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Discovery of a novel alpha isoform of the long-known
enzyme LDHA provides new insights into cancer research
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Lactate dehydrogenase A is a key enzyme in energy metabolism, with sig-

nificant roles in cancer progression. Huang et al. identified LDHAa, a

novel LDHA isoform derived from an alternative transcript initiated at

AUG198, producing a protein 3 kDa larger than canonical LDHA.

LDHAa exhibits enhanced glycolytic activity and promotes glucose uptake,

lactate production, and tumor growth more effectively than LDHA. Regu-

lated by c-MYC and FOXM1, LDHAa is mainly cytoplasmic and serves

as a potential cancer biomarker and therapeutic target. These findings

highlight LDHAa’s unique role in cancer metabolism and its potential for

advancing targeted cancer therapies.

Comment on: https://doi.org/10.1111/febs.17374

Lactate dehydrogenase—an overview

Lactate dehydrogenase (LDH) is a critical enzyme in

energy metabolism, catalyzing the reversible conver-

sion of pyruvate to lactate, with nicotinamide adenine

dinucleotide (NAD+) and its reduced form, NADH [1].

By modulating the interconversion of these metabo-

lites, LDH helps regulate cellular energy production,

linking glycolysis and oxidative metabolism to adapt

to varying oxygen levels [2]. LDH exists in five isoen-

zymes, each composed of different combinations of

two subunits: LDH-H (heart type) and LDH-M (mus-

cle type), which are encoded by the LDHB and LDHA

genes, respectively [1]. These isoenzymes include

LDH1 (H4), LDH2 (H3M1), LDH3 (H2M2), LDH4

(H1M3), and LDH5 (M4), with their distribution and

activity varying across tissues according to metabolic

demand [1]. Among these isoenzymes, LDHA (LDH5)

is predominantly expressed in muscle tissue, where it

supports anaerobic energy production during intense

physical activity [3]. LDHB (LDH1) is highly

expressed in heart and brain tissues, where it primarily

catalyzes the reverse reaction, converting lactate to

pyruvate to support oxidative metabolism [4]. The dis-

tribution and activity of these isoforms reflect the spe-

cific metabolic needs of different tissues, highlighting

their critical roles in energy homeostasis.

LDHA and its role in cancer

LDHA is a key enzyme in cancer metabolism that is

overexpressed in many types of cancer [5]. By

Abbreviations

ATP, adenosine triphosphate; c-MYC, cellular myelocytomatosis oncogene; EMT, epithelial-mesenchymal transition; FOXM1, forkhead box

protein M1; HIF, hypoxia-inducible factors; HREs, hypoxia response elements; LDH, lactate dehydrogenase; NAD, nicotinamide adenine

dinucleotide; NSCLC, non-small-cell lung cancer; OCT4, octamer-binding transcription factor 4; SOX2, SRY-box transcription factor 2.

2219The FEBS Journal 292 (2025) 2219–2222 ª 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and

distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

https://orcid.org/0000-0001-6283-0171
https://orcid.org/0000-0001-6283-0171
https://orcid.org/0000-0001-6283-0171
mailto:hagis@pusan.ac.kr
https://doi.org/10.1111/febs.17374
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


converting pyruvate to lactate and regenerating

NAD+, LDHA contributes to the Warburg effect, a

hallmark of cancer [2]. This metabolic shift sustains

glycolytic adenosine triphosphate (ATP) production,

promotes cancer cell proliferation, and allows tumors

to thrive in hypoxic environments by enhancing sur-

vival, rapid growth, and stress adaptation [2]. Since

hypoxic conditions are common in solid tumors,

LDHA expression is tightly regulated by

hypoxia-inducible factors (HIF-1a and HIF-2a),
which bind to hypoxia response elements (HREs) in

the LDHA promoter, activating its transcription and

further promoting cancer progression [6] (Fig. 1A).

Beyond its role in metabolic adaptation, LDHA also

facilitates tumor progression by modulating epithelial

–mesenchymal transition (EMT) and cancer stem cell

markers [7]. By influencing key signaling pathways,

LDHA regulates EMT-related genes such as Snail,

Slug, E-cadherin, N-cadherin, Fibronectin, and

Vimentin, while also upregulating stemness-associated

factors including octamer-binding transcription factor

4 (OCT4), SRY-box transcription factor 2 (SOX2),

Nanog, and cellular myelocytomatosis oncogene (c-

MYC), contributing to tumor aggressiveness and

therapy resistance [7]. In addition to driving tumor

cell plasticity, LDHA significantly shapes the tumor

microenvironment. Elevated LDHA activity leads to

lactate accumulation and extracellular acidification,

which suppresses T-cell responses, enhances immune

evasion, and facilitates angiogenesis [8]. This immune-

suppressive environment, combined with LDHA-

mediated metabolic reprogramming, contributes to

treatment resistance, reducing the efficacy of conven-

tional cancer therapies [8]. Given its critical role in

cancer progression, LDHA has emerged as a promis-

ing prognostic biomarker and therapeutic target.

Ongoing research is actively exploring LDHA inhibi-

tors as a potential strategy to suppress tumor growth,

overcome treatment resistance, and improve clinical

outcomes.

LDHA inhibitors in cancer therapy

LDHA inhibitors have emerged as promising thera-

peutic agents targeting cancer metabolism by disrupt-

ing glycolytic flux and reducing lactate production,

Fig. 1. Transcriptional and translational regulation of LDHA and LDHAa. (A) LDHA is translated from the canonical start codon (AUG285) in

the cytoplasm, where it converts pyruvate into lactate using NADH as a cofactor. LDHA transcription is primarily regulated by c-MYC and

HIF-1a, which bind to the LDHA promoter and enhance its expression under hypoxic conditions. (B) LDHAa is a novel isoform of LDHA,

transcribed under the control of c-MYC and FOXM1, but independent of HIF-1a regulation. LDHAa translation is initiated from an alternative

start codon (AUG198), producing a protein with an N-terminal extension of 29 amino acids, making it larger than the canonical LDHA protein.

LDHAa exhibits higher enzymatic activity, leading to increased lactate production and enhanced glycolysis, thereby further promoting tumor

metabolism and progression.
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thereby counteracting the metabolic reprogramming

characteristic of tumors [1]. By inhibiting LDHA activ-

ity, these compounds interfere with the Warburg

effect, limiting tumor cell proliferation and

survival [1].

LDHA’s function is primarily regulated through its

active site, where pyruvate and NADH bind to facili-

tate the conversion of pyruvate to lactate [9]. Tradi-

tional inhibitors target this site through competitive

inhibition, directly blocking substrate (pyruvate) or

cofactor (NADH) binding [10]. However, recent

research has identified allosteric sites on LDHA, which

serve as alternative therapeutic targets. Unlike active

site inhibitors, allosteric inhibitors bind to distinct reg-

ulatory regions on LDHA, inducing conformational

changes that suppress its enzymatic activity [11].

LDHA inhibitors can be classified based on their

mechanism of action into competitive and allosteric

inhibitors, as well as by chemical structure into

quinoline-based, benzoxazole-based, and benzimid-

azole-based compounds [1]. Competitive inhibitors

bind directly to LDHA’s active site, preventing the

interaction of pyruvate or NADH. Oxamate, a pyru-

vate analog, forms an inactive complex with LDHA,

effectively blocking pyruvate metabolism and has been

shown to reduce LDH levels in tumors, enhancing the

effects of pembrolizumab in non-small cell lung cancer

(NSCLC) [12]. Similarly, gossypol, a polyphenolic

aldehyde, competes with NADH for LDHA binding

but has limited clinical application due to toxicity con-

cerns [13]. Additionally, quinoline-based inhibitors,

such as quinoline-3-sulfonamides, and benzoxazole-

based inhibitors, including FX-11, selectively target the

NADH-binding site, thereby reducing glycolytic activ-

ity in cancer cells [1,14]. Similarly, benzimidazole-

based inhibitors interact with allosteric regions of

LDHA, stabilizing an inactive enzyme conformation

and exhibiting promising anticancer activity [11].

Regardless of their mode of action, LDHA inhibitors

effectively disrupt the Warburg effect and limit tumor

progression, while their structural diversity (quinoline-,

benzoxazole-, benzimidazole-based) broadens their

therapeutic potential [1]. Continued research into

LDHA inhibition holds promise for developing novel

metabolic-targeted cancer therapies.

Discovery and characteristics of
LDHAa

Huang et al. [15] identified a novel isoform of LDHA,

termed LDHAa, which is initiated from an alternative

start codon AUG198, located 87 base pairs upstream

of the canonical start codon (AUG285) (Fig. 1B). This

produces a protein 3 kDa larger than canonical

LDHA. LDHAa arises from a distinct transcript, pos-

sibly involving alternative promoters or splicing, and is

differentially expressed in various cancer cells,

highlighting its unique role in tumor biology. Func-

tionally, LDHAa demonstrates a greater ability to

enhance cancer metabolism compared to LDHA. It

accelerates glycolysis by increasing glucose uptake and

lactate production, promoting tumor cell proliferation,

migration, and growth in vitro and in vivo, and exert-

ing a stronger impact on tumor growth due to its

enhanced metabolic activity. Deletion of LDHAa
using CRISPR/Cas9-sgRNA reduces cancer cell prolif-

eration and migration, though residual activity from

LDHA remains.

Regulation, localization, and
therapeutic implications of LDHAa

LDHAa expression is regulated by transcription fac-

tors, predominantly c-MYC, with forkhead box pro-

tein M1 (FOXM1) playing a supporting role (Fig. 1B).

Interestingly, LDHAa expression is independent of

HIF-1a, which commonly regulates other metabolic

enzymes. Unlike LDHA, which localizes to both the

cytoplasm and nucleus, LDHAa is confined to

the cytoplasm, suggesting it primarily functions as a

metabolic enzyme, while LDHA may have additional

roles. Therapeutically, some LDHA inhibitors, such as

quinoline 3-sulfonamide-based compounds, effectively

suppress LDHAa activity, reducing lactate production

and glycolysis. However, not all inhibitors exhibit the

same efficacy, underscoring the need for isoform-

specific strategies. Clinically, elevated levels of

LDHAa, LDHA, and c-MYC were observed in colo-

rectal cancer and acute lymphoblastic leukemia, sug-

gesting LDHAa as a valuable biomarker and

therapeutic target for these cancers.

Conclusion and future directions

This study provides the first report of LDHAa as a

distinct isoform of LDHA with enhanced metabolic

and tumorigenic activity. The findings underscore the

complexity of cancer metabolism and reveal new

opportunities for therapeutic intervention. Targeting

LDHAa, particularly through c-MYC and FOXM1

pathways, could offer a promising strategy for cancer

treatment. Future research should explore the struc-

tural and functional differences between LDHA and

LDHAa in greater depth and investigate potential

mechanisms driving the alternative transcription of

LDHAa. Screening small-molecule inhibitors that
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specifically target LDHAa, while minimizing off-target

effects on LDHA, may enhance the efficacy and speci-

ficity of metabolic-based cancer therapies.
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