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Abstract

We review here the evidence for participation of mitochondrial autoimmunity in BC inception and 

progression and propose a new paradigm that may challenge the prevailing thinking in 

oncogenesis by suggesting that mitochondrial autoimmunity is a major contributor to breast 

carcinogenesis and probably to the inception and progression of other solid tumors. It has been 

shown that MNRR1 mediated mitochondrial-nuclear function promotes BC cell growth and 

migration and the development of metastasis and constitutes a proof of concept supporting the 

participation of mitochondrial autoimmunity in breast carcinogenesis. The resemblance of the 

autoantibody profile in BC detected by IFA with that in the rheumatic autoimmune diseases 

suggested that studies on the autoantibody response to tumor associated antigens and the 

characterization of the mtDNA- and nDNA-encoded antigens may provide functional data on 

breast carcinogenesis. We also review the studies supporting the view that a panel of autoreactive 

nDNA-encoded mitochondrial antigens in addition to MNRR1 may be involved in breast 

carcinogenesis. These include GAPDH, PKM2, GSTP1, SPATA5, MFF, ncRNA PINK1-AS/

DDOST as probably contributing to BC progression and metastases and the evidence suggesting 

that DDX21 orchestrates a complex signaling network with participation of JUND and ATF3 

driving chronic inflammation and breast tumorigenesis. We suggest that the widespread 

autoreactivity of mtDNA- and nDNA-encoded mitochondrial proteins found in BC sera may be the 

reflection of autoimmunity triggered by mitochondrial and non-mitochondrial tumor associated 

antigens involved in multiple tumorigenic pathways. Furthermore, we suggest that mitochondrial 

proteins may contribute to mitochondrial dysfunction in BC even if mitochondrial respiration is 

found to be within normal limits. However, although the studies show that mitochondrial 

autoimmunity is a major factor in breast cancer inception and progression, it is not the only factor 

since there is a multiplex autoantibody profile targeting centrosome and stem cell antigens as well 

as anti-idiotypic antibodies, revealing the complex signaling network involved in breast 

carcinogenesis. In summary, the studies reviewed here open new, unexpected therapeutic avenues 
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for cancer prevention and treatment of patients with cancer derived from an entirely new 

perspective of breast carcinogenesis.
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Introduction

Recently, Aras et al. reported that MNRR1, a nuclear DNA (nDNA)-encoded mitochondrial 

antigen, promotes cancer cell migration and the development of metastasis as a proof of 

concept supporting the participation of mitochondrial autoimmunity in breast carcinogenesis 

[1]. In this article, in addition to MNRR1, we will review the body of work from our 

laboratory as well as from the literature showing that other mitochondrial DNA (mtDNA)- 

and nDNA-encoded mitochondrial antigens are also able to promote breast carcinogenesis 

and support the view that autoimmune damage to the breast creates a chronic inflammatory 

environment, fueled by autoantibodies and inflammatory cytokines, that leads to the 

generation of tumorigenic signals and breast cancer. Since autoimmunity as the engine of 

carcinogenesis of breast cancer and probably other solid tumors is a novel paradigm not 

ordinarily linked to carcinogenesis, we have included published and some unpublished work 

on this new field.

MNRR1 promotes cancer cell migration and metastasis formation in breast cancer. Proof 
of concept supporting mitochondrial autoimmunity in breast cancer

A biomarker discovery approach using immunoscreening of a T7 complementary DNA 

(cDNA) library of breast cancer (BC) proteins with sera from patients with BC containing 

high titer anti-mitochondrial autoantibodies (AMAs) identified the presence of 

autoantibodies to Mitochondrial Nuclear Retrograde Regulator 1 (MNRR1; also CHCHD2, 

AAG10). The presence of MNRR1 was highly associated with the diagnosis of invasive BC 

[1]. This finding suggested this autoantigen as a promising biomarker of BC that could 

participate in breast carcinogenesis [1]. In that work, Aras et al. showed that MNRR1, a bi-

organellar (mitochondria and nucleus) protein encoded by nDNA, can participate 

mechanistically in breast carcinogenesis [1]. MNRR1 functions in the nucleus as a 

transcription factor and in the mitochondria as a regulator of both respiration and apoptosis 

[2].

MNRR1 is part of a family of proteins marked by the presence of a twin CX9C motif (two 

pairs of cysteines separated by 9 amino acids each). It was predicted to be imported into the 

mitochondrial intermembrane space via the Mia40/Erv cysteine disulfide relay pathway [3] 

and Aras et al. showed that it does so [4]. In the mitochondria, MNRR1 interacts with 

cytochrome c oxidase (COX), the terminal complex of the electron transport chain that 

reduces molecular oxygen to water. Optimal interaction of MNRR1 with COX requires 

tyrosine 99 (Y99) of MNRR1 to be phosphorylated, a step carried out by Abl2 kinase 

(Abelson Related Gene, ARG) [5]. Upon interaction, MNRR1 increases COX activity 
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leading to increased ATP generation. MNRR1 has a second role to play in the mitochondria. 

It also interacts with Bcl-xL and thereby inhibits Bax oligomerization to prevent apoptosis 

[6].

Aras et al. were the first to show that MNRR1 is also a nuclear localized protein [7]. In the 

nucleus, MNRR1 binds a core 8-bp DNA element and functions as a transcriptional 

regulator [4,7] affecting the expression of about 1000 genes. The positively regulated 

candidate genes belong to critical cellular pathways such as cell growth and migration, 

mitochondrial function, autophagy, and protein translation. In addition, MNRR1 expression 

in cells induces an anti-inflammatory phenotype with a reduction in the levels of toxic 

reactive oxygen species (ROS) [4]. The novel MNRR1 property of being present in two 

different organelles places it in a regulatory position to control transcriptional activation of 

target genes in response to cellular redox and energy levels.

Aras et al. and others have shown an increase in MNRR1 transcript levels in BC using both 

cell lines and patient samples [1,6]. They have also shown using immunohistochemistry that 

MNRR1 protein levels are higher in BC compared to benign breast disease (BBD) and, 

importantly, that a knockout of MNRR1 makes cells defective in their migratory capacity 

[1]. Taken together, these results suggest that MNRR1 mediated mitochondrial-nuclear 

function promotes BC cell growth and functioning. Thus, the characterization of MNRR1 as 

a broad mito-nuclear regulator suggests its potential as a novel mechanistic target [1].

Since other mitochondrial autoantigens are potentially downstream of MNRR1, the data 

presented by Aras et al. strongly support the role of MNRR1 and mitochondrial 

autoimmunity in breast carcinogenesis. In that work the authors focused on both the direct 

participation of MNRR1 in breast carcinogenesis and on the demonstration of autoreactivity 

to this protein in BC sera and its expression in tumor tissue as a proof of concept in support 

of mitochondrial autoimmunity in BC.

Anti-mitochondrial antibodies are consistently detected in breast cancer sera

Anti-mitochondrial antibodies (AMAs) are found consistently in the sera from patients with 

primary biliary cholangitis (PBC) and pemphigus vulgaris (PV) [11,12] and occasionally in 

some of the rheumatic autoimmune diseases (RADs) but they had not been found in the 

serum from patients with any other disease [10] prior to the report of AMAs in the sera from 

patients with infiltrating ductal breast carcinoma (IDC) and in ductal carcinoma in situ 
(DCIS) [8,9]. Immunofluorescence (IFA) is a time-honored method to detect AMAs in the 

clinical setting and the mitochondrial pattern detected by IFA (Figures 1 and 2) has been the 

gold standard to document the presence of AMAs in primary biliary cholangitis and in 

pemphigus vulgaris in the clinical laboratory. That the mitochondrial pattern detected by IFA 

is related to AMAs has been validated by multiple studies [Reviewed in 10–13].

AMAs are found in serum from patients with PBC, an autoimmune liver disease [11], and in 

the sera of patients with PV, an autoimmune skin disease caused by a loss of epidermal 

cohesion and manifested by progressive blistering and non-healing erosions [12]. 

Autoimmunity has been implicated in the pathogenesis of both these diseases. In addition, 
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there is some evidence to indicate that autoantibodies generated via somatic mutations play a 

role in producing loss of keratinocyte cell adhesion in PV [13].

A comprehensive study of autoantibodies performed using IFA on a collection of sera from 

women with BC or benign breast disease (BBD) undergoing annual screening 

mammography detected autoantibodies in virtually all patients with BC, predominantly of 

the IgG1 and IgG3 isotypes [9]. AMAs were a prominent finding in the autoantibody profile 

detected in BC sera, which showed distinctive features including antibodies also targeting 

centrosomes, centromeres, nucleoli, and the cytoskeleton that are thought to be the 

expression of tumor immunogenicity. The majority of BC sera showing AMAs did not react 

with the M2 component of pyruvate dehydrogenase, characteristic of PBC; thus, the data 

suggested the involvement of a different set of mitochondrial antigens in BC. This study 

concluded that autoantibodies developed in BC are not an epiphenomenon, but likely reflect 

an antigen-driven autoimmune response triggered by epitopes developing in the mammary 

gland during breast carcinogenesis [9]. High-titer autoantibodies targeting predominantly 

mitochondria but also centrosomes and centromeres were also detected in a small group of 

healthy women with suspicious mammography assessment and BBD but not malignancy by 

breast biopsy, suggesting that the process inducing autoantibody formation starts in the pre-

malignant phase (Figure 3). The mitochondrial pattern by IFA reflecting the presence of 

AMAs is rare in the general population [10] and when it is found may suggest primary 

biliary cholangitis or pemphigus vulgaris, the only two diseases that were known to present 

AMAs before the reports of AMAs in BC [8,9,17], suggesting that healthy persons in the 

general population do not have these antibodies unless they have asymptomatic PBC or may 

be predisposed to BC.

The frequent finding of typical AMA patterns in healthy women found to have BBD at 

breast biopsy suggested that a panel of autoantigens targeted by AMAs might allow 

detection of BC risk in asymptomatic women [9]. This finding is particularly notable in view 

of the rarity in the general population of the mitochondrial pattern observed by IFA [10].

In this vein, a collaborative study of Michael P Long at Wayne State University, Azadeh 

Stark at Henry Ford Health System (HFHS), and Sasi Mudumba at Genalyte, San Diego CA 

(database updated as of June 2018) discovered that, during a follow-up of median 9.1 years 

of a small cohort of 233 healthy women undergoing annual screening mammography at 

HFHS who had BIRADS4 assessment and BBD at breast biopsy, a total of 17 women 

(7.3%) were diagnosed with malignant carcinomas: 8 (3.4%) were diagnosed with BC and 9 

(3.9%) with other malignancies including lung, pancreatic, ovarian, and small intestinal 

cancers or lymphoma. The analysis of autoantibody profile of the sera obtained at the time 

of the initial breast biopsy that included four different panels of mitochondrial and non-

mitochondrial antigens using a novel multiplexed platform, the Maverick Detection System, 

based on silicon photonics, indicated that these women who were healthy at the time of the 

breast biopsy, and were not known to be at risk for BC, had an abnormal autoantibody 

profile and that the diagnosis of malignancy could have been made or suspected several 

years before the actual clinical diagnosis. For comparison, an American woman with the life 

expectancy of 78 years has about a 38.70% risk of developing an invasive malignant 

condition during her lifetime or about 0.496% per year of life. In other words, annually 
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approximately 500 of 100,000 American women are at a risk of being diagnosed with an 

invasive malignancy (American Cancer Society) whereas the estimated annual incidence or 

risk of experiencing a malignant tumor in the cohort of women who contributed to this study 

was 0.802%, or 802 per 100,000 women, which is 1.61 fold (95% CI 1.44–1.80, P<0.001) 

higher than the estimated annual risk for an American woman. This result suggests that 

healthy women undergoing annual screening mammography with BIRADS4 assessment and 

BBD and no cancer at breast biopsy might be at an increased risk for malignancies and may 

merit a closer follow up [Unpublished]. This study also suggests that a panel of 

mitochondrial and non-mitochondrial antibodies has screening potential for breast and 

possibly other malignancies. These suggestions must be confirmed and deserve further 

investigation.

The resemblance of the autoantibody profile in BC with that in the RADs such as systemic 

lupus erythematosus (SLE) and rheumatoid arthritis (RA) by IFA [9] suggested that studies 

on the autoantibody response to tumor associated antigens (TAAs) and the characterization 

of the mtDNA- and nDNA-encoded antigens forming the mitochondrial autoreactome in BC 

may provide functional data on breast carcinogenesis.

Approach to identify a mitochondrial autoreactome

The autoimmune nature of the molecular changes observed in PBC and in PV [11,12], the 

evidence that autoimmunity is responsible for the direct participation of autoreactive 

MNRR1 in breast carcinogenesis [1], and the report of consistent mitochondrial 

autoreactivity detected by IFA in BC sera [9], suggested that a comprehensive survey of 

mitochondrial autoreactivity in BC could reveal a wealth of diagnostic and prognostic 

biomarkers. Following the seminal work of E.M. Tan on autoimmunity in the RADs [14], it 

was expected that the mitochondrial and non-mitochondrial autoreactome in BC could 

provide functional information on breast carcinogenesis.

The basic approach used for biomarker discovery – to isolate and characterize the putative 

TAAs, including the construction of cDNA expression libraries, immunoscreening of cDNA 

libraries of potential BC autoantigens, the assembly of micro-collections of the cloned 

phages on derivatized glass slides, hybridization of the cloned phages with sera from cases 

and non-cancer sera, development of the autoantigen microarray, identification of unique 

clones using PCR, cDNA sequence determination, and homology searches of informative 

phages in databases – have all been reported [15–17] and were adapted to identify the 

mitochondrial autoreactome in BC.

Sera containing autoantibodies of unknown specificity had been used successfully in 

previous works for immune screening the cDNA library of potential BC autoantigens. 

However, in experiments aimed to identify BC biomarkers, the use of biopanning BC sera 

containing an abundant unknown 56 kDa antigen led to the identification of Annexin XIA as 

a prominent BC autoantigen [16]. Based on this successful experience to promote the 

identification of certain antigens, the approach used to facilitate the identification of 

mitochondrial autoantigens was to use BC sera containing high titer AMAs (≥ 1:320–640 

dilution) detected by IFA for biopanning the cDNA libraries [17].
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The reports suggesting that epithelial cancer cells participate in immunoglobulin synthesis 

[18–22] prompted the use of two different cDNA expression libraries to characterize the 

mitochondrial autoreactome, a random primer multi-human BC cell line library (RP library), 

and a cDNA library (B library) of commercial origin (Novagen). These two cDNA libraries 

were used to differentiate BC antigens generated within epithelial cancer cells without the 

influence of the microenvironment and the immune cells (RP library) from those generated 

in the whole tumor tissue (B library) [17].

Since commercially obtained libraries are usually derived from a single malignant tumor, 

and given the heterogeneity of BC [23], a multi-human BC cell line cDNA library was 

constructed by directional cloning of randomly primed cDNA from 7 human breast 

carcinoma cell lines: SUM 44, SUM 102, SUM 149, SUM 159, MCF7, SKBR, T47D and 

one BC pre-malignant cell- the DCIS.com cell line into a T7 phage display vector using T7 

Select 10–3b vector and the Orient Express cDNA library construction system (Novagen, 

Billerica, MA, US) as reported [17]. The insert size of individual clones of the complete 

library was analyzed by PCR. Biopanning with BC sera containing high titer AMAs was 

followed by microarray assembly of the identified clones, hybridization of the potential BC 

autoantigens with sera from cases of BC, and non-cancer controls with exclusion of the sera 

used for biopanning the cDNA libraries, and development of the autoantigen microarray as 

reported [15–17]. Sequence determination of phage inserts from informative phages 

(Genewiz, South Plainfield, NJ) was followed by homology searches in databases using 

BLAST and BLAT for antigen identification [24,25].

mtDNA-encoded enzyme components of the electron transport chain are targeted by anti-
mitochondrial antibodies

The evidence for the direct participation of MNRR1 in breast carcinogenesis and the 

demonstration of autoreactivity to this protein in BC sera constitute proof of concept that 

MNRR1 is involved in BC progression and metastasis, supporting the involvement of 

autoimmunity in breast carcinogenesis [1]. Nevertheless, nDNA-encoded MNRR1 is not the 

only mitochondrial protein involved in breast carcinogenesis. The components of the 

mitochondrial autoreactome are encoded by both mtDNA and nDNA. Maroun et al. recently 

reported that several mtDNA-encoded enzyme components of the electron transport chain 

(ETC) are targeted by autoantibodies in BC sera and proposed that the broad autoreactivity 

to mitochondrial antigens is the expression of autoimmunity in BC [17]. Initial work to 

characterize the mitochondrial autoreactome in BC validated the serum mitochondrial 

autoreactivity previously detected by IFA [8,9] by identifying the mitochondrial gene 

products recognized as foreign by the immune system. Among the clones selected by 

immune-screening, a group of phage inserts was found expressing in-frame protein 

components of complexes I, IV, and V of the ETC encoded by mtDNA. Cloned sequences 

included multiple phage inserts identical to NADH-ubiquinone oxidoreductase subunit ND5, 

and one clone each identical to ND4, ND6, ATP synthase subunits MT-ATP6 and MT-ATP8, 

cytochrome c oxidase subunit MT-CO1 [26,27], and to the RNA gene MT-RNR2 [17].

A novel finding revealed by the mitochondrial autoreactome in BC was that AMAs can 

target and significantly recognize sequences in mitochondrial RNA genes [17]. This finding 
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was unexpected because autoantigen microarrays have been widely used to identify 

expression sequence tags (ESTs) derived from protein coding genes. However, cDNA 

libraries have the capability of detecting autoreactive RNA clones since Poly(A) RNA is 

used for their construction. There is evidence that antibodies provide an effective tool for 

detecting RNA conformation [28] and there are many examples of RNA sequences 

recognized by anti-RNA antibodies in the RADs and in viral infections [29–32]. Recently, 

there has been increasing evidence supporting that 16S mitochondrial ribosomal RNA is 

involved in coding for small peptides such as Humanin [33]. In addition to servicing the cell 

by producing ATP energy and regulating apoptosis in response to complex signals, 

mitochondria fulfill other vital roles such as communicating back to the nucleus in 

determining cellular policies [33]. Some of these retrograde signals are encoded by mtRNA, 

and consist of a family of small peptides, the products of mitochondrial metabolism [33–38]. 

In the work of Maroun et al. three clones of MT-RNR2 were identified, two of them 

chimeric and one non chimeric [17]. This latter clone encompassed a sequence encoding the 

small mitochondrial peptide SHLP2 [37]. Although the significance of the chimeric clones is 

uncertain, the three clones with ESTs possibly encompassing SHLP2 sequences were 

significantly recognized by BC sera on the microarray [17].

Mitochondrial transcriptome analyses have shown that multiple small mRNAs are 

transcribed from mtDNA. Cobb et al. identified six small open reading frames (ORFs) in the 

MT-16S rRNA region labeled small humanin-like peptides (SHLPs) 1−6, that are 24–38 

amino acids in length [34]. Of these, SHLP2 is a 26 amino acid peptide that has been shown 

to induce mitochondrial biogenesis in pancreatic cancer cell lines [34]. Mitochondrial-

derived peptides have been proposed to provide metabolic properties, and neuroprotective, 

cytoprotective, anti-oxidant, and anti-inflammatory effects [33–38]. It has been 

demonstrated that SHLP2 mediates chaperone-like effects [38]. Assuming that the 

directionality in the reported non chimeric clone [17] is sense, the autoreactive sequence 

would correspond to SHLP2, which resides entirely within the region covered by the 

autoreactive sequence. All the other small mitochondrial peptides including Humanin were 

found to reside outside of the mtDNA region covered by the three clones. If the finding that 

SHLP2 is targeted by AMAs in BC is confirmed, it is possible that this small mitochondrial 

peptide may have a role in breast carcinogenesis through its regulatory activity on apoptosis, 

insulin sensitivity, and inflammation.

It is clear that the AMAs present in BC sera targeting key components of the ETC and 

mitochondrial 16S RNA are features of the autoantibody profile not found in other diseases 

reported to be associated with AMAs such as PBC [11] or PV [12]. It is notable that ND4, 

ND5, and ND6 targeted by AMAs are highly associated with the diagnosis of BC since they 

are core subunits of the mitochondrial membrane respiratory chain NADH dehydrogenase 

(complex I) that constitute the minimal assembly required for catalysis [17]. Complex I 

functions in the transfer of electrons from NADH to the rest of the respiratory chain; thus, 

autoreactivity involving the components of complex I suggests that this process, although 

not necessarily the proximal cause of cancer, may be impaired in some cases of BC.

Sequence variants in MT-ATP6, the D-loop, MT-ND3, ND5, and ND6 have been reported to 

make important contributions to glucose and insulin metabolism, adipocyte regulation, 
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diabetes, and cardiovascular disease [39]. Primary breast tumors harbor somatic mtDNA 

variants with possible functional consequences. RNA sequencing studies of primary BC 

demonstrated that somatic variants detected at the mtRNA level are representative for 

somatic variants in the mtDNA and that the number of somatic variants within the 

mitochondrial transcriptome is positively associated with age at diagnosis of BC although 

the exact impact on metabolism and clinical relevance are not known [40].

The MT-ATP8 gene encodes a subunit belonging to the proton channel of ATP synthase. 

ATP synthase generates ATP against a proton gradient in response to electron transport in 

the mitochondria. The relevance of autoantibodies to a gene product of MT-ATP8 in BC is 

suggested by the study of McGeehan et al. who reported mtDNA variations including MT-

ATP8 in blood samples derived from a small group of women who were diagnosed with 

early-onset BC and later went on to develop breast to brain metastasis [41]. Further research 

into the significance of the autoreactivity of mitochondrial ribosomal RNA associated with 

the diagnosis of BC is warranted, in particular in relation to the role of small mitochondrial 

peptides encoded by 16S mitochondrial ribosomal RNA. The finding of autoreactive SHLP2 

in BC sera may be evidence that the process involving the 16S mitochondrial ribosomal 

RNA in coding for small mitochondrial peptides is disturbed in BC and can have functional 

consequences to be determined.

Mitochondrial autoimmunity may be the link between mitochondrial somatic mutations and 
BC

Maroun et al. [17] speculated that the immunogenicity of the enzyme components of 

complex I is related directly or indirectly to their relative enrichment in somatic mutations 

[42,43]. In support of that proposal, a direct involvement was suggested by several studies 

reporting an association between mitochondrial somatic mutations and autoimmunity 

[44,45]. It has been demonstrated that peptides of mutated or aberrantly expressed 

mitochondrial proteins can be recognized by the immune system. Chen et al. tested the 

hypothesis that altered self-proteins translated from mtDNA somatic mutations play a role in 

the development of autoimmunity, suggesting that mtDNA mutations may trigger immune 

responses [44]. This group provided proof of principle that the immune system can 

recognize peptides generated as a result of spontaneous somatic mutations. Gu et al. reported 

that damaged mtDNA is associated with increased expression of class I MHC, providing 

evidence that mutated peptides derived from somatic mutations in mtDNA can be 

recognized by the immune system [45]. However, reports of conflicting data [reviewed in 

46,47] suggest that the relationship between mitochondrial somatic mutations and 

carcinogenesis and/or cancer progression, although compelling, is not straightforward. 

Indeed, although mitochondrial somatic mutations are prevalent in BC and other cancers, the 

complexity of carcinogenesis has been recognized [48]. Although mutated proteins can be 

recognized by the immune system as non-self and generate autoantibody responses [44,45], 

structural changes in mitochondrial antigens as a consequence of mutations may not cause 

most of the immunogenicity of the gene products targeted by AMAs in BC since the 

autoantibody response observed in cancer sera as well as in the sera of patients with RADs 

targets both mutated and wild type proteins [14,49,50].
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Nevertheless, the demonstration of the direct participation of MNRR1 in breast 

carcinogenesis, and the autoreactivity to this protein in BC sera and its expression in tumor 

tissue, constitute a proof of concept in support of mitochondrial autoimmunity in BC [1]. 

The report of AMAs in BC sera resembling features typically found in the autoimmune 

RADs [9] and the report showing that autoreactivity of the enzymes of the ETC is a feature 

of BC [17], are highly supportive of an important role of mitochondrial autoimmunity in BC. 

In addition, the reports of a strong association between somatic mitochondrial mutations and 

BC progression [42,43,46,47], and the studies of the immunogenicity of mitochondrial gene 

products [44,45], suggest a link between mitochondrial autoimmunity and somatic 

mutations, although this link may not be a direct one.

It is likely that somatic mutations are causally related to mitochondrial autoreactivity 

without responding to structural changes in the protein. A clue comes from the reports of an 

association between mitochondrial somatic mutations and the unfolded protein response 

(UPR) [51,52]. Alterations in ER homeostasis can cause accumulation of misfolded/

unfolded proteins in the ER as well as in the mitochondrial matrix. To maintain ER/

mitochondrial matrix homeostasis, eukaryotic cells have evolved highly specific signaling 

pathways to ensure that their protein folding capacity is not overwhelmed. The UPR is an 

essential adaptive intracellular mechanism adopted by the cell to survive the ER stress. 

Proteins that are misfolded in the ER are retained until they reach their native conformation 

or are retro-translocated back into the cytosol for degradation by the 26S proteasome. The 

UPR has been implicated in a variety of metabolic, neurodegenerative, and inflammatory 

disorders, and is known to be activated in cancers including BC [51,56]. It is possible that 

the link between somatic mutations and BC progression resides in ER and mitochondrial 

matrix stress caused by somatic mutations producing the accumulation of unfolded or 

misfolded proteins. Multiple studies have shown somatic mutations activating ER-stress and 

triggering the UPR [51,52]. Since mitochondria have their own protein synthesizing 

machinery [57], accumulation of misfolded proteins in the mitochondrial matrix could occur 

as a consequence of stress caused by mitochondrial somatic mutations; in addition, ROS are 

increased in solid tumors [58–60], and therefore it is possible that exposure to excessive 

oxidative insult is an additional factor in producing ER and mitochondrial stress. Todd et al. 

have discussed the growing evidence that dysregulation of the UPR can participate in the 

development of autoimmunity [61]. Although it is also possible that direct ROS damage to 

mtDNA and mitochondrial proteins, which undoubtedly can occur [58,59], contributes to the 

immunogenicity of mitochondrial proteins in cancer cells, there is no evidence in support of 

this possibility in BC. The hypothesis of a causal relationship between mitochondrial 

somatic mutations and mitochondrial stress induced autoimmunity [17] needs to be 

examined further. It was suggested that an in-depth study of mitochondrial autoimmunity in 

patients with BC as well as in pre-malignant breast tissue may result in the identification of 

invaluable diagnostic and prognostic biomarkers for early aggressive BC [17].

Relevant to the proposal that autoimmunity may be the engine that promotes breast 

carcinogenesis [9,17], there is an established link between chronic inflammation and the 

generation of solid tumors [62,63]. Chronic inflammation as a result of autoimmune breast 

tissue damage may provide a rationale for the reported paradoxical observation of B-cell 

hyperactivity and BC progression [64,65].The proposed model of cancer progression based 
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on mitochondrial autoimmunity implies a vicious circle of mitochondrial and ER stress, 

immune recognition of accumulated unfolded or misfolded proteins by autoreactive immune 

cells, autoimmune damage of the target organ, and chronic inflammation with generation of 

protumoral signals. Misfolded proteins could be recognized as non-self by auto-reactive 

immune cells in the context of MHC class II molecule in BCs, but other possibilities linking 

autoimmunity with UPR [61] could also explain, at least in part, the generation of 

mitochondrial autoimmunity. It is likely that the paradigm shift in cancer progression that 

recognizes the tumorigenic effect of autoimmunity-mediated breast tissue damage resulting 

in chronic inflammation may result in novel therapeutics for BC.

Autoreactive nDNA-encoded mitochondrial proteins contribute to breast cancer 
progression and metastases

The finding that MNRR1 is targeted by AMAs in multiple BC sera offered the opportunity 

to investigate the participation of this nDNA-encoded mitochondrial antigen in breast 

carcinogenesis [1]. In addition to autoreactive MNRR1 in BC, other nDNA-encoded 

mitochondrial autoantigens have been reported in the past in association with the diagnosis 

of BC. The use of immune-screening cDNA libraries and autoantigen microarray analyses 

led to the identification of PRAX-1 as a BC autoantigen associated with the diagnosis of 

invasive breast carcinoma [15,16]. The peripheral-type benzodiazepine receptor (PBR) is a 

widely distributed transmembrane protein located in the outer mitochondrial membrane. 

Multiple functions have been attributed directly or indirectly to the PBR, including the 

regulation of cholesterol transport and the synthesis of steroid hormones, porphyrin transport 

and heme synthesis, apoptosis, cell proliferation, anion transport, regulation of 

mitochondrial functions, and immunomodulation [66]. Based on these varied functions, it 

was proposed to re-name PBR as translocator protein (18 kDa), regardless of the subcellular 

localization of the protein, to represent more accurately its subcellular roles and putative 

tissue-specific functions [67]. The PBR has been found associated with cell proliferation in 

aggressive BC cell lines and glioma cells [68].

The characteristics of the nDNA-encoded mitochondrial antigens, and the autoreactive 

signal transduction molecules interacting with the nDNA-encoded mitochondrial proteins 

putatively involved in breast carcinogenesis revealed by immune-screening cDNA libraries 

followed by autoantigen microarray analysis, are included in Table 1 [Deya Obaidat et al., 

unpublished].

The mitochondrial autoreactome in breast cancer suggests that DDX21 
orchestrates a complex signaling network with participation of JUND and 
ATF3 driving chronic inflammation and breast tumorigenesis: Fourteen clones of 

the DEAD box protein DDX21 were identified in the RP cDNA library that were 

significantly associated with BC (Table 1). DDX21 is a nucleolar protein involved in RNA 

processing. In addition to DDX21, the proto-oncogene JUND and AFT3 were recognized as 

autoantigens by BC sera by immune-screening and microarray analyses (p for BC = 0.0001 

and 0.02, respectively) [Obaidat et al., unpublished]. Zhang et al. reported that DDX21 is 

highly expressed in BC tissue and in established cell lines, its protein expression levels 

correlate with cell proliferation rate, and it is induced by EGF signaling [69].
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Activated PARP-1 ADP-ribosylates DDX21 and promotes rDNA transcription [70]. 

Elevated levels of PARP-1 and DDX21 are also associated with cancers. DDX21 expression 

in BC cells can promote tumorigenesis via effects on AP-1. Mechanistically, DDX21 is 

required for the phosphorylation of c-Jun, and DDX21 deficiency markedly reduces the 

transcriptional activity of AP-1 [69].

It is revealing that AP-1 itself is also targeted by autoantibodies in BC since the JUND 

Proto-Oncogene AP-1 Transcription Factor Subunit was cloned from the B library while 

ATF3 was cloned from the RP cDNA library and both were significantly recognized by BC 

sera. The ATF3 gene encodes a member of the mammalian activation transcription factor/

cAMP responsive element-binding (CREB). This stress-responsive, cyclic AMP-dependent 

transcription factor is also involved in tumorigenesis. Relevant to the possible effect of 

autoreactive ATF3 in BC, this transcription factor interacts with ERK/MAPK signaling and 

with pathways involved in glucose/energy metabolism that are involved in carcinogenesis 

[71]. The involvement of ATF3 in breast carcinogenesis has attracted a great deal of 

attention [72,73]. ATF3, an adaptive-response gene, enhances TGFβ signaling and cancer-

initiating cell features in BC cells. The study of Zhang et al. also reported that elevated 

DDX21 regulates c-JUN activity and rRNA processing in human BC [69]. JUND is at the 

crossroads of several key tumorigenic pathways such as the IL-17, IL-1, MAPK3, IL-2, and 

the Ras family of GTPases [74], suggesting the prominent involvement of this complex 

signaling network orchestrated by DDX21 in chronic inflammation in BC. The data showing 

autoreactivity of DDX21, JUND, and ATF3 are in agreement with the suggestion that ATF3 

has pro-tumorigenic activity in BC [72,73].

Key mitochondrial enzymes involved in energy metabolism are targeted by 
autoantibodies in breast cancer: Almost a century ago Otto Warburg observed that 

cancer cells, unlike many normal cells, rely on glycolysis rather than on mitochondrial 

respiration, even in the presence of oxygen. This phenomenon, confirmed by many 

investigators ever since, became known as the Warburg effect [75]. Warburg attributed the 

aerobic glycolysis phenotype to irreversible mitochondrial dysfunction. He proposed that 

dysfunctional mitochondria are required to start all the biochemical events that eventually 

lead to cancer formation [75]. However, Warburg’s proposal is controversial since 

subsequent studies showed functional mitochondria in cancer cells [76,77]. The opposing 

view was based on the finding that cancer cells are often able to oxidize glucose and fatty 

acids to carbon dioxide at levels comparable to those of normal cells, i.e., that cancer cells 

have reduced mitochondrial activity as a consequence of heightened glycolytic flux, which 

they use to provide growth precursors such as pyrimidines; glycolysis is known to inhibit 

mitochondrial respiration. This controversy has recently been reviewed by Senyilmaz and 

Teleman [78]. In relation to this issue, autoreactive GAPDH was identified in the RP cDNA 

library by immune-screening and microarray analyses (Table 1). GAPDH enzyme catalyzes 

the reversible oxidative phosphorylation of glyceraldehyde-3-phosphate in the presence of 

inorganic phosphate and nicotinamide adenine dinucleotide (NAD), thereby playing a 

critical role in glycolysis. GAPDH has many non-metabolic functions that could promote 

tumorigenesis. The protein also exhibits nitrosylase activity as evidenced by cysteine S-

nitrosylation of nuclear target proteins such as SIRT1, HDAC2, and PRKDC, thereby 
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regulating nuclear functions including transcription, RNA transport, DNA replication, and 

apoptosis [79]. Importantly, this enzyme modulates the organization and assembly of the 

cytoskeleton. GAPDH is a component of the GAIT (gamma interferon-activated inhibitor of 

translation) complex, which mediates interferon-gamma-induced inhibition of translation in 

pathophysiology of inflammation [80]. In response to interferon gamma treatment, GADPH 

assembles into a complex (GAIT) to interact with GAIT elements in the 3’-UTR of diverse 

inflammatory genes and suppresses their translation. This protein also harbors a peptide that 

has antimicrobial activity against bacteria found in the human fecal microbiome.

GAPDH expression is associated with BC cell proliferation and with the aggressiveness of 

tumors [81]. Guo et al. proposed that GAPDH plays an important role in carcinogenesis 

through the regulation of the cell cycle based on the demonstrated altered GAPDH gene 

expression during growth in different types of tumors such as breast, lung, renal, gastric, 

glioma, liver, colorectal, prostatic, pancreatic, and bladder cancers and in melanoma [82]. 

The suggestion that GAPDH plays an important role in carcinogenesis through the 

regulation of the cell cycle is supported by the report that this enzyme, as well as a group of 

important centrosome antigens associated with centrosome assembly and/or microtubule 

function such as stathmin 1, SUMO/Centrin peptidase, peri-centriolar material-1, HS actin 

gamma1, and ubiquitin-conjugating enzyme E2, are targeted by autoantibodies in BC sera, 

all of them associated with the diagnosis of invasive BC [83]. The finding that some of these 

antibodies are present in a group of healthy women with suspicious mammography findings 

(BIRADS4 assessment) [9] suggests that breakdown of tolerance to centrosome proteins 

occurs early in breast carcinogenesis and that autoantibodies to centrosome and 

mitochondrial antigens might be biomarkers of early BC [83]. In agreement with this 

suggestion, the translocation of GAPDH from the cytoplasm, probably from the 

mitochondria in quiescent cells to the nuclear or perinuclear regions of proliferating cells, 

suggested a functional role of GAPDH in cell growth [84], and the mRNA and protein levels 

of GAPDH were shown to be dependent on the cell cycle [85]. The enhanced expression of 

GAPDH can be accompanied by an increase in the levels of enolase and glucose transporter 

and an accelerated rate of glucose transport, which has long been known to accompany 

cellular transformation [86]. It has been suggested that up-regulation of GAPDH could 

contribute to an augmented rate of glycolysis in tumor cells and/or maintenance of a 

transformed phenotype [87]. Growth factors such as insulin and epidermal growth factor 

could increase the expression of GAPDH in some cell lines by promoting tumor growth.

In aggregate, these reports support the view that autoimmunity plays a role in deregulating 

GAPDH [81] that might be involved in invasiveness and metastasis of BC and possibly of 

certain other solid tumors through its participation in the glycolysis pathway and/or cell 

cycle events. Autoimmunity depicts a faithful portrait of the major players involved in breast 

carcinogenesis that may be valuable diagnostic and prognostic biomarkers of early BC. In 

addition, the marked increase in GAPDH expression associated with the rapid growth of 

cancer cells suggests that suppression of this key reaction in glycolysis could have 

therapeutic value as a major strategy to control breast and other human cancers.

Pyruvate kinase (PKM), one of the main enzymes involved in glycolysis, is 
targeted by autoantibodies in BC: There is evidence that PKM2, a glycolytic enzyme 
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that catalyzes the transfer of a phosphoryl group from phosphoenolpyruvate to ADP, 

generating ATP, is a BC autoantigen (Table 1). PKM induces POU5F1-mediated 

transactivation, which plays an important role in stem cell pluripotency. Perhaps related to 

this activity of PKM, it has been reported that cancer stem cells play an important role in 

metastasis. Zhao et al. reported a specific role of PKM2 in the stemness of BC cells [88]. 

PKM plays a role in caspase independent cell death in tumor cells. The ratio between the 

highly active tetrameric form of PKM and the dimeric form determines whether glucose 

carbons are channeled to biosynthetic processes or used for ATP production. The transition 

between PKM1 and PKM2 contributes to the control of glycolysis and is important for cell 

proliferation and survival. Reprogramming of cell metabolism regulated by a complex 

signaling network in which PKM2 plays a critical role, is essential for tumorigenesis [89]. 

While dimeric PKM2 diverts glucose metabolism towards anabolism through aerobic 

glycolysis, tetrameric PKM2 promotes the flux of glucose-derived carbons.

PKM2 is upregulated in BC tissue and high PKM2 levels were reported to be associated 

with poor prognosis of BC patients [88].

Equilibrium of the PKM2 dimers and tetramers is critical for tumorigenesis and is controlled 

by multiple factors. As discussed above, autoantibodies in BC sera also target GAPDH, a 

key enzyme of glycolysis. It has been suggested that PKM2 functions independently of its 

pyruvate kinase activity, which is crucial for cancer cell proliferation [90]. Hsu et al. 

discussed growing evidence indicating that dimeric PKM2 is released from tumor cells into 

the circulation of cancer patients and revealed a novel function of extracellular PKM2 in 

promoting cancer cell proliferation through EGFR activation. In addition to the role of PKM 

in carbohydrate metabolism, this protein may mediate cellular metabolic effects induced by 

thyroid hormones and may have a role in bacterial pathogenesis.

In summary, the finding that this multifunctional protein and other important synergistic 

proteins involved in the metabolism of carbohydrates and in BC progression and metastasis 

such as GAPDH are targeted by autoantibodies in BC (Table 1) supports the dominant 

participation of autoimmunity to multiple TAAs in breast carcinogenesis.

Autoantibodies to GSTP1 in breast cancer sera recognize a susceptibility 
factor that may be involved in breast carcinogenesis: Three clones of glutathione 

S-transferase Pi 1 identified in the RP cDNA library (Table 1) were significantly recognized 

by BC sera. Glutathione S-transferases are a family of enzymes that play an important role 

in detoxification by catalyzing the conjugation of hydrophobic and electrophilic compounds 

with reduced glutathione. The GSTP1 gene encodes active, functionally different proteins 

that play a role in susceptibility to cancer and other diseases via regulation of xenobiotic 

metabolism. GSTP1 is commonly inactivated by somatic CpG island hypermethylation in 

cancers of the prostate, liver, and breast. Lin and Nelson reported that hypermethylation of 

CpG dinucleotides at the 5’ transcriptional regulatory region was sufficient to inhibit GSTP1 

transcription in MCF-7 BC cells and that repression of GSTP1 transcription was mediated in 

part by the methyl-CpG binding domain protein MBD2 [91].
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Glutathione S-transferase Pi is a susceptibility factor in esophageal and prostate cancers. 

GSTP1 gene polymorphism increases age-related susceptibility to hepatocellular carcinoma 

[92]. Polymorphism of the GSTP1 gene seems associated with elevated BC risk in a race-

specific manner [93]. c-Jun N-terminal kinase (JNK)-mediated cell signaling pathways are 

regulated endogenously in part by protein-protein interactions with GSTP1. Wang et al. 

provided evidence for direct interaction between the C-terminus of c-Jun N-terminal kinase 

JNK and GSTP1–1 and a rationale for considering GSTP1–1 as a critical ligand-binding 

protein with a role in regulating kinase pathways [94]. JNK is a member of the mitogen 

activated stress kinase family (MAPK), which also includes extracellular signal regulated 

kinase and p38-MAPK. As discussed above, autoantibodies to the proto-oncogene JUND in 

BC sera are also associated with the diagnosis of invasive BC. JUND, as well as c-JUN, are 

components of the AP-1 complex, a downstream target of JNK [94]. In support of the 

hypothesis that autoimmune tissue damage in BC leads to chronic inflammation and 

tumorigenic signals [9], JNK activation has been identified as a cellular response to 

environmental stresses, proinflammatory cytokines, and interleukins [95]. In addition, the 

JNK pathway may influence p53 and NF-κB pathways [96,97]. The JNK pathway has also 

been reported to have an important role in the control of cell survival and death pathways, 

and interference with the JNK pathway suppresses the induction of apoptosis by a variety of 

agents [98]. The results of Wang et al. demonstrated that GSTP1–1 has significant affinity 

for the C terminus of JNK and confirmed the ligand-binding regulatory role for this protein.

In summary, in addition to the recognized role of GSTP1 in detoxification and cancer 

susceptibility, autoantibodies to GSTP1 and to members of the AP-1 complex highly 

associated with the diagnosis of BC suggest that the immune system detects the participation 

of these signal transduction molecules in breast carcinogenesis.

Autoreactivity to the nDNA-encoded mitochondrial antigens PINK1 and 
DDOST confirms a link between Parkinson’s disease and breast cancer: A 

rearrangement between the Pink1 AS ncRNA and a fragment of DDOST, a neighboring 

gene, was recognized by BC sera as an autoantigen (Table 1). The PTEN-induced kinase 1 

(PINK1) gene encodes a serine/threonine protein kinase that localizes mainly to the 

mitochondrial inner membrane and is thought to protect cells from stress-induced 

mitochondrial dysfunction via the clearance of damaged mitochondria through selective 

mitophagy by mediating activation and translocation of PARKIN [99]. The PINK1 gene is 

mutated in the germ line of some patients with hereditary early-onset Parkinson’s disease 

(PD) [100], and its pro-survival function on neuronal mitochondria has been related with the 

etiology of this disease. Widespread expression of natural antisense transcripts (NAT) has 

recently been suggested as a potential mechanism for providing regulatory complexity to the 

human ‘protein coding’ genome [101–103]. Scheele et al. reported that the human PINK1 
locus is regulated in vivo by a non-coding natural antisense RNA during modulation of 

mitochondrial function [104]. Although there are examples of NAT (coding or non-coding) 

that negatively regulate protein coding mRNA expression [105], few are associated with 

human disease [102]. Scheele et al. produced in vivo human data demonstrating that a non-

coding RNA appears to ‘stabilize’ a sense coding RNA. Given the close genomic association 

between DDOST and PINK1 in the human genome, they speculated that these two disease 

Madrid et al. Page 14

J Cancer Immunol (Wilmington). Author manuscript; available in PMC 2021 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



related genes may be uniquely co-regulated in humans. The NAT found in BC sera (Table 1) 

is compatible with this suggestion.

Berthier et al. reported that PINK1 protein is highly expressed in epithelial tissues such as in 

breast carcinomas and in the central nervous system. They concluded that PINK1 displays 

tissue-specific subcellular location and regulates apoptosis and cell growth in BC cells, 

indicating that the physiologic functions of PINK1 extends beyond its regulatory role of 

mitochondria-mediated cell survival in neurons [106].

O’Flanagan and O’Neill reviewed the function of PINK1 in cancer cell biology, with an 

emphasis on the mechanisms by which PINK1 interacts with PI3-kinase/Akt signaling, 

mitochondrial homeostasis, and the potential context dependent pro- and anti-tumorigenic 

functions of PINK1 [107]. Mechanistically, PINK1 interacts with the pivotal oncogenic PI3-

kinase/Akt/mTOR signaling axis and controls critical mitochondrial and metabolic functions 

that regulate cancer survival, growth, stress resistance and the cell cycle [107]. The 

cytoprotective and chemo-resistant function for PINK1 has been highlighted by studies 

supporting PINK1 as a target in cancer therapeutics. Previous work by Fernández Madrid et 

al. [16] identified ribosomal protein S6, an important component of mTOR signaling, as a 

BC autoantigen [16]. The study of Li et al. investigated the molecular mechanisms 

underlying the anti-BC effects of polyphyllin I, a natural compound extracted from Paris 
polyphylla rhizomes. They demonstrated that polyphyllin I induces mitophagy through 

DRP1-mediated mitochondrial fission and apoptosis. Notably, polyphyllin I treatment 

stabilizes PINK1 with its accumulation at the mitochondrial surface, which recruited PARK2 

and led to mitophagy. PINK1 knockdown combined with polyphyllin I treatment reduced 

mitophagy and enhanced DRP1-dependent fission, suggesting that PINK1 depletion leads to 

excessive fission and mitochondrial fragmentation [108].

On the other hand, little is known on the participation of DDOST in breast carcinogenesis. 

DDOST, dolichyl-diphosphooligosaccharide-protein glycosyltransferase non-catalytic 

subunit, is located in chromosome 1p36.12, a neighbor of PINK1; it encodes a component of 

the oligosaccharyl transferase complex that catalyzes the transfer of high-mannose 

oligosaccharides to asparagine residues on nascent polypeptides in the lumen of the rough 

ER. Enzymatic activity of this gene is involved in the processing of advanced glycation 

products, which develop from reactions between sugars and proteins or lipids and are 

associated with hyperglycemic phenotype and aging. Kim and Mak explored the hypothesis 

that cancer and PD may both result from PTEN dysregulation [109] and also suggested its 

involvement in both BC and Parkinson’s disease. Epidemiologic studies have suggested a 

link between PD and BC [110] but the nature of this association has remained elusive. The 

Danish population-based cohort study of Rugbjerg et al. identified 20,000 people with 

Parkinson’s disease over three decades from the National Danish Hospital Register. Patients 

were followed up for cancer in the Danish Cancer Registry, and their incidence rates of 

cancer were compared to age-, sex- and calendar period-specific rates in the general 

population as standardized incidence rate ratios. In a sub-analysis, they estimated the risk for 

cancer among patients with early onset PD and also compared breast tumor characteristics 

among women with PD to that of a control group. From data indicating that higher 

cumulative exposure of breast tissue to estrogens increases the risk for BC [111], and the 
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suggestion that estrogens are neuroprotective and may protect against PD, as was proposed 

to explain the lower prevalence of Parkinson’s disease among women [112,113], the 

expectation was to find an inverse relation between PD and BC. However, Rugbjerg et al. 

found the opposite effect: the risk for female BC increased with increasing time since 

hospitalization for PD (Tables 3 and 5 in Rugbjerg et al. [110]). Thus, their results indicate a 

link with BC. They suggested that the observed increase in risk for BC of patients with PD 

might be due to factors other than estrogens and that the specific factors that cause the 

atypical cancer pattern of patients with Parkinson’s disease remain to be elucidated. In the 

work reviewed here the association with BC of autoreactive PINK1 and DDOST, its 

neighbor in the genome, confirms a link between PD and BC. This association is not an 

isolated finding since other autoreactive mitochondrial antigens found in BC sera are known 

to be involved in neurological diseases such as Alzheimer’s disease, autoimmune dementias, 

epilepsy, and other encephalopathies, suggesting that a panel of these autoantibodies can be 

biomarkers of both BC and neurological diseases.

In summary, PINK1 plays an important regulatory role of mitochondria-mediated cell 

survival in neurons in association with PD and similarly it has a stabilizing and protective 

effect on mitochondria outside of the nervous system. It is likely that autoantibodies 

targeting PINK 1 and the rearrangement involving PINK1 and its neighbor gene DDOST 

may be valuable biomarkers of BC risk as well as of PD.

SPATA5 participates in ribosome biogenesis and may be a biomarker for 
breast cancer risk: The data on SPATA5 suggest that these autoantibodies may be 

biomarkers of BC risk but there is little evidence for any role in breast carcinogenesis. The 

protein encoded by the spermatogenesis associated gene SPATA5 is a member of the AAA 

protein family defined by a highly conserved ATPase domain recognized by BC sera as an 

autoantigen (Table 1). Proteins belonging to this family function in multiple cellular 

processes that include membrane fusion, DNA replication, microtubule severing, protein 

degradation, and ribosome biogenesis [reviewed in 114]. The protein encoded by this gene 

has a putative mitochondrial targeting sequence and has been proposed to help maintain 

mitochondrial function and integrity during mouse spermatogenesis. Allelic variants in this 

gene have been associated with neurocognitive deficits.

Ribosome biogenesis is a very complex process indispensable for cell growth and division 

and is often upregulated in cancer cells, as it is a crucial determinant for fast growth, and 

therefore might provide a promising target for anti-tumor chemotherapy [114,115]. Initial 

reports linked SPATA5 to spermatogenesis [116] and depleting SPATA5 was found to affect 

profoundly mitochondria and neurons [117]. Other studies reported that SPATA5 is 

associated with the formation of the large 60S ribosomal subunit [118]. This is intriguing 

because the BC autoreactome identified several clones of autoantibodies to the 45S pre-

ribosomal RNA associated with the diagnosis of invasive BC [unpublished], but presently 

there is no evidence that SPATA5 is associated with breast carcinogenesis.

Anti-mitochondrial antibodies targeting MFF and members of the JNK 
pathway suggest that the dynamic equilibrium between mitochondrial fusion 
and fission is disturbed in breast cancer: The mitochondrial fission factor (MFF) 
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gene encodes a protein that functions in mitochondrial and peroxisomal fission and recruits 

fission mediator dynamin-1-like protein (DNM1L) to the mitochondrial surface [119]. 

Mitochondrial fission is a complex process of vital importance for cell growth and survival. 

Mitochondria-shaping proteins such as MFF control the dynamic equilibrium between 

mitochondrial fusion and fission. The balance between fusion and fission is required to 

regulate mitochondrial quality control, cell metabolism, cell death, proliferation. and cell 

migration. There is also evidence that this dynamic equilibrium plays a role for the correct 

function of both the innate and the adaptive immune system [reviewed in 119]. Mitochondria 

undergo continuous fission and fusion to maintain their diverse cellular functions. 

Components of the fission machinery are partly shared between mitochondria and 

peroxisomes. Diseases associated with MFF include encephalopathy due to defective 

mitochondrial and peroxisomal fission and the co-occurrence of optic and/or peripheral 

neuropathy [120]. Among the pathways related to MFF are apoptosis and autophagy [121]. 

Several studies suggest that mitochondrial fission abnormalities are related to BC. IR-783 is 

a heptamethine cyanine dye that exhibits imaging, cancer targeting, and anticancer 

properties. There is evidence that its imaging and targeting properties are related to 

mitochondria [122]. Tang et al. reported that IR-783 induced the translocation of dynamin 

related protein 1 (DRP1) from the cytosol to the mitochondria, increased the expression of 

fission proteins, and decreased the expression of mitochondrial fusion proteins mitofusin1 

and optic atrophy 1 (OPA1). They provided evidence suggesting that the anti-cancer 

properties of this compound are due to apoptosis induced by IR-783 in human BC cells by 

increasing mitochondrial fission. Studies in non-small cell lung cancer (NSCLC) have 

suggested a role of JNK-MFF signaling pathway in the carcinogenesis process [123]. 

LATS2, a tumor suppressor that affects NSCLC proliferation and mobilization, was found to 

be downregulated in A549 lung cancer cells. Overexpression of LATS2 induced apoptosis 

by activating mitochondrial fission via the JNK-MFF signaling pathway. Inhibition of the 

JNK pathway and/or knockdown of MFF abolished the pro-apoptotic effect of LATS2 on 

A549 cells [123]. The study of Seo et al. showed that protein isoforms of MFF, a molecule 

that controls mitochondrial size and shape, were overexpressed in patients with NSCLC and 

formed homo- and heterodimeric complexes with voltage-dependent anion channel-1 

(VDAC1), a key regulator of mitochondrial outer membrane permeability [124]. The data 

reported identified the MFF–VDAC1 complex as a novel regulator of apoptosis with the 

potential to be exploited therapeutically.

The autoreactivity of MFF (Table 1) and that of JUND proto-oncogene AP-1 in BC sera 

suggest that the quality control mechanism responsible for mitochondrial fission is 

problematic in breast carcinogenesis.

Conclusions

A group of phages cloned from BC cDNA expression libraries exhibited inserts identical to 

mitochondrial proteins encoded by nDNA, one of them being MNRR1. The evidence 

reported by Aras et al. suggested that MNRR1 regulates multiple genes that function in 

promoting the cell migration required for cancer metastasis and is upregulated in cell lines 

derived from tumors having enhanced metastatic potential. Since MNRR1 was identified as 

an autoantigen in breast carcinogenesis, and other mitochondrial autoantigens are potentially 

Madrid et al. Page 17

J Cancer Immunol (Wilmington). Author manuscript; available in PMC 2021 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



downstream of MNRR1, the data presented by Aras et al. support the role of MNRR1 and 

mitochondrial autoimmunity in breast carcinogenesis.

There is considerable evidence that the widespread autoreactivity of mitochondrial proteins 

found in BC sera may be the reflection of autoimmunity triggered by mitochondrial TAAs. 

Immune-screening of the RP cDNA library constructed with polyA RNA extracted from 

established BC cell lines and one pre-malignant cell, i.e., without the influence of immune 

cells or the society of cells found in the tumor microenvironment, led to the identification of 

a panel of nDNA-encoded mitochondrial proteins known to be involved in multiple 

tumorigenic pathways. The finding that these expression sequence tags identified in the RP 

cDNA library were significantly recognized by sera from patients with invasive BC indicates 

that the process that makes these proteins immunogenic takes place within the cancer cells 

themselves and constitutes direct evidence of the autoimmune nature of the reactivity.

Whether the function of enzymes targeted by autoantibodies is abnormal has been debated 

for decades [14,125]. The generation of autoreactive immune responses is not completely 

understood. Marré et al. hypothesized that pancreatic β-cell ER stress induced by 

environmental and physiological conditions generates abnormally modified proteins for the 

T1D autoimmune response [126]. Characterization of autoantigens has stimulated research 

on the pathogenesis of autoimmune diseases. For instance, most of the liver-specific 

autoantigens are key enzymes for the cell’s homeostasis. In patients with autoimmune 

hepatitis, autoantibodies can frequently be detected targeting cytochrome P450 2D6 

(CYP2D6). Other members of the CYP family of enzymes have also been described as 

targets of liver-specific autoimmunity in several autoimmune liver diseases [127]. Again, 

how these enzymes become ‘self’ targets of autoantibodies is not yet established. There is 

much evidence that pathogenic antibodies are not the only agents responsible for 

autoimmune tissue damage. In primary biliary cholangitis, considered as a model 

autoimmune disease, the cloning of cDNAs encoding mitochondrial antigens led to the 

identification of the three enzymes of the 2-oxo-acid dehydrogenase family including 

pyruvate dehydrogenase (PDH). The autoantigen was found to be associated with the E2 

subunit of these enzymes [11,128]. Further work on the pathogenesis of PBC showed that 

cell-mediated immune responses may be directly associated with the inflammatory response 

in PBC, suggesting that the generation of immune responsiveness to self-antigen can result 

in pathogenic autoimmune damage of tissues mediated by both humoral and cellular 

immune responses [129]. In this context, what is the evidence that the enzymes of the ETC 

targeted by autoantibodies may be dysfunctional? All the cloned sequences of the members 

of the ETC targeted by AMAs include conserved domains [17]. This finding and the high 

evolutionary conservation of the enzyme components of complex I may support the 

autoimmune nature of this process. In this light, Backes et al. provided evidence that 

evolutionary conserved proteins show specific sequence motifs and are more likely to 

become immunogenic [49].

The studies reviewed here demonstrate that the concept that MNRR1 directly participates in 

BC progression and metastasis can be extended to other autoreactive nDNA-encoded 

mitochondrial proteins that may contribute to mitochondrial dysfunction in BC, even if 

mitochondrial respiration is found to be within normal limits. Although a defect in oxidative 

Madrid et al. Page 18

J Cancer Immunol (Wilmington). Author manuscript; available in PMC 2021 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phosphorylation may not be the cause of cancer as proposed by Warburg [75], the extensive 

autoreactivity of mitochondrial enzymes that has been demonstrated to be critical for the 

inception and progression of BC indicates that autoimmunity-induced dysfunctional 

mitochondrial proteins are critically involved in breast carcinogenesis and that at least 

Warburg was correct in implicating mitochondria in carcinogenesis.

The data suggesting that DDX21 orchestrates a complex signaling network, with 

participation of JUND and ATF3 driving chronic inflammation and breast tumorigenesis, 

illustrate that functionally the division of mitochondrial proteins into mtDNA- and nDNA-

encoded is somewhat arbitrary in this case, since DDX21 is a nucleolar protein that can 

translocate to the nuclei as well as to the mitochondria, whereas although JUND and ATF3 

are strongly expressed in the mitochondria they are predominantly located in the nuclei.

That key mitochondrial enzymes involved in energy metabolism such as GADPH and PKM2 

are targeted by autoantibodies in BC makes the important point that, even if other 

parameters fail to show mitochondrial dysfunction, these two mitochondrial proteins are 

clearly involved in breast carcinogenesis. In addition, besides MNRR1, a number of other 

nDNA-encoded mitochondrial proteins such as GSTP1, PINK1, SPATA5 and MFF have 

been implicated in BC progression or BC risk, suggesting that mitochondrial autoimmunity 

prominently participates in breast carcinogenesis.

The evidence of participation of mitochondrial autoimmunity in BC inception and 

progression reviewed here may challenge the prevailing thinking in oncogenesis and 

suggests that mitochondrial autoimmunity is a major contributor to breast carcinogenesis 

and probably to the inception and progression of other solid tumors.

Figure 4 summarizes the published and unpublished work reviewed here. It shows that 

mitochondrial autoimmunity is a major factor in cancer inception and progression but by no 

means the only factor since there is a multiplex autoantibody profile targeting centrosome 

and stem cell antigens as well as anti-idiotypic antibodies revealing the complex signaling 

network involved in breast carcinogenesis. The autoreactome also sheds light on 

predisposing factors for sporadic BC including ROS, epigenomics, increased intestinal 

permeability, the microbiome, and diet. The barrage of autoantibodies and inflammatory 

cytokines can create a chronic inflammatory milieu with generation of tumorigenic signals 

leading to BC. The diagram also shows that the course of cancer could potentially be 

prevented if detected early. The studies reviewed here open new, unexpected therapeutic 

avenues and possibilities for cancer prevention and treatment of patients with cancer. These 

avenues are derived from an entirely new perspective of breast carcinogenesis based on 

existing therapeutic tools that have been successfully used in the treatment of the 

autoimmune RADs as well as on future measures that will be developed to prevent or avoid 

the effect of pathogenic antibodies and inflammatory cytokines on target organs. It is likely 

that the addition of modalities such as protecting the integrity of mitochondria, the induction 

of tolerance to antigens critically targeted by the autoantibody response, selective 

suppression of B-cell hyperactivity, anti-inflammatory therapy including anti-inflammatory 

cytokine treatment, and drugs that inhibit complement-induced autoimmune damage, 
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combined with appropriate diet, may improve the prognosis and decrease the mortality of 

aggressive BC.

The body of work reviewed here also questions the criteria used to classify a disease as 

autoimmune as applied to cancer [130,131]. Autoimmune diseases in which pathogenic 

antibodies have been identified can be organ-specific when the autoimmune process targets 

predominantly or exclusively one organ as in type 1 diabetes mellitus, autoimmune thyroid 

diseases such as Hashimoto’s thyroiditis, and Graves’ disease, or one tissue in particular 

such as the neuromuscular junction in the nervous system. But autoimmune diseases can 

also be systemic as in SLE, RA, or Sjögren’s syndrome, in which there are many pathogenic 

antibodies in addition to the participation of inflammatory cytokines and cellular 

mechanisms. Several features in the autoantibody profile are similar in cancer and in the 

autoimmune diseases, suggesting that some common pathogenic mechanisms can lead to 

their development. Similarly, there is much evidence for some commonalities in the 

molecular mechanisms in different solid tumors. In BC the multiplicity of autoantibodies 

highly associated with this malignancy approaches the large numbers of autoreactive gene 

products identified in the systemic autoimmune diseases such as SLE [14,132]. For example, 

it is clear that the breast is the main target of autoimmunity leading to autoimmune tissue 

damage in the breast and to cancer development; in that sense, BC could be regarded as a 

predominantly organ-specific autoimmune disease. Systemic aspects of the disease are 

suggested by the nature of the targets identified by autoantibodies including antigens known 

to participate in maintaining the integrity of the intestinal epithelial barrier, in the 

pathogenesis of some neurologic diseases, and antigens reflecting the interaction of the 

immune system with bacterial and viral products of the microbiome [unpublished]. In 

addition to pathogenic antibodies and inflammatory cytokines, similarly to the RADs, other 

mechanism may potentially be responsible for autoimmune tissue damage dependent on 

immune cell infiltration and B cell expansion in the target tissue [61,133–135].

Acknowledgments

Part of the unpublished studies reviewed here were supported by NIH R01 CA 122277 (Félix Fernández Madrid, 
PI), “Development and validation of a panel of breast cancer autoantigens for the early diagnosis of breast cancer.” 
The unpublished study of the cohort of healthy women with BIRADS4 assessment was supported in part by NIH-
SBIR to Genalyte, M. Gleeson [PI], “Rapid multiplex detection of cancer related proteins using the Maverick 
system for the early diagnosis of breast cancer,” and by the Flora Temple Fund. Studies on MNRR1 were supported 
by the Office of the Assistant Secretary of Defense for Health Affairs through the Peer Reviewed Medical Research 
Program under Award W81XWH-16-1-0516 and by the Henry L. Brasza endowment at Wayne State University. 
The views expressed in this article are those of the authors and do not necessarily reflect the position or policy of 
the U. S. Department of Defense or the United States government.

We gratefully acknowledge the contributions of Leonard Lipovich, Erica Kleinbrink from the Center for Molecular 
Medicine and Genetics of Wayne State University, and of Azadeh Stark from the Henry Ford Health System, 
Department of Pathology for their contribution to part of the analysis of the unpublished data. We are also thankful 
to Carol Peebles for the immunofluorescence photographs of AMAs and to Matt Garin for the art work.

References

1. Aras S, Maroun MC, Song Y, Bandyopadhyay S, Stark A, Yang ZQ, et al. Mitochondrial 
autoimmunity and MNRR1 in breast carcinogenesis. BMC Cancer. 2019 12 1;19(1):411. [PubMed: 
31046734] 

Madrid et al. Page 20

J Cancer Immunol (Wilmington). Author manuscript; available in PMC 2021 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Grossman LI, Purandare N, Arshad R, Gladyck S, Somayajulu M, Hüttemann M, et al. MNRR1, a 
bi-organellar regulator of mitochondria. Oxidative Medicine and Cellular Longevity. 2017 1 1;2017.

3. Modjtahedi N, Tokatlidis K, Dessen P, Kroemer G. Mitochondrial proteins containing coiled-coil-
helix-coiled-coil-helix (CHCH) domains in health and disease. Trends in Biochemical Sciences. 
2016 3 1;41(3):245–60. [PubMed: 26782138] 

4. Aras S, Bai M, Lee I, Springett R, Hüttemann M, Grossman LI. MNRR1 (formerly CHCHD2) is a 
bi-organellar regulator of mitochondrial metabolism. Mitochondrion. 2015 1 1;20:43–51. [PubMed: 
25315652] 

5. Aras S, Arrabi H, Purandare N, Hüttemann M, Kamholz J, Züchner S, et al. Abl2 kinase 
phosphorylates bi-organellar regulator MNRR1 in mitochondria, stimulating respiration. 
Biochimica et Biophysica Acta (BBA)-Molecular Cell Research. 2017 2 1;1864(2):440–8. 
[PubMed: 27913209] 

6. Liu Y, Clegg HV, Leslie PL, Di J, Tollini LA, He Y, et al. CHCHD2 inhibits apoptosis by interacting 
with Bcl-x L to regulate Bax activation. Cell Death & Differentiation. 2015 6;22(6):1035–46. 
[PubMed: 25476776] 

7. Aras S, Pak O, Sommer N, Finley R Jr, Hüttemann M, Weissmann N, et al. Oxygen-dependent 
expression of cytochrome c oxidase subunit 4–2 gene expression is mediated by transcription 
factors RBPJ, CXXC5 and CHCHD2. Nucleic Acids Research. 2013 2 1;41(4):2255–66. [PubMed: 
23303788] 

8. Fernández Madrid F, Maroun MC, Olivero OA, Long M, Stark A, Grossman LI, et al. 
Autoantibodies in breast cancer sera are not epiphenomena and may participate in carcinogenesis. 
BMC Cancer. 2015 12;15(1):1–5. [PubMed: 25971837] 

9. Fernández Madrid F, Maroun MC, Olivero OA, Long M, Stark A, Grossman LI, et al. 
Autoantibodies in breast cancer sera are not epiphenomena and may participate in carcinogenesis. 
BMC Cancer. 2015 12;15(1):1–5. [PubMed: 25971837] 

10. Fritzler MJ, Manns MP. Anti-mitochondrial autoantibodies. Clinical and Applied Immunology 
Reviews. 2002 12 1;3(3):87–113.

11. Gershwin ME, Mackay IR, Sturgess A, Coppel RL. Identification and specificity of a cDNA 
encoding the 70 kd mitochondrial antigen recognized in primary biliary cirrhosis. The Journal of 
Immunology. 1987 5 15;138(10):3525–31. [PubMed: 3571977] 

12. Marchenko S, Chernyavsky AI, Arredondo J, Gindi V, Grando SA. Antimitochondrial 
Autoantibodies in Pemphigus Vulgaris A MISSING LINK IN DISEASE PATHOPHYSIOLOGY. 
Journal of Biological Chemistry. 2010 2 5;285(6):3695–704.

13. Chen Y, Chernyavsky A, Webber RJ, Grando SA, Wang PH. Critical role of the neonatal Fc 
receptor (FcRn) in the pathogenic action of antimitochondrial autoantibodies synergizing with 
anti-desmoglein autoantibodies in pemphigus vulgaris. Journal of Biological Chemistry. 2015 9 
25;290(39):23826–37.

14. Tan EM. Antinuclear antibodies: diagnostic markers for autoimmune diseases and probes for cell 
biology. Advances in Immunology. 1989 1 1;44:93–151. [PubMed: 2646863] 

15. Fernández Madrid F, Tang N, Alansari H, Karvonen RL, Tomkiel JE. Improved approach to 
identify cancer-associated autoantigens. Autoimmunity Reviews. 2005 4 1;4(4):230–5. [PubMed: 
15893717] 

16. Fernández-Madrid F, Tang N, Alansari H, Granda JL, Tait L, Amirikia KC, et al. Autoantibodies to 
annexin XI-A and other autoantigens in the diagnosis of breast cancer. Cancer Research. 2004 8 
1;64(15):5089–96. [PubMed: 15289310] 

17. Maroun MC, Grossman LI, Lancaster WD, Long M, Arshad R, Aboukasm G, et al. Mitochondrial 
encoded targets of breast cancer anti-mitochondrial antibodies implications of mitochondrial 
autoimmunity for breast cancer progression. Scientific Journal of Molecular Biomarkers & 
Diagnosis. 2017;1(1):001–8.

18. Babbage G, Ottensmeier CH, Blaydes J, Stevenson FK, Sahota SS. Immunoglobulin heavy chain 
locus events and expression of activation-induced cytidine deaminase in epithelial breast cancer 
cell lines. Cancer Research. 2006 4 15;66(8):3996–4000. [PubMed: 16618718] 

19. Chen Z, Gu J. Immunoglobulin G expression in carcinomas and cancer cell lines. The FASEB 
Journal. 2007 9;21(11):2931–8. [PubMed: 17475920] 

Madrid et al. Page 21

J Cancer Immunol (Wilmington). Author manuscript; available in PMC 2021 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



20. Chen Z, Huang X, Ye J, Pan P, Cao Q, Yang B, Li Z, Su M, Huang C, Gu J. Immunoglobulin G is 
present in a wide variety of soft tissue tumors and correlates well with proliferation markers and 
tumor grades. Cancer. 2010 4 15;116(8):1953–63. [PubMed: 20186824] 

21. Qiu X, Zhu X, Zhang L, Mao Y, Zhang J, Hao P, et al. Human epithelial cancers secrete 
immunoglobulin g with unidentified specificity to promote growth and survival of tumor cells. 
Cancer Research. 2003 10 1;63(19):6488–95. [PubMed: 14559841] 

22. Qiu Y, Korteweg C, Chen Z, Li J, Luo J, Huang G, et al. Immunoglobulin G expression and its 
colocalization with complement proteins in papillary thyroid cancer. Modern Pathology. 2012 
1;25(1):36–45. [PubMed: 21909078] 

23. Miller BE, Miller FR, Wilburn D, Heppner GH. Dominance of a tumor subpopulation line in 
mixed heterogeneous mouse mammary tumors. Cancer Research. 1988 10 15;48(20):5747–53. 
[PubMed: 3167832] 

24. Altschul SF, Boguski MS, Gish W, Wootton JC. Issues in searching molecular sequence databases. 
Nature Genetics. 1994 2;6(2):119–29. [PubMed: 8162065] 

25. Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, et al. The human genome 
browser at UCSC. Genome Research. 2002 6 1;12(6):996–1006. [PubMed: 12045153] 

26. Melé M, Ferreira PG, Reverter F, DeLuca DS, Monlong J, Sammeth M, et al. The human 
transcriptome across tissues and individuals. Science. 2015 5 8;348(6235):660–5. [PubMed: 
25954002] 

27. Pruitt KD, Brown GR, Hiatt SM, Thibaud-Nissen F, Astashyn A, Ermolaeva O, et al. RefSeq: an 
update on mammalian reference sequences. Nucleic Acids Research. 2014 1 1;42(D1):D756–63. 
[PubMed: 24259432] 

28. Jung E, Lee J, Hong HJ, Park I, Lee Y. RNA recognition by a human antibody against brain 
cytoplasmic 200 RNA. RNA. 2014 6 1;20(6):805–14. [PubMed: 24759090] 

29. Buneva VN, Krasnorutskii MA, Nevinsky GA. Natural antibodies to nucleic acids. Biochemistry 
(Moscow). 2013 2 1;78(2):127–43. [PubMed: 23581984] 

30. Han JH, Umiker BR, Kazimirova AA, Fray M, Korgaonkar P, Selsing E, et al. Expression of an 
anti-RNA autoantibody in a mouse model of SLE increases neutrophil and monocyte numbers as 
well as IFN-I expression. European Journal of Immunology. 2014 1;44(1):215–26. [PubMed: 
24105635] 

31. Koffler D, Miller TE, Faiferman I. Antipolynucleotide antibodies: the rheumatic connection. 
Human Pathology. 1983 5 1;14(5):406–18. [PubMed: 6188676] 

32. Schur PH, Monroe M. Antibodies to ribonucleic acid in systemic lupus erythematosus. 
Proceedings of the National Academy of Sciences. 1969 8 1;63(4):1108–12.

33. Cobb LJ, Lee C, Xiao J, Yen K, Wong RG, Nakamura HK, et al. Naturally occurring 
mitochondrial-derived peptides are age-dependent regulators of apoptosis, insulin sensitivity, and 
inflammatory markers. Aging (Albany NY) 2016 4;8(4):796. [PubMed: 27070352] 

34. Cobb LJ, Lee C, Xiao J, Yen K, Wong RG, Nakamura HK, et al. Naturally occurring 
mitochondrial-derived peptides are age-dependent regulators of apoptosis, insulin sensitivity, and 
inflammatory markers. Aging (Albany NY). 2016 4;8(4):796. [PubMed: 27070352] 

35. Fuku N, Pareja-Galeano H, Zempo H, Alis R, Arai Y, Lucia A, et al. The mitochondrial-derived 
peptide MOTS-c: a player in exceptional longevity?. Aging Cell. 2015 12;14(6):921–3. [PubMed: 
26289118] 

36. Lee C, Kim KH, Cohen P. MOTS-c: a novel mitochondrial-derived peptide regulating muscle and 
fat metabolism. Free Radical Biology and Medicine. 2016 11 1;100:182–7. [PubMed: 27216708] 

37. Nashine S, Cohen P, Nesburn AB, Kuppermann BD, Kenney MC. Characterizing the protective 
effects of SHLP2, a mitochondrial-derived peptide, in macular degeneration. Scientific Reports. 
2018 10 11;8(1):1–2. [PubMed: 29311619] 

38. Okada AK, Teranishi K, Lobo F, Isas JM, Xiao J, Yen K, et al. The mitochondrial-derived peptides, 
HumaninS14G and small Humanin-like peptide 2, exhibit chaperone-like activity. Scientific 
Reports. 2017 8 10;7(1):1–0. [PubMed: 28127051] 

39. Kraja AT, Liu C, Fetterman JL, Graff M, Have CT, Gu C, et al. Associations of mitochondrial and 
nuclear mitochondrial variants and genes with seven metabolic traits. The American Journal of 
Human Genetics. 2019 1 3;104(1):112–38. [PubMed: 30595373] 

Madrid et al. Page 22

J Cancer Immunol (Wilmington). Author manuscript; available in PMC 2021 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



40. Weerts MJ, Smid M, Foekens JA, Sleijfer S, Martens JW. Mitochondrial RNA expression and 
single nucleotide variants in association with clinical parameters in primary breast cancers. 
Cancers. 2018 12;10(12):500.

41. McGeehan RE, Cockram LA, Littlewood DT, Keatley K, Eccles DM, An Q. Deep sequencing 
reveals the mitochondrial DNA variation landscapes of breast-to-brain metastasis blood samples. 
Mitochondrial DNA Part A. 2018 7 4;29(5):703–13.

42. McMahon S, LaFramboise T. Mutational patterns in the breast cancer mitochondrial genome, with 
clinical correlates. Carcinogenesis. 2014 5 1;35(5):1046–54. [PubMed: 24442641] 

43. Park JS, Sharma LK, Li H, Xiang R, Holstein D, Wu J, et al. A heteroplasmic, not homoplasmic, 
mitochondrial DNA mutation promotes tumorigenesis via alteration in reactive oxygen species 
generation and apoptosis. Human Molecular Genetics. 2009 5 1;18(9):1578–89. [PubMed: 
19208652] 

44. Chen L, Duvvuri B, Grigull J, Jamnik R, Wither JE, Wu GE. Experimental evidence that mutated-
self peptides derived from mitochondrial DNA somatic mutations have the potential to trigger 
autoimmunity. Human Immunology. 2014 8 1;75(8):873–9. [PubMed: 24979674] 

45. Gu Y, Wang C, Roifman CM, Cohen A. Role of MHC class I in immune surveillance of 
mitochondrial DNA integrity. The Journal of Immunology. 2003 4 1;170(7):3603–7. [PubMed: 
12646623] 

46. Chatterjee A, Dasgupta S, Sidransky D. Mitochondrial subversion in cancer. Cancer Prevention 
Research. 2011 5 1;4(5):638–54. [PubMed: 21543342] 

47. Wallace DC. Mitochondria and cancer. Nature Reviews Cancer. 2012 10;12(10):685–98. [PubMed: 
23001348] 

48. Weinberg RA. Coming full circle—from endless complexity to simplicity and back again. Cell. 
2014 3 27;157(1):267–71. [PubMed: 24679541] 

49. Backes C, Ludwig N, Leidinger P, Harz C, Hoffmann J, Keller A, et al. Immunogenicity of 
autoantigens. BMC Genomics. 2011 12;12(1):1–3.

50. Tan EM. Autoantibodies as reporters identifying aberrant cellular mechanisms in tumorigenesis. 
The Journal of Clinical Investigation. 2001 11 15;108(10):1411–5. [PubMed: 11714730] 

51. Kaufman RJ. Orchestrating the unfolded protein response in health and disease. The Journal of 
Clinical Investigation. 2002 11 15;110(10):1389–98. [PubMed: 12438434] 

52. Pellegrino MW, Nargund AM, Kirienko NV, Gillis R, Fiorese CJ, Haynes CM. Mitochondrial 
UPR-regulated innate immunity provides resistance to pathogen infection. Nature. 2014 
12;516(7531):414–7. [PubMed: 25274306] 

53. Clarke R, Cook KL, Hu R, Facey CO, Tavassoly I, Schwartz JL, et al. Endoplasmic reticulum 
stress, the unfolded protein response, autophagy, and the integrated regulation of breast cancer cell 
fate. Cancer Research. 2012 3 15;72(6):1321–31. [PubMed: 22422988] 

54. Gazit G, Lu J, Lee AS. De-regulation of GRP stress protein expression in human breast cancer cell 
lines. Breast Cancer Research and Treatment. 1999 3 1;54(2):135–46. [PubMed: 10424404] 

55. Ma Y, Hendershot LM. The role of the unfolded protein response in tumour development: friend or 
foe?. Nature Reviews Cancer. 2004 12;4(12):966–77. [PubMed: 15573118] 

56. Scriven P, Coulson S, Haines R, Balasubramanian S, Cross S, Wyld L. Activation and clinical 
significance of the unfolded protein response in breast cancer. British Journal of Cancer. 2009 
11;101(10):1692–8. [PubMed: 19861963] 

57. Anderson S, Bankier AT, Barrell BG, de Bruijn MH, Coulson AR, Drouin J, et al. Sequence and 
organization of the human mitochondrial genome. Nature. 1981 4;290(5806):457–65. [PubMed: 
7219534] 

58. Reuter S, Gupta SC, Chaturvedi MM, Aggarwal BB. Oxidative stress, inflammation, and cancer: 
how are they linked?. Free Radical Biology and Medicine. 2010 12 1;49(11):1603–16. [PubMed: 
20840865] 

59. Schraufstätter I, Hyslop PA, Jackson JH, Cochrane CG. Oxidant-induced DNA damage of target 
cells. The Journal of Clinical Investigation. 1988 9 1;82(3):1040–50. [PubMed: 2843565] 

60. Valko M, Izakovic M, Mazur M, Rhodes CJ, Telser J. Role of oxygen radicals in DNA damage and 
cancer incidence. Molecular and Cellular Biochemistry. 2004 11 1;266(1–2):37–56. [PubMed: 
15646026] 

Madrid et al. Page 23

J Cancer Immunol (Wilmington). Author manuscript; available in PMC 2021 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



61. Todd DJ, Lee AH, Glimcher LH. The endoplasmic reticulum stress response in immunity and 
autoimmunity. Nature Reviews Immunology. 2008 9;8(9):663–74.

62. Coussens LM, Werb Z. Inflammation and cancer. Nature. 2002 12;420(6917):860–7. [PubMed: 
12490959] 

63. Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related inflammation. Nature. 2008 
7;454(7203):436–44. [PubMed: 18650914] 

64. De Visser KE, Eichten A, Coussens LM. Paradoxical roles of the immune system during cancer 
development. Nature Reviews Cancer. 2006 1;6(1):24–37. [PubMed: 16397525] 

65. DeNardo DG, Coussens LM. Inflammation and breast cancer. Balancing immune response: 
crosstalk between adaptive and innate immune cells during breast cancer progression. Breast 
Cancer Research. 2007 8 1;9(4):212. [PubMed: 17705880] 

66. Casellas P, Galiegue S, Basile AS. Peripheral benzodiazepine receptors and mitochondrial 
function. Neurochemistry International. 2002 5 1;40(6):475–86. [PubMed: 11850104] 

67. Papadopoulos V, Baraldi M, Guilarte TR, Knudsen TB, Lacapère JJ, Lindemann P, et al. 
Translocator protein (18 kDa): new nomenclature for the peripheral-type benzodiazepine receptor 
based on its structure and molecular function. Trends in Pharmacological Sciences. 2006 8 
1;27(8):402–9. [PubMed: 16822554] 

68. Corsi L, Geminiani E, Baraldi M. Peripheral benzodiazepine receptor (PBR) new insight in cell 
proliferation and cell differentiation review. Current Clinical Pharmacology. 2008 1 1;3(1):38–45. 
[PubMed: 18690876] 

69. Zhang Y, Baysac KC, Yee LF, Saporita AJ, Weber JD. Elevated DDX21 regulates c-Jun activity 
and rRNA processing in human breast cancers. Breast Cancer Research. 2014 10 1;16(5):449. 
[PubMed: 25260534] 

70. Kim DS, Camacho CV, Nagari A, Malladi VS, Challa S, Kraus WL. Activation of PARP-1 by 
snoRNAs controls ribosome biogenesis and cell growth via the RNA helicase DDX21. Molecular 
Cell. 2019 9 19;75(6):1270–85. [PubMed: 31351877] 

71. Miglietta A, Bozzo F, Bocca C, Gabriel L, Trombetta A, Belotti S, et al. Conjugated linoleic acid 
induces apoptosis in MDA-MB-231 breast cancer cells through ERK/MAPK signalling and 
mitochondrial pathway. Cancer Letters. 2006 3 28;234(2):149–57. [PubMed: 15885890] 

72. Wolford CC, McConoughey SJ, Jalgaonkar SP, Leon M, Merchant AS, Dominick JL, et al. 
Transcription factor ATF3 links host adaptive response to breast cancer metastasis. The Journal of 
Clinical Investigation. 2013 7 1;123(7):2893–906. [PubMed: 23921126] 

73. Yin X, Wolford CC, Chang YS, McConoughey SJ, Ramsey SA, Aderem A, et al. ATF3, an 
adaptive-response gene, enhances TGFβ signaling and cancer-initiating cell features in breast 
cancer cells. Journal of Cell Science. 2010 10 15;123(20):3558–65. [PubMed: 20930144] 

74. Berger I, Shaul Y. Structure and function of human jun-D. Oncogene. 1991 4;6(4):561. [PubMed: 
1903194] 

75. Warburg O On the origin of cancer cells. Science. 1956 2 24;123(3191):309–14. [PubMed: 
13298683] 

76. Nieman KM, Kenny HA, Penicka CV, Ladanyi A, Buell-Gutbrod R, Zillhardt MR, et al. 
Adipocytes promote ovarian cancer metastasis and provide energy for rapid tumor growth. Nature 
Medicine. 2011 11;17(11):1498.

77. Sotgia F, Martinez-Outschoorn UE, Pavlides S, Howell A, Pestell RG, Lisanti MP. Understanding 
the Warburg effect and the prognostic value of stromal caveolin-1 as a marker of a lethal tumor 
microenvironment. Breast Cancer Research. 2011 8;13(4):1–3.

78. Senyilmaz D, Teleman AA. Chicken or the egg: Warburg effect and mitochondrial dysfunction. 
F1000prime Reports. 2015;7.

79. Kornberg MD, Sen N, Hara MR, Juluri KR, Nguyen JV, Snowman AM, et al. GAPDH mediates 
nitrosylation of nuclear proteins. Nature Cell Biology. 2010 11;12(11):1094–100. [PubMed: 
20972425] 

80. Jia J, Arif A, Willard B, Smith JD, Stuehr DJ, Hazen SL, Fox PL. Protection of extraribosomal 
RPL13a by GAPDH and dysregulation by S-nitrosylation. Molecular Cell. 2012 8 24;47(4):656–
63. [PubMed: 22771119] 

Madrid et al. Page 24

J Cancer Immunol (Wilmington). Author manuscript; available in PMC 2021 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



81. Revillion F, Pawlowski V, Hornez L, Peyrat JP. Glyceraldehyde-3-phosphate dehydrogenase gene 
expression in human breast cancer. European Journal of Cancer. 2000 5 1;36(8):1038–42. 
[PubMed: 10885609] 

82. Guo C, Liu S, Sun MZ. Novel insight into the role of GAPDH playing in tumor. Clinical and 
Translational Oncology. 2013 3 1;15(3):167–72. [PubMed: 22911551] 

83. Maroun MC, Olivero O, Lipovich L, Stark A, Tait L, Bandyopadhyay S, et al. Anti-centrosome 
antibodies in breast cancer are the expression of autoimmunity. Immunologic Research. 2014 12 
1;60(2–3):339–47. [PubMed: 25420961] 

84. Cool BL, Sirover MA. Immunocytochemical localization of the base excision repair enzyme uracil 
DNA glycosylase in quiescent and proliferating normal human cells. Cancer Research. 1989 6 
1;49(11):3029–36. [PubMed: 2785849] 

85. Mansur NR, Meyer-Siegler K, Wurzer JC, Sirover MA. Cell cycle regulation of the 
glyceraldehyde3phosphate dehydrogenaseluracil DNA glycosylase gene in normal human cells. 
Nucleic Acids Research. 1993 2 25;21(4):993–8. [PubMed: 8451199] 

86. Gong Y,Cui L,Minuk GY. Comparisonofglyceraldehyde-3-phosphate dehydrogenase and 28S-
ribosomal RNA gene expression in human hepatocellular carcinoma. Hepatology. 1996 
4;23(4):734–7. [PubMed: 8666326] 

87. Vilà MR, Nicolás A, Morote J, de Torres I, Meseguer A. Increased glyceraldehyde-3-phosphate 
dehydrogenase expression in renal cell carcinoma identified by RNA-based, arbitrarily primed 
polymerase chain reaction. Cancer. 2000 7 1;89(1):152–64. [PubMed: 10897012] 

88. Zhao Z, Song Z, Liao Z, Liu Z, Sun H, Lei B, et al. PKM2 promotes stemness of breast cancer cell 
by through Wnt/β-catenin pathway. Tumor Biology. 2016 3 1;37(3):4223–34.

89. Wong N, Ojo D, Yan J, Tang D. PKM2 contributes to cancer metabolism. Cancer Letters. 2015 1 
28;356(2):184–91. [PubMed: 24508027] 

90. Hsu MC, Hung WC, Yamaguchi H, Lim SO, Liao HW, Tsai CH, et al. Extracellular PKM2 induces 
cancer proliferation by activating the EGFR signaling pathway. American Journal of Cancer 
Research. 2016;6(3):628. [PubMed: 27152240] 

91. Lin X, Nelson WG. Methyl-CpG-binding domain protein-2 mediates transcriptional repression 
associated with hypermethylated GSTP1 CpG islands in MCF-7 breast cancer cells. Cancer 
Research. 2003 1 15;63(2):498–504. [PubMed: 12543808] 

92. Chen YL, Tseng HS, Kuo WH, Yang SF, Chen DR, Tsai HT. Glutathione S-Transferase P1 
(GSTP1) gene polymorphism increases age-related susceptibility to hepatocellular carcinoma. 
BMC Medical Genetics. 2010 12 1;11(1):46. [PubMed: 20331903] 

93. Sergentanis TN, Economopoulos KP. GSTT1 and GSTP1 polymorphisms and breast cancer risk: a 
meta-analysis. Breast Cancer Research and Treatment. 2010 5 1;121(1):195–202. [PubMed: 
19760040] 

94. Wang T, Arifoglu P, Ronai ZE, Tew KD. Glutathione S-transferase P1–1 (GSTP1–1) inhibits c-Jun 
N-terminal kinase (JNK1) signaling through interaction with the C terminus. Journal of Biological 
Chemistry. 2001 6 15;276(24):20999–1003.

95. Adler V, Yin Z, Fuchs SY, Benezra M, Rosario L, Tew KD, et al. Regulation of JNK signaling by 
GSTp. The EMBO Journal. 1999 3 1;18(5):1321–34. [PubMed: 10064598] 

96. Buschmann T, Yin Z, Bhoumik A, Ronai ZE. Amino-terminal-derived JNK fragment alters 
expression and activity of c-Jun, ATF2, and p53 and increases H2O2-induced cell death. Journal of 
Biological Chemistry. 2000 6 2;275(22):16590–6.

97. Fuchs SY, Adler V, Pincus MR, Ronai ZE. MEKK1/JNK signaling stabilizes and activates p53. 
Proceedings of the National Academy of Sciences. 1998 9 1;95(18):10541–6.

98. Yin Z, Ivanov VN, Habelhah H, Tew K, Ronai ZE. Glutathione S-transferase p elicits protection 
against H2O2-induced cell death via coordinated regulation of stress kinases. Cancer Research. 
2000 8 1;60(15):4053–7. [PubMed: 10945608] 

99. Geisler S, Holmström KM, Treis A, Skujat D, Weber SS, Fiesel FC, et al. The PINK1/Parkin-
mediated mitophagy is compromised by PD-associated mutations. Autophagy. 2010 Oct 
1;6(7):871–8.

Madrid et al. Page 25

J Cancer Immunol (Wilmington). Author manuscript; available in PMC 2021 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



100. Valente EM, Abou-Sleiman PM, Caputo V, Muqit MM, Harvey K, Gispert S, et al. Hereditary 
early-onset Parkinson’s disease caused by mutations in PINK1. Science. 2004 5 
21;304(5674):1158–60. [PubMed: 15087508] 

101. Katayama S, Tomaru Y, Kasukawa T, Waki K, Nakanishi M, Nakamura M, et al. Antisense 
transcription in the mammalian transcriptome. Science. 2005 9 2;309(5740):1564–6. [PubMed: 
16141073] 

102. Lavorgna G, Dahary D, Lehner B, Sorek R, Sanderson CM, Casari G. In search of antisense. 
Trends in Biochemical Sciences. 2004 2 1;29(2):88–94. [PubMed: 15102435] 

103. Yelin R, Dahary D, Sorek R, Levanon EY, Goldstein O, Shoshan A, et al. Widespread occurrence 
of antisense transcription in the human genome. Nature Biotechnology. 2003 4;21(4):379–86.

104. Scheele C, Petrovic N, Faghihi MA, Lassmann T, Fredriksson K, Rooyackers O, et al. The human 
PINK1 locus is regulated in vivo by a non-coding natural antisense RNA during modulation of 
mitochondrial function. BMC Genomics. 2007 12 1;8(1):74. [PubMed: 17362513] 

105. Timmons JA, Good L. Does everything now make (anti) sense?. Biochemical Society 
Transactions. 2006 12 3;34(Pt 6):1148–50. [PubMed: 17073772] 

106. Berthier A, Navarro S, Jiménez-Sáinz J, Roglá I, Ripoll F, et al. PINK1 displays tissue-specific 
subcellular location and regulates apoptosis and cell growth in breast cancer cells. Human 
Pathology. 2011 1 1;42(1):75–87. [PubMed: 20971498] 

107. O’Flanagan CH, O’Neill C. PINK1 signalling in cancer biology. Biochimica et Biophysica Acta 
(BBA)-Reviews on Cancer. 2014 12 1;1846(2):590–8. [PubMed: 25450579] 

108. Li GB, Fu RQ, Shen HM, Zhou J, Hu XY, Liu YX, et al. Polyphyllin I induces mitophagic and 
apoptotic cell death in human breast cancer cells by increasing mitochondrial PINK1 levels. 
Oncotarget. 2017 2 7;8(6):10359. [PubMed: 28060722] 

109. Kim RH, Mak TW. Tumours and tremors: how PTEN regulation underlies both. British Journal of 
Cancer. 2006 3;94(5):620–4. [PubMed: 16495927] 

110. Rugbjerg K, Friis S, Lassen CF, Ritz B, Olsen JH. Malignant melanoma, breast cancer and other 
cancers in patients with Parkinson’s disease. International Journal of Cancer. 2012 10 
15;131(8):1904–11. [PubMed: 22278152] 

111. Henderson BE, Feigelson HS. Hormonal carcinogenesis. Carcinogenesis. 2000 3 1;21(3):427–33. 
[PubMed: 10688862] 

112. Bourque M, Dluzen DE, Di Paolo T. Neuroprotective actions of sex steroids in Parkinson’s 
disease. Frontiers in Neuroendocrinology. 2009 7 1;30(2):142–57. [PubMed: 19410597] 

113. Van Den Eeden SK, Tanner CM, Bernstein AL, Fross RD, Leimpeter A, Bloch DA, et al. 
Incidence of Parkinson’s disease: variation by age, gender, and race/ethnicity. American Journal 
of Epidemiology. 2003 6 1;157(11):1015–22. [PubMed: 12777365] 

114. Prattes M, Lo YH, Bergler H, Stanley RE. Shaping the Nascent Ribosome: AAA-ATPases in 
Eukaryotic Ribosome Biogenesis. Biomolecules. 2019 Nov;9(11):715.

115. Tafforeau L, Zorbas C, Langhendries JL, Mullineux ST, Stamatopoulou V, Mullier R, et al. The 
complexity of human ribosome biogenesis revealed by systematic nucleolar screening of Pre-
rRNA processing factors. Molecular Cell. 2013 8 22;51(4):539–51. [PubMed: 23973377] 

116. Liu Y, Black J, Kisiel N, Kulesz-Martin MF. SPAF, a new AAA-protein specific to early 
spermatogenesis and malignant conversion. Oncogene. 2000 3;19(12):1579–88. [PubMed: 
10734318] 

117. Puusepp S, Kovacs-Nagy R, Alhaddad B, Braunisch M, Hoffmann GF, Kotzaeridou U, et al. 
Compound heterozygous SPATA5 variants in four families and functional studies of SPATA5 
deficiency. European Journal of Human Genetics. 2018 3;26(3):407–19. 117. [PubMed: 
29343804] 

118. Kressler D, Hurt E, Bergler H, Baβler J. The power of AAA-ATPases on the road of pre-60S 
ribosome maturation—molecular machines that strip pre-ribosomal particles. Biochimica Et 
Biophysica Acta (BBA)-Molecular Cell Research. 2012 1 1;1823(1):92–100. [PubMed: 
21763358] 

119. Simula L, Nazio F, Campello S. The mitochondrial dynamics in cancer and immune-surveillance. 
Seminars in Cancer Biology 2017 12 1;47:29–42. [PubMed: 28655520] 

Madrid et al. Page 26

J Cancer Immunol (Wilmington). Author manuscript; available in PMC 2021 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



120. Koch J, Feichtinger RG, Freisinger P, Pies M, Schrödl F, Iuso A, et al. Disturbed mitochondrial 
and peroxisomal dynamics due to loss of MFF causes Leigh-like encephalopathy, optic atrophy 
and peripheral neuropathy. Journal of Medical Genetics. 2016 4 1;53(4):270–8. [PubMed: 
26783368] 

121. Gandre-Babbe S, van der Bliek AM. The novel tail-anchored membrane protein Mff controls 
mitochondrial and peroxisomal fission in mammalian cells. Molecular Biology of the Cell. 2008 
6;19(6):2402–12. [PubMed: 18353969] 

122. Tang Q, Liu W, Zhang Q, Huang J, Hu C, Liu Y, et al. Dynamin-related protein 1-mediated 
mitochondrial fission contributes to IR-783-induced apoptosis in human breast cancer cells. 
Journal of cellular and molecular medicine. 2018 9;22(9):4474–85. [PubMed: 29993201] 

123. Xie Y, Lv Y, Zhang Y, Liang Z, Han L, Xie Y. LATS2 promotes apoptosis in non-small cell lung 
cancer A549 cells via triggering Mff-dependent mitochondrial fission and activating the JNK 
signaling pathway. Biomedicine & Pharmacotherapy. 2019 1 1;109:679–89. [PubMed: 
30551520] 

124. Seo JH, Chae YC, Kossenkov AV, Lee YG, Tang HY, Agarwal E, et al. MFF regulation of 
mitochondrial cell death is a therapeutic target in cancer. Cancer Research. 2019 12 
15;79(24):6215–26. [PubMed: 31582380] 

125. Imai H, Nakano Y, Kiyosawa K, Tan EM. Increasing titers and changing specificities of 
antinuclear antibodies in patients with chronic liver disease who develop hepatocellular 
carcinoma. Cancer. 1993 1 1;71(1):26–35. [PubMed: 8380118] 

126. Marré ML, Profozich JL, Coneybeer JT, Geng X, Bertera S, Ford MJ, et al. Inherent ER stress in 
pancreatic islet β cells causes self-recognition by autoreactive T cells in type 1 diabetes. Journal 
of Autoimmunity. 2016 8 1;72:33–46. [PubMed: 27173406] 

127. Bogdanos DP, Dalekos GN. Enzymes as target antigens of liver-specific autoimmunity: the case 
of cytochromes P450s. Current Medicinal Chemistry. 2008 9 1;15(22):2285–92. [PubMed: 
18781950] 

128. Mackay IR, Gershwin ME. Molecular basis of mitochondrial autoreactivity in primary biliary 
cirrhosis. Immunology Today. 1989 9 1;10(9):315–8. [PubMed: 2480138] 

129. Kita H, Imawari M, Gershwin ME. Cellular immune response in primary biliary cirrhosis. 
Hepatology Research. 2004 1 1;28(1):12–7. [PubMed: 14734145] 

130. Rose NR, Bona C. Defining criteria for autoimmune diseases (Witebsky’s postulates revisited). 
Immunology Today. 1993 9 1;14(9):426–30. [PubMed: 8216719] 

131. Mackay IR, Rose NR. The autoimmune diseases. (5th edn) Elsevier Inc.; 2013 12.

132. Sherer Y, Gorstein A, Fritzler MJ, Shoenfeld Y. Autoantibody explosion in systemic lupus 
erythematosus: more than 100 different antibodies found in SLE patients. Seminars in Arthritis 
and Rheumatism 2004 10 1;34(2):501–537. [PubMed: 15505768] 

133. Pisetsky DS. Evolving story of autoantibodies in systemic lupus erythematosus. Journal of 
Autoimmunity. 2020 6 1;110:102356. [PubMed: 31810857] 

134. Tsokos GC. Autoimmunity and organ damage in systemic lupus erythematosus. Nature 
Immunology. 2020 5 4:1–0. [PubMed: 31831887] 

135. Suurmond J, Diamond B. Autoantibodies in systemic autoimmune diseases: specificity and 
pathogenicity. The Journal of Clinical Investigation. 2015 6 1;125(6):2194–202. [PubMed: 
25938780] 

Madrid et al. Page 27

J Cancer Immunol (Wilmington). Author manuscript; available in PMC 2021 February 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: 
Mixed IFA pattern with antibodies to mitochondria and centrosomes in the serum of a 

patient with ductal carcinoma in situ.
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Figure 2: 
AMAs in the serum from a patient with Infiltrating breast carcinoma.
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Figure 3: 
Mixed pattern with AMAs and nucleolar staining in serum from a healthy woman with 

BIRADS4 mammography assessment and BBD by breast biopsy.
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Figure 4: 
Breast cancer as an autoimmune disease.
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