01.
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Fig. 2.

m'EqDNA content in human breast tumors.

(A) Real time PCR showing relative mtDNA levels in breast tumor tissues (/7= 20) and
matched non-tumor tissues (/7= 20). The mtDNA content (y-axis) is quantified as the copy
number of mtDNA gene CcO1, normalized by copy number of nuclear single copy gene
CcOlIVil, plotted in log2 scale. P=.23 (B) Relative mtDNA content (y-axis) is the ratio of
mtDNA contents of tumor and matched normal tissues in TNBC (7= 5; p<.039) and non-
TNBC (n=14, p=.14) plotted in Log2 scale. Statistical analysis was done using one-tail
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paired Student’s £test. All p-values were calculated in the original —log2 scale, assuming
two Gaussian distributions with different means, variances and different numbers of
samples. Pvalues are indicated in the figure. * indicates p < .05.
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Fig. 3.

M?tochondrial functional defects in breast cancer cell lines.

(A) Relative mtDNA content in non-TNBC and TNBC cells. Box plot showing the
distribution of the relative mtDNA content in TNBC and non-TNBC cells normalized to
internal single gene CcOIVil. The line inside each box indicates the mean. (B) Relative
Tfam mRNA in TNBC (Hs578T, SUM1315, MDA-MB231, HCC1806) and non-TNBC
(T47D, SUMS52PE) cell lines. 20 ng of cDNA was used per reaction for real time PCR
amplification using either 77am or endogenous gene RPL13A. (C) Basal cellular oxygen
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consumption rate (OCR) in the cell lines (5 x 104 cells per well) as indicated in the figure
measured using an XF24 analyzer. All experiments were done in triplicates and mean +
SEM are plotted. Statistical analysis for significance was done using Students #test. Data is
significant at p < .05.
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Relative abundance of mtDNA in primary human breast tumors.

(A) Circos plot of the mitochondrial DNA. The RNR1, ND1 and ND4 assay regions are
indicated in the figure. (B) Isolated total DNA from TNBC (7= 6) and non-TNBC (Luminal
and HER2+, n= 28) were analyzed by multiplex gPCR for all pairings of ND1, ND4, and
RNR1 primer-probe sets using optimized conditions. Percent imbalance of ND4 and RNR1
probes. Values above upper dashed lines indicate a loss of ND4 and gain of RNR1 content.
Values below the lower dashed lines indicate the inverse. (C) 3D scatter blot of ND1, ND4
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and RNR1 for n= 33 samples. Visually determined clusters are indicated by ellipse and
enumerated by text. Mann-Whitney of ND4-RNR1 shows significant difference between
TNBC vs non-TNBC at p=.035.
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Fig. 5.

RT?2 profiler array showing changes in mitochondrial metabolism genes in TNBC compared
to non-TNBCs. Four non-TNBCs and two TNBCs were analyzed for the profiler array and
run in duplicate. (A) Scatter plot showing distribution of the genes involved in the
mitochondrial metabolism pathway compared between non-TNBC (Luminal A, Luminal B
and HER2+) and TNBC (control group). Black dots indicate unchanged genes, yellow dots
indicate genes activated non-TNBC. Fold-regulation represents fold-change results in a
biologically relevant way. Fold-change values greater than one indicate a positive- or an up-
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regulation. The pvalue is calculated based on a Student’s #test of the replicate 2”(—Delta
Ct) values for each gene in the TNBC (control) group and non-TNBC groups. The fold
change has significant difference at pvalue < .05.
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Fig. 6.

OXPHOS modulation among the breast tumor subtypes.

(A, B) Real time PCR showing alterations In genes encoding mitochondrial proteins,
SLC25A25and UQCR11 (as indicated in the figure) in TNBC cells compared to non-TNBC
TA47D cell line. (C) Real time PCR showing altered mRNA levels of glycolytic gene
hexokinase 2 in TNBC cells compared to non-TNBC T47D cell line. (D) Extracellular
acidification rate (ECAR) versus the OCR in the cell lines (5 x 10* cells per well) indicated
in the figure. All experiments were done in triplicates and mean + SEM are plotted. (E) Left
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panel ( Top) Representative xenograft tumors in 6 week old female NSG™ mice (/7= 4 each
category) derived from SUM1315 cells and mammary fat pad (MFP) of mice injected with
Hs578T as indicated in the figure. (Below) Representative picture of the mouse mammary
fat pad showing xenograft tumors formed from SUM1315 cells and no tumor formation by
Hs578Tcells. Right panel Graph showing tumor volume measured over six weeks.
Statistical analysis for significance of differences was done using Students #test. * indicates
significance level at p< .05, ** = p< .01 and *** = p< .001.
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Fig. 7.

Rglative levels of ESRP1 among the breast tumor subtypes.

(A) Relative levels of ESRP1 in TNBC cells (as indicated in the figure) compared to non-
TNBC T47D cells analyzed by real time PCR using £SRP1 specific Tagman primer-probe
pairs. 18S Tagman primer-probe pair was used as an internal control for normalization.
Statistical analysis for significance of differences was done using Students #test. * indicates
p<.05, ** indicates p < .01. (B) Correlation plot for relative mtDNA (mtDNA encoded
cytochrome oxidase subunit 1 CcoZ) and ESRP1 levels in the tumors (1= 22). Pearson
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(linear) and Spearman (rank) methods were used to identify tumors containing low mtDNA
content as well as low ESRP1.
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List of genes at least 2-fold-change in non-TNBC (Lum A,B and HER2+) compared to TNBC. Fold change
(2"(—Delta Delta Ct) is the normalized gene expression (2(-Delta Ct)) in the test sample (Lum A, B and

HER2+) divided the normalized gene expression (2*(-Delta Ct)) in the control sample (TNBC). The

difference is significant at p = .05.

Gene symbol Fold difference Fold up- or down-regulation
Non-TNBC/TNBC  Non-TNBC/TNBC
ATP5A1 2.06 2.06
ATP5B 2.63 2.63
ATP5C1 1.12 1.12
ATP5F1 2.69 2.69
ATP5G1 1.62 1.62
ATP5G2 2.62 2.62
ATP5G3 321 321
ATP5H 35 35
ATP5I 1.59 1.59
ATP5J) 2.22 2.22
ATP5J2 1.79 1.79
ATP5L 0.77 -13
ATP50 2.51 2.51
COX4l1 2.19 2.19
COX5A 2.01 2.01
COX5B 2.37 2.37
COX6A1 0.79 -1.27
COX6A2 1.7 1.7
COX6B1 2.45 2.45
COX6C 2.05 2.05
COX7A2 1.81 1.81
COX7A2L 1.7 1.7
COX7B 0.76 -1.31
COX8A 3.43 3.43
CYC1 0.85 -1.17
NDUFA1 1.89 1.89
NDUFA10 1.33 1.33
NDUFA11 1.52 1.52
NDUFA2 3.07 3.07
NDUFA3 1.41 1.41
NDUFA4 2.18 2.18
NDUFAS5 1 1
NDUFAG6 3.33 3.33
NDUFA8 2.54 2.54
NDUFAB1 0.69 -1.45
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Gene symbol Fold difference Fold up- or down-regulation
Non-TNBC/TNBC  Non-TNBC/TNBC
NDUFB10 3.6 3.6
NDUFB2 0.84 -1.19
NDUFB3 2.56 2.56
NDUFB4 5.34 5.34
NDUFB5 0.56 -1.79
NDUFB6 1.22 1.22
NDUFB7 291 291
NDUFB8 2.6 2.6
NDUFB9 0.61 -1.65
NDUFC1 2.18 2.18
NDUFC2 3.18 3.18
NDUFS1 3.29 3.29
NDUFS2 0.42 -2.36
NDUFS3 13 13
NDUFS4 11 11
NDUFS5 1.59 1.59
NDUFS6 1.72 1.72
NDUFS7 3.39 3.39
NDUFS8 3.18 3.18
NDUFV1 0.77 -1.31
NDUFV2 0.38 -2.64
NDUFV3 1.38 1.38
PPA1 2.74 2.74
SDHA 1.22 1.22
SDHB 0.93 -1.08
SDHC 0.57 -1.75
SDHD 1.01 1.01
UQCR11 3.67 3.67
UQCRC1 1.69 1.69
UQCRC2 1.32 1.32
UQCRFS1 1.18 1.18
UQCRH 0.79 -1.26
UQCRQ 3.47 3.47
ARRDC3 1.22 1.22
ASB1 2.57 2.57
CYB561D1 1.68 1.68
DNAJB1 2.07 2.07
EDN1 1.42 1.42
GADD45B 5.62 5.62
HSPA1A 1.71 1.71
HSPA1B 0.54 -1.86
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Gene symbol Fold difference Fold up- or down-regulation
Non-TNBC/TNBC  Non-TNBC/TNBC

LRP5L 0.88 -1.14
MitoH1 3.84 3.84
MitoH2_12106 1.88 1.88
MitoH2_14573 2.82 2.82
MitoH2_4162 2.88 2.88
MitoH2_5726 2.24 2.24
RNU11 0.29 -3.41
SLC25A25 2.8 2.8
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