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Abstract 

Triple-negative breast cancer (TNBC), particularly the androgen receptor–low (AR-low) subtype, is 
one of the most aggressive and hard-to-treat forms of breast cancer, characterized by high index of 
proliferation, chromosomal instability (CIN), and high prevalence of TP53 mutations. These features 
fuel intra-tumoral heterogeneity, therapy resistance, and poor clinical outcomes. An integrated 
framework that encompasses the dysregulated molecular networks and pathways that support the 
pathobiology of and shape AR-low TNBC has been lacking. In this data-supported review, we 
synthesize transcriptomic, epigenetic, and mechanistic evidence to show that AR-low and TP53-
mutant breast cancers consistently upregulate mitotic kinesin motors, centromeric proteins, and 
regulators of proteolysis. These modules normally facilitate mitosis and safeguard genomic integrity, 
but when persistently and excessively activated, they promote unbridled proliferation while 
undermining fidelity of mitosis. The result is a paradoxical tumor state: rapid proliferation coupled 
with persistent mitotic errors, CIN, and aneuploidy, which in turn accelerate tumor evolution and 
adaptation. We propose a unifying model in which a FoxM1–WDR5–ASPM regulatory axis acts as a 
central driver of this dysregulation. In the absence of AR signaling, this axis locks tumor cells into a 
hyperproliferative state with cells traversing highly error-prone mitoses. This state involves a steep 
upregulation of mitotic kinesins, centromeric proteins, and regulators of protein degradation, fueling 
CIN and intra-tumoral heterogeneity. Loss of TP53 function fuels this dysregulation, and also allows 
the aneuploid cells to survive and continue dividing, perpetuating the aneuploid state. We also show 
that breast tumor overexpressing mitotic kinesins, centromeric proteins, and regulators of protein 
degradation, show characteristic infiltration patterns of immune and stromal cells in their tumor 
microenvironment, which could impact their prognosis and response to treatments. This perspective 
highlights how AR-low TNBC and TP53-mutant breast cancers bend core cell cycle machinery to 
sustain aggressive growth and evolve dynamically. By defining this interconnected regulatory 
network, we identify a set of actionable vulnerabilities with therapeutic potential and provide a 
framework for rethinking how to manage high proliferation, genomically unstable breast cancers. 

Keywords: Kinesins; mitotic; centromeric proteins; ubiquitin-proteasome pathway; aggrephagy; 
FOXM1; WDR5; ASPM; proliferation; genomic instability; aneuploidy 
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1. Introduction 

Breast cancer remains the most frequently diagnosed malignancy among women in the United 
States [1]. Its clinical management relies heavily on molecular classification, which is defined by the 
presence or absence of estrogen and progesterone receptors (ER and PR, respectively), and Human 
Epidermal growth factor Receptor 2 (HER2) amplification. Four principal breast cancer subtypes are 
recognized: Luminal A (ER+/PR+/HER2− with Ki67<14%), Luminal B (ER+/PR+/−/HER2+ or 
ER+/PR+/HER2− with Ki67 ≥14%), HER2-enriched (ER−/PR−/HER2+), and triple-negative breast 
cancer (TNBC; ER−/PR−/HER2−) [2]. Targeted therapies have significantly improved outcomes for 
Luminal and HER2-driven cancers, whereas TNBC lacks such options and continues to be managed 
largely with chemotherapy, surgery, and radiation [3,4]. Among TNBC patients treated with 
neoadjuvant chemotherapy, those who fail to achieve a pathological complete response frequently 
relapse within five years, underscoring the aggressive clinical course of this subtype [5]. 

The burden of breast cancer is not evenly distributed across populations in the US. Although 
overall incidence of breast cancer is comparable between Black and White women in the US, mortality 
among Black women is 40% higher, a disparity linked in part to the two-fold higher incidence of 
TNBC in the Black population (38 vs. 19 per 100,000) [6]. TNBC itself is molecularly heterogeneous, 
and efforts to stratify patients have included gene expression–based classification systems [7,8]. One 
proposed strategy has been to separate tumors by androgen receptor (AR) expression, given the 
clinical precedent of AR-targeted therapy in prostate cancer. Yet, depending on the threshold used, 
65–88% of TNBCs are AR-negative, placing them into the so-called quadruple-negative breast cancer 
(QNBC) category [9]. 

QNBC tumors display distinct biological and clinical features compared to AR-positive TNBC. 
They are enriched for basal-like phenotypes, harbor elevated rates of TP53 mutations, present at 
younger ages, and are associated with poor disease-free survival [10,11]. At the molecular level, 
QNBCs show enhanced chromosomal instability, centrosome amplification, copy number alterations, 
and dysregulated miRNA networks [12,13]. Moreover, racial disparities extend into the molecular 
biology of QNBC: tumors from African-American women exhibit unique expression profiles—
including differential expression of E2F1, NFKBIL2, CCL2, TGFB3, CEBPB, PDK1, IL12RB2, IL2RA, 
and SOS1, and have been reported to overexpress immune checkpoint molecules such as PD-1, PD-
L1, and CTLA-4 relative to tumors from White women [10]. These features both compound the 
aggressiveness of QNBC and limit therapeutic options, further fueling outcome disparities. Despite 
its clinical relevance, AR-negative TNBC has received far less mechanistic investigation than other 
breast cancer subtypes. Accumulating data indicate that AR-deficient tumors harbor unique 
pathobiology, including distinct regulatory networks, high proliferative indices [14,15], and poor 
prognosis [16], yet they lack well-validated therapeutic targets [17]. This gap highlights the need to 
define the molecular mechanisms that sustain their aggressive behavior. 

Here, we synthesize existing transcriptomic, epigenetic, and functional evidence to map 
pathways that drive proliferation and genomic instability in AR-low TNBC and TP53-mutant breast 
cancers. We focus on three interlinked modules—mitotic kinesin motors, centromeric and 
kinetochore proteins, and proteolysis regulators—that converge to sustain high proliferation while 
compromising fidelity of chromosomal segregation. We propose a unifying FoxM1–WDR5–ASPM 
regulatory axis that orchestrates this dysregulation, and discuss how the aberrant activity of this axis 
fuels tumor evolution, intra-tumoral heterogeneity, and therapy resistance. By framing AR-low 
TNBC as a disease entity defined by (a) transcriptional chaos, (b) high proliferation, and (c) genomic 
instability, this review highlights novel vulnerabilities that could guide the development of future 
therapeutic strategies and help reduce racial disparities in breast cancer outcomes. 

2. Different Transcriptional Complexes Ensure Timely Expression of G1/S and 
G2/M Genes During the Cell Cycle 
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Cell cycle progression depends on two complex waves of gene expression driven by distinct 
transcriptional mechanisms: early (G1/S) gene expression for DNA replication, and late (G2/M) cell 
cycle gene expression for mitotic entry, progression, and exit. G1/S genes typically contain an E2F 
binding motif in their promoters, and are regulated primarily by the retinoblastoma protein (RB)-E2F 
complex. By contrast, G2/M genes contain a cell cycle gene homology region (CHR) in their promoters 
and are primarily regulated by the DREAM complex, comprised of dimerization partner, RB-like, 
E2F, and multi-vulval class B (MuvB). In the quiescent G0 phase, RB silences target genes by binding 
to and restraining the activator E2Fs (E2F1, E2F2, and E2F3a), which are positioned at the promoters 
of the downstream targets. In early G1, CDK4/6-Cyclin D mono-phosphorylates RB, but the latter 
remains bound to the activator E2F complex. In the late G1 to early S phase, Cyclin E-CDK2-mediated 
RB hyperphosphorylation causes RB inactivation, allowing for the peak expression of G1/S genes 
[18]. 

The MuvB complex—comprised of LIN9, LIN37, LIN52, LIN54, and RBBP4—is a central 
unifying scaffold for three different, dynamic, and essential transcription complexes that form at 
distinct phases of the cell cycle to temporally regulate both early and late waves of cell cycle gene 
expression [19]. During G0 or quiescence, MuvB, binds to p130 (Rb-related protein), E2F4, and DP1, 
to form the DREAM complex, that acts as a global repressor of both early and late cell cycle genes. In 
G0, transcription factors B-Myb and FoxM1 undergo proteasomal degradation, and their renewed 
transcription is blocked by the DREAM complex [20,21]. In G1/S, the DREAM complex is 
phosphorylated by Cyclin E/CDK2 and dissociates from the promoters of G2/M genes [22], setting 
MuvB free. This dissociation of the DREAM complex is concomitant with fresh transcription of B-
Myb and the formation of B-Myb-MuvB (MMB) complex at the promoters of G2/M genes [23]. Yes-
associated protein 1 (YAP1), another transcription cofactor, also promotes re-expression of (i) B-Myb, 
and (ii) the master regulator transcription factor Forkhead Box M1 (FoxM1) in G1/S [24–26] as well 
as the assembly of MMB at G2/M CHR sites [27]. Epigenetic mechanisms also contribute to 
transcription of FoxM1 in G1/S; in TNBC for example, the expression of FOXM1 is upregulated by 
the WD Repeat Domain 5 (WDR5) protein [28]. WDR5 is a core component of histone 
methyltransferase complexes that catalyze the trimethylation of histone H3 at lysine 4 (H3K4me3) 
[29]. Promoters marked by H3K4me3 are typically transcriptionally active, with higher H3K4me3 
enrichment correlating with a more open chromatin state [30–32]. Additionally, methylation at H3K4 
may influence how effector proteins bind, thereby shaping downstream biological processes [33]. In 
TNBC, ChIP analysis has confirmed marked WDR5 and H3K4me3 occupancy at the FOXM1 
promoter, and knockdown of WDR5 inhibited FoxM1 expression and H3K4me3 formation in the 
FoxM1 promoter region, supporting the idea that WDR5 promotes FOXM1 expression epigenetically 
[28]. 

The B-Myb–MuvB (MMB) complex is essential for recruiting newly expressed FoxM1 to G2/M 
gene promoters in late S phase [34]. B-Myb and MuvB exhibit mutual dependence for promoter 
targeting, and their cooperation is critical for FoxM1 recruitment [35]. FoxM1 interacts with MuvB 
from late S phase through mitosis. As B-Myb undergoes phosphorylation-dependent degradation 
during late S and G2/M, its interaction with FoxM1 diminishes. G2/M gene expression is further 
restrained by the ATR–CHK1 pathway during S phase, which inhibits CDK1 activity, allowing the 
MMB–FoxM1 complex to persist in a primed but inactive state at CHR sites [25,36]. In G2, CDK1 
activation lifts ATR–CHK1 suppression, leading to FoxM1 phosphorylation by CDK1. FoxM1 is also 
phosphorylated by Polo-like kinase-1 (Plk1). These phosphorylation events activate the MMB-FoxM1 
complex and trigger the expeditious degradation of B-Myb. Acetylation then stabilizes FoxM1 [37]. 
Thus, phosphorylated, and acetylated FoxM1 and MuvB collaborate to drive strong expression of 
genes essential for G2/M progression and cytokinesis. Importantly, B-Myb proteolysis, FoxM1 
phosphorylation and acetylation, and the dynamic reshaping of the MuvB complex coordinate a 
transcriptional switch, enabling MuvB to adopt a transcriptional activating role at G2/M. Notably, 
the lack of direct regulatory linkage between E2F1 and FoxM1 reveals that cell cycle progression is 
not driven by a linear transcription factor cascade. Rather, it is governed by a more broadly integrated 
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regulatory logic involving transcriptional control, post-translational modifications, and targeted 
proteolysis, that bridges early and late cell cycle transcriptional programs. 

3. From Cell Cycle to Tumor Cycle: How Dysregulated Expression of FoxM1 and 
its Target Genes Underlies Oncogenesis and Disease Progression in  
Breast Cancer 

FoxM1 is an oncogene that regulates apoptosis, drug resistance, DNA damage repair, stem cell 
renewal, angiogenesis, metastasis, and mitotic spindle maintenance. Aberrantly high activation of 
FoxM1-driven signaling is essential for development and progression of many types of solid tumors, 
and FoxM1 overexpression is associated with higher tumor stage, aneuploidy, higher growth 
fraction, radiotherapy and chemotherapy resistance, metabolic reprogramming, angiogenesis, and 
poorer disease outcomes in diverse cancer types [38–40]. FoxM1 is expressed only in proliferating 
normal cells and in tumor cells [41,42], which makes it a good therapeutic target in cancer types 
wherein the tumor biology is strongly influenced by FoxM1 upregulation.  

In breast cancer, FoxM1 upregulation drives various facets of tumorigenesis and disease 
progression [43]. In AR-low TNBC and breast tumors harboring TP53 mutations, FoxM1 
overexpression plays a pivotal role in driving the co-upregulation of centrosome amplification and 
clustering genes, which results in an aggressive disease course, and poor patient outcomes [13]. Loss 
of TP53 function diminishes expression of p21/CIP1, a key cyclin-dependent kinase (CDK) inhibitor. 
Under normal conditions, p21 restrains the activities of CDK4/6–Cyclin D and CDK2–Cyclin E 
complexes, preventing premature phosphorylation of the RB. Recent meta-analysis studies have also 
confirmed that hundreds of cell cycle genes are repressed by the p53-p21-DREAM pathway and that 
a subset of these genes are activated by MuvB, B-MYB and FoxM1 in G2/M [44,45]. In TP53-deficient 
cells, insufficient p21 activity leads to premature hyperphosphorylation and inactivation of RB, and 
inappropriate activation of G1/S gene transcription. TP53 loss of function also promotes the 
upregulation of oncogenes such as E2F1 and ATAD2, which drive excessive Cyclin E–CDK2 activity. 
This CDK2 hyperactivity disrupts the DREAM complex from the promoters of G2/M genes—genes 
that are particularly sensitive to DREAM-mediated transcriptional repression [44,46].  

Concurrently, heightened CDK2 activity induces YAP/TEAD-mediated transcription of B-MYB 
and FOXM1, while ATAD2 further promotes B-MYB accumulation. B-MYB associates with the MuvB 
core to form the MMB complex, which binds G2/M gene promoters. Interactions between MMB-
bound promoters and YAP/TEAD-bound enhancers culminate in an abnormally high build-up of 
FOXM1 at G2/M gene promoters during the S/G2 transition. As cells complete DNA replication, 
CDK1 activity—relieved from ATR-CHK1 inhibition—is able to phosphorylate FOXM1, with PLK1 
providing additional activating phosphorylation events. This dual phosphorylation leads to maximal 
FoxM1 activation at the G2/M boundary. B-MYB is subsequently degraded, and FOXM1 drives the 
transcription of genes critical for centrosome amplification (e.g., AURKA, CCNA2, CDK1, CEP152, 
PLK1, PLK4, SASS6, STIL) and clustering (e.g., KIFC1, AURKB, BIRC5/Survivin, CDCA8), alongside 
genes promoting proliferation, drug resistance, and survival, culminating in poorer patient prognosis 
[13]. In TNBC, additional mechanisms lead to aberrantly high levels of FoxM1: the androgen receptor 
(AR) normally upregulates SPDEF, a transcription factor that suppresses FOXM1 expression by 
disrupting FoxM1’s autoregulatory positive feedback loop. This SPDEF-mediated repression is 
further reinforced by the p53–p21–DREAM axis. However, in AR-deficient or AR-low TNBC—
particularly when combined with TP53 mutation—this regulatory network also collapses, causing 
massive overexpression of FoxM1 and its target genes, and engendering high levels of CIN, 
proliferation, chemoresistance, and resistance to apoptosis in AR-low TNBC [13]. Our work also 
uncovered that because of the above-stated selective advantages conferred by FoxM1 dysregulation, 
FOXM1 is indispensable for the survival of p53-deficient and AR-low TNBC cells harboring amplified 
centrosomes [13]. In sum, understanding the nexus of dysregulation around FoxM1 is critical to 
understanding the tumor biology of AR-low TNBC and TP53-deficient breast tumors. 
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4. FoxM1 and ASPM Partner Intranuclearly to Drive Expression of G2/M Genes 
Via Liquid-Liquid Phase Separation  

Weighted gene co-expression network analysis [47], identified three “hub” genes—Abnormal 
Spindle-like Microcephaly-associated gene or ASPM/MCPH5, CDC20, and TTK—which are all 
known target genes of MMB-FoxM1, whose elevated expression was associated with advanced tumor 
grades, decreased relapse-free survival (RFS), and lower overall survival (OS). The afore-mentioned 
study demonstrated that the identified hub genes were strongly correlated with cellular processes 
such as the cell cycle, DNA replication, homologous recombination, and P53 signaling pathways. 
Among these “hub” genes, ASPM is of particular interest in the context of breast cancer because it 
plays conserved and multi-faceted roles in crucial aspects of cell division. In interphase cells, ASPM 
localizes to centrosomes and the nucleus, and has been reported to play an important role in 
homologous recombination-mediated DNA repair by increasing the half-life of BRCA1; Inhibition of 
ASPM destabilizes BRCA1, impairing the efficiency of DNA double-strand break repair [48] and 
leading to genomic instability. ASPM also copurifies with the Cyclin E/Cdk2 complex and protects 
Cyclin E from ubiquitination and proteasome-mediated degradation [49].  

Interestingly, a mass spectrometry-based screen for phase-separated, chromatin-associated 
proteins in breast tumor cells, led to the identification of FoxM1 as a preeminent candidate [50]. 
Liquid-liquid phase separation (LLPS) is a fundamental biological process wherein proteins and 
nucleic acids de-mix from the cellular environment, and self-assemble into dense, liquid-like 
subcellular compartments/condensates or hubs through multi-valent interactions. LLPS thus allows 
compartmentalization of biological processes without requiring membranes. Xie et al., 2025 [50] 
showed that in breast cancer cells, the sub-nuclear LLPS of FoxM1 with forkhead box (FKH) 
consensus DNA elements, is critical for FoxM1’s oncogenic function, as it allows FoxM1 to achieve a 
high local concentration and to effectively compartmentalize the transcriptional machinery, preserve 
chromatin accessibility and super-enhancer landscapes at CHR promoter sites, thus sustaining high 
G2/M target gene expression for tumor progression and metastasis. The authors also showed that 
disrupting this LLPS led to the dissolution of the FoxM1-containing biomolecular condensates, which 
in turn impaired oncogenic transcription, reduced breast tumor growth, and inhibited metastasis in 
animal models [50].  

Importantly, a recent genome-wide screen to identify intranuclear regulators that boost FoxM1’s 
transactivation of downstream target genes through LLPS [51] found that an isoform of ASPM 
physically interacts with FOXM1 within the nucleus, leading to the formation of condensates 
containing both ASPM and FoxM1 in hepatocellular carcinoma (HCC) cells. Synergistic interactions 
between intrinsically disordered regions (IDRs) of both ASPM and FoxM1 were essential for this 
condensate formation. This interaction in turn, enhanced FoxM1 protein’s stability by preventing its 
ubiquitination, and proteasome-mediated degradation. Furthermore, FOXM1 was shown to 
transcriptionally activate ASPM expression, creating a "double positive feedback loop" where each 
protein reciprocally promotes the other's activity and presence. ChIP-sequencing revealed that the 
great majority of ASPM-annotated genes overlapped with FOXM1-bound genes, indicating that 
ASPM collaborates with FoxM1 to increase expression of FoxM1 target genes [51]. This coordinated 
overexpression of ASPM and FoxM1 is strongly linked to poor patient prognosis in HCC [51]. While 
this relationship has been expounded in HCC, it is plausible that the two proteins interact similarly 
in other cancer cell types too. ASPM is upregulated in various cancers (including breast, ovarian, 
prostate, glioblastoma, and hepatocellular carcinoma). A multicohort study [52] demonstrated a 
significant association between high ASPM expression and aggressive breast cancer features (such as 
higher tumor grade, higher mitotic score, increased Ki67 labeling index, poor Nottingham Prognostic 
Index, and lympho-vascular invasion). In multivariate analyses, high ASPM expression was an 
independent predictor of poorer breast cancer-specific survival and distant metastasis-free survival, 
and ASPM overexpression was potentially involved in radiotherapy and chemotherapy resistance. 
The above-mentioned study thus identified ASPM as a promising prognostic marker and a potential 
therapeutic target for breast cancer [52].  
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In prostate cancer, higher expression of ASPM was correlated with advanced stages, metastasis, 
and worse prognosis [53]. A recent study demonstrated that ASPM enhances a stem cell phenotype 
in prostate cancer cells by augmenting Wnt/β-catenin signaling, thereby promoting tumor 
aggressiveness. ASPM has also been reported to stimulate Wnt signaling in the developing brain [54]. 
Similar effects of ASPM upregulation were noted in pancreatic adenocarcinoma [55] and other 
malignancies, indicating ASPM’s broader role in inducing cancer cell stemness and stimulating 
disease progression [56]. In malignant gliomas, ASPM expression positively associated with tumor 
grades and increased in recurrent tumors; knockdown inhibited tumor growth [57]. In hepatocellular 
carcinoma, ASPM upregulation enhanced metastatic capability and was a marker for vascular 
invasion, early recurrence, and poor prognosis [58]. In sum, ASPM and FoxM1 contribute to tumor 
cell proliferation by activating the expression of mitotic genes, and high levels of ASPM, FoxM1, and 
target genes of the MMB-FoxM1 complex are associated with a poor prognosis in different cancer 
types. 

5. ASPM Preserves Genomic Integrity by Controlling Spindle Orientation and 
Regulating Microtubule Dynamics at Spindle Poles   

The proper orientation of the mitotic spindle hinges on critical molecular connections between 
dynamic astral microtubules and the actin-rich cell cortex, and mutations in proteins critical for this 
process are leading causes of the reduced head circumference and intellectual disabilities observed 
in microcephaly (MCPH). The Abnormal Spindle-like Microcephaly-associated gene 
(ASPM/MCPH5) is the most frequently mutated gene in MCPH, and the protein it encodes regulates 
correct orientation of mitotic spindles. The correct orientation of the cleavage plane during cell 
division is tightly controlled in embryonic and adult tissues, including in the brain, where it 
contributes to cell fate decisions and proper brain development. ASPM recruits Citron rho-interacting 
kinase, or CITK—a protein known to play a pivotal role during cytokinesis, especially with midbody 
formation and abscission, as well as early mitotic events such as regulation of the nucleation and 
stability of astral microtubules—to the spindle poles, wherein their combined action affects the 
dynamics of astral microtubules, which is essential for correct spindle positioning [59]. Perturbation 
of the evolutionarily conserved interaction between ASPM and CITK results in misorientation of the 
spindle and the division plane of the neuronal progenitor cells. As a result, neuronal progenitor cells 
prematurely exit mitosis and commit to differentiation, which leads to a reduction in the number of 
symmetric cell divisions required for adequate neurogenesis, and hence, the microcephaly phenotype 
[59]. The core mechanism underlying this phenomenon is ASPM's ability to tune Cyclin E 
ubiquitination by the E3 ligase Skp2, thereby regulating Cyclin E abundance and cell cycle kinetics, 
particularly the length of the G1 phase and the passage through the Restriction point. ASPM binds to 
and modulates Cyclin E ubiquitination, which dictates how long cells spend in the G1 phase before 
dividing [49]. Consistent with reduced Cyclin E/Cdk2 activity, phosphorylated RB-T821 was 
significantly decreased in murine neural progenitor cells harboring a mutated ASPM locus; this 
altered RB phosphorylation led to aberrant RB-E2F activity, which affected the balance of gene 
expression involved in cell cycle progression, self-renewal, and differentiation. These findings 
suggest that disruptions in the ASPM-mediated Ubiquitin-Cyclin E-Retinoblastoma-E2F signaling 
pathway impair stem cell maintenance and contribute to microcephaly, independent of previously 
mentioned mitotic orientation defects.  

ASPM also forms a physiological complex with another protein linked to microcephaly— the 
microtubule severing ATPase katanin (composed of subunits p60 and p80) [60]. The ASPM/katanin 
complex regulates microtubule dynamics at spindle poles. ASPM performs an evolutionarily 
conserved function wherein it autonomously tracks growing microtubule minus ends, accumulates 
at these ends, and inhibits their growth. ASPM and katanin also enhance each other’s minus-end 
accumulation, and katanin then enhances the minus-end blocking activity of ASPM. ASPM also binds 
along the length of microtubules, recruits katanin to the microtubule lattice, and promotes katanin-
mediated severing of dynamic microtubules [60]. ASPM and katanin depend on each other to co-
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localize at spindle poles during mitosis, with their strongest overlap from prophase to metaphase. 
The ASPM/katanin complex primarily controls microtubule disassembly at spindle poles, through a 
combination of microtubule-severing activity by katanin (enhanced by ASPM) and minus-end 
blocking activity by ASPM (potentiated by katanin). Blocking minus-end growth might make 
microtubules more susceptible to depolymerases, which normally promote spindle flux. Disruption 
of the ASPM-katanin interaction leads to defects in spindle orientation and dysregulation of 
microtubule dynamics at spindle poles, and reduces poleward microtubule flux [60]. ASPM proteins 
are highly conserved and show very similar patterns of subcellular localization—to spindle poles, 
outer regions of the central spindle, microtubule minus-ends, and are critical for multiple aspects of 
mitotic progression [61]. Mutations results in abnormal chromosome segregation and aneuploidy, 
defects in spindle pole organization and astral MT stability [61]. Therefore, ASPM not only 
collaborates with FoxM1 to drive transcriptional aspects of cell proliferation, but also appears to 
promote genomic integrity (independently of FoxM1) via its microtubule minus-end- and spindle-
related activities.  

6. Identification of Cell Cycle Regulators that Drive Transcriptional Chaos 
Downstream of FOXM1, and Support a Highly Proliferative State in AR-Low 
TNBC 

TNBCs in general exhibit high levels of inter- and intra-tumoral heterogeneity, and this 
heterogeneity is also manifest in the aspect of proliferation. The most widely accepted TNBC 
classification schema defines four main TNBC molecular subtypes—Basal-like 1 and 2 (BL1 and BL2), 
Mesenchymal (M), and Luminal Androgen Receptor (LAR)—each endowed with unique gene 
expression profiles and differential therapeutic responses [8]. Among these subtypes, AR-low TNBC 
subtypes such as BL1 are more proliferative than AR-high LAR TNBCs [62–64]. LAR TNBCs have a 
lower pathologic complete response (pCR) rate (10%) to neoadjuvant chemotherapy, compared to 
BL1 TNBCs (52%) [5]. To understand more about the patterns of dysregulation underlying the 
heterogeneity observed in TNBCs, a 2014 study by Radovich et al. compared RNA sequencing 
transcriptomic data of 94 TNBCs, 20 micro-dissected normal breast tissues (from reduction 
mammoplasty), and 10 histologically normal tumor-adjacent tissues, and found that TNBC 
heterogeneity is attributable to chaos in transcription [65]. Transcriptional chaos refers to the wide 
range in the numbers of dysregulated genes observed when comparing each individual TNBC to the 
set of normal tissues. Studies have shown that transcriptional chaos leads to the generation of a wider 
range of cell states and proteomic profiles [66]. The consequent emergence of greater populational 
heterogeneity presents clear selective advantages by increasing tumor cell survival rates in 
environments where multiple stressors exist. Interestingly, studies have shown that the chaotic 
dynamics of oscillations and a broadening of the distribution in levels of otherwise tightly and 
periodically expressed transcription factors (such as the Forkhead box M1 protein, FoxM1) can have 
differential effects on downstream gene networks, enhance the assembly of functional protein 
complexes, and may end up, paradoxically, upregulating very specific networks and protein modules 
[66], including those implicated in proliferation. Radovich et al. [65] found that the transcriptional 
chaos in TNBCs was positively correlated with non-silent DNA mutational load, and chaos analysis 
identified a network of 146 core cell cycle-regulated genes dysregulated in more than 90% of the 
TNBCs examined [65]. FoxM1, a “master regulator” transcription factor, was found to directly 
regulate 61 of the 146 (42%) core genes, and FoxM1 itself was overexpressed 17.2-fold in TNBCs 
compared to micro-dissected normal tissues [44,65]. Since FoxM1 binds to the promoters of and 
strongly activates expression of genes critical for G2, proper progression of mitosis, and the M/G1 
transition, the authors concluded that FoxM1 overexpression causally drives the profound 
transcriptional dysregulation that typifies TNBCs. 

We reasoned that genes that are associated with, and drive heterogeneity in proliferation, must 
be discoverable within this dysregulated network of 146 core genes in TNBCs. To specifically uncover 
genes whose overexpression drives and mechanistically supports high proliferation in AR-low 
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TNBCs, we filtered the set of 146 “FoxM1-regulated TNBC core genes”, for a statistically significant 
negative correlation between the expression of the core genes and the expression of AR, among 
TNBCs, using the “Targeted Correlation Analysis” tool of bc-Genexminer [67]. We found that the 
expression of 82 genes of this core set showed a statistically significant negative correlation with the 
expression of AR among TNBCs (Suppl. Fig. 1A—1E), meaning that they are overexpressed in AR-
low TNBCs. Notably, there was a high degree of positive correlation between the expression of most 
of these 82 core genes (Suppl. Fig. 1A—1E), which was a reflection of them being co-regulated, 
directly or indirectly, by FoxM1. We then focused our study on the subset of genes among the 82 (a) 
that are among the top overexpressed genes in TNBCs, (b) have established roles in the regulation of 
mitotic progression and cell proliferation, and (c) whose overexpression is associated with poor 
prognosis. The University of Alabama at Birmingham Cancer data analysis Portal (UALCAN) 
compares gene expression patterns (TCGA level 3 RNA-sequencing data) between TNBC and other 
breast cancer types, identifying and ranking the genes most significantly overexpressed in the TNBC 
subtype [68]. Genes with statistically significant higher expression in TNBC samples are ranked based 
on the extent of their upregulation (fold change), and we used this platform to determine the 
overexpression rankings for the 82 genes of interest. Based on the rationale that overexpression of 
drivers of proliferation is likely to drive a more aggressive disease course and poorer outcomes, we 
also performed Cox proportional hazards regression analysis for each gene separately, using the 
Kaplan−Meier Plotter (KM Plotter) online tool [69] to identify the subset of genes whose 
overexpression results in a poorer prognosis. Based on these preliminary analyses, we identified a 
group of 15 genes including 5 kinesin motor proteins, 5 centromeric proteins, and 5 proteins that play 
important roles in the proteolysis of cell cycle regulators. We found that these 15 genes were 
expressed at a statistically significant higher level among breast tumors that are categorized as “AR-
low” compared to “AR-high” breast tumors (Suppl. Fig. 2), indicating that the overexpression of these 
15 genes is correlated with low AR expression across all breast tumors. The remainder of this study 
examined how the overexpression of these 15 cell-cycle regulatory proteins likely supports and 
provokes high proliferation and chromosomal instability, specifically in AR-low TNBCs, 
precipitating poor outcomes in this subtype. 
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Figure 1. Expression of a set of cell cycle-related proteins that are highly overexpressed in AR-low TNBC is 
correlated with expression of established markers of proliferation  “Targeted” gene expression correlation 
analysis of 15 cell cycle-regulated genes that are overexpressed in AR-low TNBC, and markers of proliferation 
(MKI67, PCNA, and MCM2; all RNA sequencing data, TNBC status determined by immunohistochemistry) 
performed using the bc-GenExMiner online platform. Scatter plots depict Pearson's pairwise correlations and 
the numbers inside the squares indicate the strength of the observed Pearson’s pairwise correlations. Total 
n=4421 for each pairwise comparison. Strong negative correlations are depicted in blue, and strong positive 
correlations are depicted in warm colors. P-Values for all pairwise correlations were statistically significant 
(p<0.0001). 
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Figure 2. Analysis of the expression levels of genes encoding 5 mitotic kinesins in diverse breast tumors and 
evaluation of the prognostic significance of their overexpression (A-E) Box-whisker plots comparing the 
expression levels of KIF14 (A), KIF11 (B), KIF4A (C), KIF2C (D), and KIF20A (E), in primary breast tumor tissues 
(red boxes) contrasted to normal tissues (blue boxes). The UALCAN platform was used to analyze TCGA level 
3 RNA sequencing data. The red asterisk (*) indicates a statistically significant difference (p < 0.05).(F-J) Kaplan–
Meier survival analysis evaluating the prognostic significance of the expression of the indicated mitotic kinesins, 
performed using microarray data from TCGA breast tumors and displayed using the KM Plotter tool. The red 
line depicts the survival of patients with expression levels of the genes above the cut-point, while the black line 
represents the recurrence-free survival of patients with expression levels below the cut-point. The analysis was 
conducted using the KM Plotter’s JetSet optimal microarray probe set and an optimal cutoff for recurrence-free 
survival over 180 months, without restricting to specific breast cancer subtypes.(K-O) Analysis of the expression 
levels of the indicated mitotic kinesin genes in breast tumors from patients of different races (self-identified). 
“N” represents normal breast tissues with a sample size n=114 for all, “C” represents Caucasians with a sample 
size n=748, “A-A” represents African-Americans with a sample size n=179, and “A” represents Asians with a 
sample size n=61. Analysis of TCGA RNA sequencing data was performed on the UALCAN platform and 
visualized using a box-whisker plot. A red asterisk (*) denotes a statistically significant difference in expression 
between breast tumors from Caucasian and African-American patients (p < 0.05). (P-T) Analysis of the 
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expression levels of the indicated mitotic kinesin genes in breast tumors of differing TP53 mutation status. This 
analysis used TCGA RNA sequencing data and was performed via the UALCAN platform. The box-whisker 
plots display the expression of the indicated kinesins in tumors with mutated TP53 (M-p53) contrasted to non-
mutated TP53 (NM-p53). A red asterisk (*) denotes a statistically significant difference in expression between 
the two indicated groups (p < 0.05).(U-Y) Analysis of the promoter methylation profiles of the indicated mitotic 
kinesin genes in breast tumors. This analysis used TCGA RNA sequencing data and was performed via the 
UALCAN platform. The box-whisker plots display the methylation level of the promoters of the indicated genes 
in normal breast tissues (blue boxes) vs breast invasive carcinoma (red boxes). A red asterisk (*) denotes a 
statistically significant difference in promoter methylation between the two (p < 0.05). 

7. A Set of 15 Cell Cycle-Related Proteins that are Overexpressed in AR-Low 
TNBC are Associated with High Proliferation   

Since deregulated proliferation is a well-known hallmark of cancer [70,71], the measurement of 
the proliferative fraction of cells in a tumor has prognostic value. To evaluate our hypothesis that the 
15 MMB-FoxM1-regulated cell cycle genes identified above are important for driving or supporting 
the high-proliferation phenotype of AR-low TNBC, we evaluated associations between the 
expression of the 15 genes of interest and three well-established markers of proliferation in tumors—
Ki67, Proliferating Cell Nuclear Antigen (PCNA), and Mini-chromosome Maintenance 2 (MCM2). 
The Ki67 antigen is expressed universally in the nuclei of all proliferating cells (normal and tumor) 
in all phases of the cell cycle, but is not expressed in quiescent cells in the G0 phase [72], making it an 
excellent marker for the proliferative population within a group of cells [73]. In breast cancer, a strong 
correlation exists between percentage of cells positive for Ki67 expression and histologic grade 
because both parameters are associated with proliferation [74,75]. Furthermore, higher tumor stages 
and lymph node positivity are associated with a higher percentage of cells expressing Ki67 [20,75,76], 
which is associated with poor disease-free survival (DFS) and overall survival (OS) [75,77]. Ki67 
serves as a dynamic biomarker for choosing the systemic treatment of early-stage breast cancer [78] 
and changes in the percentage of Ki67-positive cells in a tumor may be used as an early predictor of 
treatment efficacy [79]. Despite Ki67 being so widely used as a robust marker for proliferation, its 
cellular function remains mysteriously unclear. By contrast, the other two markers we chose (PCNA 
and MCM2) are important participants in the process of DNA replication. In addition to being 
involved in DNA replication and nucleic acid metabolism, PCNA is also involved in DNA excision 
repair, cell cycle control, chromatin assembly, and RNA transcription. Since PCNA levels spike 
during the S and G2/M phases of the cell cycle but is very low in quiescent cells [80], the 
immunohistochemical staining of PCNA has been extensively used in breast cancer diagnosis and 
predicting prognosis [80,81]. Increased PCNA expression also correlates with a shorter DFS and OS 
time in patients with breast cancer [81]. A notable caveat with the use of PCNA is that its expression 
is not limited to proliferating cells as PCNA is also involved in DNA damage repair [82,83]. MCM 
proteins are the key factor for initiation of DNA replication. In addition, they are required for 
replication elongation and are implicated in cohesion, condensation, transcription, and 
recombination of DNA [84]. The family of MCM proteins mainly include six major proteins, MCM2 
through MCM7. Because MCM activity is essential for DNA replication in dividing cells and is lost 
in quiescence [85], these proteins are also excellent markers for proliferation. Many molecular studies 
have suggested that increased levels of MCMs may not only be a marker of proliferative malignant 
cells [86,87] but may also indicate precancerous cells and the potential for recurrence [88,89]. MCM2 
is a strong prognostic marker in breast cancer because its high expression is associated with survival, 
regional recurrence, and distant metastases [90]. Using the “Targeted Correlation Analysis” tool of 
bc-Genexminer (all RNA sequencing data, TNBC status determined by immunohistochemistry) 
[104], we examined correlations in expression between the 15 MMB-FoxM1-regulated cell cycle genes 
and the afore-mentioned established markers of proliferation among TNBC tumors. Our analysis 
showed a strong statistically significant positive correlation between the expression of all 15 genes 
and the expression of Ki67, PCNA, and MCM2 among TNBCs (Fig. 1). Among breast cancers, each 
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of these 15 genes were expressed at a statistically significant higher level in Ki67-high breast tumors 
(Ki67% >25%) compared to Ki67-low breast tumors (Suppl. Fig. 2, A—O), which supported the notion 
that upregulation of these genes was strongly associated with proliferation among all breast tumors.  

A study by Cohen et al. [71] studied cell proliferation in vivo without introducing unwanted 
biochemical perturbations or relying on transgenic models. The authors wanted to identify a 
transcriptome signature associated with proliferation status alone (i.e., independent of cellular 
identity). The authors identified global in vivo circuitries that regulate the mammalian cell cycle; the 
genes they identified were highly expressed in proliferating cells but minimally expressed in resting 
cells, resulting in a strong enrichment for cell cycle activators. Six out of the 15 genes of our interest— 
KIF11, KIF4A, KIF2C, KIF20A, CENPF, UBE2C—as well as FOXM1 and ASPM, were identified by 
Cohen et al., as part of their 83-gene signature of proliferation, which corroborates the idea that the 
genes we focused on in the context of AR-low TNBC, are involved more generally in supporting high 
proliferation in a wider variety of tumor types that are particularly proliferative. 

A study by Grant et al. [91] found 96 genes that were cell cycle-regulated in four distinct cell 
types (U2OS, HeLa, HaCaT, and foreskin fibroblasts), suggesting that these genes played critical role 
in essential biological processes required for successful cell division. These common genes are often 
bound by E2F1 (for S phase) or FoxM1 (for G2/M phase) at their promoters. Among the genes whose 
promoters were bound by FoxM1, and wherein FoxM1 binding stimulated gene transcription, were 
9 out of the 15 genes we focused on in our study; the nine genes were KIF11, KIF4A, KIF2C, KIF20A, 
CENPA, CENPF, OIP5, UBE2C, and UBE2S. ASPM was also found to be part of the 96-gene 
proliferation signature identified by Grant et al. [91], which suggested that these genes may be 
components of a transcriptomic signature of cell proliferation and may contribute mechanistically to 
the highly proliferation fraction observed in AR-low TNBC. Thirteen out of the 15 genes we centered 
our study on—KIF11, KIF14, KIF2C, KIF20A, KIF4A, CENPA, CENPO, CENPL, CENPF, OIP5, 
UBE2C, UBE2S, UBE2T—were also identified as MMB-FoxM1 G2/M target genes by Sadasivam et al. 
[35]. Our study thus identified a group of FoxM1-regulated genes, upregulated in AR-low TNBCs, 
that are strongly associated with the high proliferation phenotype of AR-low TNBCs. These findings 
raised the possibility that the overexpression of these genes may be essential to mechanistically 
support the proliferation needs of AR-low TNBC tumors. The next few sections examine the roles of 
these proteins in enabling high proliferation in AR-low TNBC and delve into the collateral effect of 
promoting genomic instability in these tumors. 

8. Mitotic Kinesins Overexpressed in AR-low TNBC Normally Ensure Proper 
Spindle Assembly, Accurate Chromosome Segregation, and Cytokinesis 

Mitotic kinesins are ATP-dependent motor proteins crucial for intracellular transport, mitotic 
spindle formation and function, chromosome segregation, supernumerary centrosome clustering, 
and cytokinesis [92–95]. There are at least 16 mitotic kinesins among the 45 kinesins in the human 
genome; overexpression of mitotic kinesins is commonly observed in tumor cells and is implicated 
in oncogenesis, chemoresistance, and is associated with more advanced disease stages [94,96–101].  

Our analysis identified 5 mitotic kinesins (KIF14, KIF11, KIF4A, KIF2C, and KIF20A) among a 
set of core genes responsible for transcriptional chaos in TNBC, that were (a) overexpressed in AR-
low TNBC and AR-low breast cancer, and (b) showed a pattern of expression highly associated with 
proliferation in AR-low TNBC and AR-low breast tumors. Our examination of the top overexpressed 
genes among TNBCs (performed using the level 3 RNA sequencing data from UALCAN portal) 
revealed that 4 out of the 5 mitotic kinesins we identified were ranked among the top 250 genes 
overexpressed among TNBCs: KIF4A was ranked 10th, KIF2C was ranked 24th, KIF20A was ranked 
45th, and KIF11 was ranked 117th [68]. These extremely high rankings suggest the high importance 
of these kinesins in driving the tumor biology of breast tumors with TN status. The following 
paragraphs provide a concise description of the main mitotic functions helmed by these kinesins, 
with a perspective to better understanding their roles in spurring aggressive tumor biology in AR-
low TNBC. 
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KIF14 

Kinesin family member 14 (KIF14) is a minus-end-directed motor protein that is localized to the 
cytoplasm during interphase, to the spindle poles and spindle microtubules during mitosis, and to 
the midbody during cytokinesis; it regulates key steps in vesicle transport, spindle assembly, 
chromosome segregation, and cytokinesis [102]. In normal cells, KIF14 localizes to the central spindle 
and midbody in late mitosis, where it regulates microtubule bundling and interacts with proteins 
such as PRC1 and CITK to ensure proper execution of cytokinesis [102,103]. KIF14 also contributes to 
the spindle checkpoint and maintenance of genomic integrity. When KIF14 is suppressed, midbody 
cleavage fails to occur, inducing cytokinesis failure, and causes a delay in the metaphase-to-anaphase 
transition, characterized by misaligned chromosomes that oscillate abnormally between the spindle 
pole body and the metaphase plate, which suggests that KIF14 is essential for these processes [104]. 
Aberrant KIF14 overexpression, often via gene amplification or transcriptional upregulation, has 
been reported in several malignancies, including breast, ovarian, and lung cancers, and is associated 
with poor clinical outcomes [105,106]. In cancer cells, elevated KIF14 enhances proliferation, inhibits 
apoptosis, and promotes chromosomal instability, underscoring its role as an oncogenic driver and a 
potential therapeutic target [107]. In breast cancer, KIF14 overexpression was strongly associated 
with ER-negativity, and predicted worse outcomes [105,108]. Specifically, in TNBC, high levels of 
KIF14 expression are associated with resistance to chemotherapy [96,109]. KIF14 knockdown 
significantly reduced AKT phosphorylation and activity, and live-cell imaging of TNBC cells 
confirmed the transient colocalization of KIF14 with AKT at the plasma membrane, suggesting a role 
for the tethering of KIF14 to signaling components of the PI3K/AKT1 axis, in AKT activation. 
Pharmacological inhibition of KIF14 increased chemosensitivity and lowered AKT activity in the 
TNBC cell lines tested [96]. Thus, KIF14 is a key determinant of TNBC treatment response and disease 
progression and is a promising therapeutic target. A recent study of morphological heterogeneity 
(differences in the architectural arrangements of tumor cells) within breast tumors identified hitherto 
unrecognized “torpedo-like structures” that are characterized by an irregularly elongated, triangular 
shape with a wide base and pointed tips [110]. The authors found that the localization of KIF14 to the 
tips of these torpedo-like structures, was significantly associated with increased distant metastases 
and decreased metastasis-free survival in breast cancer patients; importantly, the mere presence of 
torpedo-like structures was not associated with metastasis. The transcriptomic profiles of the KIF14-
positive cells in these structures suggested a specialization for invasiveness. The authors thus 
proposed that these KIF14-positive cells were likely metastasis initiating cells [110], suggesting a 
novel role for KIF14 in promoting aggressive breast tumor phenotypes. 

KIF11 

Kinesin family member 11 (KIF11/Eg5/Ksp) is a plus end-directed kinesin [111], involved in 
construction and maintenance of the bipolar spindle because of its role in crosslinking and sliding 
antiparallel microtubules [93,112]. KIF11 is also the main force generator in centrosome separation, 
which is essential for bipolar spindle formation [111]. KIF11 overexpression has been implicated in 
various cancers (gastric, bladder, renal cell, astrocytic, laryngeal squamous cell, oral cancer) and is 
often associated with advanced stage or poor prognosis [113]. KIF11 has been identified as a potential 
oncogene that drives the development and progression of breast cancer, strongly associated with 
poor patient outcomes [113,114]. CDK1 phosphorylates Thr927 in KIF11 [115], to control the motor 
protein’s association with the spindle and to facilitate centrosome separation and chromosome 
dynamics. Similarly, Plk1, through direct phosphorylation of intermediary regulators like NEK9 and 
NEK6/7, activates KIF11 and maintains spindle stability and cytokinesis [116]. Experimental 
inhibition of KIF11 significantly suppressed breast cancer cell proliferation, migration, and invasion, 
while promoting apoptosis, both in vitro and in vivo [113]. KIF11's oncogenic role appears to be 
mediated, at least in part, through the epithelial-to-mesenchymal transition (EMT) process being 
stimulated, and through activation of key signaling pathways like MAPK/ERK and PI3K/AKT [113]. 
In breast cancer, KIF11 is one of the targets regulated by the Id proteins (specifically Id1 and Id3), that 
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play key roles in sustaining cancer stem cell phenotypes such as proliferation and self-renewal [117]. 
KIF11 enhances the self-renewal of breast cancer cells by activating the Wnt/β-catenin signaling 
pathway [118]. Clinically, high KIF11 expression in TNBC is associated with shorter DFS [60]. KIF11 
levels were markedly elevated in the CD44+/CD24− subpopulation of docetaxel-resistant TNBC cells. 
KIF11 knockdown reduced this cancer stem cell–like fraction, impaired mammosphere formation, 
and suppressed proliferation by inducing G2/M arrest followed by apoptosis. In docetaxel-resistant 
TNBC xenografts, a KIF11 inhibitor significantly limited tumor growth. Therefore, KIF11 is a driver 
of TNBC cell proliferation and self-renewal and is an established therapeutic target in chemo-resistant 
TNBC [60].   

KIF4A 

Kinesin family member 4A (KIF4A), a plus-end-directed chromokinesin motor protein, has the 
ability to bind to both chromatin/DNA and microtubules, and plays an important role in chromosome 
condensation and segregation, central spindle formation, spindle midzone organization, and 
cytokinesis [104,119–121]. Cdk1-dependent phosphorylation of KIF4A at S1186, and KIF4A’s 
interaction with condensin 1, are both essential for the formation of the chromosome scaffold 
structure that serves to assemble the long chromatin fiber into a compact chromatid [122]. KIF4A is 
also phosphorylated by Aurora kinase B and Plk1, and this reversible modification is required for 
correct chromosome condensation and decondensation during mitosis [122]. KIF4A overexpression 
has been implicated in driving a poor prognosis in several cancer types including lung cancer, 
cervical cancer, hepatocellular carcinoma, and oral cancer [98]. In breast cancer specifically, KIF4A 
overexpression has been extensively documented to predict a poor prognosis [123–128]; notably, 
KIF4A expression level had a strong prognostic value in both ER-positive and ER-negative breast 
cancers comparable to or even superior to the prognostic value of tumor size, lymph node invasion, 
and Elston grade [98]. KIF4A was also identified as a core stem cell marker gene in breast cancer [51]. 
Another study [129] found that circKIF4A interacts with EIF4A3 to stabilize SDC1 mRNA, which 
activates the c-src/FAK signaling pathways and promotes TNBC progression; these results further 
bolster the notion that KIF4A upregulation plays a critical role in TNBC progression. A study aiming 
to better understand why KIF4A localizes to the nucleus during interphase found that KIF4A rapidly 
accumulates at sites of DNA damage where it binds to BRCA2 and modulates the BRCA2/Rad51 
DNA damage response pathway while inhibiting the enzymatic activity of PARP-1 (i.e., the enzyme 
that detects and signals DNA damage so that repair can be initiated); the result is high levels of 
genomic instability in KIF4A-overexpressing tumors, and disease progression [130]. A study that 
aimed to identify a circRNA-miRNA-mRNA competing endogenous RNA (ceRNA) regulatory 
network involved in EMT in breast cancer cells, identified two circRNAs (hsa_circRNA_002082 and 
hsa_circRNA_400031), which appear to act as ceRNAs, that sponge up 10 specific microRNAs 
(miRNAs) and, consequently, prevent these miRNAs from regulating their 6 target mRNAs, 
including KIF4A, CENPF, and OIP5 mRNAs (all 3 of which are among the 15 genes we focused on in 
our study) [131]. The study thus identified KIF4A, CENPF, and OIP5 as among the “hub gene” targets 
that are significantly overexpressed in breast cancer and are implicated in disease progression and 
worse patient prognosis [131], and uncovered a key mechanism underlying their upregulation. In 
TNBC specifically, the circKIF4A-miR-375-KIF4A axis was found to regulate TNBC progression also 
via the ceRNA mechanism; the authors therefore suggested that circKIF4A may therefore serve as a 
prognostic biomarker and therapeutic target for TNBC [132].  

KIF2C 

The kinesin-13 family member 2C (KIF2C) is a plus end-kinesin motor and is also known as the 
mitotic centromere-associated kinesin (MCAK). KIF2C regulates microtubule dynamics, especially 
during mitosis, and uniquely, depolymerizes microtubules by disassembling tubulin subunits at the 
polymer ends; as a result, KIF2C can mediate ciliary disassembly by depolymerizing microtubules 
within cilia [133]. Studies have found that both the centromeric localization of MCAK as well as its 
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microtubule depolymerization activity are regulated via phosphorylation by multiple kinases—
Aurora B [134,135], Aurora A [136], and polo-like kinase-1 (Plk1) [137]. KIF2C depletion or down-
regulation led to prominent defects in chromosome congression and segregation due to improper 
kinetochore attachments in potoroo kidney cells [137] and in normal diploid RPE-1 cells [138]. 
Conversely, KIF2C overexpression promoted microtubule depolymerization, resulting in increased 
microtubule detachment from centromeres [139]. Moon et al. [140] reported that fine-tuned 
regulation of KIF2C is important for cell motility and migration due to its effects on the actin-
microtubule interactions and cytoskeletal dynamics, and turnover of focal adhesions. Deregulation 
of KIF2C impairs cell motility and leads to severe mitotic defects and chromosomal instability [141]. 
KIF2C is localized on the centromere, and KIF2C activity maintains genomic stability by ensuring 
proper kinetochore-microtubule attachments [100]. Inhibitors of KIF2C’s microtubule 
depolymerization activity were sufficient to induce aneuploidy in TNBC models [142]. As KIF2C is 
the only kinesin protein that localizes to the centromere, it is proposed that KIF2C plays more critical 
roles in maintaining genomic stability than perhaps other kinesin proteins [143]. Based on their 
observations that Kif2C knockdown or knockout led to accumulation of endogenous DNA damage, 
DNA damage hypersensitivity, and reduced double stranded break repair via both non-homologous 
end-joining and homologous recombination, Zhu et al. [144] concluded that KIF2C also plays an 
important role in DNA damage repair and maintenance of genomic integrity. Liu et al. [100] found 
that KIF2C was upregulated in 18 different cancer types. Among breast cancers, KIF2C was 
upregulated across all molecular subtypes. High KIF2C expression was associated with poor OS in 
breast cancer, across multiple datasets [100].  Moreover, high-KIF2C breast tumors showed high 
tumor mutational burden and an immune cell infiltration profile that predicted a more favorable 
response to immunotherapy. Thus, KIF2C is a potential prognostic biomarker and predictor of 
immunotherapy response in breast cancer. A study by Jiang et al. [145] found that Doxorubicin 
resistance in breast cancer was marked by coordinated downregulation of TBX15 and miR-152, and 
concomitant upregulation of KIF2C, as miR-152 suppression of KIF2C expression was relieved. High 
levels of KIF2C reduced doxorubicin sensitivity partly via enhanced autophagy. Overexpressed 
KIF2C also associated with pyruvate kinase M2 (PKM2) and curtailed the latter’s ubiquitination, 
enhancing PKM2 stability and reinforcing glycolysis/the Warburg effect that undergirds the chemo-
resistant phenotype. Thus, KIF2C upregulation drives doxorubicin resistance, proliferation, 
migration, and invasion in breast cancer by stabilizing PKM2 and promoting glycolysis and 
autophagy [145]. 

KIF20A 

KIF20A (also known as MKlp2 and RAB6-KIFL), a member of the kinesin superfamily-6, is a 
plus-end-directed motor protein that localizes to the cleavage furrow, intercellular bridge, and 
midbody. Additionally, KIF20A helps with microtubule bundle formation, normal spindle formation, 
chromosome segregation, and cytokinesis regulation. KIF20A protein accumulates mainly in mitotic 
cells [146]; in metaphase cells, KIF20A is mostly cytosolic and is only recruited to the spindle after 
the metaphase plate forms, but in anaphase, the chromosomal passenger complex (CPC: complex of 
Aurora B, INCENP, survivin and borealin) and KIF20A form a complex, which localizes to and 
promotes the formation of cleavage furrow, via a mechanism enabled by decreased cyclin-dependent 
kinase 1 (Cdk1) activity [147]. Plk1 also phosphorylates KIF20A [148], which increases KIF20A’s 
affinity for microtubules, facilitating its attachment and function during late mitosis [99]. During 
telophase/cytokinesis, KIF20A shows strong localization to the cell cortex at the equator and the 
midbody, and this localization is essential for the proper formation of the cleavage furrow and 
execution of cytokinesis [146]. KIF20A relies on myosin-II for its localization to the equatorial cortex, 
which is in turn required to (i) recruit Aurora B to the equatorial cortex, (ii) promote the highly 
focused accumulation of active RhoA at the equatorial cortex and stable ingression of the cleavage 
furrow during cytokinesis [149]. KIF20A-mediated targeting of Aurora B to the cell cortex at the 
equator, and the formation of a complex between KIF20A and actomyosin filaments, is essential for 
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the maintenance and progression of the ingressing furrow, and successful completion of cytokinesis 
[149]. In fact, KIF14, KIF4A, and KIF20A all collaborate in the formation and function of the central 
spindle (also called spindle midzone), the region of overlapping microtubules in the center of the 
spindle after the chromosomes have separated, and PRC1 has been proposed to act as central spindle 
matrix protein and receptor for these three kinesins [103,150]. Without this tight spatial and temporal 
coordination between so many players, and an optimal and balanced level of expression of these 
proteins, defects in chromosome segregation and cell division could ensue, contributing to 
aneuploidy.  

A study by Miserey-Lenkei et al. [151] showed that functional coupling between actin and 
microtubule cytoskeletons driven by Myosin II and KIF20A ensures the spatial coordination between 
RAB6-positive vesicles’ fission from the trans Golgi network membranes and their exit along 
microtubules, and KIF20A is involved in this fission process. Additionally, siRNA-mediated 
inhibition of KIF20A and KIF11 each induced lysosomal membrane permeabilization followed by 
cathepsin-dependent cell death, showing that these kinesin motor proteins also play a role in 
maintaining lysosomal stability [152]. In the context of breast cancer, high KIF20A expression showed 
a strong correlation with more aggressive features, such as positive lymph nodes, larger tumor size, 
high histological grade and Ki67 labeling index; high KIF20A expression was in fact, an independent 
predictor of poor OS [99,153]. Inhibition of KIF20A led to marked reduction in proliferation and 
invasion of breast cancer cells [99]. It has also been extensively documented that KIF20A 
overexpression is associated with therapy resistance in breast cancer. Increased post-radiotherapy 
levels of KIF20A were linked to higher recurrence rates in breast cancer [153]. Patients with high 
KIF20A expression also have a higher recurrence rate than those with low KIF20A after 
chemotherapy. Among breast cancer patients who received anthracycline and/or taxane-containing 
neoadjuvant chemotherapy, a decreased pCR rate was observed in patients with high KIF20A 
expression [153]. Single-cell analyses showed that KIF20A was enriched in endothelial cells and 
fibroblast cells, suggesting that KIF20A may induce treatment resistance by regulating the angiogenic 
and fibrotic processes in the stroma. Yang et al. [153] also found that genes associated with multi-
drug resistance in cancer treatment (ABCB1, ABCC1, ABCG2) were co-overexpressed with KIF20A. 
Upregulation of KIF20A also plays a role in doxorubicin resistance in breast cancer cells [154]. KIF20A 
was found to be a direct target of downregulation by miR-153-3, and the synergistic actions of 
doxorubicin treatment and miR-153-3p overexpression caused downregulation of Rab26 expression 
and reduced vesicular trafficking, and a decrease in migration/invasion of breast cancer cells, while 
concomitantly enhancing cell death in these cells [154], supporting the idea that downregulation of 
KIF20A may be a valuable treatment strategy in breast cancer. Among ER-positive breast cancer 
patients treated with adjuvant tamoxifen, high expression of KIF20A was identified as an 
independent factor for predicting worse DFS and OS [155]. Breast cancer cell growth and metastasis 
are often aided by M2 macrophage polarization. Interestingly, KIF20A and FOXM1 expression levels 
were markedly elevated in both tumor-associated macrophages and breast cancer cells, and a study 
by Wang et al. [156] found that direct transcriptional upregulation of KIF20A expression by FOXM1 
promotes M2 polarization of macrophages, and proliferation, migration, invasion, and metastasis of 
breast cancer cells. In TNBC cells in particular, KIF20A knockdown significantly reduced cell 
viability, proliferation, migration, and invasion [156]. In vivo, KIF20A knockdown suppressed the 
growth and proliferation of TNBC tumors in nude mice xenograft models. Mechanistically, KIF20A 
knockdown suppressed expression of proteins in the IL-17 signaling pathway [156]. In sum, KIF20A, 
KIF14, KIF11, KIF4A and KIF2C all have critical functions necessary for precise spindle organization, 
regulation of microtubule dynamics, chromosome segregation, cleavage furrow formation and 
maintenance, and cytokinesis. All the five mitotic kinesins we identified were categorized as 
components of a “12-gene Mitotic kinesin signature (MKS)” and high expression of MKS genes was 
correlated with worse RFS, OS and DMFS in breast cancer patients [157], suggesting a strong 
association between overexpression of these kinesins and aggressive breast cancer phenotypes. Their 
overexpression drives proliferation and genomic instability which promotes tumor aggressiveness, 
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therapy resistance, and poor survival, making them compelling prognostic biomarkers and 
therapeutic targets in AR-low breast cancers.  

9. Overexpression of Mitotic Kinesins in AR-low and TP53-Mutant Breast 
Tumors Promotes Proliferation, Chromosomal Instability, and Poor Outcomes  

Since (i) the expression levels of the 5 mitotic kinesins (KIF14, KIF11, KIF4A, KIF2C, and KIF20A) 
that we identified are highly correlated with expression of markers of proliferation not just in TNBC 
(Fig. 1) but more broadly across breast tumors (Suppl. Fig. 2), and (ii) these 5 kinesin motors are 
overexpressed not only in AR-low TNBC (Suppl. Fig. 1) but also among AR-low breast tumors more 
broadly (Suppl. Fig. 3), we decided to examine the patterns of expression of these kinesins more 
closely.  

Among breast cancers, we found significant upregulation of KIF14 (Figure 2A), KIF11 (Figure 
2B), KIF4A (Figure 2C), KIF2C (Figure 2D), and KIF20A (Figure 2E) in tumor samples of the UALCAN 
dataset (Figure 2A–E), compared to normal samples. To examine associations between the 
expressions of KIF14, KIF11, KIF4A, KIF2C, and KIF20A, and breast cancer patients’ relapse-free 
survival, we performed Cox proportional hazards regression analysis for each gene separately, using 
the Kaplan−Meier Plotter (KM Plotter) online tool [69]. All possible cutoff values within the 
interquartile range were assessed for each gene, and the cut-point that resulted in the lowest log-rank 
p-value was designated as the optimal choice. Kaplan−Meier plots were then used to visualize 
associations between gene expression and survival. Our analyses of publicly available microarray 
data using the (KM Plotter) tool for breast cancer showed that high levels of expression of KIF14 
(Figure 2F), KIF11 (Figure 2G), KIF4A (Figure 2H), KIF2C (Figure 2I), and KIF20A (Figure 2J) 
predicted significantly poorer recurrence-free survival of breast cancer patients, suggesting that 
upregulation of these mitotic kinesins could potentially contribute to disease progression. Since AR-
negative TNBC is more commonly diagnosed among African-American women and is believed to 
underlie the stark racial disparity in breast cancer outcomes in the US [158], we examined the race-
wise expression of the mitotic kinesins KIF14 (Figure 2J), KIF11 (Figure 2K), KIF4A (Figure 2L), KIF2C 
(Figure. 2M), and KIF20A (Figure 2N), using data from 1102 race-annotated breast tumors in the 
UALCAN dataset. We found that KIF4A, KIF2C, and KIF20A showed a significantly higher 
expression level among African-American breast cancer patients compared to Caucasian/White 
breast cancer patients. Taken together, our analyses suggest that among breast tumors in general, and 
specifically among AR-low TNBCs, a group of key mitotic kinesins is upregulated, and their 
upregulation portends poorer outcomes. Furthermore, KIF14 (Figure 2P), KIF11 (Figure 2Q), KIF4A 
(Figure 2R), KIF2C (Figure 2S), and KIF20A (Figure 2T) were all significantly overexpressed in breast 
tumors harboring mutant TP53 compared to breast tumors harboring non-mutant TP53. This finding 
was similar to our earlier data showing that FOXM1 itself was also upregulated in TP53-mutant 
breast tumors [13]. We then confirmed our findings using the muTarget tool [69] to investigate the 
effect of mutations in the TP53 coding region (i.e., our input genotype) that have a prevalence of at 
least 2%, on downstream gene expression in a sample set comprising 305 TP53-mutant and 674 TP53-
wild-type breast cancers found in TCGA. In this dataset, KIF14 showed a 1.96-fold upregulation (p = 
1.77 × 10−38), KIF11 showed a 1.62-fold upregulation (p = 8.57 × 10−33), KIF4A showed a 1.94-fold 
upregulation (p = 3.89 × 10−47), KIF2C showed a 2.48-fold upregulation (p = 4.59 × 10−62), KIF20A 
showed a 1.94-fold upregulation (p = 2.02 × 10−44), in TP53-mutant versus TP53-wild-type breast 
cancers. These data compellingly indicate that (a) AR-low breast tumors and AR-low TNBCs in 
particular, (b) Ki67-high breast cancers, and (c) TP53-mutant breast tumors all show a significant 
upregulation of KIF14, KIF11, KIF4A, KIF2C, and KIF20A.  

CHR elements have previously been identified in the promoters of mitotic kinesins [159]. 
Chromatin Immunoprecipitation (ChIP) assays performed in breast cancer cell lines confirmed strong 
binding of B-MYB, and FOXM1 to the promoters of KIF14, KIF20A, KIF4A, and moderate binding to 
the KIF2C promoter [157]. RNA interference (RNAi) experiments showed that depletion of MMB or 
FOXM1 subunits significantly inhibited the expression of KIF14, KIF4A, KIF20A, and KIF2C, 
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suggesting that these four mitotic kinesins are direct transcriptional targets of MMB-FoxM1 in breast 
cancer [157]. KIF11 expression was found to be independent of MMB-FoxM1 [157]. To better 
understand if under-methylation of promoter DNA contributes to the overexpression of these mitotic 
kinesins, we utilized the UALCAN promoter methylation analysis tool (Figure 2U—Y). The beta 
value presented indicates the level of DNA methylation ranging from 0 (unmethylated) to 1 (fully 
methylated). Promoter methylation analysis of KIF4A, KIF14, and KIF20A through the UALCAN 
database revealed statistically significant hypomethylation at their promoter regions, indicating 
potential epigenetic regulation. These findings suggest that in addition to transcriptional 
upregulation mediated by factors such as MMB-FoxM1, epigenetic mechanisms may also contribute 
to the overexpression of KIF14, KIF4A, and KIF20A.  

Overexpression of mitotic kinesins in cancer cells likely alters spindle dynamics, chromosome 
segregation, and cytokinesis, promoting decreased fidelity of chromosome segregation or 
chromosomal instability (CIN) and aneuploidy, which are linked to tumorigenesis, chemoresistance, 
and cancer progression. It turns out that KIF20A and KIF4A are part of the gene expression-based 
CIN75 chromosomal instability signature that is associated with adverse clinical outcomes in 
multiple cancers [160]. CIN can spur tumor evolution by resulting in loss of heterozygosity (LOH) of 
tumor suppressors or by creating imbalances or structural changes that culminate in the 
overexpression of oncogenes. Aneuploidy (gains/losses of whole chromosomes or large fragments of 
chromosomes) is prevalent in ~90% of solid tumors [161,162]. Pfister et al. [163] developed a 
computational method to quantify the degree of aneuploidy or structural rearrangements of large 
chromosome regions. Shifts in alternate allele frequencies (AAFs) occur as a result of aneuploidy, and 
these shifts can be assessed using TCGA exome sequencing datasets. In tumors, AAF values reflect a 
combination of chromosomal copy number in individual cells and the fraction of cells carrying 
aneuploid genomes. The authors identified heterozygous single nucleotide polymorphisms (SNPs) 
and calculated their AAFs for 522 human breast tumors from TCGA. The method measures changes 
in copy number of both whole chromosomes and large fragments of chromosomes, to yield a metric 
called functional aneuploidy (FA). The standard deviation of these AAF distributions was used as a 
robust, assumption-free measure of FA, with broader distributions indicating higher prevalence of 
aneuploidy. The method successfully segregated breast tumors based on their FA levels—the 100 
highest FA tumors had an average of 15.6 chromosomes with LOH events, compared to 0.97 in the 
100 lowest FA tumors. This study by Pfister et al. [163] identified two major factors associated with 
high FA in breast tumors: (i) TP53 mutations and (ii) overexpression of specific mitotic transcriptional 
regulators. Importantly, overexpression of FOXM1, MYBL2, and E2F1 mRNA correlated with high 
FA scores across all breast tumor subtypes. Furthermore, the DREAM complex, MMB, and 
FoxM1/MuvB transcriptional complexes regulate the transcription of 92 of the 100 most 
overexpressed genes among high-FA breast tumors in TCGA, indicating that the overexpression of 
these three transcription factors and their downstream targets, directly and potently drives high 
functional aneuploidy. Among the top 100 most overexpressed genes among high-functional 
aneuploidy breast tumors in TCGA were: KIF14 (ranked 64), KIF4A (ranked 41), KIF2C (ranked 50), 
KIF20A (ranked 78), FOXM1 (ranked 9), and ASPM (ranked 49). Thus 4 out of the 5 mitotic kinesins 
we identified as being responsible for transcriptional chaos and high proliferation in AR-low TNBC, 
are also major drivers of functional aneuploidy in this high-risk, high-need breast cancer subtype, 
presumably because overexpression of KIFs leads to an increased frequency of lagging chromosomes, 
and thus, the generation and propagation of functional aneuploidy. These data corroborate the CIN75 
study [160] and greatly extend the idea that aneuploidy (and, likely, CIN) in breast cancer more 
broadly, and AR-low TNBC is particular, is associated with, and likely, causally related to the 
overexpression of mitotic kinesins. 

Our data showed that overexpression of KIF14, KIF11, KIF4A, KIF2C, and KIF20A was 
associated with mutations in TP53, and Pfister et al. [163] found that TP53 mutations were highly 
enriched in the high FA tumors. TP53 mutations have previously been connected to aneuploidy in 
tumors [164,165]. Experimental evidence in Xenopus embryos suggests that TP53 mutations do not 
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directly lower the fidelity of mitosis; instead, TP53's role as the guardian of ploidy prevents the 
survival and proliferation of cells that (i) have undergone chromosomal missegregation, or (ii) harbor 
chromosome fragments, by inducing cell cycle arrest, apoptosis, or entosis [163,166]. TP53 loss of 
function thus leads to the survival and persistence of aneuploid cells, leading to an increased level of 
functional aneuploidy. To demonstrate causation, Pfister et al. (2018) injected mRNA encoding 
human MYBL2, E2F1, and FOXM1 into Xenopus laevis embryos. This overexpression was sufficient to 
increase the rate of lagging anaphase chromosomes in this non-transformed vertebrate tissue and 
provided evidence for a direct causal link between the overexpression of these factors and reduced 
mitotic fidelity, and generation of a significantly higher percentage of micronuclei, which often form 
from lagging chromosomes. In fact, the study found a strong co-association of every combination of 
TP53 mutations and the overexpression of MYBL2 and FOXM1. Cellular senescence is one of the 
intrinsic safeguards against cancer progression. Although different triggers induce cellular 
senescence, p53 is well documented to play a critical role in its induction. Kif2C has been reported to 
play an important role in the regulation of cellular senescence in human cells through a p53-
dependent pathway [167]; TP53 loss of function would presumably compromise this induction of 
senescence, leading to the persistence of cells with mitotic errors. Taken together, these lines of 
evidence converge onto the idea that overexpression of mitotic kinesins strongly promotes 
proliferation in AR-low TNBCs and TP53-mutant breast tumors, although the proliferation involves 
erroneous chromosome segregation and generation of extensive CIN and aneuploidy. 

10. Centromeric Proteins Play Prominent Roles in Establishing Centromere 
Identity and Function, Enabling Kinetochore Assembly, and Ensuring Accurate 
Chromosome Segregation During Mitosis 

In addition to the 5 mitotic kinesins described above, our analysis identified 5 centromeric 
proteins (CENPA, CENPO, CENPL, CENPF, and OIP5) among the set of core genes responsible for 
transcriptional chaos in TNBC. These centromeric proteins were also (a) overexpressed in AR-low 
TNBC and AR-low breast cancer, and (b) showed a pattern of expression positively associated with 
high proliferation in AR-low TNBC and AR-low breast tumors. All 5 centromeric proteins are 
established transcriptional targets of the MMB-DREAM complex [44]. Four out of these five 
centromeric genes are also ranked among the highest in the UALCAN TCGA database ranking of 
genes most overexpressed in TNBC, with CENPA ranked 29th most overexpressed in all TNBCs, 
CENPF 56th, CENPL 220th, and CENPO 239th. Again, these high rankings suggested that 
upregulation of these genes likely plays a critical role in the tumor biology of TNBCs. To better 
understand how the overexpression of these genes may undergird and power the aggressive clinical 
behavior of AR-low TNBCs, we performed an in-depth study of their known cellular functions within 
human centromeres, described in the sections below. 

CENPA 

Eukaryotic centromeres are major chromosomal landmarks first defined by Walther Flemming 
in 1882 as conspicuous constrictions on chromosomes [168]; generally, centromeres in mammalian 
cells are large ‘regional centromeres’ comprised of AT-rich tandem “satellite” DNA repeats that vary 
in their sequences and lengths [169]. The DNA sequence in centromeres is neither necessary nor 
sufficient for centromere formation as centromeres are epigenetically defined by the presence of a 
centromere-specific histone H3 variant, CENP-A, that plays an indispensable role in centromeric 
chromatin assembly and centromere specification, in addition to being essential for kinetochore 
assembly and proper chromosome segregation; in fact, CENPA is considered an epigenetic marker 
for centromere identity [170,171]. CENPA is deposited in a replication-independent manner by a 
dedicated histone chaperone HJURP (Holliday junction recognition protein) to replace its canonical 
counterpart, and forms specific CENPA nucleosomes with histone H4, H2A, and H2B; CENPA-
containing nucleosomes are interspersed with canonical histone H3-containing nucleosomes in 
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centromeres [172–176]. Since centromeres are the sites where large megadalton-scale protein 
assemblies called kinetochores assemble to connect chromosomes to spindle microtubules, mis-
targeting of CENP-A to non-centromeric sites leads to abnormal kinetochore formation, which 
disrupts faithful chromosome segregation. CENPA is loaded onto centromeres by HJURP exclusively 
in G1 of the cell cycle [177]. Centromeres are typically flanked by pericentromeric constitutive 
heterochromatin—condensed and transcriptionally inert chromatin domains lacking CENPA—that 
also serve to define centromeres epigenetically [178]. Historically, the term kinetochore was first 
introduced in 1934 by Lester Whyland Sharp [179] and it is now clear that a human kinetochore 
contains more than 100 proteins. Kinetochores regulate chromosome movements during mitosis, act 
as a central platform for signaling factors that govern the fidelity of chromosome segregation, and 
are composed of two large submodules: the inner and outer kinetochore [180]. The inner kinetochore, 
which consists of 16 conserved proteins in vertebrates, assembles on centromeric chromatin, serves 
as a structural platform for outer kinetochore assembly, and persists with centromeres throughout 
the cell cycle [177]. The outer kinetochore assembles only during mitosis and plays an essential role 
in generating and sensing microtubule attachments [181]. The outer kinetochore is quickly 
dismantled once mitosis concludes, reflecting the highly dynamic and cell-cycle–regulated nature of 
this structure. Kinetochore dysfunctions commonly lead to CIN and aneuploidy [138,182]. CENPA 
recruits inner kinetochore proteins, such as CENPB and CENPC [183]. In prometaphase, centromeric 
chromatin, makes direct contact with inner kinetochore proteins such as CENPC and CENPB, which 
help establish the foundation of the inner kinetochore complex. CENPC directly binds to CENPA, 
linking centromeric chromatin to the inner kinetochore, while CENPB recognizes specific DNA 
sequences within centromeric repeats to stabilize centromere structure. These interactions facilitate 
the recruitment of additional inner kinetochore components, ultimately connecting to outer 
kinetochore proteins that interact with spindle microtubules to drive accurate chromosome 
segregation [183].  

Although the centromeric environment generally suppresses transcriptional initiation, active 
RNA polymerase II complexes, centromere-derived RNAs (cenRNAs), and nascent transcripts have 
been reported to co-localize with centromeric chromatin [181]. cenRNAs are necessary for the proper 
formation of CENP-A-containing centromeres [184–187] and for the formation of pericentromeric 
heterochromatin [188,189]. The transcripts also play a role in the structure and function of the 
centromere–kinetochore interface [179]. Importantly, it has recently emerged that CENPA is an m6A 
reader of cenRNA [190]. The RNA m6A modification—the methylation of adenosine at the nitrogen-
6 position in an RNA molecule—is an epitranscriptomic modification, that is the most abundant 
internal modification of mRNAs and noncoding RNAs, and is associated with almost all aspects of 
RNA-related processes, including transcription, pre-mRNA splicing and processing, pre-microRNA 
(pre-miRNA) processing, nuclear export, translation, RNA stability and decay, as well as other 
biological processes, such as transcriptional regulation, signal transduction, and the DNA damage 
response [190]. Kang et al. [190] found that the m6A-modification of cenRNA is essential for the stable 
centromeric localization of CENPA during S phase. Mutations of CENPA at the Leu61 and the Arg63 
or removal of cenRNA m6A modification led to loss of centromere-bound CENPA during S phase, 
compromised centromere integrity, and led to defects in chromosome segregation. Thus, CENPA’s 
m6A reading ability appears to epigenetically govern centromere integrity [190].  

A number of upstream factors influence the expression and stability of CENPA mRNA: A study 
found that the long non-coding RNA (lncRNA) MBNL1-AS1 was downregulated in breast cancer 
tissues and cell lines. lncRNAs regulate the expression of target genes by binding to RNA-binding 
proteins. In vitro and in vivo studies showed that overexpression of MBNL1-AS1 markedly inhibits 
breast cancer cells’ proliferation and stemness. MBNL1-AS1 normally downregulates CENPA mRNA 
by directly interacting with the RNA-binding protein Zinc Finger Protein 36 and subsequently 
decreases the stability of CENPA mRNA [191], ensuring optimal levels of CENPA expression. 
Upstream, CENPA’s activity is also influenced by DNA damage response pathways, like ATM and 
ATR, which help coordinate its incorporation during the cell cycle. When DNA damage occurs, these 
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kinases activate checkpoint pathways that can delay CENPA deposition to ensure genome stability 
before centromere assembly proceeds. This delay helps prevent improper kinetochore formation on 
damaged DNA, safeguarding chromosome segregation fidelity [192]. Additionally, CENPA 
incorporation is tightly regulated by factors such as HJURP, which facilitates its deposition 
specifically at centromeres, ensuring that its function is not disrupted by random chromatin 
integration [193].  

When the centromere is unable to form stable connections to the mitotic spindle, aneuploidy 
results. A recent study showed that CENPA maintains the integrity of centromere-associated 
repetitive sequences by ensuring their effective replication in human cells [194]. In the absence of 
CENPA, generation of DNA–RNA hybrids due to transcription–replication conflicts cause delayed 
DNA replication, centromere breakage, recombination, and chromosome translocations at 
centromeres. Thus CENPA-containing centromeric chromatin is specialized to facilitate replication 
and maintain the integrity of transcribed, noncoding, repetitive centromeric DNA during S phase, 
and suppress chromosome translocations and their deleterious sequelae [194]. Balachandra et al. 
[195] provided conclusive evidence that overexpressed CENPA localizes also to non-centromeric 
regions of chromosomes, and this mis-localization of CENPA causes CIN. The proper localization 
and function of CENPA thus ensures genome stability. 

CENPO 

Centromere protein O (CENPO) is a structural centromere protein that plays vital roles in cell 
proliferation and is essential for several critical aspects of mitosis including centrosome separation 
and bipolar spindle assembly, kinetochore assembly, accurate chromosome segregation, and 
checkpoint signaling during mitosis [177,196–198]. CENPO is a component of the CENPA-CAD 
(nucleosome distal) complex (comprised of CENPI, CENPK, CENPL, CENPO, CENPP, CENPQ, 
CENPR and CENPS, which are all purified in association with CENPA nucleosomes). The CENPA-
CAD complex interacts with the CENPA-NAC complex (that includes CENPA, CENPC, CENPH, 
CENPM, CENPN, CENPT and MLF1IP/CENPU). CENPA-CAD/NAC cooperatively modulate the 
kinetochore-bound levels of the NDC80 complex (that is essential for microtubule–kinetochore 
attachment and spindle checkpoint signaling), and they collaborate to drive efficient chromosome 
segregation during mitosis [197]. CENPO is also involved in incorporation of newly synthesized 
CENPA into centromeric nucleosomes [199]. Abnormally high expression of CENPO was detected in 
gastric cancer where CENPO overexpression was associated with high clinical stage, tumor volume, 
lymph node metastasis, and shorter survival times [200]. CENPO overexpression in ovarian cancer 
cells drives abnormal proliferation and resistance to apoptosis [201]. Overexpression of CENPO in 
colorectal cancer was associated with high proliferation [100] while that in bladder cancer was 
associated with disease progression [126]. In lung adenocarcinoma, CENPO expression correlates 
with age and advanced TNM stage, and patients with high CENPO expression have poorer OS and 
DFS [202]. CENPO plays a unique role in spindle damage recovery and is involved in chromatin 
remodeling and heterochromatin formation [203,204]. Dysregulation of CENPO leads to CIN, a 
hallmark of cancer, driving aggressive tumor behavior [205]. 

CENPL 

As a component of the CENPA-CAD complex, CENPL is involved in the recruitment of CENPA 
and in the assembly of centromeric chromatin by interacting with the Mis18 complex, which 
facilitates the loading of CENPA onto chromatin [177,199]. CENPL, along with other members of the 
CENPA-CAD complex, also helps assemble kinetochores on top of CENPA-containing centromeric 
chromatin, to ensure proper chromosome segregation during mitosis. The CENPA-CENPL-CENPO 
complex interacts with the microtubule motor proteins during the transition from metaphase to 
anaphase, ensuring accurate alignment of chromosomes on the spindle and their proper segregation 
[175]. Its dysfunction leads to defective assembly of the kinetochore, misalignment of chromosomes, 
and eventually to CIN. CENPL also forms a complex with CENPN, and this CENPL-CENPN complex 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 October 2025 doi:10.20944/preprints202510.0602.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0602.v1
http://creativecommons.org/licenses/by/4.0/


 22 of 61 

 

recognizes CENPA nucleosomes; temporally, the cell cycle-dependent loading of CENPN onto 
centromeres is highly coordinated with structural transitions of the higher-order structure of 
centromeric chromatin [206]. Mitotic phosphorylation of CENPN by CDK1 regulates the CENPL–
CENPN interaction for accurate chromosome segregation; perturbation of CENPN phosphorylation 
prevents proper chromosome alignment and activates the spindle assembly checkpoint [100]. CENPL 
is proposed to be an oncogene and breast cancer was among several cancer types exhibiting elevated 
CENPL expression [207]. High-CENPL breast tumors showed hyperactivation of several oncogenic 
pathways, especially those related to proliferation [207]. CENPL overexpression has been shown to 
drive chemoresistance in breast cancer cells [101].  

CENPF 

CENPF is a very large (380kDa) kinetochore protein that plays a critical role in the dynamic 
attachment of kinetochores to spindle microtubules, the proper segregation of chromosomes during 
mitosis, vesicular transport, and even ciliopathies [208–213]. CENPF gradually accumulates during 
the cell cycle until it reaches peak levels in G2 and M phase cells and is rapidly degraded upon 
completion of mitosis [214]. Upstream, CENPF expression is regulated by cell cycle checkpoints, 
including CDK1 and other cell division regulators [213]. These ensure that CENPF is appropriately 
activated during mitosis. CENPF functions downstream by interacting with the microtubule motors 
such as dynein, stabilizing the kinetochore-microtubule attachment necessary for chromosome 
segregation. It also coordinates in a complex manner with other kinetochore-associated proteins to 
ensure integrity of the spindle. A recent study found that in a cancer-specific context, co-occupation 
of the promoters of centromeric proteins by BMYB-FOXM1 was insufficient to initiate the full 
FOXM1-associated transcriptional program [215]. The study identified CENPF as a crucial co-
regulator with FOXM1 in orchestrating G2/M gene expression and ensuring accurate chromosome 
segregation. CENPF depletion alters chromatin accessibility at G2/M regulatory loci and disrupts the 
formation of the FOXM1-MMB transcriptional complex. Notably, this FOXM1–CENPF collaboration 
appears to selectively co-regulate a subset of G2/M genes to promote cell proliferation [215]. 

Disruption of CENPF can lead to defects in chromosome segregation, leading to misalignment 
of chromosomes or aneuploidy [113]. Because of its crucial role in mitosis, CENPF is indispensable 
in maintaining genome stability. High-resolution electron tomography of the kinetochore–
microtubule interface has revealed that the plus-ends of kinetochore-attached microtubules often 
exhibit flared protofilaments, formed by outwardly curved tubulin strands. These curled 
protofilaments appear to connect to centromeric chromatin via fine fibrillar linkages approximately 
3 nm in diameter and 45–65 nm in length. Such structural features suggest the involvement of 
filamentous kinetochore proteins that preferentially bind to curved tubulin assemblies. These 
interactions likely play a critical role in mitotic force generation, as most chromosomes move toward 
the spindle poles during anaphase by maintaining strong attachments at the plus-ends of kinetochore 
microtubules. CENP-F has been characterized as a mitotic protein that binds more effectively to 
curved tubulin oligomers than to intact microtubule lattices [216]. Notably, its N-terminal 
microtubule-binding domain shows a higher affinity for tubulin curls, and both of its MT-binding 
domains can engage with dynamic microtubules to harness the mechanical energy generated during 
tubulin depolymerization [216].  

CENPF mis-regulation has been linked to progression of several types of cancer including 
papillary thyroid cancer [217]. CENPF is overexpressed in breast cancer, where it promotes 
proliferation, migration, and invasion [218]. Multiple studies have led to the finding that the 
expression of CENPF is controlled by multiple miRNAs, lncRNAs, and even circular RNAs, whose 
dysregulation can result in inappropriate overexpression of CENPF in breast cancer. CENPF 
expression is normally downregulated by miR-28-5p, which is in turn downregulated by a 
competitively binding cytoplasmic RNA MCM3AP-AS1. MCM3AP-AS1 is highly overexpressed in 
breast cancer; this overexpression then results in the “sponging up” of miR-28-5p, and upregulation 
of CENPF expression, driving breast cancer progression [218]. Another study found that the circular 
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RNA Hsa_circ_0002082, which is highly upregulated in breast cancer tissues and cell lines, targets 
miR-508-3p, which was downregulated in breast cancer. In normal cells, miR-508-3p targets CENPF 
for downregulation. Thus, upregulation of Hsa_circ_0002082 could also contribute to the 
overexpression of CENPF in breast cancer [126]. Another study [219] found that the lncRNA 
LINC00536 and CENPF were overexpressed in breast cancer cells, while miR-4282 was 
downregulated. LINC00536 binds to and negatively regulates the function of miR-4282. Importantly, 
CENPF is a target gene that is normally downregulated by miR-4282. Overexpressed LINC00536 thus 
functions both as an oncogene as well as a ceRNA, that leads to CENPF upregulation in breast cancer 
[219]. A recent study found that CENPF overexpression promotes breast cancer bone metastasis by 
activating PI3K-AKT-mTORC1 signaling [220]. High CENPF expression portended worse 
recurrence-free survival in breast cancer patients receiving neoadjuvant chemotherapy [202]. CENPF 
was also identified as one of the five embryonic stem cell-specific genes whose expression predicts a 
high risk of breast cancer recurrence [221]. CENPF is also part of a 14-gene genomic signature of 
metastatic relapse after adjuvant FEC100 regimen (5-fluorouracil 500 mg/m(2), epirubicin 100 
mg/m(2) and cyclophosphamide 500 mg/m(2)) [222]. In breast cancer, high CENP-F expression, 
correlated with higher standardized uptake value (SUV) detected by 18F-fluorodeoxyglucose 
positron emission tomography/computed tomography (FDG PET/CT); SUV correlates with 
proliferation of primary breast cancer, and tumoral SUV levels may serve as a pretherapeutic 
indicator of aggressiveness of breast cancer [223]. 

In TNBC, CENPF is overexpressed and high CENPF expression was associated with 
chemotherapy resistance; conversely, silencing CENPF increased chemosensitivity [202]. It turned 
out that CENPF regulates TNBC chemoresistance through the RB-E2F1-Chk1 axis, indicating that 
CENPF is a potential treatment target to overcome chemo-resistance in TNBC. CENPF promotes 
adriamycin chemoresistance by operating upstream of Chk1 and provoking Chk1-mediated G2/M 
phase arrest in TNBC, which provides sufficient time for DNA repair to prevent DNA damage from 
causing apoptosis. CENPF knockdown promotes adriamycin-induced apoptosis as G2/M phase 
arrest is counteracted. High levels of CENPF bind to RB, triggering E2F1 release. E2F1 transcription 
factor then binds to the Chk1 promoter and upregulates Chk1 expression in TNBC. In this manner, 
the RB-E2F1 axis mediates the regulation of Chk1 expression by CENPF, which contributes to 
chemotherapy resistance in TNBC [202].  

Another study found that in TNBC, CENPF level was aberrantly elevated, and knockdown of 
CENPF suppressed TNBC cell migration and invasion, and lung metastases in mice, suggesting that 
CENPF promotes TNBC metastasis [224]. CENPF silencing exacerbates arachidonic acid metabolism-
induced ferroptosis in TNBC cells, suggesting that CENPF normally inhibits ferroptosis [224]. 
Furthermore, E2F1 binds to CENPF promoter and activates CENPF expression, which then leads to 
suppression of ferroptosis. Importantly, arachidonic acid metabolism-induced ferroptosis suppresses 
TNBC metastasis. The binding of PSMD14 (a deubiquitinase) to E2F1 stabilizes E2F1, which then 
results in upregulation of CENPF expression, suppression of ferroptosis, and increased metastasis in 
TNBC [224]. This finding indicating how overexpression of CENPF and PSMD14 can synergize to 
promote metastasis in TNBC is extremely important given that PSMD14 is also one of the 15 genes 
we focused on in this paper, based upon its upregulation in AR-low TNBC, and the positive 
correlation between the expression of PSMD14 and markers of proliferation among breast tumors. 

OIP5 

OIP5 gene encodes a 25-kDa protein that was originally identified in a yeast two-hybrid screen 
for proteins that interact with Opa (Neisseria gonorrhoeae opacity-associated) proteins [225]. OIP5's 
main function deals with the loading of CENP-A onto centromeric chromatin by collaborating with 
HJURP [226]; this function is important for the structure, stability, and function of the centromere 
throughout the cell cycle. This is especially critical for the fidelity of chromosome segregation in 
mitosis, because defects in the function of OIP5 may lead to aberrant alignment and attachment of 
kinetochores and precipitate chromosome misegegation and aneuploidy [227,228].  
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OIP5 is historically well established as a Cancer/Testis (C/T) antigen that belongs to a unique 
class of tumor-associated antigens with expression normally restricted to immune-privileged sites 
like the testis, and minimal to no expression in normal somatic tissues [229,230]. The blood-testis 
barrier normally prevents immune recognition of germ cell antigens. For effective immunotherapy, 
the ideal target antigen in the tumor would demonstrate stable, tumor-specific expression, an absence 
of expression in normal cells, and be indispensable for cancer cell survival. Evidence indicates that 
exposure to germ cell antigens has the potential to direct the immune system’s cytolytic capacities 
against cancer cells expressing that antigen [230]. Based on molecular similarities between 
gametogenesis and tumorigenesis, it has been hypothesized that cancer cells may inappropriately 
turn on germline expression programs to promote malignancy [230]. OIP5 is normally expressed in 
the testis and at low levels in bone marrow, thymus, and colon [231], but is markedly overexpressed 
in breast cancer [227], glioblastoma [232], colorectal [233], bladder [234], gastric cancers [235], oral 
cancer [236], and lung and esophageal cancers [237]. The transient expression of OIP5 in NIH3T3 cells 
resulted in a 2-fold increase in proliferation rate, highlighting its oncogenic properties [233]. OIP5 
plays a significant role in promoting glioblastoma progression and metastasis by stabilizing E2F1 
signaling through a feedback loop where E2F1 activates OIP5 expression; OIP5 then interacts with 
and stabilizes E2F1, leading to increased E2F1 signaling that promotes proliferation and metastasis 
in glioblastoma [228]. In breast cancer, OIP5 expression showed a significant positive correlation with 
advanced clinical stage [238]. Moreover, OIP5 knockdown inhibited the proliferation of breast cancer 
cells, and promoted apoptosis. Mechanistically, OIP5 is a direct target of miR-139-5p, and 
upregulation of OIP5 mRNA turns it into an endogenous molecular sponge that mops up miR-139-
5p. Notch1 is a target of regulation by miR-139-5p; as a result, OIP5 overexpression leads to 
overexpression of Notch1 [238]. Given the very low expression of OIP5 in normal breast tissue and 
its role in chromatin organization and cell cycle control, dysregulation could have severe oncogenic 
consequences [239]. These features make C/T antigens, including OIP5, promising targets for 
immunotherapeutic strategies such as monoclonal antibodies and dendritic cell–based vaccines.  

Therefore, the above-described centromeric proteins play pivotal roles in centromere identity 
establishment and maintenance, kinetochore assembly, formation of high-tension kinetochore-
spindle microtubule attachments, proper chromosome alignment at the metaphase plate, and 
accurate chromosome segregation during anaphase, so that mitosis is error-free. Centromere protein 
deregulation leads to CIN, a cancer hallmark. Among the five centromeric proteins discussed above, 
CENPA and CENPO were ranked 34th and 27th, respectively, among the top 100 most overexpressed 
genes among high-functional aneuploidy breast tumors in TCGA [163]. The CIN75 signature includes 
OIP5 [160]. CENPF overexpression was significantly associated with markers of CIN including cyclin 
E, increased telomerase activity, c-Myc amplification and aneuploidy [240]. Taken together, 
dysregulation of the above-mentioned 5 centromeric proteins favors rapid and uncontrolled 
proliferation, increased CIN and aneuploidy, and increased chemoresistance, and is correlated with 
advanced disease stage and poor outcomes in multiple cancer types, including breast cancer; these 
findings highlight their dual potential as prognostic biomarkers and therapeutic targets.  

11. Overexpression of Key Centromeric Proteins in AR-Low and TP53-Mutant 
Breast Tumors Promotes Proliferation and Poor Outcomes  

Since (i) the expression levels of the 5 centromeric proteins (CENPA, CENPO, CENPL, CENPF, 
and OIP5) that we identified are highly correlated with expression of markers of proliferation not just 
in TNBC (Fig. 1) but more broadly across breast tumors (Suppl. Fig. 2), and (ii) these 5 centromeric 
proteins are overexpressed not only in AR-low TNBC (Suppl. Fig. 1) but also among AR-low breast 
tumors more broadly (Suppl. Fig. 3), we evaluated their patterns of expression more closely.  

In breast cancer samples from the UALCAN dataset, we observed marked overexpression of the 
five centromeric proteins—CENPA, CENPO, CENPL, CENPF, and OIP5—compared to normal 
breast tissue (Figure 3A–E). To assess the prognostic relevance of these genes, we performed separate 
Cox proportional hazards regression analyses using the Kaplan–Meier Plotter [69], selecting the 
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optimal expression cut-off based on the most statistically significant log-rank p-value. High 
expression levels of each centromeric gene were consistently associated with significantly reduced 
relapse-free survival in breast cancer patients, as visualized by Kaplan–Meier curves (Figure 3F–J). 

 

Figure 3. Analysis of the expression levels of genes encoding 5 centromeric proteins in diverse breast tumors 
and evaluation of the prognostic significance of their overexpression (A-E) Box-whisker plots comparing the 
expression levels of CENPA (A), CENPF (B), CENPL (C), CENPO (D), and OIP5 (E), in primary breast tumor 
tissues (red boxes) contrasted to normal tissues (blue boxes). The UALCAN platform was used to analyze TCGA 
level 3 RNA sequencing data. The red asterisk (*) indicates a statistically significant difference (p < 0.05). (F-J) 
Kaplan–Meier survival analysis evaluating the prognostic significance of the expression of the indicated 
centromeric proteins, performed using microarray data from TCGA breast tumors and displayed using the KM 
Plotter tool. The red line depicts the recurrence-free survival of patients with expression levels of the genes above 
the cut-point, while the black line represents the recurrence-free survival of patients with expression levels below 
the cut-point. The analysis was conducted using the KM Plotter’s JetSet optimal microarray probe set and an 
optimal cutoff for recurrence-free survival over 180 months, without restricting to specific breast cancer 
subtypes. (K-O) Analysis of the expression levels of the indicated centromeric genes in breast tumors from 
patients of different races (self-identified). “N” represents normal breast tissues with a sample size n=114 for all, 
“C” represents Caucasians with a sample size n=748, “A-A” represents African-Americans with a sample size 
n=179, and “A” represents Asians with a sample size n=61. Analysis of TCGA RNA sequencing data was 
performed on the UALCAN platform and visualized using a box-whisker plot. A red asterisk (*) denotes a 
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statistically significant difference in expression between breast tumors from Caucasian and African-American 
patients (p < 0.05).  (P-T) Analysis of the expression levels of the indicated centromeric genes in breast tumors 
of differing TP53 mutation status. This analysis used TCGA RNA sequencing data and was performed via the 
UALCAN platform. The box-whisker plots display the expression of the indicated kinesins in tumors with 
mutated TP53 (M-p53) contrasted to non-mutated TP53 (NM-p53). A red asterisk (*) denotes a statistically 
significant difference in expression between the two indicated groups (p < 0.05) (U-Y) Analysis of the promoter 
methylation profiles of the indicated centromeric genes in breast tumors. This analysis used TCGA RNA 
sequencing data and was performed via the UALCAN platform. The box-whisker plots display the methylation 
level of the promoters of the indicated genes in normal breast tissues (blue boxes) vs breast invasive carcinoma 
(red boxes). A red asterisk (*) denotes a statistically significant difference in promoter methylation between the 
two (p < 0.05). 

Given the association of AR-negative TNBC with poorer prognosis in African-American women 
[158], we next assessed racial disparities in expression using race-annotated data from 1,102 tumors 
in the UALCAN dataset. CENPA and OIP5 were expressed at significantly higher levels in African-
American patients compared to their Caucasian/White counterparts (Figure 3K–O). Collectively, 
these findings indicate that these centromeric proteins are frequently upregulated in breast cancers—
particularly in AR-low TNBCs—and that their elevated expression correlates with worse clinical 
outcomes. 

We further investigated whether expression of these centromeric proteins was influenced by 
TP53 mutational status of breast tumors. Our analysis of TCGA RNA-seq data through the UALCAN 
portal revealed that CENPA (Figure 3P), CENPF (Figure 3Q), CENPL (Figure 3R), CENPO (Figure 
3S), and OIP5 (Figure 3T) were all significantly upregulated in TP53-mutant tumors compared to 
those with wild-type TP53, consistent with previous findings on their upstream regulator, FOXM1 
overexpression in TP53-mutant breast cancers [13]. To corroborate this, we utilized the muTarget 
platform [69] to analyze the impact of TP53 mutations (≥2% prevalence) on gene expression in a 
TCGA cohort of 305 mutant and 674 wild-type samples. The results confirmed substantial 
upregulation of the centromeric proteins in TP53-mutant tumors: CENPA (2.88-fold; p = 6.91 × 10⁻67), 
CENPO (1.62-fold; p = 1.11 × 10⁻42), CENPL (1.52-fold; p = 3.75 × 10⁻34), CENPF (1.86-fold; p = 2.29 × 
10⁻38), and OIP5 (1.81-fold; p = 2.13 × 10⁻⁴⁴). In cells with functional p53, defects in chromosome 
segregation normally activate p53-mediated responses, including cellular senescence induction. 
When a cell harbors p53 loss-of-function mutations, the unchecked entry into mitosis of cells whose 
centromeres cannot support proper chromosome segregation causes the generation and persistence 
of aneuploid cells [241]. New studies have found that a reduction in CENPA expression can prompt 
a p53-dependent cellular senescence response [242]. This response presumably prevents centromere-
defective cells from proceeding through mitosis—a process that could potentially lead to the 
generation of aneuploid cells [243]. Another study also identified p53 as a key determinant of how 
CENPA impacts cell state, cell identity and therapeutic response [244]. If p53 is functional, CENPA 
overexpression promotes senescence and radiosensitivity. By contrast, when p53 is inactivated, 
CENPA overexpression promotes EMT, which is a precursor for tumor cell invasion and metastasis. 
Thus, CENPA overexpression has an unanticipated function in promoting cell fate reprogramming, 
with important implications for development and tumor evolution [244]. Evidence now shows that 
TP53 binds to the CENPA promoter and directly represses CENPA expression [242]. TP53 also binds 
to HJURP promoter and represses its transcription. In a TP53-deficient background, once HJURP or 
CENPA is upregulated at the protein level, it can in turn stabilize the other by protecting the other 
from proteasomal degradation [242]. As a result, CENPA overexpression is accompanied by HJURP 
overexpression in TP53-deficient contexts, leading to CENPA misincorporation and propagation of 
CIN [242].  

To explore whether reduced promoter DNA methylation may be linked to the elevated 
expression of these centromeric proteins, we conducted promoter methylation analysis using the 
UALCAN platform (Figure 3U–Y). This tool reports DNA methylation levels as beta values, which 
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range from 0 (completely unmethylated) to 1 (fully methylated). Analysis of CENPA, CENPL, and 
OIP5 revealed significantly lower methylation levels at their promoter regions in breast tumor 
samples, consistent with promoter hypomethylation. These observations suggest that, in addition to 
transcriptional activation by regulatory complexes such as MMB–FOXM1, epigenetic deregulation 
may also contribute to the aberrant overexpression of these centromeric proteins. Taken together, 
these analyses suggest that AR-low breast cancers, particularly AR-low TNBCs, as well as Ki67-high 
and TP53-mutant breast tumors, are characterized by co-upregulation of CENPA, CENPO, CENPL, 
CENPF, and OIP5—highlighting their potential contributions to disease progression and poor 
prognosis. 

12. Key Players in Ubiquitin-Dependent Proteolysis and Aggrephagy Modulate 
the Stability and Activities of Cell Cycle Regulators, Promote Fidelity of 
Chromosome Segregation, and Help Manage Proteotoxic Stress  

In addition to the 5 mitotic kinesins and 5 centromeric proteins described in previous sections, 
our research also identified 5 genes that play vital roles in the process of protein degradation (UBE2S, 
UBE2C, UBE2T, PSMD14, and TUBA1B), among the set of core genes responsible for transcriptional 
chaos in TNBC. These proteolysis-related proteins were also (a) overexpressed in AR-low TNBC 
(Suppl Fig. 1) and AR-low breast cancer (Suppl Fig. 3), and (b) showed a pattern of expression 
positively associated with high proliferation in TNBC (Fig. 1) and breast cancer more generally 
(Suppl. Fig. 2). All 5 proteolysis-related proteins are established transcriptional targets of the MMB-
DREAM complex [44]. Three out of these five ubiquitin-proteasome pathway genes are also ranked 
among the highest in the UALCAN TCGA database ranking of genes most overexpressed in TNBC, 
with UBE2C ranked 7th most overexpressed, UBE2T ranked 65th most overexpressed, and UBE2S 
ranked 106th most overexpressed in all TNBCs. Again, these elevated rankings suggest that their 
overexpression may contribute significantly to the tumor biology of TNBCs.  

Ubiquitination is a post-translational modification of proteins that involves the addition of an 
evolutionarily conserved small protein, ubiquitin (Ub) or ubiquitin-like proteins (UBLs), to lysine 
side-chains of target (abnormal or inherently short-lived) proteins destined for degradation by the 
proteasome [245,246]. In addition to marking proteins for degradation, ubiquitination can have 
different biological outcomes such as altering target proteins’ localization and/or their activity, and 
promoting or interfering with protein interactions [247–249]. As a result, dysregulation of this process 
can profoundly impact protein stability, activity, and localization. Ubiquitin-dependent protein 
degradation involves the E1, E2, and E3 enzymes, which carry out ubiquitin activation, conjugation, 
and ligation, respectively, and sequentially: The C- terminus of Ub is first activated by an E1 
(ubiquitin-activating) enzyme and is then transferred onto the active site of an E2 Ub-conjugating 
enzyme. Subsequently, E3 Ub ligases mediate the transfer of Ub from the active site of the E2 onto a 
specific lysine residue in the target protein [250]. E2s control crucial aspects of this cascade. The 
human genome contains 50 E2-encoding genes, and their precise regulation is critical for maintaining 
homeostasis. By regulating the persistence and stability of oncogenic or tumor suppressor proteins, 
the ubiquitination pathway can have tumor suppressing or tumor-promoting effects. Ubiquitin-
conjugating enzymes E2S (UBE2S), E2C (UBE2C), and E2T (UBE2T) are important members of the E2 
family and have been implicated in the tumorigenesis and progression of many cancers. PSMD14 is 
a deubiquitinase enzyme while TUBA1B is a core player in aggrephagy—a process that removes 
harmful protein aggregates that arise due to mutations, incomplete mRNA translation, post-
translational misfolding, improper protein modifications, and oxidative stress—which impacts 
tumorigenesis and cancer progression. To elucidate how the overexpression of these genes may 
contribute to the aggressive clinical phenotype of AR-low TNBCs, we conducted a detailed analysis 
of their established roles in proteolysis, as outlined in the following sections. 
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UBE2C 

UBE2C is an E2 (Ub-conjugating) enzyme required for the degradation of mitotic regulators in 
cooperation with the anaphase-promoting complex/cyclosome (APC/ C) [251,252]. UBE2C initiates 
the Ub chain on the target proteins via the K11 linkage. UBE2C exerts its oncogenic activities by 
promoting the polyubiquitylation and degradation of several cell cycle–related proteins [253,254]. 
Two cell culture–based studies also revealed that UBE2C inhibits autophagy [255,256].  

High expression of UBE2C is found in many human cancers of the brain, lung, cervix, colon, 
liver, thyroid, breast, and nasopharynx, and depletion of UBE2C from cancer cells significantly 
reduces proliferation and induces apoptosis [257,258]. Transgenic mice overexpressing UBE2C were 
prone to developing carcinogen-induced lung tumors and a broad spectrum of spontaneous tumors 
[254]. A recent study found that UBE2C likely regulates DEPTOR/mTORC signaling in non-small cell 
lung cancer, where UBE2C is massively overexpressed and functions as an oncoprotein [259]. The 
DEP domain–containing mechanistic target of rapamycin (mTOR) interacting protein (DEPTOR), 
serves as a negative regulator of both mTOR complex 1 (mTORC1) and complex 2 (mTORC2) [260]. 
DEPTOR acts as an oncoprotein in some contexts and a tumor suppressor in others [260–265]. The 
study by Zhang et al. [259] found that although dispensable for normal lung growth, UBE2C is a 
growth-essential gene in lung cancer cells harboring a Kras mutation. UBE2C is required for lung 
tumorigenesis induced by KrasG12D, wherein mTORC signals are activated to cooperate 
with KrasG12D during the process of lung tumorigenesis. DEPTOR is normally a substrate of the 
UBE2C-APC/C—CDH1 E2-E3 complex. Overexpressed UBE2C collaborates with CDH1 to promote 
ubiquitylation and degradation of DEPTOR, thus promoting mTORC1/2 signaling [259]. Our analysis 
carried out using the bc-GenexMiner platform showed that among TNBCs, there is a statistically 
significant negative correlation between the expression of UBE2C and DEPTOR (r = −0.27, p<0.0001, 
n = 293), and a statistically significant positive correlation between the expression of AR and DEPTOR 
(r = 0.34, p<0.0001, n = 293), suggesting that a similar mechanism could operate in AR-low TNBC 
leading to downregulation of the tumor suppressor DEPTOR and an increase in mTORC signaling. 

The overexpression of UBE2C and the association between high expression of UBE2C and poor 
prognosis in breast cancer is well documented [266–271]. FOXM1, BMYB, and UBE2C are 
significantly overexpressed in high-grade breast tumors [272]. In breast cancer overall, UBE2S and 
UBE2C were overexpressed while Numb, the cell fate determinant and tumor suppressor, was found 
to be downregulated [270]. Numb regulates other tumor suppressors, such as p53 and PTEN, and 
promotes GLI1 oncogene degradation via ubiquitination [273–276]. In breast cancer, Numb acts as a 
tumor suppressor and is a negative regulator of EMT in both human mammary epithelial cells and 
breast cancer cells [277]. Reduced NUMB expression was significantly associated with elevated EMT 
in TNBC [278]. In normal mammary epithelial cells and breast cancer cells expressing wild-type p53, 
NUMB suppresses EMT by stabilizing p53. However, in TNBC cells, loss of NUMB promotes EMT 
through the activation of Notch signaling pathways. Supporting this mechanism, clinical data reveal 
a strong association between low NUMB levels, elevated Notch signaling, and the TNBC subtype 
[278]. Our analysis using the bc-GenexMiner platform also showed that among TNBCs, expression 
of Numb shows a statistically significant negative correlation with the expression of UBE2S (r = −0.34, 
p<0.0001, n = 293) and UBE2C (r = −0.31, p<0.0001, n = 293), and a statistically significant positive 
correlation with the expression of AR (r = 0.26, p<0.0001, n = 293), raising the possibility that AR-low 
TNBC exploits an analogous mechanism to induce EMT and facilitate metastasis.  

UBE2C facilitates cell malignant behavior in lung adenocarcinoma by ubiquitin-dependent 
degradation of p53 to suppress the p53/p21 signaling pathway [279]. Inactivation of TP53 in mouse 
stratified epithelia induces spontaneous epidermal tumors with complete penetrance within one year 
[280]. UBE2C is transcriptionally repressed by wild-type p53 [281]. Importantly, wild-type p53-
mediated inhibition of UBE2C is p21-E2F4-dependent. DNA damage-induced wild-type p53 leads to 
spindle assembly checkpoint arrest by repressing UBE2C [281]. Gene expression profiling of 
Trp53ΔEC mouse carcinomas and comparison with normal, wild type skin samples, revealed 
enrichment of human embryonic stem cell genes, Nanog/Sox2/Myc targets, and evidence of EMT, 
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alongside repression of Polycomb targets [282]. Differential expression analysis showed that most 
upregulated genes were linked to DNA replication, repair, genomic instability, and cell cycle 
checkpoints. Notably, 20 genes including KIF2C and UBE2C, overlapped between a poor-prognosis 
26-gene signature and a TP53 mutation-associated 51-gene signature [282]. This 20-gene set may serve 
as a biomarker for TP53-mutant or aggressive tumors and holds potential prognostic value for human 
cancers. These findings also implicated TP53 loss–driven CIN as a key driver of metastatic 
progression, and shed light on how UBE2C upregulation exacerbates the phenotypes induced by 
TP53 loss. 

FoxM1 overexpression results in an increase of mitotic cell population. UBE2C acts in G2/M 
checkpoint control, and plays a fundamental role in the maintenance of genetic stability by regulating 
the degradation of securin, a protein that impairs the premature segregation of chromosomes by 
binding to and inhibiting the enzyme separase [257]. However, it is noteworthy that there are several 
other mechanisms that lead to overexpression of UBE2C in addition to upregulation of FoxM1. A 
recent study identified CLDN19 as an upstream negative regulator of UBE2C in breast cancer cells 
[283]. CLDN19 expression was significantly reduced in breast tumor tissues, and was associated with 
UBE2C overexpression and with poor patient survival. UBE2C upregulation has previously been 
shown to drive EMT and promote gastric cancer metastasis via activation of the Wnt/β-catenin and 
PI3K/Akt signaling pathways [250]. Notably, Xu et al. [48] demonstrated that in breast cancer cells 
with low CLDN19 expression, the extracellular matrix (ECM) is a 3D environment that can activate 
Wnt signaling. Under normal conditions, CLDN19 suppresses UBE2C, thereby preventing ECM-
induced activation of the Wnt/β-catenin oncogenic pathway. These findings suggest that CLDN19 
inhibits UBE2C-mediated Wnt signaling activation in response to ECM cues in three-dimensional or 
in vivo contexts. Interestingly, among TNBCs, we found using the bc-GenexMiner online tool that 
there is a statistically significant negative correlation between the expression of UBE2C and CLDN19 
(r = −0.45, p<0.0001, n = 293), and a positive correlation between the expression of AR and CLDN19 
(r = 0.28, p<0.0001, n = 293), suggesting that a similar regulatory circuit may also function in AR-low 
TNBCs. 

Epigenetic mechanisms can also play a role in regulating UBE2C levels. In breast cancer cells, 
miR-196a promotes cell proliferation by upregulating UBE2C [284]. Although the upregulation of 
mRNA translation via the binding of a miRNA is somewhat unusual, there is precedence for such 
epigenetic mechanisms of regulation [285–287]. Another recent study found that Circ_0059457 had 
elevated expression in breast cancer tissues and cells, and circ_0059457 knockdown inhibited breast 
cancer cell proliferation, metastasis, sphere formation ability, and glycolysis  [288]. The authors 
found that UBE2C was a target of downregulation by miR-140-3p, and overexpressed circ_0059457 
sponged up miR-140-3p, resulting in UBE2C overexpression [288]. In TNBC, researchers found that 
LINC01194 promotes the malignant progression by activating the Wnt/β-catenin signaling pathway 
[289]. Mechanistically, LINC01194 recruits NUMA1 to bind the 3'UTR of UBE2C mRNA, enhancing 
the mRNA’s stability. In turn, UBE2C stimulates the ubiquitination and degradation of RYR2, a 
negative regulator of Wnt/β-catenin signaling. This regulatory axis—LINC01194/NUMA1–UBE2C–
RYR2—thus drives excessive Wnt pathway activation and TNBC progression [289]. Inhibition of 
UBE2C sensitizes breast cancer cells to radiation, doxorubicin, and even hormone blocking agents, 
highlighting the importance of UBE2C as a potential therapeutic target [290]. The potential of UBE2C 
expression as a readout of proteasome activity, and as a predictive biomarker for therapeutics that 
target the proteasome, also merits further study. 

UBE2S 

The human Ub-binding enzyme E2S (UBE2S), is associated with the APC/C and is essential for 
the Ub conjugation and elongation of Ub chains on target substrate proteins destined for the 26S 
proteasome [291]. Once UBE2C attaches ubiquitin onto K11 in the target proteins, UBE2S promotes 
the elongation of ubiquitin chains thereby enabling substrate degradation to proceed. UBE2S 
executes pivotal functions during mitosis as it is responsible for the timely ubiquitination and 
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degradation of several cell cycle regulators including mitotic cyclins, thereby enabling exit from 
mitosis [291,292]. UBE2S becomes particularly important for efficient substrate degradation when 
APC/C activity has been compromised by prolonged spindle-assembly checkpoint (SAC) arrest. The 
APC/C ubiquitin ligase is the target of the SAC, as it ubiquitinates protein substrates whose 
degradation regulates progression through and exit from mitosis. Indeed, following release from 
SAC arrest, UBE2S-depleted cells neither degrade crucial APC/C substrates, nor silence this 
checkpoint, whereas SAC bypass via BUBR1 depletion or Aurora-B inhibition negates the 
requirement for UBE2S [291]. Studies demonstrate that cells with high UBE2S expression degrade 
APC/C substrates more efficiently, facilitating mitotic exit even when it is not appropriate [291]. 
UBE2S also modulates the stability of the tumor suppressor VHL (Von Hippel-Lindau) under 
normoxic conditions by promoting VHL’s ubiquitination and degradation [293,294]. VHL destruction 
then promotes metastasis and proliferation through the VHL/HIF-1α/STAT3 pathway [295]. UBE2S 
is itself an unstable protein degraded through the proteasome pathway [296]. Together, these 
findings position UBE2S as a critical orchestrator of mitotic progression and tumor-promoting 
pathways, whose dysregulation may drive unchecked cell division. 

Recent studies have shown that UBE2S is also overexpressed in several cancers and this 
overexpression is associated with cancer progression, resistance to chemotherapy, and poor 
prognosis. Aberrantly high expression of UBE2S was observed in cervical cancer, ovarian cancer 
(where high UBE2S upregulates Wnt/β-catenin signaling, leading to resistance to olaparib in vitro 
and in vivo, and enhanced proliferation triggered by upregulation of PI3K/AKT/mTOR signaling), 
breast cancer, oral squamous cell carcinoma (where it promotes the degradation of p53 target, p21), 
endometrial cancer (where it downregulates Sox6 expression and promotes β-catenin signaling, cell 
migration, and proliferation), hepatocellular carcinoma (where it enhances the proteolysis of the 
tumor suppressor, p53), colorectal cancer (where it extends the half-life and promotes the 
accumulation of β-catenin), and kidney cancer [297–305]. In non-small cell lung cancer, UBE2S 
overexpression was associated with greater metastasis and poorer outcomes, and upregulated the 
expression of β-catenin, cyclin D1, and MMP7; pharmacological inhibition of Wnt/β-catenin signaling 
effectively abolished these effects [305]. In lung adenocarcinoma, overexpression of UBE2S leads to 
enhanced degradation of I-κB proteins that sequester NF-κB dimers in the cytoplasm; the result is 
increased nuclear translocation of p65/RelA and excessive activation of the NF-κB signaling [306]. In 
glioblastoma multiforme (GBM), Akt1 physically interacts with and phosphorylates UBE2S at Thr 
152, to enhance the latter’s stability. UBE2S also participates in NHEJ-mediated DNA repair process, 
and thus modulates sensitivity to chemotherapy in GBM [263]. In hepatocellular carcinoma cells, 
overexpression of UBE2S promoted proliferation, invasion, metastasis, and G1/S phase transition in 
vitro, and promoted tumor growth significantly in vivo. Mechanistically, UBE2S can enter the 
nucleus through its nuclear localization signal, where it interacts with TRIM28 (an E3 Ub-ligase); 
these two proteins work together to enhance the ubiquitination and degradation of the CDK inhibitor 
p27, thereby promoting cell cycle entry and progression [307]. Thus, UBE2S overexpression drives 
aggressive tumor biology through a variety of downstream pathways. 

UBE2S overexpression is driven by MMB-FoxM1 and E2F2, which bind to its promoter region 
to enhance transcriptional activity. FOXM1, in particular, has been linked to regulating UBE2S 
mRNA and protein levels, and FOXM1 knockdown in HCC cells suppresses UBE2S mRNA level, 
FOXM1 pathway, AKT phosphorylation pathway, and protein ubiquitination regulation. Genes 
involved in processing of cytotoxic agents and other xenobiotics were enriched in high-UBE2S 
expression group, which was similar with that in high-FoxM1 expression group based on TCGA-
LIHC database, which further supported the idea that UBE2S is upregulated by FOXM1 and increases 
chemoresistance in HCC cells. Overall, UBE2S is considered to be a critical component of the pathway 
by which FoxM1 modulates resistance to cytotoxic agents in HCC cells, and potentially in other 
cancer types [308]. Overexpression of UBE2S is also associated with radiotherapy resistance because 
of UBE2S’s involvement in DNA damage repair [296]. Inhibition of UBE2S enhances the susceptibility 
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of cervical cancer HeLa cells to etoposide and adriamycin, and heightens the chemosensitivity to 
topotecan [296].  

In breast cancer cells, UBE2S depletion induces changes in cellular morphology and significantly 
disrupts the formation of actin stress fibers and focal adhesions. UBE2S knockdown suppressed cell 
spreading, migration, and invasion [301]. In breast cancer, UBE2S overexpression was strongly 
associated with resistance to Topoisomerase II inhibitors [309]. UBE2S is a component of the 4-gene 
Ub-related genes signature that was found to be an independent risk factor for poor overall survival 
among BC patients [310]. UBE2S was also one of the genes associated with improved response to 
neoadjuvant chemotherapy in breast cancer [311]. In the context of TNBC, UBE2S promotes 
proliferation and survival, particularly under conditions of prolonged SAC activation [312].  

UBE2T 

Another ubiquitin-conjugating enzyme E2T (UBE2T), plays a pivotal role in facilitating the 
repair of DNA damage, including within the Fanconi anemia pathway, with evidence suggesting that 
regulation of this pathway may occur through a mechanism involving UBE2T self-inactivation [313]. 
UBE2T monoubiquitinates several proteins of this pathway, including ANCD2 and FANCI [314]. 
UBE2T also interacts with and colocalizes with the BRCA1/BRCA1-associated RING domain protein 
(BARD1) complex, and is involved in BRCA1 downregulation [315]. Beyond DNA repair, UBE2T-
driven ubiquitination influences multiple cancer-associated signaling pathways: ubiquitination of 
AKT by UBE2T activates the AKT/β-catenin signaling cascade [236], while ubiquitination of β-catenin 
promotes β-catenin’s nuclear localization [316]. Furthermore, in lung adenocarcinoma, UBE2T 
enhances autophagy through modulation of the p53/AMP-activated protein kinase 
(AMPK)/mammalian target of rapamycin (mTOR) axis [317]. 

UBE2T is overexpressed in breast cancer, and its overexpression predicts poor prognosis [318]. 
In breast cancer cells, suppression of UBE2T activity leads to downregulation of interferon alpha–
inducible protein 6 (IFI6), which in turn triggers DNA replication stress, halts cell cycle progression, 
and promotes apoptosis. Conversely, forced expression of IFI6 in UBE2T-deficient cells mitigates 
replication stress and apoptotic signaling, partially rescuing cell proliferation. Moreover, UBE2T 
mediates resistance to DNA replication stress, apoptosis, and chemotherapeutic agents, and 
inhibition of UBE2T augments the growth-inhibitory effects of agents that induce DNA replication 
stress [318]. Our analysis using the bc-GenexMiner platform showed that among TNBCs, the 
expression of IFI6 showed a positive correlation with the expression of UBE2T (r = 0.22, p<0.0001, n = 
293), and a negative correlation with the expression of AR (r = −0.22, p<0.0001, n = 293), suggesting 
that this pathway may function among AR-low TNBCs. 

A recent study that examined breast tumors with an extreme dependence on DNA repair 
machinery described a DNA damage transcriptomic signature that discriminates patients with poor 
prognosis. Using transcriptomic mapping combined with gene set enrichment analysis, the authors 
identified DNA repair networks that are in overdrive in breast cancer. UBE2T was among five genes 
(a) that were found to be amplified across all breast cancer subtypes, and (b) whose overexpression 
was consistently associated with unfavorable clinical outcomes regardless of molecular subtype 
[319]. Another study utilized a novel strategy for predicting risk of breast cancer metastasis and 
identifying key genomic biomarkers through the integration of machine learning (ML) and 
explainable artificial intelligence (XAI), especially with the SHapley Additive exPlanations (SHAP) 
framework, to enhance interpretability and address the “black box” limitation of complex ML 
systems. Using genomic profiles from primary BC samples, the authors developed a high-accuracy 
predictive model and pinpointed genes linked to either elevated or reduced metastatic risk. Elastic 
net feature selection reduced the initial dataset of 24,481 genes to a focused panel of 18 strong 
biomarker candidates for BC metastasis. Among these, elevated UBE2T expression correlated with 
an increased likelihood of metastatic progression [320]. 

UBE2T was also identified as a key regulator of breast cancer stem cell (BCSC) stemness [101]. 
Genetic ablation of UBE2T markedly impaired BCSC stemness. The authors uncovered that UBE2T 
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partners with the E3 ubiquitin ligase TRIM25 to catalyze polyubiquitination and degradation of 
CBX6. Reduced CBX6 levels facilitate transcriptional activation of SOX2 and NANOG (which are 
transcription factors included among the “core pluripotency network" that regulates stem cell self-
renewal and differentiation), thereby enhancing BCSC stemness. These findings define the UBE2T–
TRIM25–CBX6 signaling axis as a critical modulator of BCSC stemness [101]. Aberrantly high levels 
of UBE2T in breast cancer also enhance tumor growth, proliferation, migration, invasion, and 
glycolysis through the PI3K/AKT signaling pathway [321].  

In TNBC, UBE2T overexpression has been reported to promote brain metastases; UBE2T 
upregulation is therefore associated with poor prognosis [322]. Normally, a CDC42-mediated 
autophagy-dependent pathway promotes the trafficking of the immune checkpoint protein CD276 to 
lysosomes for degradation; by mediating the ubiquitination and proteasomal degradation of the Rho 
GTPase CDC42, UBE2T overexpression increases CD276 levels, impairs the antitumor activity of 
CD8+ T cells, and enables tumor immune escape. Inhibition of UBE2T raises the TNBC sensitivity to 
immune checkpoint blockade and suppresses breast cancer brain metastases [322]. Higher UBE2T 
expression levels were predictive of a lower rate of pathological complete response in TNBC patients 
following neoadjuvant chemotherapy [323].  

In addition to transcriptional upregulation via the MMB-FoxM1 pathway, UBE2T levels are also 
modulated by epigenetic mechanisms. One such mechanism involves micro RNAs: a recent study 
found that miR-543 exhibited reduced expression in breast cancer tissues and cell lines, whereas 
UBE2T exhibited abnormally high levels. miR-543 normally downregulates UBE2T expression 
through the ERK/MAPK pathway, and miR-543 overexpression leads to inhibition of viability, 
proliferation, migration, and invasion of breast cancer cells [324]. Thus, UBE2T is a promising 
therapeutic target for breast cancers in general. 

PSMD14 

The 26S proteasome non–ATP regulatory subunit 14 PSMD14 (also known as RPN11 and POH1) 
is a deubiquitinating enzyme that plays a significant role in homeostasis, and is implicated in 
differentiation [325], pluripotency [326], the DNA damage response [327], cellular proliferation and 
senescence [328], and the pathology of various cancers, including liver, esophageal, and breast cancer 
[295,329–332], where PSMD14 overexpression is associated with adverse clinical outcomes. 
Amplification of the PSMD14 gene can lead to increased expression levels. This amplification is often 
associated with CIN in cancer cells [100,333]. PSMD14 is known to be a component of the 19S complex 
of the proteasome and is responsible for substrate deubiquitination. Currently, about a 100 
deubiquitinases are known to be encoded by the human genome [334,335]. PSMD14 knockdown 
caused cell arrest in the G0-G1 phase, and ultimately led to senescence in a broad range of cancer cell 
lines [328]. A recent study identified PSMD14 as a key regulator of the stability of IRF3 (a critical 
transcription factor in antiviral innate immune signaling) and type I interferon (IFN) signaling [336]. 
PSMD14 counteracts NDP52-mediated, virus load–dependent autophagic degradation of IRF3 by 
deubiquitinating IRF3, thereby preserving basal IRF3 levels and sustaining IFN activation [336].  

In ER+ breast cancer, PSMD14 is an ERα deubiquitinase; interestingly, ERα binds to the 
promoter of PSMD14 and stimulates the latter’s transcription. This positive feedback loop implies 
that PSMD14 behaves both as an upstream modulator as well as downstream target for ERα signaling 
in breast cancer [337]. PSMD14 is one of seven genes that comprise a multivariable prognostic model 
in breast cancer; these 7 genes were identified as being DNA damage response-related genes that 
were differentially expressed between high- and low-Tumor mutational burden (TMB) breast tumors 
in the TCGA dataset, and whose overexpression was associated with poor outcomes [338]. 

In triple-negative breast cancer (TNBC), PSMD14 is markedly upregulated and drives tumor cell 
proliferation, migration, and invasion [339]. Silencing PSMD14 significantly reduced TNBC growth 
and metastasis. Mechanistically, PSMD14 deubiquitinates SF3B4 (an RNA-binding protein, or RBP, 
involved in pre-mRNA splicing), stabilizing the protein and enabling it to form a complex with 
heterogeneous nuclear ribonucleoprotein complex (HNRNPC), which acts both as an RBP, as well as 
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an m6A reader. The SF3B4-HNRNPC complex then binds m6A-modified FADS1 mRNA, promoting 
exon 10 inclusion and upregulating FADS1 expression. Elevated FADS1, in turn, activates the 
Akt/mTOR pathway [339]. Another study found that PSMD14 overexpression also promotes 
aggressive TNBC phenotypes by modulating ferroptosis sensitivity [224]. Mechanistically, PSMD14 
suppresses arachidonic acid metabolism–induced ferroptosis through activation of the E2F1/CENPF 
signaling axis. Silencing E2F1 downregulates CENPF expression, and CENPF knockdown markedly 
impairs TNBC cell migration and invasion and enhances ferroptosis cell death. By sustaining E2F1-
dependent CENPF expression, PSMD14 acts as a central driver of TNBC progression through 
ferroptosis inhibition and metastatic pathway activation [224]. 

TUBA1B 

Tubulin α-1b chain (TUBA1B) is an important α-tubulin isoform; this protein is therefore a major 
component of the microtubule cytoskeleton, and plays critical roles during chromosome segregation 
and mitotic progression. TUBA1B has also been shown to play multifaceted oncogenic roles, 
influencing cytoskeletal remodeling, protein degradation, immune cell infiltration, tumor growth, 
chemoresistance, apoptosis, and patient survival across various malignancies. TUBA1B’s expression 
levels were significantly elevated in several cancer types, including breast cancer, compared to the 
corresponding healthy tissue levels [101]. TUBA1B has been observed to impact immune cell 
infiltration within the tumor microenvironment of liver hepatocellular carcinoma and influence 
patients’ responsiveness to immunotherapy, or resistance to paclitaxel, thereby significantly affecting 
their prognosis [340,341]. In glioma, TUBA1B is a key driver of disease progression, with high 
expression correlating with poor prognosis and aggressive tumor behavior. TUBA1B has been 
identified as a central gene involved in aggrephagy—a specialized type of lysosome-dependent 
autophagy that targets and removes misfolded or aggregated proteins [342]. These aberrant proteins, 
often arising from mutations or cellular stress, are marked as defective and must be cleared to avoid 
toxic buildup. Normally, the Ub–proteasome system handles the breakdown of such proteins; 
however, when protein aggregation occurs, the Ub-proteasome system may be unable to process 
them efficiently. In these situations, aggrephagy serves as an alternative degradation mechanism, 
serves to clear misfolded protein condensates, and contributes to cancer cell homeostasis [342]. High 
TUBA1B expression in glioma is linked to increased cell proliferation, migration, autophagy, and 
apoptosis. Immune profiling indicates an association with cancer-associated fibroblasts and diverse 
immune cell infiltrates, suggesting a role in shaping the tumor microenvironment. Analysis of TCGA 
data, stratified by TUBA1B expression, revealed that TUBA1B-high tumors exhibit significant 
upregulation of cell cycle–related pathways and genes, as shown by KEGG and GSEA analyses [342]. 
Functionally, TUBA1B enhances glioma growth in xenograft models, promotes tumor stemness, and 
reduces responsiveness to immunotherapy. These findings indicate that TUBA1B influences glioma 
biology through (i) intrinsic cell cycle regulation, (ii) enabling cancer cells to better cope with 
proteotoxic stress, and (iii) by modulating the immune milieu [342]. In sum, TUBA1B overexpression 
fuels tumor aggressiveness by simultaneously driving intrinsic tumor growth programs, sustaining 
therapy-resistant populations, and shaping an immune-suppressive, tumor-promoting 
microenvironment—while bolstering the cell’s ability to cope with stress through enhanced 
proteostasis mechanisms. 

Taken together, overexpression (due to mutations or copy number alterations) of these Ub-
proteasome- and aggrephagy-related genes may result in dysregulation of substrate degradation 
kinetics and proper mitotic progression, undermine normal mitotic checkpoints and safeguards, 
compromise DNA repair fidelity, and disrupt the balance between protein degradation and 
stabilization. This convergence contributes to the etiology and progression of cancer, and promotes 
ongoing CIN, which fuels tumor evolution, intra-tumoral heterogeneity, and therapy resistance. 
Three out of the five protein degradation-related genes we focused on were found in the list of top 
100 most overexpressed genes among high-functional aneuploidy breast tumors in TCGA [163]: 
UBE2C ranked 6th, UBE2T was ranked 46th, and UBE2S was ranked 47th in this list. The CIN75 gene 
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signature includes UBE2C [160]. Thus, AR-low TNBCs that overexpress these genes are likely to 
exhibit high levels of aneuploidy and CIN, which is a fuel for aggressive tumor phenotypes. 

13. Regulators of Protein Degradation Play Prominent Roles in Driving Poor 
Outcomes in AR-Low TNBC and TP53-Mutant Breast Tumors 

We identified five proteins that play key roles in Ub-related protein degradation and 
aggrephagy—UBE2S, UBE2C, UBE2T, PSMD14, and TUBA1B—that are significantly overexpressed 
in AR-low TNBC. The expression levels of these genes correlate strongly with proliferation markers 
not only in TNBC (Fig. 1) but across breast tumors more broadly (Suppl. Fig. 2). Moreover, these 
proteins are elevated in both AR-low TNBC (Suppl. Fig. 1) and in AR-low breast cancers overall 
(Suppl. Fig. 3). These indications prompted a more detailed examination of their expression profiles. 

Data from the UALCAN dataset showed that UBE2C (Fig. 4A), UBE2S (Fig. 4B), UBE2T (Fig. 
4C), PSMD14 (Fig. 4D), and TUBA1B (Fig. 4E) were all significantly upregulated in breast tumor 
samples relative to normal tissue. To determine the prognostic relevance of this pattern of 
overexpression, we assessed relapse-free survival for each gene individually using Cox proportional 
hazards models in the Kaplan–Meier Plotter tool (Győrffy, 2021). Cutoff points were optimized to 
achieve the lowest logrank p-values, and survival curves demonstrated that elevated expression of 
each of these five proteins of interest (Figs. 4F–4J) was associated with a significantly shorter 
recurrence-free interval, suggesting roles in disease progression. We also compared the expression 
levels of these genes in breast cancer patients categorized by self-declared race in 1,102 annotated 
breast tumor samples from UALCAN. The expression levels of UBE2C, UBE2S, UBE2T, and TUBA1B 
were notably higher in African-American patients than in Caucasian/White patients. Collectively, 
these findings indicate that in breast cancer—particularly in AR-low TNBC—a subset of proteins that 
play key roles in protein degradation and cell cycle progression is consistently overexpressed, with 
higher expression correlating with worse outcomes. Further analysis revealed that all five proteins—
UBE2C (Fig. 4P), UBE2S (Fig. 4Q), UBE2T (Fig. 4R), PSMD14 (Fig. 4S), and TUBA1b (Fig. 4T)—were 
significantly elevated in TP53-mutant tumors compared with TP53–wild-type tumors, consistent 
with prior results showing FOXM1 overexpression in the TP53-mutant setting [13]. These 
observations were validated using the muTarget platform, which compared gene expression patterns 
in in 305 TP53-mutant and 674 TP53-wild-type breast cancers from TCGA. The TP53-mutant group 
exhibited substantial increases in UBE2C (2.30-fold, p = 1.76 × 10⁻4⁸), UBE2S (1.69-fold, p = 5.60 × 10⁻27), 
UBE2T (1.61-fold, p = 4.72 × 10⁻30). No data was available for analysis of PSMD14 and TUBA1B levels 
in this platform. Together, these data strongly support that AR-low breast cancers (including AR-low 
TNBC), Ki67-high tumors, and TP53-mutated breast tumors share a common phenotype of elevated 
expression of these proteolysis-regulatory proteins. To assess whether reduced promoter methylation 
contributes to the elevated expression of these proteolysis-related genes, we employed the UALCAN 
promoter methylation analysis platform (Figures 4U–Y). In this analysis, the beta value reflects the 
degree of methylation, ranging from 0 (completely unmethylated) to 1 (fully methylated). Results 
showed significant promoter hypomethylation for UBE2T and TUBA1B in breast tumors, suggesting 
that epigenetic mechanisms may contribute the overexpression of these two genes in addition to 
transcriptional activation driven by regulators such as the MMB–FOXM1 complex. Collectively, these 
findings indicate that AR-low breast cancers—especially AR-low TNBC—as well as Ki67-high and 
TP53-mutant breast tumors, exhibit a coordinated overexpression of UBE2C, UBE2S, UBE2T, 
PSMD14, and TUBA1B, underscoring their likely roles in driving tumor progression and unfavorable 
clinical outcomes, via a dysregulation of proteolysis pathways. 
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Figure 4. Analysis of the expression levels of genes encoding 5 proteolysis-regulatory proteins in diverse breast 
tumors and evaluation of the prognostic significance of their overexpression (A-E) Box-whisker plots comparing 
the expression levels of UBE2C (A), UBE2S (B), UBE2T (C), PSMD14 (D), and TUBA1B (E), in primary breast 
tumor tissues (red boxes) contrasted to normal tissues (blue boxes). The UALCAN platform was used to analyze 
TCGA level 3 RNA sequencing data. The red asterisk (*) indicates a statistically significant difference (p < 0.05). 
(F-J) Kaplan–Meier survival analysis evaluating the prognostic significance of the expression of the indicated 
proteolysis-regulatory proteins, performed using microarray data from TCGA breast tumors and displayed 
using the KM Plotter tool. The red line depicts the recurrence-free survival of patients with expression levels of 
the genes above the cut-point, while the black line represents the recurrence-free survival of patients with 
expression levels below the cut-point. The analysis was conducted using the KM Plotter’s JetSet optimal 
microarray probe set and an optimal cutoff for recurrence-free survival over 180 months, without restricting to 
specific breast cancer subtypes. (K-O) Analysis of the expression levels of the indicated proteolysis-regulatory 
genes in breast tumors from patients of different races (self-identified). “N” represents normal breast tissues 
with a sample size n=114 for all, “C” represents Caucasians with a sample size n=748, “A-A” represents African-
Americans with a sample size n=179, and “A” represents Asians with a sample size n=61. Analysis of TCGA 
RNA sequencing data was performed on the UALCAN platform and visualized using a box-whisker plot. A red 
asterisk (*) denotes a statistically significant difference in expression between breast tumors from Caucasian and 
African-American patients (p < 0.05). (P-T) Analysis of the expression levels of the indicated proteolysis-
regulatory genes in breast tumors of differing TP53 mutation status. This analysis used TCGA RNA sequencing 
data and was performed via the UALCAN platform. The box-whisker plots display the expression of the 
indicated kinesins in tumors with mutated TP53 (M-p53) contrasted to non-mutated TP53 (NM-p53). A red 
asterisk (*) denotes a statistically significant difference in expression between the two indicated groups (p < 0.05). 
(U-Y) Analysis of the promoter methylation profiles of the indicated proteolysis-regulatory genes in breast 
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tumors. This analysis used TCGA RNA sequencing data and was performed via the UALCAN platform. The 
box-whisker plots display the methylation level of the promoters of the indicated genes in normal breast tissues 
(blue boxes) vs breast invasive carcinoma (red boxes). A red asterisk (*) denotes a statistically significant 
difference in promoter methylation between the two (p < 0.05). 

14. Overexpression of the 15-Gene Set Associated with Proliferation and 
Genomic Instability is Associated with a characteristic Tumor 
Microenvironment in Breast Cancer 

The tumor microenvironment (TME) is a dynamic and heterogeneous ecosystem composed of 
immune cells, fibroblasts, adipocytes, and vascular networks. These non-malignant components 
either promote or restrain anti-tumor immunity through soluble factors, direct cellular interactions, 
and adaptive phenotypic shifts. Characterizing the immune landscape of the TME is essential for 
understanding patterns of immune infiltration, their association with gene expression profiles, and 
their influence on tumor progression. Moreover, the presence and activity of stromal and immune 
cells within the TME hold prognostic value and may inform the likelihood of response to specific 
therapeutic strategies. 

To gain insights into the composition of the TME in breast tumors that overexpress the 15 genes 
of our interest, three complementary deconvolution algorithms—TIDE, XCell, and CIBERSORT—
were utilized via the TIMER platform (http://timer.cistrome.org/). We examined the Spearman 
correlation between the expression of the 15 cell cycle regulators at the core of our study, and the 
infiltration landscape of the TME in breast cancer [125,343] (Fig. 5A–C). Despite methodological 
differences among the platforms, several convergent patterns emerged, underscoring a consistent 
pattern of association between gene expression and TME composition. 

The Tumor Immune Dysfunction and Exclusion (TIDE) algorithm [344] models two key 
mechanisms of tumor immune evasion: (i) T cell dysfunction, by detecting prognostic gene 
expression-based signatures indicative of loss of T cell effector functions within a high cytotoxic T 
lymphocyte (CTL) tumor environment, and (ii) T cell exclusion, by identifying expression profiles of 
cells that suppress T cell infiltration, such as cancer-associated fibroblasts (CAFs), myeloid-derived 
suppressor cells (MDSCs), and M2 (tumor-associated) macrophages. TIDE analysis (Fig. 5A) revealed 
that expression of the 15-gene set was positively correlated with CTLs, MDSCs, interferon-γ (IFNG), 
and CD274 (PD-L1). Expression of the 15 genes was negatively correlated with M2 macrophages, 
microsatellite instability (MSI) score, and immune dysfunction score. We found no statistically 
significant association between the expression of the 15 genes, and the Immune Evasion Score. CTLs 
play a crucial role in directly attacking and eliminating cancer cells [345]; however, exhaustion and 
dysfunction can occur during cancer progression due to immunosuppression within the TME. CAFs, 
alternatively activated M2 macrophages, and regulatory T cells can constitute serious immunologic 
barriers against CTL antitumor immune responses, eventually resulting in CTLs’ exhaustion. A 
higher number CD8+ CTLs is generally indicative of a favorable response to neoadjuvant therapy in 
various breast cancer subtypes [346]. Furthermore, studies have revealed that a higher percentage of 
CD8+ T cells are recruited in the tumor of African-American breast cancer patients compared to their 
White counterparts, which is suggestive of the mounting of strong T-cell-mediated immune response 
in African-American patients [347]. MDSCs represent a diverse population of immune cells that 
mediate tumor-associated immunosuppression. Within the TME, their principal function is to inhibit 
T-cell activity, either through antigen-dependent mechanisms or via non-specific pathways. 
Therefore, MDSCs serve as key drivers of T-cell dysfunction and exhaustion [348]. CD274, also 
known as PD-L1 (programmed cell death-ligand 1), is a transmembrane protein that interacts with 
the PD-1 (programmed cell death protein 1) receptor on T cells. This interaction inhibits T cell 
activation and cytokine production. CD274 expression on tumor cells can help them evade the 
immune system by suppressing T cell activity, making the PD-1—PD-L1 interaction a target for 
cancer immunotherapy. Interferon-gamma (IFNG or IFN-γ) is a pivotal cytokine in the TME with 
dual roles in anti-tumor immunity and immune regulation. Produced mainly by activated CD8⁺ 
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CTLs, NK cells, and Th1 CD4⁺ T cells, IFN-γ enhances tumor antigen recognition by upregulating 
MHC class I and II expression on tumor and antigen-presenting cells, and it activates macrophages 
to exert cytotoxic effects against tumor cells [349,350]. However, chronic or excessive IFN-γ signaling 
can paradoxically promote immune escape by inducing immune checkpoint molecules such as PD-
L1 on tumor and stromal cells [351–353]. Thus, IFN-γ functions as a double-edged sword—bolstering 
tumor clearance while simultaneously fostering adaptive resistance mechanisms. IFNG expression 
and CD274 (PD-L1), are both markers of an inflamed TME. Expression of our 15-gene set was further 
associated with increased levels of MDSCs, suggesting that the inflammatory context may be 
counterbalanced by the recruitment of immunosuppressive myeloid populations. Conversely, 
expression of our 15-gene set demonstrated a negative correlation with M2 macrophages, as well as 
with both the MSI score and the immune dysfunction score. A low TIDE dysfunction score suggests 
that the tumor microenvironment may be more amenable to immune activity, possibly with less T-
cell exhaustion. However, this alone does not guarantee a good prognosis. Cancer prognosis is 
influenced by a complex interplay of tumor biology, host factors, and treatment effectiveness. Tumor 
intrinsic mutations can drive rapid growth, metastasis, or resistance to treatments, regardless of the 
immune response. A negative correlation between the expression of our 15 genes and the TIDE 
dysfunction score indicates a potentially more favorable immune environment, suggesting better 
chances of response to immunotherapy. These results also suggest that the TME of AR-low/TP53-
mutant breast tumors expressing this gene program differs from the type of TME typically associated 
with immune-excluded cancers. Overall, expression of the proliferative 15-gene set correlates with 
features of both immune activation (CD8⁺ T cells, IFNG, PD-L1) and immune suppression (MDSCs), 
while showing inverse associations with M2 macrophages and immune dysfunction. The strength 
and direction of these correlations reinforce the notion that breast tumors expressing high levels of 
mitotic kinesins, centromeric proteins, and proteolysis regulators may attract effector T cells, but they 
also engage immunosuppressive myeloid populations and likely exploit immune checkpoint 
pathways.  

We next interrogated the relationship between the 15-gene set of interest and immune cell 
composition using the XCELL algorithm (Fig. 5B). XCELL is an R-based program that provides a 
more comprehensive view of the complex cellular landscape, using pre-defined gene signatures to 
assess the enrichment of each cell type [354]. Macrophages in the TME play a complex and 
multifaceted role, influencing tumor growth, progression, and response to therapy [355]. Our 
analysis revealed a positive correlation with innate and antigen-presenting immune subsets, 
including total macrophages, M1 macrophages, and myeloid dendritic cells (both total and activated). 
By contrast, expression of the 15-gene set demonstrated negative correlations with M2 macrophages. 
M1 macrophages are generally associated with anti-tumor functions. They secrete pro-inflammatory 
cytokines like IL-12 and TNF-α, and chemokines, such as CXCL9, CXCL10, and CXCL11, which can 
stimulate other immune cells like CD8+ T cells and NK cells to kill tumor cells. They also directly 
mediate tumor cell cytotoxicity and antibody-dependent cell-mediated cytotoxicity. M1 macrophages 
can inhibit cell proliferation and cause tissue damage through the secretion of pro-inflammatory 
cytokines and nitric oxide (NO). Some studies, like one focusing on transcriptomically defined M1 
macrophages in breast cancer [356], did not find an association between high M1 levels and favorable 
survival or response to chemotherapy. It appears that the balance of M1 to M2 macrophages, as well 
as the overall context of the TME, contribute to the ultimate impact on the tumor's progression. In 
addition, we observed significant positive correlations with common lymphoid progenitors, CD4⁺ 
memory T cells, and CD4⁺ Th2 cells, suggesting that tumors expressing these 15 genes are enriched 
for cell types associated with pro-inflammatory activity and adaptive immune priming. It was also 
inversely associated with several other immune and stromal compartments, including B cells, CAFs, 
endothelial cells, hematopoietic stem cells, common myeloid progenitors, CD4⁺ central memory T 
cells, and CD4⁺ effector memory activated T cells. Negative correlations with endothelial cell 
abundance further implicate these tumors in fostering a TME that is not conducive to angiogenesis. 
These negative associations indicate that expression of the proliferative gene program coincides with 
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reduced B cell infiltration, lower stromal support, and depletion of certain memory T cell subsets, 
potentially altering the quality and persistence of immune responses in the TME. Together, these 
XCELL-derived correlations suggest that tumors with high expression of the 15-gene signature foster 
a distinct immune milieu characterized by M1 macrophage and dendritic cell predominance, 
enrichment of CD4⁺ subsets, but reduced stromal and endothelial support and an absence of 
immunosuppressive M2 macrophage infiltration.  

CIBERSORT analysis (Fig. 5C) yielded trends consistent with those observed with TIDE and 
XCELL: expression of the 15 genes was positively correlated with M0 and M1 macrophages and CD4⁺ 
activated memory T cells, but negatively correlated with M2 macrophages, monocytes, and activated 
mast cells. These findings emphasize a skewing of the myeloid compartment toward pro-
inflammatory macrophages, coupled with reduced representation of regulatory and tolerogenic 
subsets. Taken together, the results across all three algorithms converge on a model in which high 
expression of mitotic kinesins, centromeric proteins, and proteolysis regulators in AR-low TNBC and 
p53-deficient breast tumors is associated with a TME enriched for effector and pro-inflammatory 
immune subsets, but with simultaneous evidence of immune evasion pathways (MDSC infiltration, 
PD-L1 upregulation, loss of immune-stimulatory diversity). This duality may help explain how AR-
low TNBC and TP53-mutant tumors maintain aggressive proliferation despite the presence of 
immune activity, underscoring both the therapeutic vulnerabilities and the adaptive complexity of 
their TME. 
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Figure 5. Tumor Microenvironmental features associated with the 15-Gene set in breast cancer (A) Spearman 
correlations between expression of the 15-gene cell cycle regulatory gene set and immune cell infiltration, 
estimated using the TIDE algorithm via the TIMER 2.0 platform. Only statistically significant pairwise 
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correlations are depicted (p<0.05). Statistically significant negative correlations are depicted in shades of blue, 
and statistically significant positive correlations are depicted in shades of red. White boxes represent the absence 
of a statistically significant correlation. (B) Spearman correlations between expression of the 15-gene cell cycle 
regulatory gene set and immune cell infiltration, estimated using the XCELL algorithm via the TIMER 2.0 
platform. Only statistically significant pairwise correlations are depicted (p<0.05). Statistically significant 
negative correlations are depicted in shades of blue, and statistically significant positive correlations are depicted 
in shades of red. White boxes represent the absence of a statistically significant correlation. (C) Spearman 
correlations between expression of the 15-gene cell cycle regulatory gene set and immune cell infiltration, 
estimated using the CIBERSORT algorithm via the TIMER 2.0 platform. Only statistically significant pairwise 
correlations are depicted (p<0.05). Statistically significant negative correlations are depicted in shades of blue, 
and statistically significant positive correlations are depicted in shades of red. White boxes represent the absence 
of a statistically significant correlation. 

15. Model: A FoxM1–WDR5–ASPM Regulatory Axis Drives Proliferation and 
Chromosomal Instability in AR-Low TNBC and TP53-Mutant Breast Cancer 

Our analyses and data in the literature support the following model of the dysregulation that 
undergirds the high-proliferation phenotype of AR-low TNBC: Normally, the expression of G1/S and 
G2/M cell cycle genes is tightly controlled by dynamic transcriptional complexes, ensuring orderly 
DNA replication and mitotic progression. However, in AR-low TNBC and TP53-mutant breast 
tumors, this tight regulatory balance is disrupted, and induces a transcriptional program that 
normally regulates proliferation, to be pushed into overdrive. Central to this dysregulation is 
upregulation of a collaborative axis formed by (a) the transcription factor FoxM1, (b) WDR5—a core 
subunit of histone methyltransferase complexes that catalyzes H3K4me3, and (c) the mitotic protein 
ASPM. When overexpressed, these 3 proteins drive the persistent upregulation of a set of genes 
including 15 “core cell cycle-related genes” essential for proliferation. WDR5 epigenetically modifies 
the chromatin landscape of the FoxM1 promoter to license persistent FoxM1 transcription, enabling 
tumor cells to accumulate high levels of this oncogenic transcription factor. Our analyses showed that 
the expression of WDR5 shows a statistically significant negative correlation with the expression of 
AR (r = −0.40, p<0.001), and a statistically significant positive correlation with the expression of FoxM1 
(r =0.60, p<0.001), among TNBCs. While high levels of WDR5 transcriptionally ensure FoxM1 
abundance, ASPM stabilizes FoxM1 protein and amplifies FoxM1 oncogenic activity through (i) 
phase separation into nuclear condensates that sustain persistent G2/M transcriptional activity, and 
(ii) feedback regulation. Furthermore, FoxM1 transcriptionally activates ASPM, creating a positive 
feedback loop in which each protein sustains the other. Consistent with this, we found that the 
expression of ASPM shows a statistically significant negative correlation with the expression of AR 
(r = −0.50, p<0.001), and a statistically significant positive correlation with the expression of FoxM1 (r 
=0.81, p<0.001), among TNBCs. Once upregulated, FoxM1 binds to the MMB-MuvB complex and is 
activated through phosphorylation by CDK1 and PLK1. This active MMB–FoxM1 complex drives 
robust transcription of G2/M genes, including kinesins (KIF11, KIF14, KIF4A, KIF2C, KIF20A), 
centromere-associated proteins (CENPA, CENPO, CENPL, CENPF, OIP5), and cell cycle proteolysis 
regulators (UBE2C, UBE2S, UBE2T, PSMD14). In healthy cells, the precise regulation of these highly 
consequential target genes ensures accurate chromosome partitioning and genomic stability. In 
tumors however, the overexpression of these effectors can promote unchecked proliferation 
accompanied by erroneous chromosome segregation, and fuel CIN and aneuploidy—processes 
strongly linked to tumor evolution, therapy resistance, and poor patient survival. ASPM itself 
regulates spindle orientation and microtubule minus-end dynamics, and its aberrantly elevated 
expression further compounds the chromosome mis-segregation driven by FoxM1 target gene 
overexpression. In this context, (i) loss of AR-mediated FoxM1 repression (via SPDEF), and (ii) 
disruption of the p53–p21–DREAM axis that normally restrains FoxM1 expression, further spike 
FoxM1 transcription, and increase production of its target effectors. Normally, p53 serves as the 
“guardian of ploidy”, eliminating aneuploid cells through apoptosis or senescence. In TP53-deficient 
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tumors, however, cells with segregation defects survive and propagate. Collective upregulation of 
the 15 MMB-FoxM1 target genes we studied (and synergy with p53 deficiency, if it exists) locks cells 
into a high-proliferation state, with extensive CIN and aneuploidy, and engenders heightened 
transcriptional chaos and intra-tumoral heterogeneity, that underlie the aggressive tumor biology of 
AR-low TNBC and TP53-mutant breast cancers.  

16. Perspectives 

Breast cancers with high proliferation and low AR-related signaling have poor prognosis and 
unique molecular features with implications for therapy. This study aimed to build a granular 
portrait of AR-low TNBCs by diving deep into and contextualizing the patterns of dysregulation that 
drive and support their state of high proliferation. By enhancing our understanding of the processes 
and drivers undergirding the biology of these tumors, we hoped to unlock insights that will help 
better manage them. We uncovered that functional modules involving mitotic kinesin motors, 
centromere and kinetochore components, and proteolysis regulators may have an outsized impact 
on tumor biology and disease progression in AR-low TNBC and p53-deficient breast cancer, because 
these emergent modules support and drive a highly proliferative state that is accompanied by mitotic 
errors and CIN.  

CIN—the increased rate of whole or fractional chromosome gains or losses—may at first glance 
appear to be a feature that should adversely impact tumor cells’ fitness and impair their proliferation. 
However, CIN facilitates accelerated genomic evolution by generating diverse DNA copy number 
variants (CNVs) that can be selected during disease progression. The intercellular chromosomal 
heterogeneity that CIN produces proffers cancer cells the ability to generate and sample a variety of 
karyotypes in the cells’ quest to adapt to multiple stressors in their environment, while continually 
selecting for CIN-tolerance and a range of genotypes that may confer other advantages, including 
survival of aneuploid cells and their rapid proliferation. Several well-established prognostic 
signatures (e.g., Oncotype Dx, MammaPrint, PAM50, Meta-PCNA, GGI, CIN70, and the 12-gene 
genomic instability index) include genes that function in mitosis and are involved in cell cycle 
progression, and are strongly associated with proliferation. Interestingly, they are also strongly 
associated with CIN and resistance to therapies. In a study that explored the complex relationship 
between CIN and proliferation, the authors developed a SNP array-based surrogate score used to 
assess the CIN status of a tumor, called the weighted genomic integrity index (wGII) [357]. This 
metric measures the percentage of gained and lost genomic material relative to the sample's ploidy, 
avoiding bias from differing chromosome sizes. The authors found a significant positive correlation 
between increased chromosomal complexity (assessed by wGII) and the expression of these 
prognostic signatures. They also found that high CIN status is strongly correlated with increased 
expression of proliferation markers like MKI67 and the meta-PCNA gene set. The study identified 
"30 core regulators" whose expression and copy number are associated with increasing wGII scores; 
importantly, “core regulators” like UBE2C, UBE2T, and KIF14—also highlighted in this review—
were amplified in high-CIN tumors and drove co-expression of proliferation modules. CIN genomes 
thus appear to select for amplifications in regulators such as UBE2C, establishing a “permissive 
landscape” for ongoing proliferation [357]. Understanding AR-low TNBCs as both high-CIN and 
high-proliferation (a) demonstrates how ITH is generated, and impacts key cancer phenotypes, and 
(b) highlights the importance of pursuing CIN attenuation by targeting its core regulators as a 
therapeutic strategy. 

Our findings revealed how this tumor type bends the machinations of the cell cycle at multiple 
levels and scales to drive, support, and propagate a state typified by more tumor cells entering and 
traversing the cell cycle albeit in error-prone ways. Indeed, it appears that the benefits of the resulting 
intra-tumoral karyotypic and phenotypic heterogeneity outweigh the risks that accompany their 
aggressive proliferation and their faulty mitotic processes. The impacts of this dysregulation 
permeate so many aspects of the disease’s course, and this study represents a step forward in tallying 
them. Aside from the myriad epistemic benefits of such a study, understanding what gene expression 
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changes are required to adequately support high rates of proliferation, and what causes underlie the 
collateral errors and imperfections in the execution of cell division in these tumors, will pave the way 
for more stringent risk management of diverse cancers predisposed to greater intra-tumoral 
heterogeneity. While our finding that mitotic kinesin motors, centromeric proteins, and regulators of 
proteolysis are upregulated in AR-low TNBC was somewhat unsurprising, it also helped us unpack 
what a tumor needs in order to become highly proliferative. Our findings show how this tumor type 
manipulates cell cycle machinery, creating a state in which aggressive proliferation and genomic 
instability are not liabilities but assets for tumor evolution. Our study additionally uncovered that 
several epigenetic mechanisms, involving promoter hypomethylation, microRNAs and ceRNAs, 
affect the levels of 15 cell cycle genes of interest, and how dysregulation of these upstream networks 
also potentially contributes to their overexpression in breast tumors. These insights pave the way to 
identifying new therapeutic targets for AR-low TNBCs. 

By highlighting “Cell cycle patterns” of gene expression enrichment and how dysregulation of 
each one touches and evokes dysregulation in others, this work strengthened our understanding of 
how phenotypes such as higher proliferation, CIN, chemoresistance and disease progression then co-
arise. This study has thus identified a network of vulnerability with therapeutic potential. For 
example, disrupting FOXM1's phase-separated state could be a novel therapeutic approach, Also, 
unlike the MMB-FOXM1 complex itself, mitotic kinesins possess enzymatic activity, making them 
"druggable targets." This could lead to the development of more specific anti-mitotic drugs with 
potentially fewer side effects than traditional tubulin-targeting chemotherapies. While we 
acknowledge that transcriptional chaos and variations in levels of overexpression of these gene 
groups has a non-linear relationship with phenotypic outcomes, we also emphasize that covariance 
of these specific cell cycle proteins tips the cell towards a certain state of increased proliferation. By 
(i) identifying coordinated dysregulation of mitotic motors, centromeric proteins, and proteolysis 
regulators as a defining signature of AR-low TNBC, (ii) connecting these modules mechanistically to 
CIN and aneuploidy, (iii) revealing a FoxM1–WDR5–ASPM axis that offers new conceptual and 
therapeutic entry points, insights from this study open avenues for developing targeted interventions 
aimed at dismantling the very circuits that sustain their malignant proliferation. 

Supplementary Materials: The following supporting information can be downloaded at: Preprints.org. 
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