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Abstract
Mitochondrial transcription factor A (TFAM) is indispensable for mitochondrial DNA (mtDNA) maintenance and tran-
scription, governing cellular bioenergetics. Despite its known physiological importance, TFAM plays a complex and often 
paradoxical role in cancer biology. This study integrates pan-cancer bioinformatics analyses with experimental evidence to 
comprehensively elucidate TFAM’s multifaceted impact on tumorigenesis. We systematically investigated the heterogene-
ity of TFAM across diverse cancer types, specifically focusing on its regulatory mechanisms in metabolic reprogramming, 
signal transduction, and immune microenvironment remodeling. Our analysis reveals that TFAM functions as a critical 
node connecting mitochondrial integrity to tumor progression, balancing tumor-promoting and tumor-suppressive roles 
depending on the context. Finally, we discuss the challenges of targeting TFAM, such as off-target toxicity, and highlight 
emerging precision oncology strategies, including mitochondria-targeted delivery systems, that aim to exploit these mito-
chondrial vulnerabilities.
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Abbreviations
TFAM	� The Transcription Factor A, Mitochondrial
mtDNA	� Mitochondrial DNA
ROS	� Reactive oxygen species
OXPHOS	� Oxidative phosphorylation
ncRNAs	� Non-coding RNAs
miRNAs	� MicroRNAs

lncRNAs	� Long non-coding RNAs
circRNAs	� Circular RNAs
ceRNA	� Competing endogenous RNA
PTMs	� Post-translational modifications
GBM	� Glioblastoma
LUAD	� Lung adenocarcinoma
LAML	� Acute myeloid leukemia
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KIRP	� Kidney papillary cell carcinoma
KIRC	� Kidney clear cell carcinoma
TGCT	� Testicular cancer
ACC	� Adrenocortical cancer
KICH	� Kidney chromophobe
CESC	� Cervical squamous cell carcinoma
READ	� Rectal adenocarcinoma
UCEC	� Corpus endometrial carcinoma
PAAD	� Pancreatic adenocarcinoma
GBMLGG	� Lower grade glioma and glioblastoma
TME	� Tumor microenvironment
PRAD	� Prostate adenocarcinoma
THCA	� Thyroid carcinoma
DLBC	� Large B-cell lymphoma
PDAC	� Pancreatic ductal adenocarcinoma
HCC	� Hepatocellular carcinoma
CRC	� Colorectal cancer
ESCC	� Esophageal squamous cell carcinoma
GC	� Gastric cancer
LOX	� Lysyl oxidase
CCA	� Cholangiocarcinoma
CAFs	� Cancer-associated fibroblasts
CNVs	� Copy number variations
CLL	� Chronic lymphocytic leukemia
NO	� Nitric oxide
EC	� Endometrial cancer
OC	� Ovarian caner
CC	� Cervical cancers
CCC	� Clear-cell carcinomas
HGSC	� High-grade serous carcinomas
BCa	� Bladder cancer
PCa	� Prostate cancer
RCC	� Renal cell carcinoma
ccRCC	� Clear cell renal cell carcinoma
TMZ	� Temozolomide
E2	� 17β-Estradiol
BRCA	� Breast cancer
NSCLC	� Non-small cell lung cancer
HNC	� Head and neck cancer
OSCC	� Oral squamous cell carcinoma
ISGs	� Interferon-stimulated genes
DAMP	� Damage-associated molecular pattern
MOFs	� Metal–organic frameworks
Tregs	� Regulatory T cells
scRNA-seq	� Single-cell RNA sequencing
TAMs	� Tumor-associated macrophages
DCs	� Dendritic cells
PROTACs	� Proteolysis targeting chimeras

Introduction

The Transcription Factor A, Mitochondrial (TFAM) gene is 
located at 10q21.1 and encodes a protein consisting of 246 
amino acids with a molecular weight of 29,097 Da. Specifi-
cally, TFAM is synthesized in the cytosol and contains an 
N-terminal mitochondrial targeting sequence spanning resi-
dues 1–42. Upon import into the mitochondrial matrix, this 
signaling sequence is cleaved, resulting in a mature protein 
of 204 amino acid residues [1]. The mitochondrial transcrip-
tion initiation complex comprises at least mitochondrial 
transcription factor B2, TFAM and POLRMT, which are 
essential for the fundamental transcription of mitochondrial 
DNA (mtDNA) [2]. Within this complex, TFAM recruits 
POLRMT to specific promoters, while mitochondrial tran-
scription factor B2 induces structural changes in POLRMT, 
facilitating the opening of the promoter and the capture of 
non-template strands of DNA [3]. The expression level of 
TFAM has been correlated with mtDNA content and gene 
expression [4]. Furthermore, TFAM plays a crucial role in 
initiating the replication of mtDNA [5]. In addition to ini-
tiating mtDNA transcription and replication, TFAM also 
maintains the structural integrity of mtDNA [6]. Notably, 
the role of TFAM in mitochondria resembles that of histones 
in nucleosomes. TFAM completely wraps mtDNA to form a 
nucleoid structure [7], which serves to protect mtDNA from 
reactive oxygen species (ROS) [8].

Mitochondria are organelles that perform oxidative phos-
phorylation (OXPHOS) to generate the energy required by 
eukaryotic cells [9, 10]. Additionally, they participate in 
numerous cellular processes, including signal transduction 
[11], where they function as dynamic signal-transducing 
organelles that integrate metabolic and stress cues and com-
municate with other cellular compartments to shape cellular 
responses [12], ion homeostasis [13], apoptosis [14], and 
senescence [15]. Mitochondrial dysfunction has been linked 
to various pathological phenotypes in humans [16]. Tissue-
specific ablation of TFAM has been employed to model the 
mitochondrial dysfunction observed in several human dis-
eases [17, 18].

Cancer incidence and development are influenced 
by TFAM [19, 20]. A search of the Web of Science and 
PubMed databases served as the foundation for the current 
review. In addition to summary of current publications, we 
also provide a thorough investigation of the role of TFAM 
in human cancer through bioinformatics analysis to broaden 
and deepen our understanding of this gene.
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modulating key cancer pathways [36–38]. A dense network 
of miRNAs and lncRNAs fine-tunes TFAM expression, 
often exhibiting dysregulation in cancer. Multiple miRNAs, 
including miR-200a, miR-214, miR-204, miR-590-3p, 
miR-1182, miR-199a-3p, miR-23b and miR-181a/b, have 
been identified as direct negative regulators of TFAM by 
binding to its 3′ untranslated region [39–46]. Downregula-
tion of these tumor-suppressive miRNAs (e.g., miR-200a, 
miR-214, miR-204) in cancers such as breast, colorectal, 
cervical and bladder leads to TFAM overexpression, driving 
proliferation and metastasis [39, 41, 47, 48]. Conversely, the 
lncRNA TP73-AS1 acts as a competing endogenous RNA 
(ceRNA) in breast cancer, sponging miR-200a to prevent its 
interaction with TFAM mRNA, thereby promoting TFAM 
expression and proliferation [49]. Similarly, circ_0002476 
in non-small cell lung cancer sponges miR-1182 to elevate 
TFAM levels [43]. Under hypoxic conditions, the lncRNA 
SNHG1 is induced by HIF-1α and functions as a ceRNA for 
miR-199a-3p, leading to TFAM upregulation and promot-
ing angiogenesis and metastasis in breast cancer [50]. Fig-
ure  1 depicted the transcriptional and post-transcriptional 
regulation of TFAM.

Post-translational modifications and protein 
stability

Beyond transcriptional regulation, the activity and abun-
dance of TFAM are finely tuned by Post-translational 
modifications and targeted degradation pathways. These 
mechanisms allow rapid adaptation to tumor microenviron-
mental stresses, metabolic demands and therapeutic insults, 
contributing to TFAM’s context-dependent roles in cancer 
progression and therapy resistance.

TFAM protein stability is primarily governed by two 
degradation systems: the ubiquitin–proteasome pathway 
and mitochondrial proteolysis. The E3 ubiquitin ligase 
Trim21 targets TFAM for ubiquitination and proteasomal 
degradation. In colorectal cancer, the membrane protein 
SNAP23 sequesters Trim21 away from mitochondria, 
reducing TFAM ubiquitination and promoting its accumula-
tion [51]. Elevated TFAM thereby enhances OXPHOS and 
mitochondrial ROS production, paradoxically sensitizing 
cells to oxaliplatin by amplifying oxidative stress. Con-
versely, SNAP23 deficiency releases Trim21, accelerating 
TFAM turnover and conferring chemoresistance. Within 
mitochondria, the AAA + protease LONP1 directly degrades 
TFAM, particularly unbound or damaged forms. In bladder 
cancer, the cholesterol biosynthesis enzyme SQLE localizes 
to mitochondria and inhibits LONP1’s proteolytic activity 
toward TFAM via protein–protein interaction, stabilizing 
TFAM and boosting OXPHOS to drive tumorigenesis. Dis-
ruption of this axis with SQLE inhibitors (e.g., terbinafine) 

Regulation of TFAM expression and activity

The expression and function of TFAM are tightly controlled 
at multiple levels, including transcriptional regulation, post-
transcriptional modulation by non-coding RNAs and post-
translational modifications, often in response to cellular 
stress signals.

Transcriptional control by key signaling pathways

The transcription of the nuclear-encoded TFAM gene is pri-
marily regulated by the PGC-1α/NRF axis, a master regula-
tor of mitochondrial biogenesis. PGC-1α co-activates NRF1 
and NRF2, which bind to the TFAM promoter to drive its 
expression [21, 22]. This pathway is itself sensitive to cel-
lular energy status and stress. For instance, nutrient depri-
vation can suppress HIF-1α, leading to increased c-MYC 
activity, which in turn upregulates NRF1 and TFAM to 
enhance OXPHOS as an adaptive response [23]. Moreover, 
several transcription factors have been shown to upregu-
late TFAM expression in various malignancies, thereby 
modulating mitochondrial function and contributing to 
tumor progression: p53 increases mtDNA copy number 
via TFAM upregulation in colorectal cancer [24]; FoxM1 
transcriptionally activates TFAM and regulates mitochon-
drial dynamics to promote glioblastoma progression [25]; 
ZNF468 enhances TFAM expression to drive breast cancer 
growth and cisplatin resistance [26]; NFκB2 coordinates 
mitochondrial-nuclear genome communication through 
TFAM regulation in acute myeloid leukemia [27] and 
POLR1A upregulates TFAM via ATF4 to suppress ferrop-
tosis [28]. Conversely, downregulation of TFAM has been 
observed through: KLF16, which directly represses TFAM 
to inhibit glioma cell proliferation [29]; ZNF281, which 
suppresses the NRF1/PGC-1α-TFAM axis to restrain mito-
chondrial biogenesis and promote hepatocellular carcinoma 
metastasis [30] and FBP2, which inhibits NRF1 and TFAM 
expression to limit mitochondrial biogenesis in sarcoma 
[31]. Furthermore, oncogenic pathways can hijack this 
regulation. MARCHF1 promotes breast cancer by facilitat-
ing the ubiquitination and degradation of the transcriptional 
repressor REST, thereby derepressing TFAM transcription 
[32].

Post-transcriptional regulation by non-coding RNAs

Non-coding RNAs (ncRNAs), including microRNAs (miR-
NAs), long non-coding RNAs (lncRNAs) and circular RNAs 
(circRNAs), are pivotal post-transcriptional regulators in 
cancer [33–35]. They control oncogenic processes like pro-
liferation and metastasis by degrading mRNA, inhibiting 
translation, or sequestering regulatory molecules, thereby 
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breast cancer, the epigenetic regulator MBD2c recruits 
SIRT3 to deacetylate TFAM (e.g., at K145/K146), sus-
taining mtDNA expression and OXPHOS even under cis-
platin stress, fostering resistance. This cross-compartmental 
nuclear-mitochondrial signaling links epigenetic alterations 
to metabolic resilience [55].

These PTMs and stability controls highlight TFAM’s 
dynamic regulation in oncology. In OXPHOS-dependent 
tumors, stabilizing modifications (e.g., deacetylation, 
reduced ubiquitination/proteolysis) support bioenergetic 
demands and resistance, while targeted degradation or 
inhibitory phosphorylation sensitizes cells. Exploiting these 
pathways via LONP1 activators, SQLE/Trim21 modulators, 
or SIRT3/PKA interventions, offers promising avenues for 

restores TFAM degradation and suppresses growth [52]. 
Similarly, in pancreatic cancer, miriplatin-loaded liposomes 
enhance LONP1-mediated degradation of TFAM and 
POLG, depleting mtDNA and inducing mitophagy, over-
coming gemcitabine resistance [53].

Reversible PTMs further modulate TFAM function. 
Phosphorylation by PKA at residues in the HMG-box 
domain impairs TFAM’s DNA-binding and transcriptional 
activation, rendering it susceptible to LONP1 degradation. 
In colorectal cancer, mitochondrial calcium uptake activates 
PDE2, suppressing PKA and stabilizing non-phosphory-
lated TFAM to promote biogenesis and growth [54].

Deacetylation by SIRT3 enhances TFAM’s mtDNA-bind-
ing affinity and transcriptional activity. In triple-negative 

Fig. 1  The transcriptional and post-transcriptional regulation of TFAM 
expression. In the nucleus, cellular energy status/stress activates the 
PGC-1α-NRF1/2 axis to promote transcription of the TFAM gene, 
whereas microenvironmental cues such as hypoxia and nutrient depri-
vation engage HIF-1α and c-MYC-associated programs. Multiple 
additional transcriptional regulators reported in cancer (including p53, 
FoxM1, ZNF468, NFκB2, ATF4, KLF16, ZNF281, FBP2 and REST) 
converge on the TFAM promoter to fine-tune TFAM mRNA output. In 

the cytoplasm, TFAM mRNA is targeted by miRNAs (miR-214, miR-
204, miR-590-3p, miR-181a/b and miR-23b), leading to mRNA degra-
dation and/or translational repression, while ceRNA networks involv-
ing lncRNAs (SNHG1 and TP73-AS1) and a circRNA (circ_0002476) 
sponge TFAM-targeting miRNAs (e.g., miR-199a-3p, miR-200a and 
miR-1182) to modulate TFAM translation. lncRNA long non-coding 
RNA, circRNA circular RNA, miRNA microRNA, ceRNA competing 
endogenous RNA
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Testicular Cancer (TGCT), Adrenocortical Cancer (ACC) 
and Kidney Chromophobe (KICH) (Fig. 3A). Mutation pro-
filing highlights that TFAM undergoes various genetic alter-
ations, including nonsynonymous mutations and splice site 
mutations, particularly in cancers like Cervical Squamous 
Cell Carcinoma (CESC), Rectal Adenocarcinoma (READ), 
and Corpus Endometrial Carcinoma (UCEC), suggesting 
its involvement in tumor-specific molecular mechanisms 
(Fig. 3B). Survival analyses further underscore the clinical 
relevance of TFAM (Fig. 3C–E). High TFAM expression is 
associated with poor prognosis in cancers such as LAML, 
LUAD, and Pancreatic Adenocarcinoma (PAAD), as indi-
cated by significantly elevated hazard ratios. Conversely, in 
cancers like KIRC and lower grade glioma and glioblastoma 
(GBMLGG), elevated TFAM expression correlates with 
improved patient outcomes, suggesting a context-dependent 
role of TFAM in cancer biology. Moreover, we analyzed the 
correlations of TFAM expression with immunomodulatory 

precision therapies tailored to mitochondrial vulnerabilities 
across cancer types. Figure 2 depicted the post-translational 
modifications of TFAM.

Pan-cancer RNA-sequencing analysis of 
TFAM

Using the methods of our previous studies [56, 57], we 
initially used pan-cancer analysis to explore the associa-
tion between TFAM and cancers. The differential expres-
sion analysis reveals that TFAM is significantly upregulated 
in 25 tumor tissues compared to normal tissues, including 
cancers such as Glioblastoma (GBM), Lung Adenocarci-
noma (LUAD), and Acute Myeloid Leukemia (LAML) 
(Fig. 3A). In addition, we observed significant downregula-
tion of TFAM in 5 tumors, including Kidney Papillary Cell 
Carcinoma (KIRP), Kidney Clear Cell Carcinoma (KIRC), 

Fig.  2  The post-translational modifications of TFAM. In mitochon-
dria, MBD2C cooperates with the mitochondrial deacetylase SIRT3 
to modulate the acetylation status of TFAM, thereby influencing 
TFAM accumulation and its association with mtDNA. TFAM can also 
undergo phosphorylation, which is linked to reduced TFAM stability 
and promotes TFAM degradation. This phosphorylation-dependent 

route is regulated by the PDE2-PKA signaling axis, where PDE2 
negatively regulates PKA activity. In addition, mitochondrial prote-
olysis contributes to TFAM turnover through the SQLE-LONP1 axis, 
with LONP1 driving TFAM degradation. In the cytoplasm, SNAP23-
associated TRIM21 mediates TFAM ubiquitination and targets TFAM 
for proteasome-dependent degradation. mtDNA mitochondrial DNA
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Role of TFAM in human cancer

TFAM and digestive system cancers

In 2022, there were 511,000 new cases of pancreatic can-
cer and 467,000 deaths globally, making the disease the 
sixth leading cause of cancer mortality among both men 
and women, accounting for nearly 5% of all cancer-related 
deaths worldwide. Pancreatic cancer is characterized by an 
extremely poor prognosis and is regarded as one of the most 
lethal forms of cancer [58, 59]. TFAM has been unequivo-
cally associated with aggressive tumor biology and poor 
prognosis in pancreatic ductal adenocarcinoma (PDAC) [60, 
61]. Clinically, high TFAM expression, frequently detected 
in surgical specimens, serves as an independent prognostic 
marker correlating with advanced tumor stage, metastatic 
recurrence and significantly shorter patient survival [61]. 
Mechanistically, it promotes mitochondrial biogenesis and 
metabolic adaptation, often via upstream regulators like 
HMGB1 activating the AMPK/SIRT1/PGC-1α axis under 
hypoxia, thereby fueling cancer cell proliferation and stress 
resistance [62]. Crucially, TFAM exerts a potent anti-apop-
totic effect, partly through regulating survivin expression, 
which contributes to tumor cell survival [60]. Its involve-
ment in chemotherapy response appears complex yet piv-
otal; while foundational studies demonstrate that TFAM 
depletion induces mitochondrial dysfunction and oxidative 
stress, thereby sensitizing even gemcitabine-resistant cells 
to treatment, some models suggest acquired resistance may 
involve metabolic rewiring [63, 64]. Ultimately, this mito-
chondrial dependency exposes a therapeutic vulnerability, 
as evidenced by novel agents designed to degrade TFAM 

genes (Fig. 4) and RNA modification-related genes (Fig. 5A) 
in various tumor contexts. TFAM showed strong positive 
correlations with several chemokine and immune stimula-
tor genes, suggesting its potential involvement in enhanc-
ing immune cell recruitment and activation. Conversely, 
moderate correlations were observed with immune inhibi-
tors, hinting at a dual regulatory role of TFAM in balancing 
immune activation and suppression. Additionally, TFAM 
exhibited strong correlations with key genes responsible for 
RNA methylation (e.g., METTL3, YTHDF1), RNA editing, 
and RNA stability. These findings imply that TFAM may 
influence RNA processing pathways, potentially impacting 
gene expression regulation in the tumor microenvironment 
(TME). Lastly, the analysis of TFAM’s role across differ-
ent cancer types highlights its diverse impact on immune 
cell infiltration (Fig. 5B). In multiple tumor types from the 
TCGA dataset, TFAM expression correlated with immune 
cell infiltration patterns, including T cells, macrophages, 
and dendritic cells, with cancer-type-specific variation. For 
instance, in Prostate Adenocarcinoma (PRAD), Thyroid 
Carcinoma (THCA), PAAD and KICH, TFAM was strongly 
positively correlated with CD8 + T cells. In Large B-cell 
Lymphoma (DLBC), TFAM was strongly positively corre-
lated with neutrophils. In THCA, TFAM was strongly posi-
tively correlated with macrophages. In PAAD, TFAM was 
strongly positively correlated with dendritic cells. These 
results suggest that TFAM may play a complex and impor-
tant function in the tumor immune microenvironment.

Fig.  3  Differential expression and prognosis analyses of TFAM at 
pan-cancer level. A TFAM mRNA expression between tumor and 
normal tissues at pan-cancer level; B mutation landscapes of TFAM 
at pan-cancer level; C pan-cancer analysis of TFAM for overall sur-

vival; D pan-cancer analysis of TFAM for disease-specific survival; E 
pan-cancer analysis of TFAM for progression-free interval. *p < 0.05; 
**p < 0.01; ****p < 0.0001
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common type of cancer identified globally. Over 900,000 
new cases and over 830,000 deaths from liver cancer are 
expected to occur globally in 2020. More than 80% of liver 
cancers are HCC, which are among the top three causes of 

(e.g., targeted LONP1 protease), which trigger mtDNA rep-
lication blockade and lethal mitophagy [53].

Hepatocellular carcinoma (HCC) is the third most com-
mon cause of cancer-related mortality, and the sixth most 

Fig. 4  The correlation between 
TFAM expression and 150 immu-
nomodulators, including chemo-
kines [41], receptors [18], MHC 
[21], immunoinhibitors [24] and 
immunostimulators (46) at pan-
cancer level. *p < 0.05 
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with an estimated 1.9 million new cases and 904,000 fatali-
ties [70, 71]). Within the complex metabolic landscape of 
CRC, TFAM emerges as a pivotal regulator with a context-
dependent and seemingly dualistic role, intricately govern-
ing both tumor suppression and promotion. Critically, its 
function exhibits a stage-specific duality. In the context 
of normal intestinal epithelium and inflammatory settings 
(e.g., colitis), loss or impairment of TFAM function com-
promises cellular homeostasis, thereby increasing the sus-
ceptibility to malignant transformation and enhancing the 
initiation of colitis-associated cancer [19]. Conversely, 
within already transformed colon cancer cells, experimental 
knockdown of TFAM significantly diminishes their tumor-
initiating potential and tumorigenicity [72]. The underlying 
mechanism involves a retrograde signaling pathway where 
TFAM knockdown elevates α-ketoglutarate levels, inhib-
iting prolyl hydroxylase activity and subsequently down-
regulating Wnt/β-catenin signaling, a key driver of cancer 
stemness [72, 73]. Furthermore, low TFAM expression cor-
relates with reduced CD3 + and CD8 + T-cell infiltration in 
tumors, potentially linking mitochondrial dysfunction to an 
immunosuppressive microenvironment [74]. Conversely, in 
established CRC, TFAM frequently assumes an oncogenic 
role supporting tumor progression. Immunohistochemical 
analyses reveal that high TFAM expression positively cor-
relates with advanced TNM stage, lymph node metastasis, 
and poor patient prognosis [75]. Functionally, TFAM over-
expression in CRC cells promotes proliferation by enhanc-
ing mitochondrial biogenesis and respiratory activity. This 
aligns with the inverse relationship observed between the 
chaperone TRAP1 and mitochondrial-encoded proteins; 
TRAP1 silencing de-represses the PGC-1α/TFAM path-
way, boosting mitochondrial biogenesis and facilitating a 
metabolic shift towards OXPHOS that supports cancer cell 
growth [76]. The oncogenic function of TFAM in established 
tumors appears to be driven, in part, by the β-catenin/c-Myc 
axis, creating a feed-forward loop [19]. An exception to 

cancer-related death in 46 countries and among the top five 
in 90 nations [65–67]. The role of TFAM in HCC exempli-
fies a complex and context-dependent duality, acting as both 
a potential facilitator of tumor resilience and a suppressor 
of metastatic progression. Foundational to mitochondrial 
biogenesis and function, TFAM is a downstream effector 
of the NRF1/PGC-1α axis, a pathway itself suppressed by 
oncogenic factors like ZNF281 [30]. Its knockdown con-
sequently impairs mitochondrial content, oxygen consump-
tion and TCA cycle metabolism, linking mitochondrial 
integrity to tumor bioenergetics. This pro-mitochondrial 
function underlies TFAM’s association with chemoresis-
tance, as its upregulation in resistant HCC cells supports 
survival and nucleoside triphosphate pools, rendering these 
cells particularly vulnerable to TFAM inhibition [68]. How-
ever, contrasting this tumor-supportive role, compelling 
evidence positions TFAM as a potent metastasis suppres-
sor. TFAM deficiency orchestrates a profound prometa-
static program, driving spontaneous lung metastasis in vivo 
through malonyl-CoA accumulation, mDia2 malonylation 
and consequent nuclear actin polymerization, which remod-
els chromatin to activate metastasis-associated genes [69]. 
Furthermore, TFAM loss facilitates HCC cell invasion by 
unexpectedly enhancing mycoplasma infection via an Sp1/
ANXA2 mechanism and NF-κB pathway activation [20]. 
This metastasis-suppressive function is clinically relevant, 
as low TFAM correlates with poor prognosis and tumor 
recurrence [69]. Thus, TFAM sits at a critical nexus: while 
its mitochondrial maintenance function can be co-opted to 
fuel tumor growth and drug resistance, its loss unleashes 
diverse retrograde signaling cascades that powerfully enable 
invasion and metastasis, highlighting its dualistic nature and 
the nuanced consideration required for its potential thera-
peutic targeting in HCC.

Globally, colorectal cancer (CRC) ranks second in terms 
of death but third in terms of incidence. Nearly one in ten 
cancer cases and deaths are predicted to be CRC in 2022, 

Fig. 5  TFAM expression with 
RNA modification-related genes 
and immune cell infiltration at 
pan-cancer level. A the correla-
tion between TFAM expression 
and 44 RNA modification-related 
genes, including m1A (10), m5C 
(13) and m6A (21) at pan-cancer 
level; B the correlation between 
TFAM expression and tumor-
infiltrating cells including B cell, T 
cell CD4, T cell CD8, Neutrophil, 
Macrophage and DC at pan-cancer 
level using the TIMER algorithm. 
*p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001. DC dendritic cell
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promoting metabolic reprogramming and stemness in CCA 
cells. Figure  6 depicted the role of TFAM in digestive 
cancers.

TFAM and haematological cancers

Hematological malignancies include leukemia, lymphoma, 
and multiple myeloma, affecting the blood, bone marrow, 
and lymphatic system. These cancers result from abnor-
mal cell growth or dysfunction, leading to symptoms like 
anemia, bleeding, and fever. Risk factors include genetics, 
environmental exposures, and immune system issues [84, 
85]. In recent years, mtDNA was found to play a significant 
role in hematological malignancies by influencing disease 
development, progression, and therapeutic response through 
mutations, copy number variations (CNVs), and metabolic 
regulation [86, 87].

LAML is a fast-growing cancer of the blood and bone 
marrow characterized by the abnormal proliferation of 
immature myeloid cells, known as blasts [88, 89]. In 
LAML, TFAM expression is frequently upregulated, cor-
relating with increased mtDNA copy number and enhanced 
oxidative metabolism, which independently predicts infe-
rior event-free and overall survival [90]. Mechanistically, 
TFAM serves as a critical effector downstream of oncogenic 
signaling pathways, such as the AHR; AHR activation in 
LAML cells increases TFAM expression, promoting mito-
chondrial biogenesis, membrane potential and resistance to 
cytarabine [91]. Conversely, metabolic competition within 
the TME reveals another facet: leukemic glycolysis can 
suppress T-cell TFAM, impairing anti-tumor immunity 
[92]. Thus, TFAM sits at a nexus, where its dysregulation 
in malignant cells fuels a protumor metabolic state and che-
moresistance, while its inhibition in T cells contributes to 
immune evasion, highlighting its dual role as a potential 
therapeutic target in LAML.

Chronic Lymphocytic Leukemia (CLL) is a slow-pro-
gressing type of blood cancer that originates in the bone 
marrow and primarily affects B lymphocytes, a type of 
white blood cell involved in the immune system [93, 94]. 
Huang et al. [95] found the role of nitric oxide (NO) in 
driving mitochondrial biogenesis in CLL, with a focus on 
the key biogenesis factor TFAM. Elevated NO levels in 
CLL cells correlate with increased mitochondrial mass and 
enhanced TFAM expression, promoting mitochondrial bio-
genesis. Furthermore, higher mitochondrial mass, driven by 
NO and TFAM activity, is linked to reduced sensitivity to 
the chemotherapeutic drug fludarabine.

Notably, a recent study [96] revealed that mitochondrial 
transcription and translation, driven by TFAM, were crucial 
for germinal center B cell function and lymphoma progres-
sion. Genetic deletion of Tfam in B cells confers protection 

this pattern is found in microsatellite-instable CRCs, where 
frameshift mutations in TFAM cause truncated protein pro-
duction, mtDNA depletion, and may confer resistance to 
apoptosis, illustrating how genetic context modifies its role 
[77]. Collectively, TFAM embodies a metabolic rheostat in 
CRC: its loss or dysfunction may facilitate tumorigenesis 
by altering signaling and the TME, while its subsequent 
upregulation in advanced cancers fuels the bioenergetic and 
biosynthetic demands of proliferating cells.

In esophageal squamous cell carcinoma (ESCC), the role 
of TFAM also presents a complex and context-dependent 
paradigm. Evidence indicates that TFAM reduction dis-
rupts mitochondrial biogenesis, leading to mitochondrial 
dysfunction, cytosolic mtDNA stress and activation of the 
cGAS-STING-autophagy axis, which paradoxically pro-
motes ESCC tumor growth [78]. Conversely, other studies 
demonstrate that a high mtDNA copy number, regulated 
by TFAM, is associated with enhanced mitochondrial bio-
energetics and increased invasiveness through epithelial-
mesenchymal transition [79]. Furthermore, a low mtDNA 
copy number, resulting from TFAM knockdown, is linked 
to chemotherapy resistance and poor prognosis, potentially 
mediated through mitochondrial membrane potential depo-
larization and DNA methylation [80].

In gastric cancer, the role of TFAM is established as a 
promoter of tumor progression through mechanisms linked 
to mitochondrial genomic instability and retrograde signal-
ing. Clinically, decreased mtDNA copy number, regulated 
by TFAM, is a frequent event in gastric adenocarcinomas 
and is associated with poorer patient survival [81]. Experi-
mental TFAM knockdown recapitulates this phenotype, 
inducing severe mitochondrial respiratory dysfunction and 
a compensatory metabolic shift toward glycolysis, which is 
concomitantly associated with enhanced cancer cell migra-
tion. Beyond bioenergetics, TFAM depletion triggers a 
specific mitochondrial-nuclear retrograde communication 
pathway. The reduction in mtDNA content, rather than 
impaired OXPHOS, activates calcium-mediated signaling, 
leading to the upregulation of genes including CFAP65 and 
PCK1. This TFAM-mtDNA-calcium-CFAP65-PCK1 axis 
subsequently alters cancer cell morphology and suppresses 
proliferation, indicating a complex role in modulating cell 
fate [82].

Notably, a recent study [83] focuses on the role of lysyl 
oxidase (LOX) in cholangiocarcinoma (CCA), reveal-
ing that LOX significantly promotes the metabolic fit-
ness and tumor progression of CCA cells by modulating 
TFAM-mediated mitochondrial function. The research 
demonstrates that LOX is primarily expressed by cancer-
associated fibroblasts (CAFs) and enhances OXPHOS 
capacity through a TFAM-dependent mechanism, thereby 
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TFAM and gynecological cancers

Gynecologic cancers, including endometrial cancer (EC), 
ovarian cancer (OC) and cervical cancers (CC), are a lead-
ing cause of cancer-related deaths among women worldwide 
[97]. Despite advances in HPV vaccination and screening 
programs that have reduced cervical cancer incidence, many 
low-income countries lack large-scale screening, still lead-
ing to high mortality rates [98, 99]. In CC, studies consis-
tently demonstrate its overexpression in CC tissues and cell 
lines compared to normal counterparts, which correlates 
with advanced clinicopathological parameters and predicts 
unfavorable overall and disease-free survival [100]. Genetic 

against lymphoma development in a c-Myc-driven model, 
highlighting its essential pro-tumorigenic role. Mechanis-
tically, TFAM supports the hyper-proliferative capacity of 
malignant B cells and maintains cytoskeletal integrity for 
proper cellular motility and microenvironmental localiza-
tion. Consequently, pharmacological inhibition of mitochon-
drial transcription/translation replicates these cytoskeletal 
defects and potently suppresses the growth of human lym-
phoma cells.

Fig. 6  The role of TFAM in digestive cancers. Hepatocellular Carci-
noma: TFAM functions as a metastasis suppressor. TFAM deficiency 
leads to Malonyl-CoA accumulation, inducing mDia2 malonylation 
and nuclear actin polymerization, which drives chromatin remodel-
ing and metastasis. Additionally, TFAM downregulation facilitates 
invasion via Sp1/ANXA2-mediated susceptibility to mycoplasma 
infection and NF-κB activation. Cholangiocarcinoma: CAF-secreted 
LOX promotes TFAM-dependent mitochondrial function. Colorectal 
Cancer: TFAM exhibits a dual role. In tumor initiation, TFAM knock-
down elevates α-KG, inhibiting PHD to downregulate Wnt/β-catenin 
signaling. In established tumors, silencing of TRAP1 de-represses the 

PGC-1α/TFAM axis, boosting OXPHOS to support growth. Pancre-
atic Cancer: Under hypoxic conditions, HMGB1 activates the AMPK/
SIRT1/PGC-1α axis to upregulate TFAM, promoting mitochondrial 
biogenesis and chemoresistance. Gastric Cancer: TFAM depletion 
activates (Ca2⁺)-dependent retrograde signaling (CFAP65/PCK1) to 
remodel cell morphology. Esophageal cancer: TFAM reduction dis-
rupts mitochondrial biogenesis, causing cytosolic mtDNA stress that 
activates the cGAS-STING-autophagy axis, paradoxically promoting 
tumor growth. ROS reactive oxygen species, TCA tricarboxylic acid, 
CAF Cancer-associated fibroblast, LOX lysyl oxidase, OXPHOS oxi-
dative phosphorylation, mtDNA mitochondrial DNA
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distinct clinicopathological features. Studies reveal that 
TFAM, along with its transcriptional coactivator PGC-1α, 
exhibits subtype-specific expression patterns; for instance, 
clear-cell carcinomas (CCC) often show low or absent 
TFAM/PGC1α, whereas high-grade serous carcinomas 
(HGSC) frequently display elevated levels [111]. Crucially, 
this differential TFAM expression does not necessarily 
reflect total mitochondrial mass, as outer membrane mark-
ers like VDAC remain comparable across subtypes. Instead, 
it signifies a divergence in mitochondrial activity and meta-
bolic wiring: the TFAM-low phenotype in CCC correlates 
with significant glycogen accumulation, indicating a shift 
towards glycolysis, while the TFAM-high profile in HGSC 
supports the intense bioenergetic demands of rapid prolif-
eration [111]. Prognostically, the implications of TFAM 
are complex. While some immunohistochemical analyses 
associate high nuclear TFAM expression with poorer sur-
vival, potentially via its regulation of anti-apoptotic genes 
like BCL2L1 in the nucleus [112], other genomic and pro-
teomic data paradoxically indicate that high mitochondrial 
content and elevated TFAM/TIMM23 expression can be 
favorable prognostic markers, possibly reflecting a higher 
sensitivity to platinum-induced apoptosis [113]. Mechanis-
tically, TFAM is central to mitochondrial biogenesis and its 
upregulation in many ovarian cancers is linked to increased 
mtDNA content, mitochondrial number, and altered mito-
chondrial morphology. Critically, mitochondrial biogenesis 
driven by the PGC1α/TFAM axis enhances mitochondrial 
ROS production, which appears to be a pivotal determinant 
of cisplatin sensitivity in HGSC. Reducing TFAM dimin-
ishes mitochondrial ROS and confers resistance, whereas 
increasing mitochondrial content or ROS enhances cispl-
atin-induced apoptosis [113–115]. Furthermore, somatic 
mutations in TFAM itself have been identified and may co-
segregate with therapy resistance [116].

TFAM and urological cancers

Bladder cancer (BCa) is a prevalent malignancy, yet it has 
a limited set of reliable prognostic markers and effective 
molecular targets for therapy [117]. Research indicates that 
specific Akt isoforms, notably Akt3, are critical for proper 
mitochondrial respiration, suggesting an isoform-specific 
upstream regulation of TFAM [118]. Notably, the mecha-
nism by which SQLE stabilizes TFAM protein by interact-
ing with and inhibiting the mitochondrial protease LONP1, 
thereby driving BCa tumorigenesis, has been elaborated in 
the preceding “Post-translational modifications and protein 
stability” section [52]. Prostate cancer (PCa) is the second 
most frequently observed cancer and the fifth leading cause 
of cancer deaths among men worldwide [119, 120]. TFAM 
plays a multifaceted role in prostate carcinogenesis, acting 

analyses further implicate TFAM in disease phenotype, as 
specific polymorphisms (e.g., rs3900887) are associated 
with tumor size [101]. Functionally, TFAM is critical for 
sustaining malignant behavior. Its downregulation impairs 
mitochondrial membrane potential and mtDNA copy num-
ber while increasing ROS. This mitochondrial dysfunction 
is coupled with inhibited autophagy processes and reduced 
expression of metastasis-related proteins. Consequently, 
suppressing TFAM expression effectively curtails cervical 
cancer cell proliferation, colony formation, invasion, and 
migration [102].

EC, the most prevalent gynecological malignancy in 
Western countries, exhibits a close link between TFAM 
expression levels and the clinical and pathological features 
of the tumor, as well as patient prognosis [100, 103]. Higher 
TFAM levels are linked to more aggressive EC behaviors, 
including increased cell proliferation, cell cycle advance-
ment, colony formation and cell migration [104–107]. EC 
is categorized into two main types: estrogen-related (type 
I, endometrioid) and non-estrogen-related (type II, non-
endometrioid) [108]. Cormio et al.’s research indicated 
significantly higher TFAM levels in type I EC tissues com-
pared to healthy tissues, Mechanistically, this elevation 
is regulated by PGC-1α, which acts upstream to induce 
NRF-1, subsequently promoting TFAM expression and 
mitochondrial biogenesis. This activation of the PGC-1α/
NRF-1/TFAM signaling axis leads to elevated protein lev-
els of all three factors and increased citrate synthase activ-
ity in mitochondria. Consequently, this results in doubled 
mitochondrial mass and mtDNA content, which supported 
the metabolic demands and survival of cancer cells [109]. 
Tokio et al.’s study substantiated the significant correlation 
between TFAM expression and various clinical and patho-
logical variables in EC, particularly in type I. It revealed 
associations between TFAM expression and factors like 
surgical stage, myometrial invasion, lymphovascular space 
invasion, cervical invasion, and lymph node metastasis, as 
well as a positive correlation with p53 expression. Although 
univariate survival analysis indicated a lower 10-year over-
all survival rate for patients with TFAM-positive type I EC, 
TFAM was not identified as an independent prognostic fac-
tor in multivariate analysis. These connections were not 
observed in type II EC patients [110]. EC, particularly type 
I, is characterized by elevated TFAM expression that cor-
relates with aggressive tumor behavior and poor prognosis, 
influencing mitochondrial function and potentially serving 
as a biomarker for clinical outcomes, although its prognos-
tic significance varies by cancer subtype.

In OC, the role of TFAM emerges as multifaceted and con-
text-dependent, integrating mitochondrial integrity, nuclear 
gene regulation and therapeutic response. TFAM’s expres-
sion is frequently altered in ovarian tumors, correlating with 
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death, effectively reversing the resistance of glioma to TMZ. 
Animal experiments shown that honatisine had good anti-
tumor effects and low toxicity, providing a new strategy for 
the treatment of GBM and offering a scientific basis for the 
development of new drugs targeting TFAM [135]. In addi-
tion, melatonin reduced the expression of TFAM, TFB1M 
and TFB2M, disrupted mtDNA transcription, induced an 
increase in ROS production and mitochondrial damage in 
tumor cells, and enhanced the efficacy of the chemothera-
peutic drug TMZ [136]. In diffusely infiltrating astrocyto-
mas, an increase in POLG expression was associated with a 
reduction in mtDNA copy number, which in turn correlated 
negatively with the degree of tumor malignancy. Addition-
ally, TFAM promoted mtDNA replication by activating 
TFB1M and TFB2M. Although higher TFAM expression 
might help compensate for the reduction in mtDNA and was 
related to extended patient survival time, it was still unclear 
whether it could fully offset the loss or dysfunction of 
mtDNA [132, 137]. The upregulation of TEFM mediated by 
TFAM also promotes the progression of low-grade glioma 
[138]. Studies had demonstrated the crucial role of VEGF 
and its receptors, VEGFR1 and VEGFR2, in glioma angio-
genesis and cell proliferation [139]. Blocking VEGF could 
reduce tumor vessels, brain oedema, and improved Che-
motherapy and radiation outcomes [140, 141]. The expres-
sion of VEGFR2 was increased in GBM [142]. Inhibition 
of VEGFR2 expression activated the AKT-PGC1α-TFAM 
signaling cascade, increased the expression of mitochon-
drial proteins and mitochondrial mass, enhanced OXPHOS 
levels and ROS production, and ultimately promoted tumor 
cell apoptosis, inhibited tumor growth, arrested the cell 
cycle and induced cellular senescence [143]. Castracani et 
al. studied the effects of 17β-estradiol (E2) in GBM. They 
discovered that E2 in U87-MG cells boosted expressions 
of mitochondrial health-related genes like PGC1α, SIRT1, 
TFAM, and also enhanced NRF2 nuclear translocation 
and heme oxygenase-1 expression. Findings indicate E2’s 
potential to promote GBM cell proliferation and chemo-
sensitivity via mitochondrial and signaling pathway regula-
tion [144].

TFAM and thoracic cancers

Breast cancer (BRCA) is one of the most common malig-
nancies in female cancers worldwide, with high morbidity 
and mortality [145]. According to the statistics, more than 2 
million women worldwide are diagnosed with BRCA [146] 
each year. TFAM is upregulated in BRCA tissue and is asso-
ciated with poor prognosis in BRCA patients [39, 147–149]. 
In addition, the resistance of estrogen receptor positive 
BRCA cells to cisplatin chemotherapy is associated with the 

as a critical nexus between environmental insult, mito-
chondrial dysfunction and malignant progression. Chronic 
exposure to arsenic, a known carcinogen, promotes cell 
survival and genotoxicity in human prostate epithelial cells 
by upregulating TFAM expression via an NRF-1-dependent 
pathway, thereby altering mitochondrial activity and DNA 
repair dynamics. This suggests TFAM is a key mediator in 
arsenic-induced neoplastic transformation [121]. Clinically, 
TFAM expression is significantly elevated in PCa tissues 
compared to normal prostate, and its higher levels corre-
late with poorer patient survival. In vitro functional studies 
demonstrate that TFAM knockdown inhibits the colony-
forming capability of PCa cells, directly implicating it in 
supporting the proliferative and survival phenotypes of 
malignancy [122]. Kidney cancer, predominantly renal cell 
carcinoma (RCC) originating from the renal tubular epi-
thelium, represents a significant global health burden with 
an estimated 400,000 new cases and nearly 175,000 deaths 
annually worldwide [123, 124]. In clear cell RCC (ccRCC), 
suppression of the coactivator PGC-1α downstream of HIF 
signaling leads to reduced TFAM expression, impairing 
mitochondrial respiration and promoting a glycolytic shift 
[125]. Clinically, low TFAM expression is associated with 
poor patient outcomes, and TFAM is identified within prog-
nostic gene signatures [126]. Experimentally, TFAM knock-
down in RCC models decreases mtDNA copy number and 
oxidative capacity while upregulating glycolytic enzymes, 
HIF-2α, and oncogenic actors like AKT and MYC, thereby 
enhancing invasiveness and chemoresistance [127]. Con-
versely, restoration of mitochondrial function via upstream 
regulators like SIRT3, which deacetylates and stabilizes 
TFAM, can reverse the Warburg effect and suppress tumor 
growth [55].

TFAM and nervous system cancers

Gliomas are the most common primary tumors of the cen-
tral nervous system in the adult [128]. GBM is the most 
frequent and aggressive brain tumor in humans [129]. Vari-
ous molecules and signaling pathways are involved in its 
development and progression. TFAM forms nucleoid struc-
tures to maintain the integrity of mtDNA. mtDNA depletion 
has been correlated to cancer progression, and therefore it 
is considered a potential tool to identify patients with poor 
prognosis [130–133]. Research had found that in GBM, the 
overactivation of STAT3 promoted tumor development, and 
its binding with TFAM could alter mitochondrial function 
and energy production, leading to tumor progression and 
resistance to chemotherapy drugs such as temozolomide 
(TMZ) [134]. Another study found that honatisine, a diterpe-
noid compound, could reduce TFAM levels, disrupt mtDNA 
transcription, lead to mitochondrial dysfunction and cell 
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this pathway, reflecting the complex, condition-dependent 
role of TFAM in BRCA [151]. These findings collectively 
underscore TFAM as a central integrator of diverse regula-
tory inputs that collectively shape BRCA progression and 
therapy response. Figure  7 depicted the role of TFAM in 
BRCA.

Lung cancer is the leading cause of cancer-related deaths 
globally, accounting for approximately 20% of all cancer 
mortality [58]. Non-small cell lung cancer (NSCLC) repre-
sents about 85% of cases [152, 153]. TFAM plays a critical 
role in lung tumorigenesis and progression. In oncogenic 
Kras-driven lung cancer models, loss of TFAM disrupts 
mitochondrial function and reduces tumorigenesis [154]. 
In NSCLC cells, TFAM downregulation induces G1 phase 
arrest, suppresses growth and migration via ROS-mediated 
JNK/p38 MAPK activation, and reduces cellular bioener-
getics, while also enhancing cisplatin-induced apoptosis 
[155]. Clinically, high TFAM expression correlates with 

expression level of TFAM, suggesting that TFAM could be 
a potential target to overcome chemoresistance [150].

The expression of TFAM in BRCA is finely regulated by 
a network of epigenetic and transcriptional mechanisms. As 
detailed in the “Regulation of TFAM Expression and Activ-
ity” section, multiple miRNAs, including miR-200a [39] 
and miR-199a-3p [46], directly target TFAM to suppress its 
expression, thereby inhibiting cell proliferation or restoring 
cisplatin sensitivity. Conversely, the lncRNA TP73-AS1 acts 
as a ceRNA for miR-200a, leading to TFAM upregulation 
and promoting BRCA cell proliferation [49]. At the tran-
scriptional level, upstream regulators such as MARCHF1 
[32] and ZNF468 [26] enhance TFAM expression, contrib-
uting to tumor progression and chemoresistance. Interest-
ingly, VEGF signaling exerts context-dependent effects on 
mitochondrial biogenesis; while VEGF inhibition can acti-
vate the Akt-PGC-1α-TFAM axis and increase mitochon-
drial biogenesis, elevated VEGF in tumors may suppress 

Fig.  7  The role of TFAM in breast cancer. Under hypoxia, HIF-1α 
induces the lncRNA SNHG1, which functions as a competing endoge-
nous RNA to sequester miR-199a-3p, thereby relieving miRNA-medi-
ated repression of TFAM. In parallel, the lncRNA TP73-AS1 sponges 
miR-200a to alleviate its inhibitory effect on ZNF468, enabling 
ZNF468-dependent transcriptional activation of TFAM. TFAM expres-

sion is additionally constrained by the transcriptional repressor REST; 
MARCHF1 promotes REST ubiquitination and proteasome-dependent 
degradation, which attenuates REST-mediated repression and favors 
TFAM upregulation. Elevated TFAM is linked to enhanced chemo-
resistance, anti-apoptosis, proliferation, migration and angiogenesis. 
lncRNA long non-coding RNA, miRNA microRNA, Ub ubiquitination
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the cGAS-STING signaling pathway, thereby suppressing 
tumor growth and inducing apoptosis.

TFAM and other tumors

Melanoma is a type of skin cancer that originates from 
melanocytes, the cells responsible for producing melanin, 
the pigment that gives skin its color [166, 167]. While 
melanoma primarily develops in the skin, it can also occur 
in other parts of the body, such as the eyes (ocular mela-
noma) and mucosal surfaces (e.g., mouth, nasal passages) 
[168]. Araujo et al. [169] investigated the role of mtDNA 
and TFAM in melanoma metabolism and tumorigenesis. 
They revealed a positive correlation between mtDNA copy 
number, glucose consumption, and ATP production in mela-
noma cell lines, indicating that TFAM-driven mitochondrial 
biogenesis supports a high-energy metabolic state utilizing 
glucose. Conversely, TFAM downregulation resulted in the 
suppression of glycolytic enzymes and a compensatory shift 
toward amino acid metabolism. Specifically, TFAM-low 
cells upregulated glutamine transporters (e.g., SLC1A5) and 
exhibited growth arrest in glutamine-free conditions, high-
lighting a dependency on glutamine anaplerosis to sustain 
survival when glucose metabolism is impaired. In parallel 
with metabolic reprogramming, Wu et al. [170] uncovered 
a critical link between TFAM deficiency and therapeutic 
resistance in melanoma. They demonstrated that partial 
depletion of TFAM causes mitochondrial stress and the leak-
age of mtDNA into the cytosol, which triggers the cGAS-
STING signaling pathway. Intriguingly, this activation does 
not induce a canonical inflammatory response but instead 
upregulates a specific subset of interferon-stimulated genes 
(ISGs), such as Parp9. These ISGs enhance nuclear DNA 
repair mechanisms, thereby rendering melanoma cells resis-
tant to DNA-damaging chemotherapeutic agents like doxo-
rubicin. Additionally, TFAM expression is associated with 
VEGF and promotes an invasive gene expression signature, 
contributing to tumor progression. Additionally, TFAM 
has also been found to potentially be associated with uveal 
melanoma metastasis. A Study showed that uveal metastatic 
melanoma cell lines exhibit significantly lower mtDNA 
copy numbers compared to primary cell lines, along with 
downregulation of mitochondrial biogenesis-related genes 
such as POLG, TFAM, NRF-1, and SIRT1 [171]. These 
findings suggest that the patterns of mtDNA variation, copy 
number, and regulation of mitochondrial biogenesis genes 
in metastatic cells differ from those in primary cells, provid-
ing a potential therapeutic direction for exploring metabolic 
vulnerabilities associated with uveal melanoma metastasis. 
Moreover, in terms of gene expression regulation of TFAM, 
miR-181a/b can reverse melanoma resistance to the BRAF 
inhibitor dabrafenib by significantly downregulating TFAM 

advanced histological grade and TNM stage in NSCLC 
patients and serves as an independent prognostic factor 
for poor overall survival [155–157]. Regulation of TFAM 
expression in NSCLC involves ncRNAs networks. As noted 
earlier, circ_0002476 is overexpressed in NSCLC and pro-
motes tumor progression by sponging miR-1182, thereby 
elevating TFAM levels and enhancing mitochondrial func-
tion, proliferation, and invasion while reducing apoptosis 
and mtDNA damage [43]. Additionally, HDAC inhibitors 
exert therapeutic effects in part by upregulating TFAM 
expression, restoring mitochondrial function, and modulat-
ing immune responses in the TME [158]. These findings 
highlight TFAM as a metabolic and regulatory node in lung 
cancer, influencing both tumor cell behavior and therapeutic 
outcomes.

TFAM and head and neck cancer

Head and neck cancer (HNC) comprises a group of malig-
nant tumors originating from various anatomical sites in the 
head and neck region, including the oral cavity, pharynx, 
larynx, nasal cavity, paranasal sinuses, and salivary glands 
[159]. Most head and neck cancers are squamous cell carci-
nomas, closely associated with smoking, excessive alcohol 
consumption, and human papillomavirus infection [160]. 
It is estimated that there are approximately 650,000 new 
cases annually, resulting in over 350,000 deaths worldwide 
[161]. Li et al. [162] revealed a tumor-suppressive role of 
TFAM and mtDNA in HNC. TFAM silencing promotes 
tumor growth, motility, and chemoresistance by reprogram-
ming metabolism toward aerobic glycolysis and activat-
ing ERK1/2-Akt-mTORC-S6 signaling. Reduced TFAM 
and mtDNA levels in HNC tumors correlate with disease 
progression, suggesting their potential as diagnostic mark-
ers and therapeutic targets. In addition, a recent study 
[163] identified potential prognostic biomarkers for HNC, 
linking TFAM gene SNPs to patient survival. The TFAM 
rs11006129 CC genotype and absence of the T allele were 
associated with longer survival, while the TFAM rs3900887 
A allele correlated with shorter survival. These findings 
suggest that TFAM variants may impair disease outcomes 
and warrant further investigation in larger, diverse cohorts 
to validate their prognostic significance. Moreover, in oral 
squamous cell carcinoma (OSCC), the expression of TFAM 
is downregulated [164]. Xie et al. [165] identified CKIP-1 
as a potential therapeutic target in OSCC. They found that 
CKIP-1 is highly expressed in OSCC tissues and func-
tions as an oncogene. Mechanistically, CKIP-1 silencing 
promotes the degradation of TFAM, leading to mitochon-
drial dysfunction, ROS accumulation and the leakage of 
mtDNA. This cytosolic mtDNA subsequently activates 

1 3

Page 15 of 32  82



Apoptosis (2026) 31:82

Direct modulation by small molecules and natural 
products

Given the structural challenges, natural products and drug 
repurposing have emerged as effective strategies. Honati-
sine, a diterpenoid alkaloid, overcomes TMZ resistance in 
GBM by inducing mitochondrial unfolded protein responses 
to disrupt TFAM function [135]. In HCC, molecular dock-
ing reveals that Oroxylin A directly binds TFAM, promoting 
p53-mediated degradation and inhibiting protective mitoph-
agy to reverse sorafenib resistance [179]. Drug repurpos-
ing offers a rapid translational path: the antiviral Zalcitabine 
promotes TFAM degradation and ferroptosis, a distinct 
type of programmed cell death driven by iron-dependent 
oxidative stress [180], in pancreatic cancer [181], while 
the OXPHOS inhibitor Atovaquone triggers endoplasmic 
reticulum stress in ovarian cancer. Crucially, Atovaquone 
induces the extracellular release of TFAM as a Damage-
Associated Molecular Pattern (DAMP), thereby priming the 
TME for NK cell-mediated immunity [182].

Conversely, in contexts where restoring mitochondrial 
function is therapeutic, Quercetin acts as a TFAM inducer 
to re-establish chemotherapy sensitivity in osteosarcoma 
[177]. Similarly, Kaempferol exerts anti-colorectal cancer 
effects through multi-target metabolic remodeling; by tar-
geting TFAM to enhance OXPHOS while simultaneously 
inhibiting glycolytic enzymes, it triggers a lethal surge in 
ROS and mitochondrial potential collapse [183].

Indirect regulation via metabolic and signaling 
pathways

Targeting the regulatory machinery of TFAM offers an 
alternative strategy. Transcriptional repression is effec-
tive in metastatic models: Agrimol B and Silibinin inhibit 
the PGC-1α/NRF axis to suppress TFAM expression and 
epithelial-mesenchymal transition in colon and breast can-
cers, respectively [21, 22]. Expanding on this, Dynorphin A 
upregulates SP-1 to suppress the PGC-1α/Nrf1/TFAM axis, 
impairing bioenergetics in osteosarcoma [184]. Specific 
metabolic vulnerabilities can also be exploited, such as Ter-
binafine targeting the SQLE-LONP1 axis in BCa, releasing 
Lon protease to degrade TFAM [52].

Precision delivery and genetic tools

To address the risk of off-target toxicity in high-energy 
organs (heart/muscle), mitochondria-targeted nanocarriers 
represent a major breakthrough [185]. Miriplatin-loaded 
liposomes have been engineered to degrade TFAM and 
POLG specifically in pancreatic cancer mitochondria [53]. 
More recently, Metal–Organic Frameworks (MOFs) like 

expression as mentioned before [172]. In addition, histone 
variant macroH2A1 can promote the progression of uveal 
melanoma by regulating mitochondrial function through the 
modulation of TFAM expression levels [173].

Osteosarcoma is a highly malignant primary bone tumor 
that primarily originates from osteoblasts, characterized by 
strong invasiveness and a high propensity for metastasis 
[174, 175]. It is the most common malignant bone tumor 
among adolescents and young adults, accounting for the 
highest proportion of primary bone tumors [176]. Mon-
topoli et al. [177] identified reduced expression of TFAM 
associated with impaired mitochondrial biogenesis, as a key 
feature of doxorubicin-resistant osteosarcoma cells. Resis-
tant cells exhibit lower mitochondrial activity, including 
reduced membrane potential, mass, and ROS production. 
Notably, combined treatment with doxorubicin and quer-
cetin, a mitochondrial biogenesis inducer, restores sensi-
tivity to doxorubicin, suggesting that targeting TFAM and 
mitochondrial biogenesis could be a promising strategy 
to overcome chemotherapy resistance in osteosarcoma. In 
addition, a study [31] published in cell metabolism showed 
that FBP2, a gluconeogenic isozyme silenced in various soft 
tissue sarcomas, could suppress tumor growth through dual 
mechanisms: while cytosolic FBP2 antagonizes the War-
burg effect by enzymatically inhibiting glycolysis, nuclear 
FBP2 exerts a distinct, non-enzymatic function by restrain-
ing mitochondrial biogenesis and respiration. Mechanisti-
cally, nuclear FBP2 acts as a transcriptional corepressor 
that physically interacts with c-Myc at the TFAM promoter, 
thereby blocking c-Myc-driven TFAM transcription and 
subsequent mitochondrial biogenesis. This unique dual 
functionality highlights FBP2 as a critical metabolic regula-
tor that coordinates the suppression of both glycolytic and 
mitochondrial energy pathways in soft tissue sarcomas. 
Table 1 summarizes the role of TFAM at the pan-cancer 
level.

Therapeutic strategies targeting TFAM

Despite the compelling evidence positioning TFAM as 
a central hub in cancer metabolism and signaling, target-
ing TFAM clinically remains a formidable challenge. His-
torically considered “undruggable” due to its lack of deep 
hydrophobic pockets and its essential role in normal physi-
ology [178], recent advances have begun to unravel poten-
tial avenues for therapeutic intervention. We categorize 
current strategies into direct modulation, indirect pathway 
regulation, and novel delivery approaches.
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Cancer types Upstream 
regulators

Expression 
of upstream 
regulators

Expression of 
TFAM in cancer

Clinical 
Prognostic 
Association

Target factor Biological 
function

Refer-
ence 
(PMID)

Endometrial, 
ovarian, and 
cervical cancers

Not applicable Not applicable Upregulation Endometrial: 
OS HR = 6.34 
(p = 0.001); 
DFS 
HR = 12.97 
(p < 0.001)
Ovarian: OS 
HR = 2.01 
(p = 0.003) 
Cervical: RFS 
HR = 2.69 
(p = 0.038)

mtDNA Related to an 
unfavorable 
overall survival 
and disease-free 
survival

33042424

Cervical cancer miRNA-214 Downregulation Upregulation Not applicable mtDNA Promoted cell 
proliferation, 
cell cycle 
progression, col-
ony-formation, 
and migration

25556274

Cervical 
cancer and 
osteosarcoma

Not applicable Not applicable Downregulation Not applicable mtDNA Inhibited 
autophagy, 
proliferation, 
invasion and 
migration

38710515

High-grade 
serous ovarian 
cancer

Not applicable Not applicable Downregulation Not applicable mtDNA Attenuated cis-
platin induced 
apoptosis

31699970

Serous ovarian 
cancer

Not applicable Not applicable Upregulation Poor OS: 
5-year 
survival rate 
significantly 
lower in 
TFAM-posi-
tive vs. nega-
tive patients 
(32.0% 
vs. 43.7%, 
p = 0.021)

BCL2L1 Promoted the 
survival and 
proliferation

22098591

Ovarian cancer Not applicable Not applicable Upregulation Not applicable mtDNA Increased 
mitochondrial 
number

31547300

Type I endome-
trial cancer

PGC-1alpha Upregulation Upregulation Not applicable mtDNA Increased 
mitochondrial 
biogenesis

19861117

Endometrial 
carcinomas

Not applicable Not applicable Upregulation OS: High 
expression 
associated 
with lower 
10-year sur-
vival (65.9% 
vs. 86.4%, 
p = 0.0031)

mtDNA A maker for 
progression of 
the tumors

20232213

Bladder cancer miRNA-590-3p Downregulation Upregulation Not applicable mtDNA Promote cell 
proliferation, 
regulate cell 
cycle, activate 
PI3K-Akt sig-
naling pathway, 
and promote 
tumor invasion 
and metastasis

24137381

Table 1  The summary of TMAM at pan-cancer level
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Cancer types Upstream 
regulators

Expression 
of upstream 
regulators

Expression of 
TFAM in cancer

Clinical 
Prognostic 
Association

Target factor Biological 
function

Refer-
ence 
(PMID)

Clear cell renal 
cell carcinoma

PGC-1α Downregulation Downregulation Not applicable mtDNA Impaired 
mitochondrial 
respiration

26119730

Renal cell 
carcinoma

Not applicable Not applicable Downregulation Not applicable mtDNA Conferred renal 
cell carcinoma 
more inva-
sive and a 
drug-resistant 
phenotype

27231905

Clear cell renal 
cell carcinoma

SIRT3 Upregulation Upregulation Not applicable mtDNA Promoted 
mitochondrial 
biogenesis

30095923

Low grade 
glioma

Not applicable Not applicable Upregulation Positively cor-
relates with 
malignancy 
(WHO grade). 
Highly co-
expressed 
with TEFM, 
which is an 
independent 
risk factor 
(OS HR > 1, 
p < 0.01)

mtDNA Predicted poor 
overall survival

35117724

Glioblastoma estradiol Upregulation Upregulation Not applicable mtDNA Promoted cell 
proliferation and 
mitochondrial 
fitness

32148493

Glioblastoma STAT3 Upregulation Not applicable Not applicable mtDNA TFAM inhibi-
tion suppressing 
mtDNA tran-
scription and 
inducing lethal 
respiratory 
dysfunction

32165236

Glioblastoma mitochondria Upregulation Downregulation Not applicable mtDNA Disrupted 
mtDNA 
expression

29747444

Glioblastoma VEGFR2 Downregulation Upregulation Not applicable mtDNA Enhanced 
mitochondrial 
biogenesis

38702818

Glioma miRNA-23b Downregulation Upregulation Not applicable mtDNA Enhanced cell 
proliferation, 
migration, 
invasion

24002170

Glioma Not applicable Not applicable Upregulation REM-
BRANDT 
cohort indicat-
ing a strong 
association 
with clinical 
prognosis 
and tumor 
development

Not applicable Be a diagnostic 
marker

28440425

Glioblastoma honatisine Upregulation Downregulation Not applicable mtDNA Induced 
apoptosis

38522316

Pancreatic cancer LONP1 Upregulation Downregulation Not applicable POLG, PINK1–
Parkin axis

Suppressed pan-
creatic cancer 
proliferation

37969736

Table 1  (continued) 
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Cancer types Upstream 
regulators

Expression 
of upstream 
regulators

Expression of 
TFAM in cancer

Clinical 
Prognostic 
Association

Target factor Biological 
function

Refer-
ence 
(PMID)

Pancreatic cancer NRF-1 Upregulation Upregulation Not applicable mtDNA Enhanced 
mitochondrial 
biogenesis

32103987

Pancreatic cancer Not applicable Not applicable Upregulation Not applicable mtDNA Enhanced 
mitochondrial 
biogenesis

37002014

Pancreatic ductal 
adenocarcinoma

Not applicable Not applicable Downregulation Not applicable mtDNA Increased 
resistance to 
gemcitabine

35887170

Pancreatic cancer PGC-1α Downregulation Downregulation Not applicable mtDNA Reduced 
mitochondrial 
biogenesis

31629659

Hepatocellular 
carcinoma

Not applicable Not applicable Upregulation Not applicable mtDNA Correlated with 
tumor size

29137431

Hepatoma NRF-1 Upregulation Upregulation Not applicable mtDNA Increased 
mtDNA content

16230352

Hepatocellular 
carcinoma

Not applicable Not applicable Upregulation Not applicable mtDNA Were more sen-
sitive to TFAM 
inhibition

32461017

Hepatocellular 
carcinoma

p53 Downregulation Downregulation Not applicable mtDNA Inhibited 
mitochondrial 
biogenesis and 
functions

24801417

Liver cancer Not applicable Not applicable Downregulation TFAM down-
regulation is 
significantly 
associated 
with shorter 
OS and time 
to recurrence 
(p < 0.05)

mtDNA Promoted 
metastasis

35451091

Hepatocellular 
carcinoma

ZNF218 Upregulation Downregulation Not applicable mtDNA Reduced 
mitochondrial 
biogenesis

37880213

Colorectal cancer p53 Not applicable Upregulation High expres-
sion is an 
independent 
predictor of 
poor 5-Year 
Survival 
(p = 0.003) and 
significantly 
correlated 
with advanced 
TNM stage 
(p = 0.003) and 
lymph node 
metastasis

mtDNA Increased mito-
chondrial copy 
number

27732955

Colorectal cancer Not applicable Not applicable Downregulation Not applicable mtDNA Induced 
mitochondrial 
DNA depletion 
and apoptotic 
resistance

21467167

Colon cancer PGC-1α, Nrf2, 
HO-1, AMPK, 
mTOR and p53

Upregulation Upregulation Not applicable mtDNA, COX-IV Prevented colon 
cancer growth

28986187

Colon cancer miR-204 Upregulation Downregulation Not applicable Not applicable Up-regulated 
the proliferation

26499153

Table 1  (continued) 
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Cancer types Upstream 
regulators

Expression 
of upstream 
regulators

Expression of 
TFAM in cancer

Clinical 
Prognostic 
Association

Target factor Biological 
function

Refer-
ence 
(PMID)

Colorectal cancer miR-214 Downregulation Upregulation Not applicable Not applicable Decreased 
proliferation

30157478

Colorectal cancer mitochondrial cal-
cium uniporter

Upregulation Upregulation Not applicable mtDNA Enhanced 
mitochondrial 
biogenesis

32371956

Colorectal cancer PKA Downregulation Upregulation Not applicable mtDNA Enhanced 
growth

34235078

Colorectal cancer PGC-1α, NRF1 Upregulation Downregulation Not applicable mtDNA Induced 
mitochondrial 
dysfunction

36591497

Colon cancer miR-590-3p Downregulation Downregulation Not applicable mtDNA Inhibited cancer 
growth

27878255

Colorectal 
cancers

PGC-1α Upregulation Upregulation Not applicable mtDNA Enhanced 
mitochondrial 
biogenesis

39210159

Colorectal cancer Not applicable Not applicable Upregulation Not applicable mtDNA Increased 
mitochondrial 
function

29138850

Esophageal 
squamous cell 
carcinoma

Not applicable Not applicable Upregulation Not applicable mtDNA Increased 
invasiveness

23109849

Esophageal 
squamous cell 
carcinoma

Not applicable Not applicable Downregulation Low TFAM 
expression 
significantly 
correlates 
with shorter 
OS (p < 0.05) 
and enhanced 
tumor growth

mtDNA Promoted can-
cer growth

35750756

Acute myeloid 
leukemia

Not applicable Not applicable Downregulation Not applicable mtDNA Decreased 
mitochondrial 
biogenesis

39457563

B cell chronic 
lymphocytic 
leukemia

nitric oxide Upregulation Upregulation Not applicable mtDNA Enhanced 
mitochondrial 
biogenesis

15483672

Breast cancer Not applicable Not applicable Upregulation Not applicable mtDNA Contributed 
to cisplatin 
resistance

27779689

Breast cancer miR-200a Upregulation Downregulation Not applicable mtDNA Attenuated cell 
proliferation

24684598

Breast cancer MiR-199a-3p Upregulation Downregulation Not applicable mtDNA Enhanced 
sensitivity to 
cisplatin

28126676

Breast cancer HIF-1, SNHG1, 
miR-199a-3p

Upregulation Upregulation Not applicable mtDNA Promoted breast 
cancer devel-
opment and 
metastasis

34003544

Breast cancer TP73-AS1 Upregulation Downregulation Not applicable mtDNA Promoted breast 
cancer cell 
proliferation

28639399

Breast cancer Membrane associ-
ated ring-CH-type 
finger 1

Upregulation Upregulation Not applicable mtDNA Promoted 
breast cancer 
progression

39428668

Breast cancer zinc finger protein 
468

Upregulation Upregulation Not applicable mtDNA Promoted 
breast cancer 
cell growth and 
migration

38429817

Table 1  (continued) 
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64, 73]. In these contexts, TFAM upregulation is required 
to maintain mitochondrial biogenesis and ATP produc-
tion, thereby supporting rapid proliferation. Consequently, 
TFAM inhibition in these “metabolically addicted” tumors 
precipitates an energy crisis, leading to growth arrest and 
chemosensitization. Second, in malignancies like mela-
noma or head and neck squamous cell carcinoma, TFAM 
downregulation acts as a trigger for distinct signaling cas-
cades. Reduced TFAM levels compromise the structural 
integrity of the mitochondrial nucleoid, leading to the leak-
age of mtDNA into the cytosol. This event activates the 
cGAS-STING pathway [165, 170]. While typically associ-
ated with immune surveillance, chronic low-level activa-
tion of this pathway in the TME can paradoxically drive 
metastasis, promote epithelial-mesenchymal transition, and 
induce an immunosuppressive phenotype, thus mimicking 
a “tumor-suppressive” loss but resulting in aggressive out-
comes [187, 188]. Finally, the conflicting findings regarding 
drug resistance, such as the fact that TFAM downregula-
tion can confer either sensitivity or resistance, can be rec-
onciled by the “TFAM threshold effect”. Severe depletion 

Res@ZIF-90 have utilized the acidic TME for pH-respon-
sive release. This platform delivers resveratrol directly to 
gastric cancer mitochondria, disrupting TFAM homeosta-
sis and inhibiting growth more effectively than free drugs 
[186]. Table 2 summarizes the potential therapeutic strate-
gies targeting TFAM.

Discussion and perspective

Context-dependent roles of TFAM in tumorigenesis

The multifaceted involvement of TFAM in cancer pro-
gression presents an apparent paradox: it functions as an 
essential oncogene in certain malignancies while exhibiting 
tumor-suppressive characteristics in others. This duality is 
not contradictory but rather reflects the tissue-specific meta-
bolic flexibility and signaling thresholds inherent to differ-
ent TME. First, in tumors characterized by high metabolic 
demands and reliance on OXPHOS, such as PDAC and 
CRC, TFAM acts primarily as a bioenergetic driver [19, 63, 

Cancer types Upstream 
regulators

Expression 
of upstream 
regulators

Expression of 
TFAM in cancer

Clinical 
Prognostic 
Association

Target factor Biological 
function

Refer-
ence 
(PMID)

Breast cancer PGC1α Downregulation Upregulation Not applicable mtDNA Enhanced 
mitochondrial 
biogenesis

33628590

Lung cancer Not applicable Not applicable Downregulation Not applicable mtDNA Reduced 
tumorigenesis

20421486

Non-small cell 
lung cancer

Not applicable Not applicable Downregulation OS: 
RR = 2.272 
(p = 0.017)

JNK/p38MAPK Reduced cellu-
lar bioenergetics

26820294

Non-small cell 
lung cancer

circ_0002476 Upregulation Upregulation Not applicable mtDNA Promoted 
progression

36056804

Non-small cell 
lung cancer

NF-κB/HIF1α 
axis

Upregulation Upregulation Not applicable mtDNA Recovery of 
dysfunctional 
mitochondria

37473712

Head and neck 
cancer

Not applicable Not applicable Downregulation TFAM Muta-
tion (K141N): 
Associated 
with signifi-
cantly shorter 
median 
survival 
(22.19 vs 
56.94 months, 
p < 0.05)

mtDNA Decreased 
tumour-sup-
pressing role

34663785

Oral squamous 
cell carcinoma

CKIP-1 Downregulation Downregulation Not applicable mtDNA Suppressed 
cancer

39169452

Uveal melanoma Not applicable Not applicable Downregulation Not applicable mtDNA Promoted 
metastatic

34082186

Melanoma miR-181 mimics Upregulation Downregulation Not applicable mtDNA Inhibited mela-
noma growth

33670365

Uveal melanoma macroH2A1 Downregulation Downregulation Not applicable mtDNA Reduced the 
aggressiveness

32401230
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1 3

Page 21 of 32  82



Apoptosis (2026) 31:82

obscure dynamic, stage-specific mechanisms [189]. For 
instance, while our analysis indicates general TFAM upreg-
ulation in HCC, experimental models delineate a metastatic 
switch where TFAM must be specifically downregulated 
to unleash nuclear actin-mediated invasion [69]. This dis-
crepancy suggests that bulk RNA sequencing captures the 
proliferative signal of the primary tumor core but misses the 
transient, low-TFAM states of metastatic sub-clones. Simi-
larly, while our correlation analysis links TFAM expression 
to high CD8 + T-cell infiltration, experimental evidence 
clarifies that TFAM is also crucial for the maintenance of 
immunosuppressive regulatory T cells (Tregs). Thus, the 
“hot” tumor phenotype inferred from bulk immune decon-
volution might functionally represent a Treg-dominated, 
immune-excluded microenvironment.

To resolve these ambiguities, emerging single-cell RNA 
sequencing (scRNA-seq) technologies offer a transforma-
tive solution by unmasking intra-tumor heterogeneity [190]. 
Unlike bulk profiling, single-cell analysis can distinguish 
between a TFAM-high proliferative cluster and a TFAM-
low invasive subpopulation within the same tumor mass, 
thereby reconciling the paradox of its dual roles [189]. 

of TFAM can induce lethal mitochondrial dysfunction and 
trigger ROS-mediated apoptosis, thereby sensitizing cancer 
cells. In contrast, moderate suppression may simply reduce 
basal ROS levels, enabling cells to escape oxidative stress-
induced death. It may also activate compensatory survival 
mechanisms, for example through the upregulation of DNA 
repair genes via interferon signaling. Thus, whether TFAM 
acts as a friend or foe hinges on a delicate balance: the 
tumor’s metabolic reliance on mitochondria and the specific 
downstream signaling pathways activated under mitochon-
drial stress.

Bridging transcriptomic profiling and biological 
reality

A critical comparison between our pan-cancer RNA-
sequencing analysis and experimental literature reveals 
both striking alignments and instructive divergences. In 
metabolically rigid tumors like KIRC, bulk transcriptomic 
data perfectly mirrors experimental findings where TFAM 
loss drives a pseudo-hypoxic, glycolytic switch promoting 
aggression. However, high-throughput bulk sequencing can 

Table 2  Summary of potential therapeutic strategies targeting TFAM
Category Agent/tool Mechanism of action Target cancer/context Refer-

ence 
(PMID)

Inhibitors/downregulators Honatisine Induces mitochondrial UPR; disrupts TFAM 
function

Glioblastoma (TMZ 
resistance)

38522316

Melatonin Downregulates TFAM, TFB1M, TFB2M; 
induces ROS

Glioblastoma 29747444

Zalcitabine Promotes TFAM degradation; induces 
ferroptosis

Pancreatic cancer 32186434

Atovaquone Inhibits OXPHOS; induces ER stress and 
extracellular release of TFAM as DAMP

Epithelial ovarian cancer 41286323

Oroxylin A Binds TFAM; promotes p53 degradation to 
inhibit mitophagy

Hepatocellular carcinoma 
(Sorafenib resistance)

39770569

Stabilizers/inducers Quercetin Induces mitochondrial biogenesis and TFAM 
expression

Osteosarcoma 36900165

Tetramethylpyrazine Inhibits Lon protease to stabilize TFAM General/Cytoprotection 28465355
Kaempferol Targets TFAM to enhance OXPHOS/ROS; 

inhibits TKT and ALDOA
Colorectal cancer 41292411

17β-estradiol (E2) Upregulates PGC-1α, SIRT1, and TFAM Glioblastoma 32148493
Indirect regulators 
(metabolic/signaling)

Agrimol B Inhibits PGC-1α/NRF1/TFAM axis Colon cancer 36591497
Terbinafine Inhibits SQLE to restore Lon-mediated TFAM 

degradation
Bladder cancer 41254141

Silibinin Downregulates PGC-1α/NRF2/TFAM axis; 
promotes mitochondrial fusion

Triple-negative breast 
cancer (Metastasis)

31612353

Ethyl 
p-methoxycinnamate

Inhibits H-ras/c-Myc signaling to downregu-
late TFAM

Ehrlich ascites tumor 37408910

Dynorphin A Upregulates SP-1 to suppress PGC-1α/NRF1/
TFAM axis

Osteosarcoma 40836639

Genetic/delivery-based 
approaches

Miriplatin-loaded 
liposomes (LMPt)

Mitochondria-targeted degradation of TFAM 
and POLG

Pancreatic cancer (Gem 
resistance)

37969736

Res
ZIF-90 (MOF)

pH-responsive mitochondrial targeting; down-
regulates PGC-1α/TFAM

Gastric cancer 39509747
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flexibility could be the key to overcoming multi-drug resis-
tance in heterogeneous tumors.

TFAM modulation of tumor immunity and the 
microenvironment

While increasing evidence delineates TFAM’s pivotal role 
in regulating cancer cell proliferation, metabolic reprogram-
ming, and drug resistance, the precise mechanisms by which 
it orchestrates the complex TME remain a critical frontier for 
exploration. The TME is a dynamic and complex ecosystem 
consisting of tumor cells, various host cells such as immune 
cells, fibroblasts and endothelial cells, along with the extra-
cellular matrix and signaling molecules [197–199]. Beyond 
its intrinsic functions within tumor cells, TFAM acts as a 
master regulator of the metabolic and immunogenic cross-
talk between malignant cells and the stromal ecosystem, 
including tumor-associated macrophages (TAMs), den-
dritic cells (DCs), fibroblasts and infiltrating lymphocytes. 
A comprehensive analysis of TFAM at the pan-cancer level 
suggests that its influence extends beyond intracellular bio-
energetics; it actively shapes immune escape mechanisms 
and therapeutic responses by modulating the immunometa-
bolic landscape of the TME.

One of the most significant mechanisms linking TFAM 
to innate immunity is the regulation of mtDNA integrity and 
the cGAS-STING signaling axis. A recent study demon-
strated that the specific deletion of TFAM in dendritic cells 
induces severe mitochondrial dysfunction, leading to the 
cytosolic leakage of mtDNA. This aberrant accumulation of 
cytosolic DNA triggers the activation of the cGAS-STING 
pathway, resulting in the robust production of type I inter-
ferons and enhanced antigen presentation [200]. Crucially, 
these changes can reverse the immunosuppressive nature of 
the TME, effectively turning “cold” tumors “hot” and inhib-
iting tumor growth and metastasis.

Furthermore, TFAM dictates the metabolic phenotype 
of stromal cells, creating a supportive niche for tumor pro-
gression. Research by Balliet et al. [201] demonstrated that 
inducing mitochondrial dysfunction in fibroblasts via TFAM 
knockdown is sufficient to synthetically generate a CAFs 
phenotype. These TFAM-deficient fibroblasts undergo met-
abolic reprogramming toward aerobic glycolysis, character-
ized by the overproduction of hydrogen peroxide (oxidative 
stress) and the enhanced secretion of L-lactate. This secreted 
lactate serves as a high-energy fuel that drives mitochondrial 
OXPHOS in adjacent cancer epithelial cells, a phenomenon 
termed the “Reverse Warburg Effect”. In xenograft models, 
these glycolytic fibroblasts significantly promoted tumor 
growth while exhibiting a loss of Caveolin-1, a stromal 
biomarker associated with poor clinical prognosis. These 
findings suggest that TFAM deficiency-mediated oxidative 

Furthermore, high-resolution immune profiling can pre-
cisely pinpoint TFAM expression levels within specific 
T-cell exhaustion subsets or macrophage polarization states, 
which bulk-level analysis often conflates. Future studies 
integrating pseudotime trajectory analysis will be particu-
larly valuable, allowing researchers to trace the dynamic 
fluctuation of TFAM during cancer progression and deter-
mine whether TFAM downregulation is a permanent loss or 
a reversible state facilitating metastasis.

Orchestrating metabolic plasticity: TFAM at the 
crossroads of tumor adaptation

The traditional dichotomy between the Warburg effect and 
OXPHOS is increasingly being replaced by a systems-level 
understanding of metabolic plasticity, the dynamic abil-
ity of cancer cells to rewire their bioenergetic networks to 
survive microenvironmental stress and therapeutic insults 
[191–193]. In this evolving paradigm, TFAM emerges not 
merely as a supporter of respiration, but as a critical “rheo-
stat” that governs the mitochondrial capacity required for 
this adaptive switching.

A key aspect of this plasticity is the “hybrid” metabolic 
phenotype, where aggressive tumor cells simultaneously 
utilize glycolysis and OXPHOS [194]. High TFAM expres-
sion is pivotal for maintaining the mitochondrial arm of 
this hybrid state, allowing cells to efficiently switch energy 
sources when glucose is scarce or when glycolytic pathways 
are targeted. This flexibility is particularly evident during 
the metastatic cascade. While primary tumor growth often 
favors glycolysis (“Grow”), the detachment and migration 
phases (“Go”) require efficient ATP production and resis-
tance to anoikis, processes heavily dependent on PGC-1α/
TFAM-mediated mitochondrial biogenesis [195]. Conse-
quently, TFAM enables the metabolic flexibility required 
for circulating tumor cells to survive the hostile bloodstream 
and colonize distant organs.

Furthermore, TFAM-driven plasticity plays a central role 
in therapeutic resilience. Chemotherapy and targeted agents 
often select for slow-cycling “persister” cells that shift their 
metabolism toward OXPHOS to evade treatment [196]. In 
contexts like melanoma and leukemia, this metabolic shift 
is underpinned by elevated TFAM levels, which maintain 
mitochondrial integrity despite cytotoxic stress. From a 
systems biology perspective, TFAM acts as an integra-
tion node, translating upstream stress signals (e.g., nutrient 
deprivation, drug pressure) into a tangible mitochondrial 
output. Therefore, future therapeutic strategies should look 
beyond simply inhibiting TFAM to induce cell death; the 
goal should be to target TFAM to “lock” cancer cells into a 
rigid metabolic state, stripping them of the plasticity needed 
to evolve and resist therapy. Breaking this mitochondrial 
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nervous system, systemic TFAM inhibition poses a high 
risk of inducing severe mitochondrial cytopathies. There-
fore, the development of tumor homing delivery systems is 
not merely an enhancement but a necessity. Future efforts 
must prioritize next generation nanocarriers decorated with 
tumor specific ligands like folate and RGD peptides or 
pH sensitive motifs that restrict drug release strictly to the 
acidic TME to minimize systemic exposure [207].

Furthermore, the context dependent duality of TFAM 
mandates a paradigm shift from universal inhibition to pre-
cision patient stratification. As discussed previously, treat-
ing a tumor where TFAM downregulation drives metastasis, 
exemplified by specific subtypes of HCC or melanoma, 
with a TFAM inhibitor could disastrously accelerate disease 
progression via retrograde signaling. Consequently, clini-
cal trials must incorporate robust predictive biomarkers like 
the ratio of mtDNA to nuclear DNA or real time metabolic 
phenotyping to accurately segregate patients who will ben-
efit from TFAM suppression from those requiring TFAM 
restoration [208, 209].

Finally, the frontier of TFAM targeting lies in leverag-
ing next-generation pharmacology to overcome its his-
torical “undruggability”. Since traditional small-molecule 
inhibition is hindered by the lack of deep binding pockets, 
future efforts should pivot toward advanced modalities that 
govern protein stability and biophysical integrity. Emerg-
ing technologies such as Proteolysis Targeting Chime-
ras (PROTACs) and molecular glues [210, 211] provide a 
groundbreaking solution to degrade TFAM directly [212]. 
By engineering molecules that recruit the cellular ubiqui-
tin–proteasome system, researchers can induce the specific 
elimination of TFAM, bypassing the requirement for active 
site occupancy. Furthermore, targeting the mitochondrial 
transcriptional machinery offers a novel therapeutic modal-
ity to functionally suppress mitochondrial gene expression 
and impair tumor growth [213]. Integrating these cutting-
edge chemical biology approaches with systems immunol-
ogy will define the next era of mitochondrial oncology, 
transforming TFAM from a challenging target into a potent 
effector of precision medicine.

Conclusion

TFAM emerges as a pivotal regulator in cancer biology, 
exhibiting paradoxical roles as both an oncogenic driver 
and a tumor suppressor depending on the tissue context. It 
orchestrates tumor progression not only through metabolic 
reprogramming and mitochondrial biogenesis but also by 
shaping the immune microenvironment. While targeting 
TFAM holds significant therapeutic promise, challenges 
regarding tissue specificity and drug delivery remain. Future 

stress mimics “accelerated host aging” within the TME, cre-
ating a permissive metabolic niche that sustains malignant 
progression.

In the adaptive immune compartment, TFAM-mediated 
mitochondrial respiration is indispensable for the mainte-
nance and function of Tregs. TFAM deficiency impairs 
Treg stability and homing capabilities by disrupting the 
OXPHOS necessary for Foxp3 expression. While this leads 
to tissue inflammation, it concurrently enhances anti-tumor 
immunity by alleviating Treg-mediated suppression [202]. 
Adding to this complexity, TFAM functions as a DAMP 
when released into the extracellular space during cell apop-
tosis. Extracellular TFAM interacts with the AGER/RAGE, 
triggering pro-inflammatory signaling that aids in immune 
surveillance and the clearance of tumor cells [203].

Crucially, the interaction between TFAM and immune 
checkpoints represents a vital area of therapeutic relevance. 
Mitochondrial stress and ROS accumulation, often result-
ing from aberrant TFAM activity, can stabilize HIF-1α 
[204]. This transcription factor directly upregulates PD-L1 
on tumor cells, establishing an immunosuppressive barrier 
[205]. Furthermore, while the TFAM-loss-induced cGAS-
STING activation promotes T-cell infiltration, chronic 
interferon signaling can paradoxically induce feedback 
upregulation of PD-L1, leading to adaptive immune resis-
tance [206]. This duality suggests that targeting TFAM 
could be a “double-edged sword” for immunotherapy. Sim-
ply inhibiting TFAM might activate anti-tumor immunity 
via cGAS-STING but could simultaneously fuel tumor 
growth via stromal lactate or induce checkpoint expres-
sion. Therefore, a promising precision oncology strategy 
would be combining TFAM-targeting agents with immune 
checkpoint inhibitors. For instance, TFAM inhibition could 
“prime” the tumor by enhancing T-cell infiltration, while 
anti-PD-L1 antibodies would counteract the potential com-
pensatory checkpoint upregulation. Future studies should 
focus on defining the “TFAM threshold” that maximizes 
immunogenicity while minimizing metabolic support for 
the tumor, paving the way for rational combination thera-
pies. Figure 8 depicted the complex role of TFAM in the 
TME.

Challenges and future perspectives in TFAM-
targeted therapy

Although the identification of TFAM modulating agents 
marks a significant leap forward, the transition from preclin-
ical models to clinical oncology faces substantial hurdles. 
The primary bottleneck lies in the therapeutic window and 
off-target toxicity. Since TFAM is indispensable for mtDNA 
maintenance in healthy tissues with high energy demand 
such as the myocardium, skeletal muscle, and central 
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Fig. 8  The role of TFAM in tumor microenvironment. In DC, TFAM 
deficiency enhances antigen presentation capacity. Mitochondrial stress 
increases ROS and promotes leakage/accumulation of cytosolic DNA, 
activating the cGAS-STING-TBK1 axis and downstream IRF3 phos-
phorylation, which induces IFNB1 and type I IFN responses. In Tregs, 
TFAM-deficient display reduced OXPHOS and increased glycolysis, 
epigenetic alterations (e.g., DNA hypermethylation at the Foxp3 locus 
TSDR) and a cytokine shift characterized by increased IL-17/IFN-γ 
and type 2 cytokines (IL-4/5/13) with reduced IL-10 and Areg, collec-
tively favoring anti-tumor immunity. In addition, TFAM release from 

apoptotic tumor cells can promote DC maturation via AGER, leading 
to T-cell activation and tumor suppression; the Spautin-1-JNK-JUN-
BAD pathway is shown as one route enhancing tumor-cell apoptosis 
and TFAM release. In CAFs, TFAM downregulation decreases CaV-
1, increases glycolysis, reduces OXPHOS and elevates ROS, result-
ing in increased L-lactate export that fuels cancer cell mitochondrial 
metabolism and proliferation. DC dendritic cell, ROS reactive oxygen 
species, Tregs regulatory T cells, OXPHOS oxidative phosphorylation, 
CAFs Cancer-associated fibroblasts, TCA tricarboxylic acid

 

1 3

Page 25 of 32  82



Apoptosis (2026) 31:82

14.	 Kroemer G, Reed JC (2000) Mitochondrial control of cell death. 
Nat Med 6(5):513–519

15.	 Sun N, Youle RJ, Finkel T (2016) The mitochondrial basis of 
aging. Mol Cell 61(5):654–666

16.	 Nunnari J, Suomalainen A (2012) Mitochondria: in sickness and 
in health. Cell 148(6):1145–1159

17.	 Li H, Wang J, Wilhelmsson H, Hansson A, Thoren P, Duffy J et al 
(2000) Genetic modification of survival in tissue-specific knock-
out mice with mitochondrial cardiomyopathy. Proc Natl Acad Sci 
U S A 97(7):3467–3472

18.	 Vernochet C, Mourier A, Bezy O, Macotela Y, Boucher J, Rar-
din MJ et al (2012) Adipose-specific deletion of TFAM increases 
mitochondrial oxidation and protects mice against obesity and 
insulin resistance. Cell Metab 16(6):765–776

19.	 Yang S, He X, Zhao J, Wang D, Guo S, Gao T et al (2021) 
Mitochondrial transcription factor A plays opposite roles in the 
initiation and progression of colitis-associated cancer. Cancer 
Commun 41(8):695–714

20.	 Wang Y, Wang G, Hong X, Zhao J, Wu D, Chen L et al (2023) 
Downregulated mitochondrial transcription factor A enhances 
mycoplasma infection to promote the metastasis of hepatocellular 
carcinoma. Cancer Sci 114(4):1464–1478

21.	 Xiang D, Yang W, Fang Z, Mao J, Yan Q, Li L et al (2022) Agri-
mol B inhibits colon carcinoma progression by blocking mito-
chondrial function through the PGC-1α/NRF1/TFAM signaling 
pathway. Front Oncol 12:1055126

22.	 Si L, Fu J, Liu W, Hayashi T, Nie Y, Mizuno K et al (2020) 
Silibinin inhibits migration and invasion of breast cancer MDA-
MB-231 cells through induction of mitochondrial fusion. Mol 
Cell Biochem 463(1–2):189–201

23.	 Liu Z, Sun Y, Tan S, Liu L, Hu S, Huo H et al (2016) Nutri-
ent deprivation-related OXPHOS/glycolysis interconversion 
via HIF-1alpha/C-MYC pathway in U251 cells. Tumour Biol 
37(5):6661–6671

24.	 Wen S, Gao J, Zhang L, Zhou H, Fang D, Feng S (2016) p53 
increase mitochondrial copy number via up-regulation of mito-
chondrial transcription factor A in colorectal cancer. Oncotarget 
7(46):75981–75995

25.	 Moazzam NF, Iqbal MA, Han X, Li Z, Gong A (2025) FoxM1 
promotes TFAM expression and regulates Mitochondrial Dynam-
ics in Glioblastoma cells. J Cancer 16(15):4378–4389

26.	 Jia Z, Wang F, Li G, Jiang P, Leng Y, Ke L et al (2024) Zinc finger 
protein 468 up-regulation of TFAM contributes to the malignant 
growth and cisplatin resistance of breast cancer cells. Cell Div 
19(1):8

27.	 Xu Y, Baylink DJ, Xiao J, Tran L, Nguyen V, Park B et al (2024) 
Discovery of NFkappaB2-coordinated dual regulation of mito-
chondrial and nuclear genomes leads to an effective therapy for 
acute myeloid leukemia. Int J Mol Sci. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​
m​s​2​5​1​5​8​5​3​2

28.	 Zhang T, Gao Y, Harhai M, Jourdain AA, Marti TM, Vassella E 
et al (2025) POLR1A inhibits ferroptosis by regulating TFAM-
mediated mitophagy and iron homeostasis. Redox Biol 85:103758

29.	 Chen X, Li S, Ke Y, Wu S, Huang T, Hu W et al (2018) KLF16 
suppresses human glioma cell proliferation and tumourige-
nicity by targeting TFAM. Artif Cells Nanomed Biotechnol 
46(sup1):608–615

30.	 Zhao Q, Zhang C, Zhang X, Wang S, Guo T, Yin Y et al (2023) 
ZNF281 inhibits mitochondrial biogenesis to facilitate metastasis 
of hepatocellular carcinoma. Cell Death Discov 9(1):396

31.	 Huangyang P, Li F, Lee P, Nissim I, Weljie AM, Mancuso A et 
al (2020) Fructose-1,6-bisphosphatase 2 inhibits sarcoma pro-
gression by restraining mitochondrial biogenesis. Cell Metab 
31(1):174–88 e7

Declarations

Competing interests  The authors declare that they have no competing 
interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

1.	 Parisi MA, Clayton DA (1991) Similarity of human mitochon-
drial transcription factor 1 to high mobility group proteins. Sci-
ence 252(5008):965–969

2.	 Hillen HS, Morozov YI, Sarfallah A, Temiakov D, Cramer P 
(2017) Structural basis of mitochondrial transcription initiation. 
Cell 171(5):1072–81.e10

3.	 Litonin D, Sologub M, Shi Y, Savkina M, Anikin M, Falkenberg 
M et al (2010) Human mitochondrial transcription revisited: only 
TFAM and TFB2M are required for transcription of the mito-
chondrial genes in vitro. J Biol Chem 285(24):18129–18133

4.	 Ekstrand MI, Falkenberg M, Rantanen A, Park CB, Gaspari M, 
Hultenby K et al (2004) Mitochondrial transcription factor A 
regulates mtDNA copy number in mammals. Hum Mol Genet 
13(9):935–944

5.	 Pohjoismäki JL, Wanrooij S, Hyvärinen AK, Goffart S, Holt IJ, 
Spelbrink JN et al (2006) Alterations to the expression level of 
mitochondrial transcription factor A, TFAM, modify the mode of 
mitochondrial DNA replication in cultured human cells. Nucleic 
Acids Res 34(20):5815–5828

6.	 Campbell CT, Kolesar JE, Kaufman BA (2012) Mitochondrial 
transcription factor A regulates mitochondrial transcription initia-
tion, DNA packaging, and genome copy number. Biochim Bio-
phys Acta 1819(9–10):921–929

7.	 Ohgaki K, Kanki T, Fukuoh A, Kurisaki H, Aoki Y, Ikeuchi M et 
al (2007) The C-terminal tail of mitochondrial transcription factor 
a markedly strengthens its general binding to DNA. J Biochem 
141(2):201–211

8.	 Chakrabarty S, D’Souza RR, Kabekkodu SP, Gopinath PM, Ros-
signol R, Satyamoorthy K (2014) Upregulation of TFAM and 
mitochondria copy number in human lymphoblastoid cells. Mito-
chondrion 15:52–58

9.	 Ernster L, Schatz G (1981) Mitochondria: a historical review. J 
Cell Biol 91(3 Pt 2):227s-s255

10.	 Phua QH, Ng SY, Soh BS (2024) Mitochondria: a potential reju-
venation tool against aging. Aging Dis 15(2):503–516

11.	 Liu BH, Xu CZ, Liu Y, Lu ZL, Fu TL, Li GR et al (2024) Mito-
chondrial quality control in human health and disease. Mil Med 
Res 11(1):32

12.	 Picard M, Shirihai OS (2022) Mitochondrial signal transduction. 
Cell Metab 34(11):1620–1653

13.	 Pozzan T, Rizzuto R (2000) High tide of calcium in mitochondria. 
Nat Cell Biol 2(2):E25–E27

1 3

82  Page 26 of 32

https://doi.org/10.3390/ijms25158532
https://doi.org/10.3390/ijms25158532
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Apoptosis (2026) 31:82

51.	 Yalikun A, Guan B, Pan J, Chen H, Cai J, Zhu Z et al (2025) 
SNAP23 deficiency triggers Trim21 mitochondrial translocation 
to suppress TFAM-mediated oxidative metabolism and drive che-
moresistance in colorectal cancer. Cell Death Dis. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​0​3​8​​/​s​4​​1​4​1​9​-​0​2​5​-​0​8​2​5​2​-​1

52.	 Dong Y, Jiang X, Yang X, Zhang J, Fu Q, Zhou Y et al (2025) 
SQLE drives bladder cancer progression by boosting mitochon-
drial oxidative phosphorylation. Oncogene 44(49):4796–4813

53.	 Wang X, Wang M, Cai M, Shao R, Xia G, Zhao W (2023) 
Miriplatin-loaded liposome, as a novel mitophagy inducer, sup-
presses pancreatic cancer proliferation through blocking POLG 
and TFAM-mediated mtDNA replication. Acta Pharm Sin B 
13(11):4477–4501

54.	 Zhao Y, Wang Y, Zhao J, Zhang Z, Jin M, Zhou F et al (2021) 
PDE2 inhibits PKA-mediated phosphorylation of TFAM to pro-
mote mitochondrial Ca(2+)-induced colorectal cancer growth. 
Front Oncol 11:663778

55.	 Liu H, Li S, Liu X, Chen Y, Deng H (2018) SIRT3 overexpression 
inhibits growth of kidney tumor cells and enhances mitochondrial 
biogenesis. J Proteome Res 17(9):3143–3152

56.	 Feng D, Shi X, Zhu W, Zhang F, Li D, Han P et al (2022) A pan-
cancer analysis of the oncogenic role of leucine zipper protein 2 
in human cancer. Exp Hematol Oncol 11(1):55

57.	 Yu QX, Wu RC, Wang J, Tuo ZT, Yang J, Zhang YP et al (2024) 
Exploring the role of ADAMTSL2 across multiple cancer types: 
a pan-cancer analysis and validated in colorectal cancer. Discov 
Oncol 15(1):538

58.	 Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomata-
ram I et al (2024) Global cancer statistics 2022: GLOBOCAN 
estimates of incidence and mortality worldwide for 36 cancers in 
185 countries. CA Cancer J Clin 74(3):229–263

59.	 Ning F, Ren L, Liu S, Yang Z, Gao X, Fan D (2025) Burden of 
pancreatic cancer among the Western Pacific Region and associa-
tion with human resources for health from 1990 to 2021: results 
from the Global Burden of Disease Study 2021. Chin J Cancer 
Res 37(4):639–656

60.	 Kimura T, Kitada S, Uramoto H, Zhi L, Kawatsu Y, Takeda T et al 
(2015) The combination of strong immunohistochemical mtTFA 
expression and a high survivin index predicts a shorter disease-
specific survival in pancreatic ductal adenocarcinoma. Histol His-
topathol 30(2):193–204

61.	 Yamauchi M, Nakayama Y, Minagawa N, Torigoe T, Shibao K, 
Yamaguchi K (2014) Mitochondrial transcription factor a wors-
ens the clinical course of patients with pancreatic cancer through 
inhibition of apoptosis of cancer cells. Pancreas 43(3):405–410

62.	 Yang L, Ye F, Zeng L, Li Y, Chai W (2020) Knockdown of 
HMGB1 suppresses hypoxia-induced mitochondrial biogenesis 
in pancreatic cancer cells. Onco Targets Ther 13:1187–1198

63.	 Wang W, Jiang CF, Yin HS, Gao S, Yu BP (2023) Targeting mito-
chondrial transcription factor A sensitizes pancreatic cancer cell 
to gemcitabine. Hepatobiliary Pancreat Dis Int 22(5):519–527

64.	 Fujiwara-Tani R, Sasaki T, Takagi T, Mori S, Kishi S, Nishiguchi 
Y et al (2022) Gemcitabine resistance in pancreatic ductal car-
cinoma cell lines stems from reprogramming of energy metabo-
lism. Int J Mol Sci. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​2​3​1​4​7​8​2​4

65.	 Rumgay H, Ferlay J, de Martel C, Georges D, Ibrahim AS, Zheng 
R et al (2022) Global, regional and national burden of primary 
liver cancer by subtype. Eur J Cancer 161:108–118

66.	 Cao M, Teng Y, Li Q, Tan N, Wang J, Zuo T et al (2025) Potential 
impact of controlling risk factors on future liver cancer deaths in 
China. Chin J Cancer Res 37(3):390–403

67.	 Sensi B, Angelico R, Toti L, Conte L, Coppola A, Tisone G et 
al (2024) Mechanism, potential, and concerns of immunotherapy 
for hepatocellular carcinoma and liver transplantation. Curr Mol 
Pharmacol 17:e18761429310703

32.	 Li J, Gao Z (2024) MARCHF1 promotes breast cancer through 
accelerating REST ubiquitylation and following TFAM transcrip-
tion. Cell Biol Int. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​c​b​​i​n​.​1​2​2​5​5

33.	 Huang Y, Zhu L, Wang J, Pan L, Yang Y, Li D (2025) A miRNA 
cocktail orchestrates coordinated cellular responses to promote 
diabetic wound healing. Burns Trauma 13:tkaf060

34.	 Mao ZH, Liu Y, Zhang Q, Pan S, Chen D, Qiao Y et al (2025) 
Epigenetic Regulation of Ferroptosis in Chronic Kidney Disease: 
Mechanisms and Implications. Research (Wash D C) 8:0934

35.	 Wang L, Wang L, Dong C, Liu J, Cui G, Gao S et al (2025) 
Exploring the potential and advancements of circular RNA thera-
peutics. Exploration (Beijing) 5(4):e20240044

36.	 Hu S, Yan J, Yuan Q, Meng T, Cai Z, Huang Y et al (2024) The 
role of miRNAs in podocyte injury in diabetic nephropathy: 
mechanisms and clinical applications. Curr Mol Pharmacol 
17:e18761429363169

37.	 Ghorbani A, Hosseinie F, Khorshid Sokhangouy S, Islampanah 
M, Khojasteh-Leylakoohi F, Maftooh M et al (2024) The prog-
nostic, diagnostic, and therapeutic impact of long noncoding 
RNAs in gastric cancer. Cancer Genet 282–283:14–26

38.	 Oliaee RT, Farrokhi MR, Moeeni H, Tavakoly R, Jafarinia M, 
Iravanpour F (2025) MicroRNA dysregulation and target genes in 
common spinal tumors. Cancer Genet 292–293:124–130

39.	 Yao J, Zhou E, Wang Y, Xu F, Zhang D, Zhong D (2014) 
MicroRNA-200a inhibits cell proliferation by targeting mito-
chondrial transcription factor A in breast cancer. DNA Cell Biol 
33(5):291–300

40.	 Wu K, Ma J, Zhan Y, Liu K, Ye Z, Chen J et al (2018) Down-
regulation of MicroRNA-214 contributed to the enhanced mito-
chondrial transcription factor A and inhibited proliferation of 
colorectal cancer cells. Cell Physiol Biochem 49(2):545–554

41.	 Wu K, He Y, Li G, Peng J (2015) [Expression and proliferative 
regulation of miR-204 related to mitochondrial transcription 
factor A in colon cancer]. Zhonghua Wei Chang Wai Ke Za Zhi 
18(10):1041–1046

42.	 Wu K, Zhao Z, Xiao Y, Peng J, Chen J, He Y (2016) Roles of 
mitochondrial transcription factor A and microRNA‑590‑3p in 
the development of colon cancer. Mol Med Rep 14(6):5475–5480

43.	 Wang W, Sun H, Ma X, Zhu T, Zhang H (2022) Circ_0002476 
regulates cell growth, invasion, and mtDNA damage in non-small 
cell lung cancer by targeting miR-1182/TFAM axis. Thorac Can-
cer 13(20):2867–2878

44.	 Barbato A, Iuliano A, Volpe M, D’Alterio R, Brillante S, Massa F 
et al (2021) Integrated genomics identifies miR-181/TFAM path-
way as a critical driver of drug resistance in melanoma. Int J Mol 
Sci. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​2​2​0​4​1​8​0​1

45.	 Jiang J, Yang J, Wang Z, Wu G, Liu F (2013) TFAM is directly 
regulated by miR-23b in glioma. Oncol Rep 30(5):2105–2110

46.	 Fan X, Zhou S, Zheng M, Deng X, Yi Y, Huang T (2017) MiR-
199a-3p enhances breast cancer cell sensitivity to cisplatin 
by downregulating TFAM (TFAM). Biomed Pharmacother 
88:507–514

47.	 Wen Z, Lei Z, Jin-An M, Xue-Zhen L, Xing-Nan Z, Xiu-Wen D 
(2014) The inhibitory role of miR-214 in cervical cancer cells 
through directly targeting mitochondrial transcription factor A 
(TFAM). Eur J Gynaecol Oncol 35(6):676–682

48.	 Mo M, Peng F, Wang L, Peng L, Lan G, Yu S (2013) Roles of 
mitochondrial transcription factor A and microRNA-590-3p in 
the development of bladder cancer. Oncol Lett 6(2):617–623

49.	 Yao J, Xu F, Zhang D, Yi W, Chen X, Chen G et al (2018) TP73-
AS1 promotes breast cancer cell proliferation through miR-
200a-mediated TFAM inhibition. J Cell Biochem 119(1):680–690

50.	 Zuo Y, Qu C, Tian Y, Wen Y, Xia S, Ma M (2021) The HIF-1/
SNHG1/miR-199a-3p/TFAM axis explains tumor angiogenesis 
and metastasis under hypoxic conditions in breast cancer. Bio-
Factors 47(3):444–460

1 3

Page 27 of 32  82

https://doi.org/10.1038/s41419-025-08252-1
https://doi.org/10.1038/s41419-025-08252-1
https://doi.org/10.3390/ijms23147824
https://doi.org/10.1002/cbin.12255
https://doi.org/10.3390/ijms22041801


Apoptosis (2026) 31:82

84.	 Orlova A, Wingelhofer B, Neubauer HA, Maurer B, Berger-
Becvar A, Keseru GM et al (2018) Emerging therapeutic targets 
in myeloproliferative neoplasms and peripheral T-cell leukemia 
and lymphomas. Expert Opin Ther Targets 22(1):45–57

85.	 Gray TF, Temel JS, El-Jawahri A (2021) Illness and prognostic 
understanding in patients with hematologic malignancies. Blood 
Rev 45:100692

86.	 Penta JS, Johnson FM, Wachsman JT, Copeland WC (2001) Mito-
chondrial DNA in human malignancy. Mutat Res 488(2):119–133

87.	 Barbato A, Scandura G, Puglisi F, Cambria D, La Spina E, 
Palumbo GA et al (2020) Mitochondrial bioenergetics at the onset 
of drug resistance in hematological malignancies: an overview. 
Front Oncol 10:604143

88.	 DiNardo CD, Erba HP, Freeman SD, Wei AH (2023) Acute 
myeloid leukaemia. Lancet 401(10393):2073–2086

89.	 Venugopal S, Sekeres MA. Contemporary management of acute 
myeloid leukemia. JAMA Oncol. 2024;10(10).

90.	 Chaudhary S, Ganguly S, Palanichamy JK, Singh A, Bakhshi R, 
Jain A et al (2021) PGC1A driven enhanced mitochondrial DNA 
copy number predicts outcome in pediatric acute myeloid leuke-
mia. Mitochondrion 58:246–254

91.	 Jia Y, Guo J, Zhao Y, Zhang Z, Shi L, Fang Y et al (2021) AHR 
signaling pathway reshapes the metabolism of AML/MDS cells 
and potentially leads to cytarabine resistance. Acta Biochim Bio-
phys Sin 53(4):492–500

92.	 Cao H, Xiao J, Baylink DJ, Nguyen V, Shim N, Lee J et al (2024) 
Development of a competitive nutrient-based T-cell immuno-
therapy designed to block the adaptive Warburg effect in acute 
myeloid leukemia. Biomedicines. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​b​i​​o​m​e​
d​i​c​i​n​e​s​1​2​1​0​2​2​5​0

93.	 Jain N, Wierda WG, O’Brien S (2024) Chronic lymphocytic leu-
kaemia. Lancet 404(10453):694–706

94.	 Eichhorst B, Robak T, Montserrat E, Ghia P, Niemann CU, Kater 
AP et al (2021) Chronic lymphocytic leukaemia: ESMO clinical 
practice guidelines for diagnosis, treatment and follow-up. Ann 
Oncol 32(1):23–33

95.	 Carew JS, Nawrocki ST, Xu RH, Dunner K, McConkey DJ, 
Wierda WG et al (2004) Increased mitochondrial biogenesis in 
primary leukemia cells: the role of endogenous nitric oxide and 
impact on sensitivity to fludarabine. Leukemia 18(12):1934–1940

96.	 Yazicioglu YF, Marin E, Sandhu C, Galiani S, Raza IGA, Ali M et 
al (2023) Dynamic mitochondrial transcription and translation in 
B cells control germinal center entry and lymphomagenesis. Nat 
Immunol 24(6):991–1006

97.	 Siegel RL, Miller KD, Jemal A (2019) Cancer statistics, 2019. CA 
Cancer J Clin 69(1):7–34

98.	 Lei J, Ploner A, Elfström KM, Wang J, Roth A, Fang F et al 
(2020) HPV vaccination and the risk of invasive cervical cancer. 
N Engl J Med 383(14):1340–1348

99.	 Lai S, Liu H, Chu T, Cao C (2025) HPV integration: moving 
from carcinogenesis mechanisms to clinical applications. Med 
Research 1(3):476–482

100.	Hu W, Ma SL, Liu LL, Zhu YH, Zeng TT, Li Y et al (2020) 
Impact of mitochondrial transcription factor A expression on the 
outcomes of ovarian, endometrial and cervical cancers. Am J 
Transl Res 12(9):5343–5361

101.	Golubickaite I, Ugenskiene R, Cepaite J, Ziliene E, Inciura A, 
Poskiene L et al (2021) Mitochondria-related TFAM gene vari-
ants and their effects on patients with cervical cancer. Biomed 
Rep 15(6):106

102.	Xu Y, Gao L, Yang J, Wang J, Jiang X, Yu L (2024) [Knockdown 
mitochondrial transcription factor A (TFAM) inhibits autophagy, 
proliferation, invasion and migration in human cervical cancer 
and osteosarcoma cells]. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi 
40(4):311–318

68.	 Zhu Y, Xu J, Hu W, Wang F, Zhou Y, Xu W et al (2020) TFAM 
depletion overcomes hepatocellular carcinoma resistance to 
doxorubicin and sorafenib through AMPK activation and mito-
chondrial dysfunction. Gene 753:144807

69.	 Huang Q, Wu D, Zhao J, Yan Z, Chen L, Guo S et al (2022) TFAM 
loss induces nuclear actin assembly upon mDia2 malonylation to 
promote liver cancer metastasis. EMBO J 41(11):e110324

70.	 Kang L, Yan W, Jing W, He J, Zhang N, Liu M et al (2025) 
Temporal trends, disease burden and attributable risk factors of 
stomach and colorectal cancers among 31 countries and territo-
ries in Western Pacific region, 2000–2021. Chin J Cancer Res 
37(2):187–199

71.	 Republic Of China Chinese Medical Association Oncology 
Branch D (2025) National Health Commission guidelines for 
diagnosis and treatment of colorectal cancer in China (2025 edi-
tion, English version). Chin J Cancer Res 37(6):949–961

72.	 Wen YA, Xiong X, Scott T, Li AT, Wang C, Weiss HL et al (2019) 
The mitochondrial retrograde signaling regulates Wnt signal-
ing to promote tumorigenesis in colon cancer. Cell Death Differ 
26(10):1955–1969

73.	 Woo DK, Green PD, Santos JH, D’Souza AD, Walther Z, Mar-
tin WD et al (2012) Mitochondrial genome instability and ROS 
enhance intestinal tumorigenesis in APC(Min/+) mice. Am J 
Pathol 180(1):24–31

74.	 Kang J, Li N, Wang F, Wei Y, Zeng Y, Luo Q et al (2022) Explora-
tion of reduced mitochondrial content-associated gene signature 
and immunocyte infiltration in colon adenocarcinoma by an inte-
grated bioinformatic analysis. Front Genet 13:832331

75.	 Nakayama Y, Yamauchi M, Minagawa N, Torigoe T, Izumi H, 
Kohno K et al (2012) Clinical significance of mitochondrial tran-
scription factor A expression in patients with colorectal cancer. 
Oncol Rep 27(5):1325–1330

76.	 Bruno G, Pietrafesa M, Crispo F, Piscazzi A, Maddalena F, Gior-
dano G et al (2024) TRAP1 modulates mitochondrial biogenesis 
via PGC-1α/TFAM signalling pathway in colorectal cancer cells. 
J Mol Med (Berl) 102(10):1285–1296

77.	 Guo J, Zheng L, Liu W, Wang X, Wang Z, Wang Z et al (2011) 
Frequent truncating mutation of TFAM induces mitochondrial 
DNA depletion and apoptotic resistance in microsatellite-unsta-
ble colorectal cancer. Cancer Res 71(8):2978–2987

78.	 Li Y, Yang Q, Chen H, Yang X, Han J, Yao X et al (2022) 
TFAM downregulation promotes autophagy and ESCC survival 
through mtDNA stress-mediated STING pathway. Oncogene 
41(30):3735–3746

79.	 Kubo Y, Tanaka K, Masuike Y, Takahashi T, Yamashita K, 
Makino T et al (2022) Low mitochondrial DNA copy number 
induces chemotherapy resistance via epithelial-mesenchymal 
transition by DNA methylation in esophageal squamous cancer 
cells. J Transl Med 20(1):383

80.	 Lin CS, Lee HT, Lee SY, Shen YA, Wang LS, Chen YJ et al 
(2012) High mitochondrial DNA copy number and bioenergetic 
function are associated with tumor invasion of esophageal squa-
mous cell carcinoma cell lines. Int J Mol Sci 13(9):11228–11246

81.	 Chang TC, Lee HT, Pan SC, Cho SH, Cheng C, Ou LH et al 
(2022) Metabolic reprogramming in response to alterations of 
mitochondrial DNA and mitochondrial dysfunction in gastric 
adenocarcinoma. Int J Mol Sci. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​2​3​0​
3​1​8​5​7

82.	 Lee WR, Na H, Lee SW, Lim WJ, Kim N, Lee JE et al (2017) 
Transcriptomic analysis of mitochondrial TFAM depletion 
changing cell morphology and proliferation. Sci Rep 7(1):17841

83.	 Lewinska M, Zhuravleva E, Satriano L, Martinez MB, Bhatt DK, 
Oliveira D et al (2024) Fibroblast-derived lysyl oxidase increases 
oxidative phosphorylation and stemness in cholangiocarcinoma. 
Gastroenterology 166(5):886-901 e7

1 3

82  Page 28 of 32

https://doi.org/10.3390/biomedicines12102250
https://doi.org/10.3390/biomedicines12102250
https://doi.org/10.3390/ijms23031857
https://doi.org/10.3390/ijms23031857


Apoptosis (2026) 31:82

121.	Singh KP, Kumari R, Treas J, DuMond JW (2011) Chronic expo-
sure to arsenic causes increased cell survival, DNA damage, and 
increased expression of mitochondrial transcription factor A 
(mtTFA) in human prostate epithelial cells. Chem Res Toxicol 
24(3):340–349

122.	Tian Y, Fan Z, Liu S, Wu Y, Liu S (2023) Identifying mitochon-
drial transcription factor A as a potential biomarker for the car-
cinogenesis and prognosis of prostate cancer. Genet Test Mol 
Biomarkers 27(1):5–11

123.	Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, 
Jemal A et al (2021) Global Cancer Statistics 2020: GLOBOCAN 
estimates of incidence and mortality worldwide for 36 cancers in 
185 countries. CA Cancer J Clin 71(3):209–249

124.	Zhu X, Che X, Yang R, Bao B, Chu G (2025) Global, regional, 
and national burden of cancer in the elderly population, 1990–
2021: analysis of data from the Global Burden of Disease Study 
2021. Med Research. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​m​d​​r​2​.​7​0​0​3​1

125.	LaGory EL, Wu C, Taniguchi CM, Ding CC, Chi JT, von Eyben 
R et al (2015) Suppression of PGC-1α is critical for reprogram-
ming oxidative metabolism in renal cell carcinoma. Cell Rep 
12(1):116–127

126.	Pan XQ, Huang W, Jin LW, Lin HZ, Xu XY (2022) A novel 
pyroptosis-related prognostic signature for risk stratification and 
clinical prognosis in clear cell renal cell carcinoma. Dis Markers 
2022:8093837

127.	Lin CS, Lee HT, Lee MH, Pan SC, Ke CY, Chiu AW et al (2016) 
Role of mitochondrial DNA copy number alteration in human 
renal cell carcinoma. Int J Mol Sci. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​1​
7​0​6​0​8​1​4

128.	Lefranc F, Le Rhun E, Kiss R, Weller M (2018) Glioblastoma quo 
vadis: Will migration and invasiveness reemerge as therapeutic 
targets? Cancer Treat Rev 68:145–154

129.	Schaff LR, Mellinghoff IK (2023) Glioblastoma and other primary 
brain malignancies in adults: a review. JAMA 329(7):574–587

130.	Simonnet H, Alazard N, Pfeiffer K, Gallou C, Béroud C, Demont 
J et al (2002) Low mitochondrial respiratory chain content cor-
relates with tumor aggressiveness in renal cell carcinoma. Carci-
nogenesis 23(5):759–768

131.	Yamada S, Nomoto S, Fujii T, Kaneko T, Takeda S, Inoue S et al 
(2006) Correlation between copy number of mitochondrial DNA 
and clinico-pathologic parameters of hepatocellular carcinoma. 
Eur J Surg Oncol (EJSO) 32(3):303–307

132.	Correia RL, Oba-Shinjo SM, Uno M, Huang N, Marie SK (2011) 
Mitochondrial DNA depletion and its correlation with TFAM, 
TFB1M, TFB2M and POLG in human diffusely infiltrating astro-
cytomas. Mitochondrion 11(1):48–53

133.	Lee H, Park J, Tran Q, Kim D, Hong Y, Cho H et al (2017) Mito-
chondrial transcription factor A (TFAM) is upregulated in glioma. 
Mol Med Rep 15(6):3781–3786

134.	Cui P, Wei F, Hou J, Su Y, Wang J, Wang S (2020) STAT3 inhibi-
tion induced temozolomide-resistant glioblastoma apoptosis via 
triggering mitochondrial STAT3 translocation and respiratory 
chain dysfunction. Cell Signal 71:109598

135.	Li Z, Sai K, Ma G, Chen F, Xu X, Chen L et al (2024) Diterpenoid 
honatisine overcomes temozolomide resistance in glioblastoma 
by inducing mitonuclear protein imbalance through disrup-
tion of TFAM-mediated mtDNA transcription. Phytomedicine 
128:155328

136.	Franco DG, Moretti IF, Marie SKN. Mitochondria transcription 
factor A: a putative target for the effect of melatonin on U87MG 
malignant glioma cell line. Molecules (Basel, Switzerland). 
2018;23(5).

137.	Ab Radzak SM, Mohd Khair SZN, Idris Z, Wan Ahmad WMA, 
Patar A, Mohamed Yusoff AA (2024) Mitochondrial deoxyribo-
nucleic acid copy number elevation as a predictor for extended 

103.	Sherman ME (2000) Theories of endometrial carcinogenesis: a 
multidisciplinary approach. Mod Pathol 13(3):295–308

104.	Brandon M, Baldi P, Wallace DC (2006) Mitochondrial mutations 
in cancer. Oncogene 25(34):4647–4662

105.	Pereira L, Soares P, Máximo V, Samuels DC (2012) Somatic 
mitochondrial DNA mutations in cancer escape purifying selec-
tion and high pathogenicity mutations lead to the oncocytic 
phenotype: pathogenicity analysis of reported somatic mtDNA 
mutations in tumors. BMC Cancer 12:53

106.	Han B, Izumi H, Yasuniwa Y, Akiyama M, Yamaguchi T, Fuji-
moto N et al (2011) Human mitochondrial transcription factor A 
functions in both nuclei and mitochondria and regulates cancer 
cell growth. Biochem Biophys Res Commun 408(1):45–51

107.	Wang Y, Liu VW, Xue WC, Tsang PC, Cheung AN, Ngan HY 
(2005) The increase of mitochondrial DNA content in endome-
trial adenocarcinoma cells: a quantitative study using laser-cap-
tured microdissected tissues. Gynecol Oncol 98(1):104–110

108.	Bokhman JV (1983) Two pathogenetic types of endometrial car-
cinoma. Gynecol Oncol 15(1):10–17

109.	Cormio A, Guerra F, Cormio G, Pesce V, Fracasso F, Loizzi V et 
al (2009) The PGC-1alpha-dependent pathway of mitochondrial 
biogenesis is upregulated in type I endometrial cancer. Biochem 
Biophys Res Commun 390(4):1182–1185

110.	Toki N, Kagami S, Kurita T, Kawagoe T, Matsuura Y, Hachisuga 
T et al (2010) Expression of mitochondrial transcription factor 
A in endometrial carcinomas: clinicopathologic correlations and 
prognostic significance. Virchows Arch 456(4):387–393

111.	Gabrielson M, Björklund M, Carlson J, Shoshan M (2014) 
Expression of mitochondrial regulators PGC1α and TFAM as 
putative markers of subtype and chemoresistance in epithelial 
ovarian carcinoma. PLoS ONE 9(9):e107109

112.	Kurita T, Izumi H, Kagami S, Kawagoe T, Toki N, Matsuura Y et 
al (2012) Mitochondrial transcription factor A regulates BCL2L1 
gene expression and is a prognostic factor in serous ovarian can-
cer. Cancer Sci 103(2):239–444

113.	Kleih M, Böpple K, Dong M, Gaißler A, Heine S, Olayioye MA 
et al (2019) Direct impact of cisplatin on mitochondria induces 
ROS production that dictates cell fate of ovarian cancer cells. Cell 
Death Dis 10(11):851

114.	Dong Z, Huang M, Liu Z, Xie P, Dong Y, Wu X et al (2016) 
Focused screening of mitochondrial metabolism reveals a crucial 
role for a tumor suppressor Hbp1 in ovarian reserve. Cell Death 
Differ 23(10):1602–1614

115.	Signorile A, De Rasmo D, Cormio A, Musicco C, Rossi R, For-
tarezza F, et al. Human ovarian cancer tissue exhibits increase 
of mitochondrial biogenesis and cristae remodeling. Cancers 
(Basel). 2019;11(9).

116.	Hlaváč V, Holý P, Václavíková R, Rob L, Hruda M, Mrhalová 
M et al (2022) Whole-exome sequencing of epithelial ovarian 
carcinomas differing in resistance to platinum therapy. Life Sci 
Alliance. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​6​5​0​​8​/​l​​s​a​.​2​0​2​2​0​1​5​5​1

117.	Massari F, Ciccarese C, Santoni M, Iacovelli R, Mazzucchelli R, 
Piva F et al (2016) Metabolic phenotype of bladder cancer. Can-
cer Treat Rev 45:46–57

118.	Kim M, Kim YY, Jee HJ, Bae SS, Jeong NY, Um JH et al 
(2016) Akt3 knockdown induces mitochondrial dysfunction 
in human cancer cells. Acta Biochim Biophys Sin (Shanghai) 
48(5):447–453

119.	Zi H, Liu MY, Luo LS, Huang Q, Luo PC, Luan HH et al (2024) 
Global burden of benign prostatic hyperplasia, urinary tract infec-
tions, urolithiasis, bladder cancer, kidney cancer, and prostate 
cancer from 1990 to 2021. Mil Med Res 11(1):64

120.	Feng DC, Li DX, Wu RC, Wang J, Xiao YH, Yoo KH et al (2025) 
Global burden and cross-country inequalities in urinary tumors 
from 1990 to 2021 and predicted incidence changes to 2046. Mil 
Med Res 12(1):12

1 3

Page 29 of 32  82

https://doi.org/10.1002/mdr2.70031
https://doi.org/10.3390/ijms17060814
https://doi.org/10.3390/ijms17060814
https://doi.org/10.26508/lsa.202201551


Apoptosis (2026) 31:82

155.	Xie D, Wu X, Lan L, Shangguan F, Lin X, Chen F et al (2016) 
Downregulation of TFAM inhibits the tumorigenesis of non-
small cell lung cancer by activating ROS-mediated JNK/
p38MAPK signaling and reducing cellular bioenergetics. Onco-
target 7(10):11609–11624

156.	Zhang X, Dong W, Zhang J, Liu W, Yin J, Shi D et al (2021) A 
novel mitochondrial-related nuclear gene signature predicts over-
all survival of lung adenocarcinoma patients. Front Cell Dev Biol. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​c​​e​l​l​.​2​0​2​1​.​7​4​0​4​8​7

157.	Zhang W, Hu Y, Qian M, Mao L, Yuan Y, Xu H et al (2023) A 
novel APA-based prognostic signature may predict the prognosis 
of lung adenocarcinoma in an East Asian population. iScience. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​i​s​c​i​.​2​0​2​3​.​1​0​8​0​6​8

158.	Shanmugam G, Subramaniyam K, George M, Sarkar K (2023) 
HDAC inhibition regulates oxidative stress in CD4+Thelper cells 
of chronic obstructive pulmonary disease and non-small cell lung 
cancer patients via mitochondrial transcription factor a (mtTFA) 
modulating NF-κB/HIF1α axis. Int Immunopharmacol. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​i​n​t​i​m​p​.​2​0​2​3​.​1​1​0​6​6​1

159.	Chow LQM, Longo DL (2020) Head and neck cancer. N Engl J 
Med 382(1):60–72

160.	Caudell JJ, Gillison ML, Maghami E, Spencer S, Pfister DG, 
Adkins D et al (2022) NCCN guidelines(R) insights: head 
and neck cancers, version 1.2022. J Natl Compr Canc Netw. 
20(3):224–34

161.	Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A 
(2018) Global cancer statistics 2018: GLOBOCAN estimates of 
incidence and mortality worldwide for 36 cancers in 185 coun-
tries. CA Cancer J Clin 68(6):394–424

162.	Hsieh Y-T, Tu H-F, Yang M-H, Chen Y-F, Lan X-Y, Huang C-L, 
et al. Mitochondrial genome and its regulator TFAM modulates 
head and neck tumourigenesis through intracellular metabolic 
reprogramming and activation of oncogenic effectors. Cell Death 
Dis. 2021;12(11).

163.	Golubickaite I, Ugenskiene R, Bartnykaite A, Poskiene L, Veg-
iene A, Padervinskis E et al (2023) Mitochondria-related TFAM 
and POLG gene variants and associations with tumor characteris-
tics and patient survival in head and neck cancer. Genes. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​g​e​​n​e​s​1​4​0​2​0​4​3​4

164.	Takeda D, Hasegawa T, Ueha T, Sakakibara A, Kawamoto T, Min-
amikawa T et al (2016) Decreased mitochondrial copy numbers 
in oral squamous cell carcinoma. Head Neck 38(8):1170–1175

165.	Xie JR, Chen XJ, Zhou G. CKIP‐1 silencing suppresses OSCC 
via mitochondrial homeostasis‐associated TFAM/cGAS‐STING 
signalling axis. J Cell Mol Med. 2024;28(16).

166.	Pavri SN, Clune J, Ariyan S, Narayan D (2016) Malignant mela-
noma: beyond the basics. Plast Reconstr Surg 138(2):330e-e340

167.	Bachari A, Nassar N, Schanknecht E, Telukutla S, Piva TJ, Mantri 
N (2024) Rationalizing a prospective coupling effect of cannabi-
noids with the current pharmacotherapy for melanoma treatment. 
Wiley Interdiscip Rev Mech Dis 16(1):e1633

168.	Garbe C, Amaral T, Peris K, Hauschild A, Arenberger P, Basset-
Seguin N et al (2022) European consensus-based interdisciplin-
ary guideline for melanoma. Part 2: treatment—update 2022. Eur 
J Cancer. 170:256–84

169.	Araujo LF, Siena ADD, Plaça JR, Brotto DB, Barros II, Muys 
BR, et al. Mitochondrial transcription factor A (TFAM) shapes 
metabolic and invasion gene signatures in melanoma. Sci Rep. 
2018;8(1).

170.	Wu Z, Oeck S, West AP, Mangalhara KC, Sainz AG, Newman 
LE et al (2019) Mitochondrial DNA stress signalling protects the 
nuclear genome. Nat Metab 1(12):1209–1218

171.	Singh L, Atilano SR, Jager MJ, Kenney MC (2021) Mitochondrial 
DNA polymorphisms and biogenesis genes in primary and meta-
static uveal melanoma cell lines. Cancer Genet 256–257:91–99

survival and favorable outcomes in high-grade brain tumor 
patients: a Malaysian study. Eurasian J Med 56(1):7–14

138.	Li S, Wang W, Zi J, Sun M, Mei W, Yang N et al (2020) Ele-
vated expression of mitochondrial transcription elongation factor 
(TEFM) predicts poor prognosis in low grade glioma-an analysis 
of the Cancer Genome Atlas (TCGA) dataset. Transl Cancer Res 
9(5):3610–3622

139.	Timotheadou E (2011) New agents targeting angiogenesis in glio-
blastoma. Chemother Res Pract 2011:878912

140.	Chinot OL, Wick W, Mason W, Henriksson R, Saran F, Nishikawa 
R et al (2014) Bevacizumab plus radiotherapy-temozolomide for 
newly diagnosed glioblastoma. N Engl J Med 370(8):709–722

141.	Gilbert MR, Dignam JJ, Armstrong TS, Wefel JS, Blumenthal DT, 
Vogelbaum MA et al (2014) A randomized trial of bevacizumab 
for newly diagnosed glioblastoma. N Engl J Med 370(8):699–708

142.	Jones KA, Gilder AS, Lam MS, Du N, Banki MA, Merati A et al 
(2016) Selective coexpression of VEGF receptor 2 in EGFRvIII-
positive glioblastoma cells prevents cellular senescence and con-
tributes to their aggressive nature. Neuro-oncol 18(5):667–678

143.	Guo M, Zhang J, Han J, Hu Y, Ni H, Yuan J et al (2024) VEGFR2 
blockade inhibits glioblastoma cell proliferation by enhancing 
mitochondrial biogenesis. J Transl Med 22(1):419

144.	Castracani CC, Longhitano L, Distefano A, Anfuso D, Kalam-
poka S, La Spina E et al (2020) Role of 17β-estradiol on cell pro-
liferation and mitochondrial fitness in glioblastoma cells. J Oncol 
2020:2314693

145.	Gradishar WJ, Anderson BO, Abraham J, Aft R, Agnese D, Alli-
son KH et al (2020) Breast cancer, version 3.2020, nccn clini-
cal practice guidelines in oncology. J Natl Compr Canc Netw. 
18(4):452–78

146.	Yi M, Li T, Niu M, Luo S, Chu Q, Wu K (2021) Epidemiologi-
cal trends of women’s cancers from 1990 to 2019 at the global, 
regional, and national levels: a population-based study. Biomark 
Res 9(1):55

147.	Zou P, Liu L, Zheng LD, Payne KK, Manjili MH, Idowu MO et 
al (2016) Coordinated upregulation of mitochondrial biogenesis 
and autophagy in breast cancer cells: the role of dynamin related 
protein‐1 and implication for breast cancer treatment. Oxid Med 
Cell Longev. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​5​​/​2​0​​1​6​/​4​0​8​5​7​2​7

148.	Gao W, Wu M, Wang N, Zhang Y, Hua J, Tang G, et al. Increased 
expression of mitochondrial transcription factor A and nuclear 
respiratory factor‑1 predicts a poor clinical outcome of breast 
cancer. Oncol Lett. 2017.

149.	Golubickaite I, Ugenskiene R, Korobeinikova E, Gudaitiene J, 
Vaitiekus D, Poskiene L et al (2021) The impact of mitochon-
dria-related POLG and TFAM variants on breast cancer patho-
morphological characteristics and patient outcomes. Biomarkers 
26(4):343–353

150.	Gao W, Wu M-H, Wang N, Ying M-Z, Zhang Y-Y, Hua J et al 
(2016) Mitochondrial transcription factor A contributes to cis-
platin resistance in patients with estrogen receptor-positive breast 
cancer. Mol Med Rep 14(6):5304–5310

151.	Ni H, Guo M, Zhang X, Jiang L, Tan S, Yuan J et al (2021) Vegfr2 
inhibition hampers breast cancer cell proliferation via enhanced 
mitochondrial biogenesis. Cancer Biol Med 18(1):139–154

152.	Hendriks LEL, Remon J, Faivre-Finn C, Garassino MC, Hey-
mach JV, Kerr KM et al (2024) Non-small-cell lung cancer. Nat 
Rev Dis Primers 10(1):71

153.	Tan N, Li Y, Ying J, Chen W (2024) Histological transformation 
in lung adenocarcinoma: insights of mechanisms and therapeutic 
windows. J Transl Int Med 12(5):452–465

154.	Weinberg F, Hamanaka R, Wheaton WW, Weinberg S, Joseph J, 
Lopez M et al (2010) Mitochondrial metabolism and ROS gen-
eration are essential for Kras-mediated tumorigenicity. Proc Natl 
Acad Sci 107(19):8788–8793

1 3

82  Page 30 of 32

https://doi.org/10.3389/fcell.2021.740487
https://doi.org/10.3389/fcell.2021.740487
https://doi.org/10.1016/j.isci.2023.108068
https://doi.org/10.1016/j.isci.2023.108068
https://doi.org/10.1016/j.intimp.2023.110661
https://doi.org/10.1016/j.intimp.2023.110661
https://doi.org/10.3390/genes14020434
https://doi.org/10.3390/genes14020434
https://doi.org/10.1155/2016/4085727


Apoptosis (2026) 31:82

192.	Pavlova NN, Thompson CB (2016) The emerging hallmarks of 
cancer metabolism. Cell Metab 23(1):27–47

193.	Qiong L, Shuyao X, Shan X, Qian F, Jiaying T, Yao X et al (2024) 
Recent advances in the glycolytic processes linked to tumor 
metastasis. Curr Mol Pharmacol 17:e18761429308361

194.	LeBleu VS, O’Connell JT, Gonzalez Herrera KN, Wikman H, 
Pantel K, Haigis MC et al (2014) PGC-1alpha mediates mito-
chondrial biogenesis and oxidative phosphorylation in cancer 
cells to promote metastasis. Nat Cell Biol. 16(10):992–1003

195.	Porporato PE, Payen VL, Perez-Escuredo J, De Saedeleer CJ, 
Danhier P, Copetti T et al (2014) A mitochondrial switch pro-
motes tumor metastasis. Cell Rep 8(3):754–766

196.	Sharma SV, Lee DY, Li B, Quinlan MP, Takahashi F, Maheswaran 
S et al (2010) A chromatin-mediated reversible drug-tolerant state 
in cancer cell subpopulations. Cell 141(1):69–80

197.	Qin L, Liang T, Zhu X, Hu W, Li B, Wei M, et al. Senescent mac-
rophages and the lung cancer microenvironment: a new perspec-
tive on tumor immune evasion. Aging Dis. 2024.

198.	Li J, Peng J, Wang J, Chen Z (2025) The dual role of exosomes in 
the tumor microenvironment: from pro-tumorigenic signaling to 
immune modulation. Med Res 1(2):257–284

199.	Li G, Wan Y, Jiao A, Jiang K, Cui G, Tang J et al (2025) Breaking 
boundaries: chronic diseases and the frontiers of immune micro-
environments. Med Res 1(1):62–102

200.	Lu T, Zhang Z, Bi Z, Lan T, Zeng H, Liu Y, et al. TFAM defi-
ciency in dendritic cells leads to mitochondrial dysfunction and 
enhanced antitumor immunity through cGAS-STING pathway. J 
Immunother Cancer. 2023;11(3).

201.	Balliet RM, Capparelli C, Guido C, Pestell TG, Martinez-Out-
schoorn UE, Lin Z et al (2014) Mitochondrial oxidative stress in 
cancer-associated fibroblasts drives lactate production, promoting 
breast cancer tumor growth. Cell Cycle 10(23):4065–4073

202.	Fu Z, Ye J, Dean JW, Bostick JW, Weinberg SE, Xiong L, et al. 
Requirement of mitochondrial transcription factor A in tissue-
resident regulatory T cell maintenance and function. Cell Rep. 
2019;28(1):159–71 e4.

203.	Yang M, Li C, Zhu S, Cao L, Kroemer G, Zeh H et al (2018) 
TFAM is a novel mediator of immunogenic cancer cell death. 
Oncoimmunology. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​2​1​​6​2​4​​0​2​X​​.​2​0​1​​8​.​​1​4​3​1​
0​8​6

204.	Mansfield KD, Guzy RD, Pan Y, Young RM, Cash TP, Schumacker 
PT et al (2005) Mitochondrial dysfunction resulting from loss of 
cytochrome c impairs cellular oxygen sensing and hypoxic HIF-
alpha activation. Cell Metab 1(6):393–399

205.	Noman MZ, Desantis G, Janji B, Hasmim M, Karray S, Dessen P 
et al (2014) PD-L1 is a novel direct target of HIF-1alpha, and its 
blockade under hypoxia enhanced MDSC-mediated T cell activa-
tion. J Exp Med 211(5):781–790

206.	Garcia-Diaz A, Shin DS, Moreno BH, Saco J, Escuin-Ordinas 
H, Rodriguez GA et al (2017) Interferon receptor signaling 
pathways regulating PD-L1 and PD-L2 expression. Cell Rep 
19(6):1189–1201

207.	Cao Z, Liu J, Yang X (2024) Deformable nanocarriers for enhanced 
drug delivery and cancer therapy. Exploration 4(5):20230037

208.	Wang J, Shao F, Yu QX, Ye L, Wusiman D, Wu R et al (2025) The 
common hallmarks and interconnected pathways of aging, circa-
dian rhythms, and cancer: implications for therapeutic strategies. 
Research (Wash D C) 8:0612

209.	Reznik E, Miller ML, Senbabaoglu Y, Riaz N, Sarungbam J, 
Tickoo SK et al (2016) Mitochondrial DNA copy number varia-
tion across human cancers. Elife. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​7​5​​​5​4​/​​e​L​​i​f​e​.​1​
0​7​6​9

210.	Zheng H, Cui K, Mao J, Wan Y, Zheng J (2025) Chimeric degrad-
ers in neurodegenerative diseases: challenges and future direc-
tions. J Transl Intern Med 13(6):508–511

172.	Barbato A, Iuliano A, Volpe M, D’Alterio R, Brillante S, Massa 
F, et al. Integrated genomics identifies miR-181/TFAM pathway 
as a critical driver of drug resistance in melanoma. Int J Mol Sci. 
2021;22(4).

173.	Giallongo S, Di Rosa M, Caltabiano R, Longhitano L, Reibaldi 
M, Distefano A et al (2020) Loss of macroH2A1 decreases mito-
chondrial metabolism and reduces the aggressiveness of uveal 
melanoma cells. Aging 12(10):9745–9760

174.	Beird HC, Bielack SS, Flanagan AM, Gill J, Heymann D, Jane-
way KA et al (2022) Osteosarcoma. Nat Rev Dis Primers 8(1):77

175.	Wang S, Ren Q, Li G, Zhao X, Zhao X, Zhang Z (2024) The 
targeted therapies for osteosarcoma via six major pathways. Curr 
Mol Pharmacol 17(1):e210823220109

176.	Mirabello L, Troisi RJ, Savage SA (2009) Osteosarcoma incidence 
and survival rates from 1973 to 2004. Cancer 115(7):1531–1543

177.	Giacomini I, Cortini M, Tinazzi M, Baldini N, Cocetta V, Ragazzi 
E, et al. Contribution of mitochondrial activity to doxorubicin-
resistance in osteosarcoma cells. Cancers. 2023;15(5).

178.	Rubio-Cosials A, Sidow JF, Jimenez-Menendez N, Fernandez-
Millan P, Montoya J, Jacobs HT et al (2011) Human mitochon-
drial transcription factor A induces a U-turn structure in the light 
strand promoter. Nat Struct Mol Biol 18(11):1281–1289

179.	Ji S, Xu X, Li Y, Sun S, Fu Q, Qiu Y, et al. Inhibition of TFAM-
mediated mitophagy by oroxylin A restored sorafenib sensitiv-
ity under hypoxia conditions in HepG2 cells. Pharmaceuticals 
(Basel). 2024;17(12).

180.	Zhang Y, Zou L, Li X, Guo L, Hu B, Ye H et al (2024) SLC40A1 
in iron metabolism, ferroptosis, and disease: a review. Wiley 
Interdiscip Rev Mech Dis 16(4):e1644

181.	Li C, Zhang Y, Liu J, Kang R, Klionsky DJ, Tang D (2021) Mito-
chondrial DNA stress triggers autophagy-dependent ferroptotic 
death. Autophagy 17(4):948–960

182.	Betancourt Ponce M, Boonpattrawong N, Fagan AJ, Newton M, 
Patankar M, Barroilhet L (2025) Atovaquone-induced oxidative 
stress activates the pentose phosphate pathway and immunogenic 
cell death in ovarian cancer. Sci Rep 15(1):41702

183.	Wu H, Guo Z, Hu P, Du J, Wang P, Ma J et al (2025) Kaemp-
ferol exerts anti-colorectal cancer effects through its multi-
target mediated glucose metabolism remodeling. Food Funct 
16(24):9593–9608

184.	Dai Y, Zhang J, Peng Y, Hu L (2025) Dynorphin A impairs mito-
chondrial biogenesis in osteosarcoma cells by increasing SP-1. J 
Biochem Mol Toxicol 39(9):e70451

185.	Niu Y, Feng J, Ma J, Xiao T, Yuan W (2025) Targeting the tumor 
microbiota in cancer therapy basing on nanomaterials. Explora-
tion (Beijing) 5(4):e20210185

186.	Qiu G, Cai L, Li G, Ren Y, Li E, Deng K et al (2025) Res@ZIF-90 
suppress gastric cancer progression by disturbing mitochondrial 
homeostasis. Transl Oncol 51:102179

187.	Aloraini GS (2025) Mitochondrial DNA release and cGAS-
STING activation: emerging insights into anti-tumor immunity. 
Pathol Res Pract 273:156158

188.	Liu Z, Wang D, Zhang J, Xiang P, Zeng Z, Xiong W et al (2023) 
cGAS-STING signaling in the tumor microenvironment. Cancer 
Lett 577:216409

189.	Feng DC, Zhu WZ, Wang J, Li DX, Shi X, Xiong Q et al (2024) 
The implications of single-cell RNA-seq analysis in prostate can-
cer: unraveling tumor heterogeneity, therapeutic implications and 
pathways towards personalized therapy. Mil Med Res 11(1):21

190.	Cheng XC, Tong WZ, Rui W, Feng Z, Shuai H, Zhe W (2024) 
Single-cell sequencing technology in skin wound healing. Burns 
Trauma 12:tkae043

191.	Wang T, Ye Z, Li Z, Jing DS, Fan GX, Liu MQ et al (2023) Lac-
tate-induced protein lactylation: a bridge between epigenetics and 
metabolic reprogramming in cancer. Cell Prolif 56(10):e13478

1 3

Page 31 of 32  82

https://doi.org/10.1080/2162402X.2018.1431086
https://doi.org/10.1080/2162402X.2018.1431086
https://doi.org/10.7554/eLife.10769
https://doi.org/10.7554/eLife.10769


Apoptosis (2026) 31:82

213.	Bonekamp NA, Peter B, Hillen HS, Felser A, Bergbrede T, Choi-
das A et al (2020) Small-molecule inhibitors of human mitochon-
drial DNA transcription. Nature 588(7839):712–716

Publisher's Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

211.	Rajinikanth N, Chauhan R, Prabakaran S (2025) Harnessing non-
canonical proteins for next-generation drug discovery and diag-
nosis. WIREs Mech Dis 17(3):e70001

212.	Zhou G, Tan J, Zhang P, Zhou Z, Zhang L, Zhang Z (2025) Mecha-
nistic insights and therapeutic potentials of Ubiquitin-Proteasome 
System in non-small cell lung cancer. Cell Prolif 58(7):e70050

1 3

82  Page 32 of 32


	﻿Mitochondrial function meets oncology: the multifaceted role of TFAM across cancer types
	﻿Abstract
	﻿Introduction
	﻿Regulation of TFAM expression and activity
	﻿Transcriptional control by key signaling pathways
	﻿Post-transcriptional regulation by non-coding RNAs
	﻿﻿Post-translational modifications and protein stability

	﻿Pan-cancer RNA-sequencing analysis of TFAM
	﻿Role of TFAM in human cancer
	﻿TFAM and digestive system cancers
	﻿TFAM and haematological cancers
	﻿TFAM and gynecological cancers
	﻿TFAM and urological cancers
	﻿TFAM and nervous system cancers
	﻿TFAM and thoracic cancers
	﻿TFAM and head and neck cancer
	﻿TFAM and other tumors
	﻿Therapeutic strategies targeting TFAM
	﻿Direct modulation by small molecules and natural products
	﻿Indirect regulation via metabolic and signaling pathways
	﻿Precision delivery and genetic tools

	﻿Discussion and perspective
	﻿Context-dependent roles of TFAM in tumorigenesis
	﻿Bridging transcriptomic profiling and biological reality
	﻿Orchestrating metabolic plasticity: TFAM at the crossroads of tumor adaptation
	﻿TFAM modulation of tumor immunity and the microenvironment
	﻿Challenges and future perspectives in TFAM-targeted therapy

	﻿Conclusion
	﻿References


