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Dysregulated metabolism is one of the hallmarks of cancer. Under normal physiological conditions, ATP
is primarily generated by oxidative phosphorylation. Cancers commonly undergo a dramatic shift toward
glycolysis, despite the presence of oxygen. This phenomenon is known as the Warburg effect, and requires
the activity of lactate dehydrogenase-A (LDHA). LDHA converts pyruvate to lactate in the final step of
glycolysis and is often upregulated in cancer. LDHA inhibitors present a promising therapeutic option,
as LDHA blockade leads to apoptosis in cancer cells. Despite this, existing LDHA inhibitors have shown
limited clinical efficacy. Here, we review recent progress in LDHA structure, function and regulation as
well as strategies to target this critical enzyme.
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The high-energy molecule ATP is essential to fuel biological processes in all living cells. ATP is generated most
efficiently by glucose catabolism followed by oxidative phosphorylation. In brief, glucose is metabolized to pyru-
vate in the cytosol and subsequently converted to acetyl-CoA in the mitochondria. Acetyl-CoA then enters the
tricarboxylic acid cycle, initiating the electron transport machinery and resultant ATP production. This pathway
maximally generates 36 ATP per molecule of glucose, accounting for approximately 95% of cellular ATP [1]. The
remaining 5% is the result of dedicated oxygen-independent glycolysis, a less efficient pathway yielding two ATP per
molecule of glucose and concluding with the reduction of pyruvate to lactate [1]. This terminal reaction, catalyzed
by LDH, dictates the relative usage of the two metabolic modalities [2].

LDHs are responsible for the NADH-dependent interconversion of pyruvate and lactate [3]. The four highly
similar isozymes of LDH are encoded by four separate genes. LDHA, LDHB and LDHD are ubiquitous, while
LDHC is testis specific [4]. LDHA is involved in ATP production under stress-induced hypoxia in muscle, and as
such is often referred to as LDH-M [5]. LDHB is the sole isoform expressed in cardiomyocytes, and indicative of
its role in the heart, is often denoted as LDH-H [5]. The significance of LDHD is poorly understood, however, it is
the only variant able to utilize the D-isomer of lactate [4,6].

Despite highly similar structure and function, differential tissue expression suggests distinct cellular roles for
these isozymes.

Lactate dehydrogenase
Structure & activity
The importance of LDH has long been appreciated, with research into its activity dating back more than 80 years.
In fact, the nucleotide-binding motif known as the Rossmann fold was first identified in LDH in 1970, only later
to be recognized as a ubiquitous structural feature across the proteome [7–11]. The substrate binding domain is
the only other major structural feature in LDH, and together these features account for greater than 90% of the
protein [8]. The remaining 20 amino acids at the N-terminus form an unstructured region that interacts with the
C-terminus of a neighboring monomer and is critical for oligomeric assembly of LDH (Figure 1) [8].
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Figure 1. Schematic representation of LDHA protein.
Blue corresponds to the unstructured N-terminal
dimerization region, orange is the nucleotide-binding
Rossmann fold, red is the catalytic loop and green forms
the substrate-binding domain.
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Figure 2. Structural architecture of the LDHA. (A) Catalytic site interactions of LDHA with pyruvate. Direct hydride
transfer from NADH to pyruvate is stabilized by charged interactions in the binding pocket. His193 acts as a proton
donor to form lactate. (B) Oligomer formation is mediated by the unstructured N-terminus, which interacts with the
C-terminus of the adjacent monomer. The mobile loop region is colored in cyan, with Arg105 in magenta and His193
in yellow.

The ability of LDH to bind the nucleotide cofactor NADH is essential to allow substrate entry into the remodeled
active site [12,13]. NADH interacts primarily with four residues (numbering based on LDHA), Asp168, Arg171,
Thr246 and the catalytic His193 (Figure 2A [14–16]). Arg171 and Thr246 along with Ala236 provide substrate
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Figure 3. LDH tetramer configurations. LDHA (cyan)
can homotetramerize to form LDH5, or interact with
LDHB (red) to form heterocomplexes LDH4–LDH2. LDH1
consists of four monomers of LDHB.

coordination in the adjacent substrate-binding pocket [12]. This is followed by closure of a flexible loop formed
by residues 99–110 and desolvation of the active site, committing LDH to catalysis [17]. This loop is stabilized
by several contacts formed with nucleotide and substrate [18] and a critical hydrogen bond is formed between
Arg105 and the substrate carbonyl [19,20]. This bond is essential, as mutation of Arg105 completely abrogates LDH
activity [21]. The protonated His193 acts as a proton donor, initiating a reaction that terminates in the oxidation
of NADH to NAD+ and the release of NAD+ and lactate [22,23]. The lactate is then excreted as waste, which can
have a profound effect on the pH of the extracellular environment [24]. Interestingly, lactate can also be taken up
through monocarboxylate transporter 1 and utilized as a metabolic fuel, though the mechanism remains under
investigation [25,26].

LDHA–LDHB
LDH exists as an obligate dimer (Figure 2B), with each monomer hosting its own active site [27]. Upon cofactor
and substrate binding or increasing protein concentration, LDH assembles into a highly active tetramer [28–33]. In
cells, the tetramer can be composed of any combination of A and B isoforms, which share 75% sequence identity
(Figure 3) [34]. Tetramer formation is regulated both by the abundance of substrate as well as post-translational
modifications [35–37], which will be discussed in more detail later. LDHA exhibits a preference for pyruvate, whereas
LDHB prefers lactate, suggesting a cellular role for LDH regulation based on both enzyme oligomer composition
and substrate prevalence.

Warburg effect
From its initial characterization as a substrate-regulated enzyme, LDH activity has been inextricably linked to
the abundance of intracellular pyruvate resulting from glucose catabolism [32]. Indeed, there is a clear connection
between the metabolic requirements of various cell types and their LDH activity [38–40]. At steady state, several
cell types preferentially utilize glycolysis, including the skeletal muscle during exercise, muscle stem cells during
self-renewal and lymphocytes, which experience an increase in glycolytic flux during activation. In the first case,
hypoxia induces the shift to glycolysis due to the increased demand for NAD+ [41]. In muscle stem cells, glycolysis
is activated during tissue repair, in an LDHA-dependent process [42]. This is antagonized by AMPKα1, demon-
strating a role for the nutrient-sensing kinases AMPK and mTOR in the regulation of glycolysis [42]. Notably, the
activation of lymphocytes occurs in highly oxygenated blood, so glycolysis occurs despite the capacity for oxidative
phosphorylation [43]. This phenomenon is known as the Warburg effect.

The Warburg effect was first described by Otto Warburg in the 1920s, and is most commonly associated with
cancer. After initial speculation that this phenotype resulted from compromised mitochondrial function, it has
since been demonstrated that mitochondria retain activity [44]. More recently, focus has been shifted to deregulation
of glycolytic pathway enzymes to explain this metabolic reprogramming [45].
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Figure 4. Biochemical steps involved in glycolysis. Glucose is metabolized to pyruvate in the cytosol, which can be
subsequently utilized by mitochondrial oxidative phosphorylation or converted to lactate by LDHA.

Glycolysis provides a relatively small contribution to the intracellular ATP pool at steady state, indicative of
a highly regulated process. The large number of enzymes involved in glycolysis have contributed to competing
theories attempting to explain the Warburg effect. These include the increased uptake of glucose, altered isoform
expression and hyperactivity of glycolytic enzymes. GLUT1 and GLUT3 are glucose transporters that are activated
in response to AMPK, which is itself activated under ATP depletion [46]. GLUT1 and another glycolytic enzyme
phosphoglucose isomerase are also upregulated in response to hypoxia [47], a common condition in solid tumors [48].
The first step of glycolysis, the phosphorylation of glucose to glucose-6-phosphate, is catalyzed by HK. HK-II (the
most active isoform) becomes more abundant upon cellular transformation, which is also a consequence of HIF-1α

induction [49]. However, inhibitors of GLUT1 and HK evaluated in preclinical and Phase I clinical trials have been
found largely ineffective [50]. Pyruvate kinase works immediately upstream of LDHA, catalyzing the conversion of
phosphoenolpyruvate to pyruvate. This reaction is coupled to the generation of ATP, and can be carried out by any
of the four isozymes of pyruvate kinase. Pyruvate kinase isoform M2 (PKM2) is typically expressed during early
development, however, it is also preferentially expressed in cancer [51]. Replacement of the PKM1 isozyme with
PKM2 in cancers signifies a dedifferentiation to a more stem-like phenotype and is a predictor of poor outcome in
cancer [51]. The dysregulation of these numerous proteins, however, fails to address the perseverance of glycolysis in
the presence of competent oxidative phosphorylation machinery, as they all exist ‘upstream’ of the mitochondrial
electron transport chain (Figure 4).

Taken together, the crucial role for LDH in maintaining redox homeostasis under hypoxic and anabolic conditions
suggests a critical role in the hypertrophic growth of cancers.
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Functional regulation of LDH
Much work has been done in the last 40 years to understand signaling inputs dictating LDH activity. The fruit of
these efforts includes glycolytic and LDH-specific regulation at every level, and an array of existing and potential
targets for inhibition in cancer.

Epigenetic effect
DNA methylation is an epigenetic modification often found to regulate gene expression by affecting binding of
transcriptional proteins [52]. Indeed, methylation of promoter elements has been reported to govern differential
expression of various LDH isozymes. LDHC is downregulated through methylation at nine sites in a 230 bp CpG
island, and is hypomethylated in LDHC-expressing tissues at steady state [53]. A similar mechanism where loss of
DNA methylation promotes expression has been shown for LDHA in R51 retinoblastoma cells [54]. Interestingly,
methylation of a similar CpG-rich region in LDHB completely abrogates expression, leaving LDHA as the only
LDH present in evaluated gastric and pancreatic cancer cell lines [55]. This finding presents promoter methylation
as one potential explanation for the differential reliance on LDHA and LDHB observed in cancers. These data
demonstrate that epigenetic regulation of LDH is a potential determinant of isozyme availability and regulation in
cancer.

Transcriptional regulation
In addition to being hyperactivated in many cancers, expression of LDHA is also increased, implying transcriptional
regulation of LDHA is an important suppressive mechanism. Transcription factors are proteins that play a critical
role in the regulation of gene expression by binding to DNA and modulating transcription of target genes [56].
Transcriptional dysregulation is a common finding in cancers and supports the hyperproliferative capacity of cancer
cells [57]. Interestingly, transcription factors such as HIF and c-Myc that have an established link to oncogenesis
have also been found to regulate LDHA expression [58].

In the presence of oxygen, prolyl hydroxylation of HIF allows its recognition, ubiquitination and degradation
by the tumor suppressor E3-ubiquitin ligase von-Hippel Lindau (VHL) [59]. When VHL is lost, HIF accumu-
lates in cells. This promotes an oncogenic phenotype in part by inducing expression of LDHA and remodeling
metabolism [60,61]. In HeLa and Hep3B cells, HIF1α binds to the transcriptional enhancer and promoter of LDHA
and activates transcription, promoting a hypoxia-like transcriptional program [60,62]. A similar mechanism for
LDHA regulation by both HIF1 and HIF2 has been observed in pancreatic cancer [60]. It has been well-established
that hyperactivation of mTOR is abundant in cancers and is intimately involved in the regulation of glycolysis [63].
The HIF transcriptional program is induced by mTOR activation [64] (as well as HER2, described later [65]),
providing a probable mechanism for the glycolytic dependence on mTOR in breast cancer. Notably, mTOR inhi-
bition by rapamycin reverses the glycolytic reprogramming, which is magnified by coinhibition of LDHA with the
substrate-competitive inhibitor oxamate [66].

As the ‘guardian of the genome’, p53 directs DNA repair through its essential role as a transcription factor [67].
As such, mutations in p53 can be found in approximately one-third of all cancers [68,69]. Perhaps surprisingly, p53
is also able to suppress the transcription of LDHA, along with the migration and invasion of cancer cells caused by
LDHA hyperactivity [70]. This ascribes yet another tumor suppressive function to p53 with respect to the regulation
of cellular metabolic transformation.

Deregulation of the oncogenic transcription factor c-Myc is a common finding in cancers [71]. The LDHA
promoter is bound by c-Myc and transcriptionally activated [71]. Interestingly, knockdown of LDHA reduced c-Myc-
mediated anchorage-independent growth [71]. These data suggest LDHA expression and activity is the functional
outcome of c-Myc activity, and is critical in cancer initiation, growth and proliferation [72]. In agreement, it has
been demonstrated that the c-Myc inhibitor JQ1 acts to inhibit ovarian cancer growth by indirectly reducing the
activity of LDHA [73].

Pancreatic cancer has an exceedingly poor prognosis, as the 5-year survival rate is only 5% [74]. The transcription
factor forkhead box protein M1 (FOXM1) has been demonstrated to be overexpressed in pancreatic cancer and
contribute to oncogenesis [75,76], as well as induce glucose metabolism [77]. FOXM1 binds to the promoter of LDHA
and another glycolytic enzyme phosphoglycerate kinase 1 and activates their transcription [74]. Increased expression
of FOXM1 and LDHA was positively correlated in pancreatic cancer patient samples, which also correlated with
clinical grade and stage [74].
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The receptor tyrosine kinase ErbB2 (HER2) is a known oncogene whose deregulation is most closely associated
with poor prognosis in breast cancer [78]. ErbB2 expression has been shown to increase lactate production, however,
the mechanism has only recently been uncovered [79,80]. Zhao et al. demonstrated ErbB2 upregulates expression
of the transcription factor heat shock factor-1 (HSF1), which translocates to the nucleus and induces LDHA, but
not LDHB [80]. Targeting the ErbB2/HSF1 axis may provide a specifically exploitable avenue to inhibit LDHA in
breast cancer.

Krüppel-like factor 4 (KLF4) is a zinc-finger transcription factor reported to have tumor-suppressor activity
in several cancers [81]. KLF4 expression is negatively correlated with LDHA expression, and this relationship is
positively associated with tumor grade and stage [82]. Pancreatic cancer cell lines demonstrating low KLF4 (and thus
high LDHA) demonstrated increased aerobic glycolysis, which could be rescued by exogenous expression of KLF4.
KLF4 was shown to bind to two elements in the promoter of LDHA and negatively regulate its transcription [82],
providing another mechanism for suppression of glycolysis in cells.

14-3-3 is a family of ubiquitously expressed adaptor proteins, with apparently opposing effects on LDHA
and the metabolic recalibration of cancer [83]. These proteins are generally found to interact with amphipathic
surfaces containing a phospho-Ser/Thr and are thus implicated in regulation of protein function [84]. 14-3-3σ is
unique among family members for its noted tumor-suppressive ability as well as its structural distinction [85]. This
isoform is reported to stabilize p53 [86], and is frequently lost in cancer due to transcriptional repression or increased
degradation [87,88]. Indeed, loss of 14-3-3σ increased glucose uptake in HCT116 colorectal cancer cells, and induced
the c-Myc-responsive transcriptional program, including LDHA [83]. 14-3-3ζ, however, increases cAMP response
element-binding protein-mediated transcription of LDHA in human mammary epithelial cells [89]. This was shown
to be a direct consequence of RAF/MEK/ERK pathway activation, and inhibiting MEK/ERK attenuated LDHA
expression and tumor growth in these cells [89]. Subsequent research has shown that 14-3-3ζ is able to directly bind
to phosphorylated LDHA and protect it from ubiquitination and degradation [90]. Interestingly, this interaction
is regulated by the ubiquitin-binding protein CUEDC2, which stabilizes 14-3-3ζ [90]. Taken together, these data
suggest that upregulation of LDHA expression is part of a transcriptional program responsible for promoting and/or
sustaining oncogenesis. Additionally, the targeting of specific transcription factors with small-molecule inhibitors
may provide anticancer effects as a consequence of the downregulation of LDHA.

Post-transcriptional regulation
miRNAs are short, noncoding RNAs (18–25 bases) that bind to the 3′-untranslated region (3′-UTR) [87] of target
mRNA and regulate expression by modulating translation or inducing mRNA degradation. Since their discovery
in 1993, miRNAs have been implicated in the regulation of many disease processes, including glycolysis, and are
dysregulated across cancers. A detailed review has covered miRNA-mediated regulation of glycolytic enzymes as
well as signaling pathways that feed into glycolysis, such as mTOR, c-Myc and HIF [91]. However, more recent
research has identified roles for several miRNAs in the direct regulation of LDHA.

Bladder cancer is one of many malignancies that demonstrate upregulated LDHA expression. A binding site for
miR-200c has been identified within the 3′-UTR of LDHA, suggesting a role for miR-200c in the regulation of
LDHA expression and potentially glycolysis [92]. Previously, miR-200c was shown to play a role in epithelial-to-
mesenchymal transition and curiously, high expression of miR-200c is associated with poor prognosis in several
cancers [93]. Indeed, miR-200c is downregulated in bladder cancer, and restoring its levels decreases LDHA and
suppresses glycolytic activity, and consequently the proliferation and invasion of cultured bladder cancer cell
lines [92].

Though the term ‘tumor-suppressor’ generally refers to proteins, miR-449a is reported to have the characteristics
of a tumor suppressor [94]. Expression and activity of LDHA was found to be downregulated in response to miR-
449a expression in non-small-cell lung cancer cell lines [95]. This decrease in LDHA sensitized lung cancer cells
to ionizing radiation, suggesting LDHA-mediated cell proliferation confers a survival advantage lost upon LDHA
inhibition [95].

Six additional miRNAs capable of binding the 3′-UTR of LDHA have also been identified by target-prediction
(miR34a/c, miR-369-3p, miR-374a, miR-4524a/b) [96]. LDHA is downregulated by these miRNAs and their
expression is negatively correlated with that of LDHA in colorectal cancers. Cells re-expressing these miRNAs
also demonstrated decreased glycolytic activity and colorectal cancer xenograft growth, consistent with modulation
of LDHA [96]. Interestingly, a single point mutation was found in the 3′-UTR of LDHA in HCT116 colon
and BxPC3 pancreatic cancer cells as well as 4/30 colorectal cancer tissue samples. This mutation (rs18407893)
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abrogates binding of miR-374a [96], providing an intriguing explanation for the loss of control of LDHA in certain
cancers.

Downregulation or loss of miR-34a is a common feature of many tumor types [97], and is further compounded by
the revelation that miR-34a is responsive to the tumor-suppressor p53 [98]. In fact, it has been posited that miR-34a
is involved in maintenance of the p53 transcriptome, as they influence overlapping pathways such as DNA repair
and cell cycle progression [98]. Specifically, LDHA is a common target of both miR-34a and p53, with both factors
negatively regulating LDHA expression [70,99]. Taken together, these findings show loss of p53, miR-34a, or both
dramatically induce LDHA expression and promote the Warburg phenotype.

In a broader context, several miRNAs (including miR-92-1) have been reported to target and suppress the tumor-
suppressor VHL [100,101]. This stabilizes HIF-1α and induces LDHA transcription [100,101], as discussed earlier. These
miRNAs are demonstrated to be overexpressed in cancer [100], suggesting additional indirect mechanisms of LDHA
overexpression and regulation of metabolic transformation.

The regulation of LDHA appears to occur both at the transcriptional and post-transcriptional levels. It then
follows that regulation of the miRNAs and transcription factors themselves will indirectly govern LDHA expression,
but the complicated feedback mechanisms have yet to be fully deciphered.

Post-translational modifications
Modulating protein–protein interaction is a key mechanism in the regulation of signal transduction. This is of-
ten accomplished by post-translational modification, including phosphorylation, ubiquitination and acetylation
of individual amino acid residues. Consequently, these modifications alter the properties of the protein, com-
monly ligand binding, subcellular localization and affinity for its binding partners [102]. Several post-translational
modifications have been reported for LDHA, causing changes in its oligomeric state, stability and catalytic activity.

One commonly modified residue in proteins is lysine (Lys), which is subject to acetylation, ubiquitination and
SUMOylation. Acetylation at Lys5 induces degradation of LDHA, as ac-LDHA is a substrate for chaperone-
mediated autophagy via HSC70 [103]. Furthermore, independent of degradation, this acetylation decreases LDHA
catalytic activity. The histone deacetylase SIRT-2 reverses this modification and restores LDHA activity [103]. LDHA
harboring an acetylation-mimetic mutation at this position reduced growth, proliferation and migration of cultured
pancreatic cancer cells and mouse xenografts. Taken together, acetylation at Lys5 provides two-fold redundancy in
the suppression of LDHA [103].

Alternatively, tyrosine phosphorylation of LDHA is reported to increase its NADH binding and enzymatic
activity as well as promote tetramer formation. The first report of LDHA tyrosine phosphorylation demonstrated
the direct action of v-Src on LDHA-Tyr239 [104,105] with this phosphorylation inducing nuclear translocation
of LDHA where it associates with chromatin [106]. This interaction promotes a damage response transcriptional
program by increasing histone acetylation as a result of lactate-mediated histone deacetylase inhibition [107,108].
Subsequent work has shown FGF receptor 1 (FGFR1) directly phosphorylates Tyr10 and Tyr83 in LDHA and
induces phosphorylation of Tyr172 and Tyr239 [35]. Tyr83 is in close proximity to the nucleotide-binding domain of
LDHA, and its substitution to Phe abrogates NADH binding [35]. Tyr10 is located in the unstructured N-terminus
of LDHA, but not LDHB, and is reported to be involved in oligomeric assembly [12]. Indeed, phosphorylation of
this residue increases tetramer formation, while the tetrameric fraction of LDHA-Tyr10Phe phospho-null point
mutant is unchanged in the presence of FGFR1 [35]. Interestingly, this residue is also subject to phosphorylation
by ABL, JAK2, FLT3, HER2 and Src kinases, suggesting a common mechanism for LDHA activation in cancers
with unique-signaling deregulations [35,37]. Tyr10 was also found to be preferentially phosphorylated in cancer
cell lines, and expression of LDHA-Tyr10Phe decreased cancer cell proliferation as compared with wild-type
LDHA [35,109]. Functionally, expression of LDHA-Tyr10Phe in mouse xenografts of H1299 lung cancer cells
significantly reduced tumor burden, consistent with the observation that LDHA activity is critical to tumor
proliferation [110]. Additionally, FGFR1 or 2 expression in prostate cancer both phosphorylated and enhanced
LDHA, while suppressing LDHB by inducing promoter methylation, a consequence of downregulated TET DNA
demethylases [36]. Taken together, tyrosine phosphorylation of LDHA increases its enzymatic activity by enhancing
tetramerization and increasing cofactor association.

Extrinsic modulation of LDH
A large body of research suggests that LDHA is largely responsible for supporting the Warburg phenotype and
promoting cancer progression, likely due to its preference for pyruvate aligning with the intracellular abun-
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dance [58,79,111–115]. However, despite the noted absence of LDHB in some cancers [55], and the reported finding
that LDHB deletion can increase tumorigenicity in cancer [36], there does appear to be a role for LDHB in the
maintenance and progression of malignancies [116,117]. Perhaps this phenomenon is a consequence of reuptake
and metabolism of secreted so-called ‘waste’ lactate, the preferred substrate of LDHB [118,119]. In fact, conflicting
reports imply cotargeting LDHA and LDHB is necessary to affect the proliferation of a subset of tumors [120,121].
In contrast, it has been found that the activity of LDHA, but not LDHB, is correlated with aggressiveness of tumor
growth [110,122]. Knockdown of LDHA attenuates tumor growth in vitro [113] and in xenograft models of mouse
mammary tumors and hereditary leiomyomatosis and renal cell cancer [79,123]. Furthermore, high expression of
LDHA is correlated with poor survival in cancers [124,125]. Inhibition of LDHA has been demonstrated to both
induce a return to oxidative phosphorylation (metabolic flexibility) [126] as well as apoptosis [35], a result of the
unchecked production of mitochondrial reactive oxygen species. Taken together, it appears that the majority of
cancers rely primarily on LDHA.

Small-molecule inhibitors of LDHA
The detailed knowledge of LDHA structure has led to the discovery and development of several small-molecule in-
hibitors competitive with nucleotide and/or substrate (Figure 5) [127–131]. Despite the existence of several promising
preclinical inhibitors of LDH, there have been no clinical trials initiated based on these lead compounds. Inhibitors
have shown limited in vivo efficacy, and because LDHA and LDHB are very structurally similar, often target
both isoforms of LDH [132]. Interestingly, the observed differences in catalytic activity between LDH isozymes are
thought to be the result of altered surface electrostatic interactions. In fact, the pKa of the critical active site His193
increases from 7.3 in LDHA (likely protonated at physiologic pH) to 8.3 in LDHB (nonprotonated), representing
a potentially exploitable distinction for rational design of LDHA-specific inhibitors [12].

The earliest described inhibitor is the substrate-analog oxamate [3]. This compound has been demonstrated
to induce apoptosis or senescence through the inhibition of LDH in non-small-cell lung cancer [133], pancreatic
cancer [134] and hepatocellular carcinoma [135], but is a low-affinity, nonselective inhibitor [126]. Another substrate-
competitive inhibitor class, the 2-amino-5-aryl-pyrazines, demonstrate a modest preference for LDHA over LDHB,
but have yet to be evaluated in a cell-based assay [136]. A more thoroughly characterized inhibitor, 1-(phenylseleno)-
4-(trifluoromethyl) benzene, demonstrated the ability to specifically inhibit cell viability in a panel of cancer
cell lines (IC50: 45–84 μM) [137], and is currently under development. Two other substrate-competitive LDHA
inhibitors have been gleaned and optimized from high-throughput screening, compound 9 and compound 24c,
which have been found to be efficacious in prostate and lung cancers (compound 9) and osteosarcoma (compound
24c) [138,139].

Early nucleotide-competitive inhibitors such as gossypol and its derivatives are nonselective and are plagued by
off-target toxicity [140–143]. Arguably the most successful inhibitor to date, FX11 has shown anticancer activity in
lymphoma [110], pediatric osteosarcoma [58] and prostate cancer [114]. Despite these preliminary results, off-target
interactions have scuttled the continued development of this inhibitor scaffold [50,127]. Quinoline-3-sulfonamides
have shown some preclinical utility and are highly selective for LDHA, though their pharmacokinetic properties
render them unsuitable for in vivo dosing [117].

Inhibitors simultaneously competitive with both substrate and cofactor have also been developed. GNE-140
inhibits LDHA in this manner in pancreatic cancer cells, however, continuous dosing is required to induce
apoptosis [126]. Acquired resistance to GNE-140 is abolished by the AMPK inhibitor phenformin, suggesting
metabolic flexibility and a return to oxidative phosphorylation in this system [126]. This phenomenon was similarly
reported under oxamate inhibition [144]. Encouragingly, NHI-1 and NHI-2 demonstrate moderate selectivity for
LDHA over LDHB and have antiproliferative effects in pancreatic cancer [145–148]. In 2017, a class of pyrazole-
based inhibitors were characterized, yielding the noteworthy compound 63, capable of inhibiting LDHA in cells
at nanomolar concentrations. Further optimizations are ongoing to prepare compound 63 for in vivo studies
(Table 1) [132]. Interestingly, inhibitory peptides that block the tetramerization of LDHA have recently been
developed. These peptides have not yet been tested in cultured cells, though specific disruption of the LDHA
tetramer is likely to be both a feasible (due to the divergent sequences of the N-termini of LDHA and LDHB [5])
and successful therapeutic strategy, as discussed earlier [149].

Development of an LDHA-specific inhibitor is a clinical necessity, as LDHB is the dominant isoform in heart
muscle and its inhibition could prove problematic, as cardiotoxicity dooms many promising candidate drugs [129,150].

10.4155/fmc-2019-0287 Future Med. Chem. (Epub ahead of print) future science group



Structural & functional regulation of lactate dehydrogenase-A in cancer Review

H
2
N

O

O

ONa

H

F

H

H

O
O

O
N

N

O

O
Se

CF
3

N

N

NH
2

NH

Cl

HO

O

N

O

OH

N

O

O

Oxamate Compound 24c

Compound 9

PSTMB

2-amino-5-aryl-pyrazine*

S
u

b
s

tr
a

te

B
in

d
in

g
 S

it
e

C
o

-F
a

c
to

r
S

u
b

s
tr

a
te

 a
n

d
 C

o
-F

a
c

to
r

*Combination of the most potent structure features

Gossypol FX11 Quinoline-3-sulfonamide

GNE-140

NHI-1

NHI-2 Compound 63

HO

HO

O H
OH

OH

OHO

H

HO

COO-

HO

HO

N N

N

HN

CO
2
H

O

F

F

OMeMeO

S

H
N

O

O

Cl

S
NH

HO

O

S

N

O CF
3

N

OH

O

O H

CF
3

N

OH

O

O CH
3

N

N

S

N

OH

O
S

H
2
N

O

O

Figure 5. Structures of LDHA inhibitors. LDHA inhibitors divided according to mode of inhibition. Top: substrate-competitive; Middle:
cofactor-competitive; Bottom: inhibitors that compete by occupying all or part of both binding sites.
PSTMB: 1-(phenylseleno)-4-(trifluoromethyl) benzene.

In the absence of an efficacious, well-tolerated LDHA-specific inhibitor, a detailed understanding of signals into
LDH is required to develop targets for coinhibition strategies.

Conclusion
The vast scope of regulatory strategies employed in the suppression of glycolysis, and specifically LDHA, illuminate
the critical importance of metabolic control. At steady state, repression of LDHA promotes oxidative phosphoryla-
tion, maintaining metabolic homeostasis. The accumulation of insults in cancer gradually shifts cells to a reliance
on glycolysis, and ultimately unrestrained LDHA activity. This progressive deregulation supports a hypertrophic,
oncogenic signaling profile (Figure 6). Inhibition of LDHA is detrimental to cancer cell growth and proliferation,
therefore it stands to reason that regaining control of LDHA activity is of paramount importance.
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Table 1. Summary of LDHA inhibitor characteristics.
Inhibitor Preclinical models Lactate

production
ECAR Viabil. ROS Migrat. Apop. Continued

development
Ref.

Oxamate NSCLC, prostate cancer ↓ – ↓ ↑ – ↑ N [133–135]

2-amino-5-aryl-
pyrazine

In vitro ↓ – – – – – Y [136]

Compound 24c Prostate cancer – – – – – ↑ Y [138]

Compound 9 Osteosarcoma ↓ ↓ ↓ ↑ – – Y [139]

PSTMB Colon cancer – – ↓ ↑ – ↑ Y [137]

Gossypol Pulmonary fibrosis ↓ ↓ ↓ – – – N [143]

FX11 Prostate cancer,
lymphoma, osteosarcoma

– – ↓ – ↓ ↑ N [58,110,114]

Quinoline-3-
sulfonamide

Hepatocellular carcinoma ↓ ↓ ↓ – – – Y [117]

GNE-140 Prostate cancer, colon
adenocarcinoma

↓ ↓ ↓ – – – N [120,126]

NHI-1/2 PDAC – – ↓ – ↓ ↑ Y [144]

Compound 63 Prostate cancer, sarcoma – ↓ ↓ – – – Y [132]

Characterization of identified LDHA inhibitors, including cellular validations and development status. Downward-pointing arrows denote a decrease in the assay readout, upward-
pointing arrows denote an increase.
ECAR: Extracellular acidification rate; NSCLC: Non-small-cell lung cancer; PDAC: Pancreatic ductal adenocarcinoma; PSTMB: 1-(phenylseleno)-4-(trifluoromethyl) benzene; ROS:
Reactive oxidative species.
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Figure 6. Molecular mechanisms of LDHA regulation. Transcription of LDHA in the nucleus is influenced by
methylation and transcription factor binding. LDHA translation is affected by miRNAs. Post-translational regulation
further governs LDHA protein activity. Hyperactive LDHA generates lactate, which is involved in cancer progression.
The effect of various cellular regulatory mechanisms on LDHA is represented by green arrows (increased) or red
arrows (decreased).
HIF: Hypoxia-inducible factor.

Future perspective
With the adoption of large-scale proteomics and genome-wide association studies, cellular signaling networks
have become ever more entangled. As evidenced by this review, numerous overlapping signaling inputs contribute
to the regulation of one well-understood enzymatic process. Accordingly, the search for new therapeutic targets
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should begin with a comprehensive understanding of the regulation of these fundamental metabolic cycles. LDHA is
regulated during transcription, post-transcriptional processing, and post-translational modification. The responsible
proteins, as well as downstream effectors (such as those induced by lactate accumulation) should be examined as
secondary therapeutic targets to short-circuit pro-survival signals in adaptable diseases such as cancer.

Executive summary

Background
• Cellular metabolism is an adaptable process responsible for generating the energy currency ATP. The two primary

metabolic activities are cytosolic glycolysis and mitochondrial oxidative phosphorylation. Lactate dehydrogenase
(LDH) catalyzes the NADH-dependent interconversion of pyruvate and lactate in the terminal step of glycolysis.

Lactate dehydrogenase
• LDHA and LDHB are the two primary isozymes of LDH. LDHA and LDHB can form mixed dimers and tetramers,

with subunit composition influencing activity. LDHA favors lactate production, while LDHB primarily generates
pyruvate.

Warburg effect
• Despite the presence of oxygen and functional mitochondria, cancers commonly undergo a metabolic shift from

oxidative phosphorylation to glycolysis known as the Warburg effect. In the absence of oxidative
phosphorylation, LDHA activity is required to fuel glycolysis through the generation of NAD+. LDHA is thus
essential to maintain the Warburg effect.

Functional regulation of LDH
• Transcriptional, post-transcriptional and post-translational regulation of LDHA modulate its expression and

activity. Reduction of LDHA in Warburg-shifted cancer cells induces apoptosis, validating LDHA as a therapeutic
target. Despite this, small-molecule inhibitors of LDHA have had limited clinical success. Understanding the effect
of cellular regulatory strategies of LDHA expression and activity provides a potential avenue to more efficacious
inhibition of LDHA.
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8. Adams MJ, McPherson A Jr, Rossmann MG, Schevitz RW, Wonacott AJ. The structure of the nicotinamide-adenine dinucleotide
coenzyme when bound to lactate dehydrogenase. J. Mol. Biol. 51(1), 31–38 (1970).

9. Haas DJ, Rossmann MG. Crystallographic studies on lactate dehydrogenase at -75 degrees C. Acta Crystallogr. B. 26(7), 998–1004
(1970).

future science group 10.4155/fmc-2019-0287



Review Woodford, Chen, Backe, Bratslavsky & Mollapour

10. Shin WH, Kihara D. 55 Years of the Rossmann fold. Methods Mol. Biol. 1958, 1–13 (2019).

11. Abad-Zapatero C, Griffith JP, Sussman JL, Rossmann MG. Refined crystal structure of dogfish M4 apo-lactate dehydrogenase. J. Mol.
Biol. 198(3), 445–467 (1987).

12. Read JA, Winter VJ, Eszes CM, Sessions RB, Brady RL. Structural basis for altered activity of M- and H-isoenzyme forms of human
lactate dehydrogenase. Proteins 43(2), 175–185 (2001).

13. Qiu L, Gulotta M, Callender R. Lactate dehydrogenase undergoes a substantial structural change to bind its substrate. Biophys. J. 93(5),
1677–1686 (2007).

14. Hart KW, Clarke AR, Wigley DB et al. The importance of arginine 171 in substrate binding by Bacillus stearothermophilus lactate
dehydrogenase. Biochem. Biophys. Res. Commun. 146(1), 346–353 (1987).

15 . Hart KW, Clarke AR, Wigley DB et al. A strong carboxylate–arginine interaction is important in substrate orientation and recognition
in lactate dehydrogenase. Biochim. Biophys. Acta 914(3), 294–298 (1987).

16. Peng HL, Deng H, Dyer RB, Callender R. Energy landscape of the Michaelis complex of lactate dehydrogenase: relationship to catalytic
mechanism. Biochemistry 53(11), 1849–1857 (2014).

17. Waldman AD, Hart KW, Clarke AR et al. The use of genetically engineered tryptophan to identify the movement of a domain of B.
stearothermophilus lactate dehydrogenase with the process which limits the steady-state turnover of the enzyme. Biochem. Biophys. Res.
Commun. 150(2), 752–759 (1988).

18. Dempster S, Harper S, Moses JE, Dreveny I. Structural characterization of the apo form and NADH binary complex of human lactate
dehydrogenase. Acta Crystallogr. D Biol. Crystallogr. 70(Pt 5), 1484–1490 (2014).

19. Swiderek K, Paneth P. Differences and similarities in binding of pyruvate and L-lactate in the active site of M4 and H4 isoforms of
human lactate dehydrogenase. Arch. Biochem. Biophys. 505(1), 33–41 (2011).

20. Swiderek K, Tunon I, Marti S, Moliner V. Protein conformational landscapes and catalysis. influence of active site conformations in the
reaction catalyzed by L-lactate dehydrogenase. ACS Catal. 5(4), 1172–1185 (2015).

21. Clarke AR, Wigley DB, Chia WN, Barstow D, Atkinson T, Holbrook JJ. Site-directed mutagenesis reveals role of mobile arginine
residue in lactate dehydrogenase catalysis. Nature 324(6098), 699–702 (1986).

22. Dunn CR, Wilks HM, Halsall DJ et al. Design and synthesis of new enzymes based on the lactate dehydrogenase framework. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 332(1263), 177–184 (1991).

23. Kedzierski P, Moreton K, Clarke AR, Holbrook JJ. The A245K mutation exposes another stage of the bacterial L-lactate dehydrogenase
reaction mechanism. Biochemistry 40(24), 7247–7252 (2001).

24. Doherty JR, Cleveland JL. Targeting lactate metabolism for cancer therapeutics. J. Clin. Invest. 123(9), 3685–3692 (2013).

25. Faubert B, Li KY, Cai L et al. Lactate metabolism in human lung tumors. Cell 171(2), 358–371.e359 (2017).

26. Hui S, Ghergurovich JM, Morscher RJ et al. Glucose feeds the TCA cycle via circulating lactate. Nature 551(7678), 115–118 (2017).

27. Girg R, Rudolph R, Jaenicke R. The dimeric intermediate on the pathway of reconstitution of lactate dehydrogenase is enzymatically
active. FEBS Lett. 163(1), 132–135 (1983).

28. Hathaway G, Criddle RS. Substrate-dependent association of lactic dehydrogenase subunits to active tetramer. Proc. Natl Acad. Sci. USA
56(2), 680–685 (1966).

29. Yamamoto S. H4-isozyme of lactate dehydrogenase in the solution of sodium chloride–II. The effect of ADP-ribose on the molecular
weight. Int. J. Biochem. 14(10), 871–874 (1982).

30. Yamamoto S, Nakano E. H4-isozyme of lactate dehydrogenase in a solution of sodium chloride-I. The molecular weight of H4-lactate
dehydrogenase in relation to sodium chloride concentration, enzyme concentration and temperature. Int. J. Biochem. 14(3), 159–163
(1982).

31. Girg R, Jaenicke R, Rudolph R. Dimers of porcine skeletal muscle lactate dehydrogenase produced by limited proteolysis during
reassociation are enzymatically active in the presence of stabilizing salt. Biochem. Int. 7(4), 433–441 (1983).

32. Yamamoto S, Storey KB. Dissociation-association of lactate dehydrogenase isozymes: influences on the formation of tetramers versus
dimers of M4-LDH and H4-LDH. Int. J. Biochem. 20(11), 1261–1265 (1988).

33. Yamamoto S, Storey KB. Influence of glycerol on the activity and tetramer-dimer state of lactate dehydrogenase isozymes. Int. J. Biochem.
20(11), 1267–1271 (1988).

34. Markert CL, Moller F. Multiple forms of enzymes: tissue, ontogenetic, and species specific patterns. Proc. Natl Acad. Sci. USA 45(5),
753–763 (1959).

35. Fan J, Hitosugi T, Chung TW et al. Tyrosine phosphorylation of lactate dehydrogenase A is important for NADH/NAD(+) redox
homeostasis in cancer cells. Mol. Cell. Biol. 31(24), 4938–4950 (2011).

36. Liu J, Chen G, Liu Z et al. Aberrant FGFR tyrosine kinase signaling enhances the Warburg effect by reprogramming LDH isoform
expression and activity in prostate cancer. Cancer Res. 78(16), 4459–4470 (2018).

10.4155/fmc-2019-0287 Future Med. Chem. (Epub ahead of print) future science group



Structural & functional regulation of lactate dehydrogenase-A in cancer Review

37. Jin L, Chun J, Pan C et al. Phosphorylation-mediated activation of LDHA promotes cancer cell invasion and tumour metastasis.
Oncogene 36(27), 3797–3806 (2017).

38. Singh SN, Kanungo MS. Alterations in lactate dehydrogenase of the brain, heart, skeletal muscle, and liver of rats of various ages. J. Biol.
Chem. 243(17), 4526–4529 (1968).

39. Fountain JA, Parks ME, Dickey A, McKee RW. Lactate dehydrogenase isoenzymes in tissues of normal and Ehrlich-Lettre ascites
tumor-bearing Swiss mice. Cancer Res. 30(4), 998–1002 (1970).

40. Thomas K, Del Mazo J, Eversole P et al. Developmental regulation of expression of the lactate dehydrogenase (LDH) multigene family
during mouse spermatogenesis. Development 109(2), 483–493 (1990).

41. Holloszy JO, Coyle EF. Adaptations of skeletal muscle to endurance exercise and their metabolic consequences. J. Appl. Physiol. Respir.
Environ. Exerc. Physiol. 56(4), 831–838 (1984).

42. Theret M, Gsaier L, Schaffer B et al. AMPKalpha1-LDH pathway regulates muscle stem cell self-renewal by controlling metabolic
homeostasis. EMBO J. 36(13), 1946–1962 (2017).

43. Stark H, Fichtner M, Konig R, Lorkowski S, Schuster S. Causes of upregulation of glycolysis in lymphocytes upon stimulation. A
comparison with other cell types. Biochimie 118, 185–194 (2015).

44. Porporato PE, Filigheddu N, Pedro JMB, Kroemer G, Galluzzi L. Mitochondrial metabolism and cancer. Cell Res. 28(3), 265–280
(2018).

45. Shuch B, Linehan WM, Srinivasan R. Aerobic glycolysis: a novel target in kidney cancer. Expert Rev. Anticancer Ther. 13(6), 711–719
(2013).

46. Lee CT, Ussher JR, Mohammad A, Lam A, Lopaschuk GD. 5’-AMP-activated protein kinase increases glucose uptake independent of
GLUT4 translocation in cardiac myocytes. Can. J. Physiol. Pharmacol. 92(4), 307–314 (2014).

47 . Senyilmaz D, Teleman AA. Chicken or the egg: Warburg effect and mitochondrial dysfunction. F1000Prime Rep. 7, 41 (2015).

48. Koh MY, Powis G. Passing the baton: the HIF switch. Trends Biochem. Sci. 37(9), 364–372 (2012).

49. Riddle SR, Ahmad A, Ahmad S et al. Hypoxia induces hexokinase II gene expression in human lung cell line A549. Am. J. Physiol. Lung
Cell. Mol. Physiol. 278(2), L407–L416 (2000).

50. El Hassouni B, Granchi C, Valles-Marti A et al. The dichotomous role of the glycolytic metabolism pathway in cancer metastasis:
interplay with the complex tumor microenvironment and novel therapeutic strategies. Semin. Cancer Biol. (2019) (In Press).

51. Christofk HR, Vander Heiden MG, Harris MH et al. The M2 splice isoform of pyruvate kinase is important for cancer metabolism and
tumour growth. Nature 452(7184), 230–233 (2008).

52. Smith ZD, Meissner A. DNA methylation: roles in mammalian development. Nat. Rev. Genet. 14(3), 204–220 (2013).

53. Bonny C, Goldberg E. The CpG-rich promoter of human LDH-C is differentially methylated in expressing and nonexpressing tissues.
Dev. Genet. 16(2), 210–217 (1995).

54. Maekawa M, Inomata M, Sasaki MS et al. Electrophoretic variant of a lactate dehydrogenase isoenzyme and selective promoter
methylation of the LDHA gene in a human retinoblastoma cell line. Clin. Chem. 48(11), 1938–1945 (2002).

55. Maekawa M, Taniguchi T, Ishikawa J, Sugimura H, Sugano K, Kanno T. Promoter hypermethylation in cancer silences LDHB,
eliminating lactate dehydrogenase isoenzymes 1–4. Clin. Chem. 49(9), 1518–1520 (2003).

56. Lee TI, Young RA. Transcriptional regulation and its misregulation in disease. Cell 152(6), 1237–1251 (2013).

57. Dengler VL, Galbraith M, Espinosa JM. Transcriptional regulation by hypoxia inducible factors. Crit. Rev. Biochem. Mol. Biol. 49(1),
1–15 (2014).

58. Gao S, Tu DN, Li H et al. Pharmacological or genetic inhibition of LDHA reverses tumor progression of pediatric osteosarcoma.
Biomed. Pharmacother. 81, 388–393 (2016).

59. Gossage L, Eisen T, Maher ER. VHL, the story of a tumour suppressor gene. Nat. Rev. Cancer 15(1), 55–64 (2015).

60. Firth JD, Ebert BL, Ratcliffe PJ. Hypoxic regulation of lactate dehydrogenase A. Interaction between hypoxia-inducible factor 1 and
cAMP response elements. J. Biol. Chem. 270(36), 21021–21027 (1995).

61. Cui XG, Han ZT, He SH et al. HIF1/2alpha mediates hypoxia-induced LDHA expression in human pancreatic cancer cells. Oncotarget
8(15), 24840–24852 (2017).

62. Semenza GL, Jiang BH, Leung SW et al. Hypoxia response elements in the aldolase A, enolase 1, and lactate dehydrogenase A gene
promoters contain essential binding sites for hypoxia-inducible factor 1. J. Biol. Chem. 271(51), 32529–32537 (1996).

63. Populo H, Lopes JM, Soares P. The mTOR signalling pathway in human cancer. Int. J. Mol. Sci. 13(2), 1886–1918 (2012).

64. Land SC, Tee AR. Hypoxia-inducible factor 1alpha is regulated by the mammalian target of rapamycin (mTOR) via an mTOR signaling
motif. J. Biol. Chem. 282(28), 20534–20543 (2007).

65. Zhu W, Ma L, Qian J et al. The molecular mechanism and clinical significance of LDHA in HER2-mediated progression of gastric
cancer. Am. J. Transl. Res. 10(7), 2055–2067 (2018).

future science group 10.4155/fmc-2019-0287



Review Woodford, Chen, Backe, Bratslavsky & Mollapour

66. Manerba M, Di Ianni L, Govoni M, Comparone A, Di Stefano G. The activation of lactate dehydrogenase induced by mTOR drives
neoplastic change in breast epithelial cells. PLoS ONE 13(8), e0202588 (2018).

67. Toufektchan E, Toledo F. The guardian of the genome revisited: p53 downregulates genes required for telomere maintenance, DNA
repair, and centromere structure. Cancers (Basel) 10(5), 1–15 (2018).

68. Bertheau P, Lehmann-Che J, Varna M et al. p53 in breast cancer subtypes and new insights into response to chemotherapy. Breast
22(Suppl. 2), S27–S29 (2013).

69. Ecke TH, Schlechte HH, Schiemenz K et al. TP53 gene mutations in prostate cancer progression. Anticancer Res. 30(5), 1579–1586
(2010).

70. Zhou Y, Niu W, Luo Y et al. p53/Lactate dehydrogenase A axis negatively regulates aerobic glycolysis and tumor progression in breast
cancer expressing wild-type p53. Cancer Sci. 110(3), 939–949 (2019).

71. Chen H, Liu H, Qing G. Targeting oncogenic Myc as a strategy for cancer treatment. Signal. Transduct. Target. Ther. 3, 5 (2018).

72. Shim H, Dolde C, Lewis BC et al. c-Myc transactivation of LDH-A: implications for tumor metabolism and growth. Proc. Natl Acad.
Sci. USA 94(13), 6658–6663 (1997).

73. Qiu H, Jackson AL, Kilgore JE et al. JQ1 suppresses tumor growth through downregulating LDHA in ovarian cancer. Oncotarget 6(9),
6915–6930 (2015).

74. Cui J, Shi M, Xie D et al. FOXM1 promotes the warburg effect and pancreatic cancer progression via transactivation of LDHA
expression. Clin. Cancer Res. 20(10), 2595–2606 (2014).

75. Huang C, Qiu Z, Wang L et al. A novel FoxM1-caveolin signaling pathway promotes pancreatic cancer invasion and metastasis. Cancer
Res. 72(3), 655–665 (2012).

76. Kong X, Li L, Li Z et al. Dysregulated expression of FOXM1 isoforms drives progression of pancreatic cancer. Cancer Res. 73(13),
3987–3996 (2013).

77. Davis DB, Lavine JA, Suhonen JI et al. FoxM1 is up-regulated by obesity and stimulates beta-cell proliferation. Mol. Endocrinol. 24(9),
1822–1834 (2010).

78. Krishnamurti U, Silverman JF. HER2 in breast cancer: a review and update. Adv. Anat. Pathol. 21(2), 100–107 (2014).

79. Fantin VR, St-Pierre J, Leder P. Attenuation of LDH-A expression uncovers a link between glycolysis, mitochondrial physiology, and
tumor maintenance. Cancer Cell 9(6), 425–434 (2006).

80. Zhao YH, Zhou M, Liu H et al. Upregulation of lactate dehydrogenase A by ErbB2 through heat shock factor 1 promotes breast cancer
cell glycolysis and growth. Oncogene 28(42), 3689–3701 (2009).

81. Rowland BD, Bernards R, Peeper DS. The KLF4 tumour suppressor is a transcriptional repressor of p53 that acts as a context-dependent
oncogene. Nat. Cell Biol. 7(11), 1074–1082 (2005).

82. Shi M, Cui J, Du J et al. A novel KLF4/LDHA signaling pathway regulates aerobic glycolysis in and progression of pancreatic cancer.
Clin. Cancer Res. 20(16), 4370–4380 (2014).

83 . Phan L, Chou PC, Velazquez-Torres G et al. The cell cycle regulator 14-3-3sigma opposes and reverses cancer metabolic reprogramming.
Nat. Commun. 6, 7530 (2015).

84. Thomas D, Guthridge M, Woodcock J, Lopez A. 14-3-3 protein signaling in development and growth factor responses. Curr. Top. Dev.
Biol. 67, 285–303 (2005).

85 . Wilker EW, Grant RA, Artim SC, Yaffe MB. A structural basis for 14-3-3sigma functional specificity. J. Biol. Chem. 280(19),
18891–18898 (2005).

86 . Lee MH, Lozano G. Regulation of the p53-MDM2 pathway by 14-3-3sigma and other proteins. Semin. Cancer Biol. 16(3), 225–234
(2006).

87 . Ferguson AT, Evron E, Umbricht CB et al. High frequency of hypermethylation at the 14-3-3sigma locus leads to gene silencing in
breast cancer. Proc. Natl Acad. Sci. USA 97(11), 6049–6054 (2000).

88 . Urano T, Saito T, Tsukui T et al. Efp targets 14-3-3sigma for proteolysis and promotes breast tumour growth. Nature 417(6891),
871–875 (2002).

89 . Chang CC, Zhang C, Zhang Q et al. Upregulation of lactate dehydrogenase a by 14-3-3zeta leads to increased glycolysis critical for
breast cancer initiation and progression. Oncotarget 7(23), 35270–35283 (2016).

90. Zhong X, Tian S, Zhang X et al. CUE domain-containing protein 2 promotes the Warburg effect and tumorigenesis. EMBO Rep. 18(5),
809–825 (2017).

91. Singh PK, Mehla K, Hollingsworth MA, Johnson KR. Regulation of aerobic glycolysis by microRNAs in cancer. Mol. Cell. Pharmacol.
3(3), 125–134 (2011).

92. Yuan D, Zheng S, Wang L et al. MiR-200c inhibits bladder cancer progression by targeting lactate dehydrogenase A. Oncotarget 8(40),
67663–67669 (2017).

10.4155/fmc-2019-0287 Future Med. Chem. (Epub ahead of print) future science group



Structural & functional regulation of lactate dehydrogenase-A in cancer Review

93. Kumar S, Nag A, Mandal CC. A comprehensive review on miR-200c, a promising cancer biomarker with therapeutic potential. Curr.
Drug Targets 16(12), 1381–1403 (2015).

94. Luo W, Huang B, Li Z et al. MicroRNA-449a is downregulated in non-small cell lung cancer and inhibits migration and invasion by
targeting c-Met. PLoS ONE 8(5), e64759 (2013).

95 . Li L, Liu H, Du L et al. miR-449a suppresses LDHA-mediated glycolysis to enhance the sensitivity of non-small-cell lung cancer cells to
ionizing radiation. Oncol. Res. 26(4), 547–556 (2018).

96. Wang J, Wang H, Liu A, Fang C, Hao J, Wang Z. Lactate dehydrogenase A negatively regulated by miRNAs promotes aerobic glycolysis
and is increased in colorectal cancer. Oncotarget 6(23), 19456–19468 (2015).

97. Hermeking H. The miR-34 family in cancer and apoptosis. Cell. Death Differ. 17(2), 193–199 (2010).

98. Chang TC, Wentzel EA, Kent OA et al. Transactivation of miR-34a by p53 broadly influences gene expression and promotes apoptosis.
Mol. Cell. 26(5), 745–752 (2007).

99. Xiao X, Huang X, Ye F et al. The miR-34a-LDHA axis regulates glucose metabolism and tumor growth in breast cancer. Sci. Rep. 6,
21735 (2016).

100. Chow TF, Youssef YM, Lianidou E et al. Differential expression profiling of microRNAs and their potential involvement in renal cell
carcinoma pathogenesis. Clin. Biochem. 43(1–2), 150–158 (2010).

101. Ghosh AK, Shanafelt TD, Cimmino A et al. Aberrant regulation of pVHL levels by microRNA promotes the HIF/VEGF axis in CLL B
cells. Blood 113(22), 5568–5574 (2009).

102. Vu LD, Gevaert K, De Smet I. Protein language: post-translational modifications talking to each other. Trends Plant. Sci. 23(12),
1068–1080 (2018).

103. Zhao D, Zou SW, Liu Y et al. Lysine-5 acetylation negatively regulates lactate dehydrogenase A and is decreased in pancreatic cancer.
Cancer Cell 23(4), 464–476 (2013).

104. Cooper JA, Esch FS, Taylor SS, Hunter T. Phosphorylation sites in enolase and lactate dehydrogenase utilized by tyrosine protein kinases
in vivo and in vitro. J. Biol. Chem. 259(12), 7835–7841 (1984).

105. Cooper JA, Reiss NA, Schwartz RJ, Hunter T. Three glycolytic enzymes are phosphorylated at tyrosine in cells transformed by Rous
sarcoma virus. Nature 302(5905), 218–223 (1983).

106. Zhong X, Howard B. Phosphotyrosine-containing lactate dehydrogenase is restricted to the nuclei of PC12 pheochromocytoma
cells. Mol. Cell. Biol. 10(2), 770–776 (1990).

107. Ferriero R, Nusco E, De Cegli R, Carissimo A, Manco G, Brunetti-Pierri N. Pyruvate dehydrogenase complex and lactate dehydrogenase
are targets for therapy of acute liver failure. J. Hepatol. 69(2), 325–335 (2018).

108. Latham T, Mackay L, Sproul D et al. Lactate, a product of glycolytic metabolism, inhibits histone deacetylase activity and promotes
changes in gene expression. Nucleic Acids Res. 40(11), 4794–4803 (2012).

109. Kachel P, Trojanowicz B, Sekulla C, Prenzel H, Dralle H, Hoang-Vu C. Phosphorylation of pyruvate kinase M2 and lactate
dehydrogenase A by fibroblast growth factor receptor 1 in benign and malignant thyroid tissue. BMC Cancer 15, 140 (2015).

110. Le A, Cooper CR, Gouw AM et al. Inhibition of lactate dehydrogenase A induces oxidative stress and inhibits tumor progression. Proc.
Natl Acad. Sci. USA 107(5), 2037–2042 (2010).

111. Pathria G, Scott DA, Feng Y et al. Targeting the Warburg effect via LDHA inhibition engages ATF4 signaling for cancer cell
survival. EMBO J. 37(20), 1–17 (2018).

112. Rong Y, Wu W, Ni X et al. Lactate dehydrogenase A is overexpressed in pancreatic cancer and promotes the growth of pancreatic cancer
cells. Tumour Biol. 34(3), 1523–1530 (2013).

113. Wang X, Xu L, Wu Q et al. Inhibition of LDHA deliver potential anticancer performance in renal cell carcinoma. Urol. Int. 99(2),
237–244 (2017).

114. Xian ZY, Liu JM, Chen QK et al. Inhibition of LDHA suppresses tumor progression in prostate cancer. Tumour Biol. 36(10),
8093–8100 (2015).

115. Li J, Zhu S, Tong J et al. Suppression of lactate dehydrogenase A compromises tumor progression by downregulation of the Warburg
effect in glioblastoma. Neuroreport 27(2), 110–115 (2016).

116. Brisson L, Banski P, Sboarina M et al. Lactate dehydrogenase B controls lysosome activity and autophagy in cancer. Cancer Cell 30(3),
418–431 (2016).

117. Billiard J, Dennison JB, Briand J et al. Quinoline 3-sulfonamides inhibit lactate dehydrogenase A and reverse aerobic glycolysis in cancer
cells. Cancer Metab. 1(1), 19 (2013).

118. McCleland ML, Adler AS, Shang Y et al. An integrated genomic screen identifies LDHB as an essential gene for triple-negative breast
cancer. Cancer Res. 72(22), 5812–5823 (2012).

119. Zha X, Wang F, Wang Y et al. Lactate dehydrogenase B is critical for hyperactive mTOR-mediated tumorigenesis. Cancer Res. 71(1),
13–18 (2011).

future science group 10.4155/fmc-2019-0287



Review Woodford, Chen, Backe, Bratslavsky & Mollapour

120. Zdralevic M, Brand A, Di Ianni L et al. Double genetic disruption of lactate dehydrogenases A and B is required to ablate the “Warburg
effect” restricting tumor growth to oxidative metabolism. J. Biol. Chem. 293(41), 15947–15961 (2018).

121. Valvona CJ, Fillmore HL. Oxamate, but not selective targeting of LDH-A, inhibits medulloblastoma cell glycolysis, growth and
motility. Brain Sci. 8(4), 1–12 (2018).

122. Girgis H, Masui O, White NM et al. Lactate dehydrogenase A is a potential prognostic marker in clear cell renal cell carcinoma. Mol.
Cancer 13, 101 (2014).

123. Xie H, Valera VA, Merino MJ et al. LDH-A inhibition, a therapeutic strategy for treatment of hereditary leiomyomatosis and renal cell
cancer. Mol. Cancer Ther. 8(3), 626–635 (2009).

124. Yu C, Hou L, Cui H et al. LDHA upregulation independently predicts poor survival in lung adenocarcinoma, but not in lung squamous
cell carcinoma. Future Oncol. 14(24), 2483–2492 (2018).

125. Dorneburg C, Fischer M, Barth TFE et al. LDHA in neuroblastoma is associated with poor outcome and its depletion decreases
neuroblastoma growth independent of aerobic glycolysis. Clin. Cancer Res. 24(22), 5772–5783 (2018).

126. Boudreau A, Purkey HE, Hitz A et al. Metabolic plasticity underpins innate and acquired resistance to LDHA inhibition. Nat. Chem.
Biol. 12(10), 779–786 (2016).

127. Granchi C, Paterni I, Rani R, Minutolo F. Small-molecule inhibitors of human LDH5. Future Med. Chem. 5(16), 1967–1991 (2013).

128. Kolappan S, Shen DL, Mosi R et al. Structures of lactate dehydrogenase A (LDHA) in apo, ternary and inhibitor-bound forms. Acta
Crystallogr. D Biol. Crystallogr. 71(Pt 2), 185–195 (2015).

129. Ward RA, Brassington C, Breeze AL et al. Design and synthesis of novel lactate dehydrogenase A inhibitors by fragment-based lead
generation. J. Med. Chem. 55(7), 3285–3306 (2012).

130. Li XM, Xiao WH, Zhao HX. Discovery of potent human lactate dehydrogenase A (LDHA) inhibitors with antiproliferative activity
against lung cancer cells: virtual screening and biological evaluation. Medchemcomm 8(3), 599–605 (2017).

131. Zhang SL, He Y, Tam KY. Targeting cancer metabolism to develop human lactate dehydrogenase (hLDH) 5 inhibitors. Drug Discov.
Today 23(7), 1407–1415 (2018).

132. Rai G, Brimacombe KR, Mott BT et al. Discovery and optimization of potent, cell-active pyrazole-based inhibitors of lactate
dehydrogenase (LDH). J. Med. Chem. 60(22), 9184–9204 (2017).

133. Yang Y, Su D, Zhao L et al. Different effects of LDH-A inhibition by oxamate in non-small cell lung cancer cells. Oncotarget 5(23),
11886–11896 (2014).

134. Lu QY, Zhang L, Yee JK, Go VW, Lee WN. Metabolic consequences of LDHA inhibition by epigallocatechin gallate and oxamate in
MIA PaCa-2 pancreatic cancer cells. Metabolomics 11(1), 71–80 (2015).

135. Manerba M, Di Ianni L, Govoni M, Roberti M, Recanatini M, Di Stefano G. LDH inhibition impacts on heat shock response and
induces senescence of hepatocellular carcinoma cells. Eur. J. Pharm. Sci. 105, 91–98 (2017).

136. Fauber BP, Dragovich PS, Chen J et al. Identification of 2-amino-5-aryl-pyrazines as inhibitors of human lactate dehydrogenase. Bioorg.
Med. Chem. Lett. 23(20), 5533–5539 (2013).

137. Kim EY, Chung TW, Han CW et al. A novel lactate dehydrogenase inhibitor, 1-(phenylseleno)-4-(trifluoromethyl) benzene, suppresses
tumor growth through apoptotic cell death. Sci. Rep. 9(1), 3969 (2019).

138. Zhou Y, Tao P, Wang M et al. Development of novel human lactate dehydrogenase A inhibitors: high-throughput screening, synthesis,
and biological evaluations. Eur. J. Med. Chem. 177, 105–115 (2019).

139. Cao W, Fang L, Teng S, Chen H, Wang Z. Computer-aided discovery and biological characterization of human lactate dehydrogenase 5
inhibitors with anti-osteosarcoma activity. Bioorg. Med. Chem. Lett. 28(13), 2229–2233 (2018).

140. Qian SZ, Jing GW, Wu XY, Xu Y, Li YQ, Zhou ZH. Gossypol related hypokalemia. Clinicopharmacologic studies. Chin. Med. J. (Engl.)
93(7), 477–482 (1980).

141. Yu Y, Deck JA, Hunsaker LA et al. Selective active site inhibitors of human lactate dehydrogenases A4, B4, and C4. Biochem. Pharmacol.
62(1), 81–89 (2001).

142. Ikeda M. Inhibition kinetics of NAD-linked enzymes by gossypol acetic acid. Andrologia 22(5), 409–416 (1990).

143. Kottmann RM, Trawick E, Judge JL et al. Pharmacologic inhibition of lactate production prevents myofibroblast differentiation. Am. J.
Physiol. Lung Cell. Mol. Physiol. 309(11), L1305–L1312 (2015).

144. Miskimins WK, Ahn HJ, Kim JY, Ryu S, Jung YS, Choi JY. Synergistic anti-cancer effect of phenformin and oxamate. PLoS ONE
9(1), e85576 (2014).

145. Maftouh M, Avan A, Sciarrillo R et al. Synergistic interaction of novel lactate dehydrogenase inhibitors with gemcitabine against
pancreatic cancer cells in hypoxia. Br. J. Cancer 110(1), 172–182 (2014).

146. Granchi C, Roy S, De Simone A et al. N-Hydroxyindole-based inhibitors of lactate dehydrogenase against cancer cell proliferation. Eur.
J. Med. Chem. 46(11), 5398–5407 (2011).

10.4155/fmc-2019-0287 Future Med. Chem. (Epub ahead of print) future science group



Structural & functional regulation of lactate dehydrogenase-A in cancer Review

147. Granchi C, Roy S, Giacomelli C et al. Discovery of N-hydroxyindole-based inhibitors of human lactate dehydrogenase isoform A
(LDH-A) as starvation agents against cancer cells. J. Med. Chem. 54(6), 1599–1612 (2011).

148. Granchi C, Roy S, Mottinelli M et al. Synthesis of sulfonamide-containing N-hydroxyindole-2-carboxylates as inhibitors of human
lactate dehydrogenase-isoform 5. Bioorg. Med. Chem. Lett. 21(24), 7331–7336 (2011).

149. Jafary F, Ganjalikhany MR, Moradi A, Hemati M, Jafari S. Novel peptide inhibitors for lactate dehydrogenase A (LDHA): a survey to
inhibit LDHA activity via disruption of protein-protein interaction. Sci. Rep. 9(1), 4686 (2019).

150. Ferri N, Siegl P, Corsini A, Herrmann J, Lerman A, Benghozi R. Drug attrition during pre-clinical and clinical development:
understanding and managing drug-induced cardiotoxicity. Pharmacol. Ther. 138(3), 470–484 (2013).

future science group 10.4155/fmc-2019-0287





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'PPG Indesign CS4_5_5.5'] [Based on 'PPG Indesign CS3 PDF Export'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks true
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 600
        /LineArtTextResolution 2400
        /PresetName (Pureprint flattener)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.835590
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


