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Background. The key metabolic enzyme lactate dehydrogenase A (LDHA) is overexpressed in many cancers, and several preclinical
studies have shown encouraging results of targeted inhibition. However, the mechanistic importance of LDHA in melanoma is
largely unknown and hitherto unexplored in brain metastasis.

Methods. We investigated the spatial, temporal, and functional features of LDHA expression in melanoma brain metastasis across
multiple in vitro assays, in a robust and predictive animal model employing MRI and PET imaging, and in a unique cohort of
80 operated patients. We further assessed the genomic and proteomic landscapes of LDHA in different cancers, particularly
melanomas.

Results. LDHA expression was especially strong in early and small brain metastases in vivo and related to intratumoral hypoxia in
late and large brain metastases in vivo and in patients. However, LDHA expression in human brain metastases was not associated
with the number of tumors, BRAFV600E status, or survival. Moreover, LDHA depletion by small hairpin RNA interference did not af-
fect cell proliferation or 3D tumorsphere growth in vitro or brain metastasis formation or survival in vivo. Integrated analyses of the
genomic and proteomic landscapes of LDHA indicated that LDHA is present but not imperative for tumor progression within the
CNS, or predictive of survival in melanoma patients.

Conclusions. In a large patient cohort and in a robust animal model, we show that although LDHA expression varies biphasically
during melanoma brain metastasis formation, tumor progression and survival seem to be functionally independent of LDHA.
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The incidence of melanoma is increasing, and the number of
life years lost is higher than that for most other solid tumors.1

Despite major therapeutic advances in recent years, most pa-
tients with metastatic melanoma ultimately succumb to their
disease.2 Importantly, melanoma patients carry a high risk of
developing brain metastases for which there are few effective
treatment options.3

The Warburg effect is a common feature of cancer cells
where they switch to aerobic glycolysis instead of oxidative
phosphorylation.4,5 This results in increased lactate pro-
duction even at normal oxygen concentrations. It has been
suggested that this capacity renders the cancer cells metabol-
ically autonomous and provides them with a higher invasive
and metastatic potential.6 However, it is still unclear whether
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the Warburg effect is a consequence of or a contributor to
cancer.6

Therapeutic inhibition of lactate dehydrogenase A (LDHA)
has been pointed to as an attractive treatment strategy for
many cancers.4,7,8 LDHA catalyzes the interconversion of pyru-
vate to lactate, coupled with the oxidation of NADH to NAD+.
Many cancers display elevated levels of LDHA, and high LDHA
expression has been associated with a poor prognosis in several
malignancies.9 – 12 Moreover, several preclinical studies have
shown beneficial effects of LDHA inhibition in various can-
cers,12 – 21 but not in melanoma or brain metastases. Unfortu-
nately, most currently available LDHA inhibitors are hampered
by low potency and systemic toxicity that limit their clinical ap-
plication.8 Nonetheless, inhibition of LDHA is believed to be safe;
its expression is largely relegated to skeletal muscle, and hered-
itary LDHA deficiency only causes exertional muscle cramps
and myoglobinuria.22,23 Significant efforts are therefore fo-
cused at developing more specific and effective compounds
that target LDHA.7,24

The rewired metabolic network in cancers has emerged as a
promising venue for the development of targeted therapeu-
tics.25 Still, metabolomics involves complex processes with
multiple compensatory routes, and systemic rearrangements
are highly heterogeneous across and within various cancers.26

Hence, the efficacy of anticancer agents will probably differ
among cancer types and metabolic phenotypes.7 Furthermore,
given the profound interplay between tumor and host microen-
vironment, it is reasonable to believe that the organ site has
important ramifications for tumor growth and metastasis for-
mation, particularly in the central nervous system.27 – 29

The mechanistic importance of LDHA in metastatic melano-
ma, and in particular brain metastasis, is to our knowledge not
known. We therefore explored the significance of LDHA in mel-
anoma brain metastasis in a reproducible and predictive animal
model,30 in a large cohort of patients with brain metastases
from melanoma, across several in vitro assays, and within its
contemporary genomic and proteomic landscapes. In brief,
our findings question the promise of LDHA as a potential ther-
apeutic target in metastatic melanoma, especially in brain
metastasis.

Materials and Methods

Cell Lines and Lactate Dehydrogenase A Knockdown

The BRAFV600E-positive H1 cell line was generated from a
human melanoma brain metastasis, authenticated within the
last 6 months using short tandem repeat profiling, and main-
tained as reported previously.30 The mutation status of LDHA
in the H1 cell line was determined by next-generation RNA se-
quencing; LDHA was highly expressed (ie, 99.45 fragments per
kilobase of exon per million fragments mapped), and variant
analysis did not reveal any mutations within the coding region
of LDHA (see Supplementary material). The expression of LDHA
was knocked down by using lentivirus-transduced small hairpin
(sh)RNA. Cellular LDHA mRNA levels were quantified by real-
time quantitative PCR (see Supplementary material). The cell
lines were named H1_WT (naı̈ve H1), H1_LDHA_KD (H1 LDHA
knockdown), and H1_shCtr (H1 empty vector control). To vali-
date the efficacy of the shRNA construct, we transfected 2

other cell lines (MELMET5 from a human melanoma lymph
node metastasis and PC14-PE6_Br2 from a human lung adeno-
carcinoma serially passaged in mouse brains).

Western Blotting and Immunohistochemistry

Protein expression levels of LDHA, LDHB (lactate dehydrogenase
B), hypoxia-inducible factor 1a (HIF1a), and pyruvate dehydro-
genase kinase 1 (PDK1) in cultured cells and tumor xenografts
were determined by western blot analysis. Immunohistochem-
ical analyses of Ki67 and LDHA expression were carried out on
mouse brains, adrenals, ovaries, and femurs (see Supplemen-
tary material).

Metabolic Flux Analysis

To show the effect of LDHA silencing on cellular metabolism, we
determined the extracellular acidification rate and the oxygen
consumption rate of cells by performing a glycolysis stress test
and mito stress test using the Seahorse XF-96 Extracellular Flux
analyzer (see Supplementary material).

Proliferation and Tumorsphere Assays

Standardized monolayer proliferation assays and 3D tumor-
sphere growth assays were carried out as described in the Sup-
plementary material.

In vivo Cell Injections and Quantification of Melanoma
Cell Load in the Brain

All animal experiments were approved by the Institutional An-
imal Care and Use Committee at the University of Bergen and
by the Norwegian Animal Research Authority and carried out
using 6- to 8-week-old female nonobese diabetic severe com-
bined immunodeficient mice bred and maintained in animal
facilities certified by the Association for Assessment and Ac-
creditation of Laboratory Animal Care International. Anesthesia
was induced with 3% and maintained with 1.5% isoflurane in
oxygen. Mice were monitored daily and sacrificed when signifi-
cant morbidity was observed.

Cells (5×105 per 0.1 mL phosphate buffered saline) were la-
beled with poly-L-lysine coated maghemite nanoparticles and
injected intracardially as reported previously.30 Intracardiac in-
jections were ultrasound guided using a custom-made needle
holder fitted to a 40-MHz MS-550D MicroScan transducer (Vevo
2100 system, VisualSonics).

To ensure homogeneous group comparisons, we assessed
melanoma cell load in the brain 24 h after injection by auto-
mated MRI-based quantification of nanoparticle-labeled cells
in the brain, including a cell line–specific training set for neural
network analysis as described previously (see Supplementary
material).30

Only mice with comparable tumor cell exposure in their
brains (T2*-weighted) and without focal brain lesions
(T2-weighted) on the 24-h MRI were routed to further follow-up
(H1_WT, n¼ 5; H1_LDHA_KD, n¼ 13; and H1_shCtr, n¼ 8). Nine
mice with inadequate brain cell load and/or signs of focal le-
sions were euthanized to ensure optimal model predictivity
(H1_WT, n¼ 3; H1_LDHA_KD, n¼ 2; and H1_shCtr, n¼ 4).
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For the temporal investigation of LDHA expression in brain
metastasis formation, we injected 12 mice with H1_WT cells
and euthanized 3 mice every week for 4 weeks. These mice
did not undergo any imaging.

In vivo MRI and PET Imaging of Brain Metastases

MRI was carried out 6 weeks after injection to evaluate brain
metastatic burden (T2-weighted and pre-/postcontrast T1-
weighted; see Supplementary material). Tumor number and
volume (4/3×p×r3) were assessed using OsiriX 5.8.1 32-bit
(Pixmeo).

In parallel with the 6-week MRI, we carried out whole-body
F-18 fluorodeoxyglucose (18F-FDG) PET on 3 healthy mice
(background controls) and 3 random mice from the H1_WT
and H1_LDHA_KD groups. We also acquired 3′-deoxy-
3′[(18)F]-fluorothymidine (18F-FLT) PET images of 2 healthy
mice, 2 H1_WT mice, and 2 H1_LDHA_KD mice (see Supple-
mentary material). Maximum standardized uptake values
(SUVmax) and cerebral tumor-to-brain ratios (SUVmax tumor/
SUVmax normal brain) were calculated (see Supplementary
material).

Patient Cohort With Melanoma Brain Metastases

This study, and the collection of human melanoma brain me-
tastasis tumor samples and clinical data, was approved by the
local ethical committee at Eberhard Karls University of Tübing-
en and Tübingen University Hospital (approvals 411/2014BO2
and 408/2013BO2) and conducted in accordance with the Hel-
sinki Declaration. Eighty patients surgically treated for brain
metastases were included after written informed consent
was obtained. Brain MRI data were analyzed for metastasis
size (diameter) and number (in cases of .10 metastases in
one patient, the number of metastases was set to 10 for stat-
istical analysis). Patient age at surgery and overall survival after
surgery were registered. Tissue microarrays (TMAs) of brain me-
tastases were constructed for LDHA, HIF1a, CD31, and
BRAFV600E immunohistochemistry (see Supplementary mat-
erial). Two experienced neuropathologists (P.N.H. and M.M.) ana-
lyzed LDHA expression in human TMAs using a semiquantitative
score reflecting staining intensity and frequency as described
previously31 (and explained in the Supplementary material).

Genomic and Proteomic Landscapes of LDHA and
Association With Survival

In independent analyses, we queried the Human Protein Atlas
(www.proteinatlas.org) for LDHA alterations at the protein level
in normal and cancerous tissues, and the cBioPortal (www.
cbioportal.org) for LDHA alterations at the genomic level across
69 available cancer studies and, in particular, within The Cancer
Genome Atlas (TCGA) provisional dataset of 375 melanoma
cases. We also searched the PROGgene database (watson.-
compbio.iupui.edu/chirayu/proggene/database) for LDHA gene
expression levels and associated overall survival in a TCGA mel-
anoma series of 163 patients, and associated brain metasta-
sis– free survival in the Gene Expression Omnibus dataset
GSE2603 of 82 breast cancer patients (the only available data-
set with this survival measure).

Statistical Analysis

Statistical analyses were conducted with SPSS 21 for Mac (IBM)
and JMP 8.0.1 (SAS). Data were tested for normality and homo-
geneity of variances. The statistical tests used are specified in
the Results section. Values are presented as means+SEM or
medians with interquartile range (IQR) unless otherwise speci-
fied. A 2-tailed P , .05 was considered significant.

Results

Biphasic Pattern of LDHA Expression in Mouse Melanoma
Brain Metastases

To assess the temporal significance of LDHA expression on me-
tastasis formation in vivo, we used a highly standardized brain
metastasis model.30 Intriguingly, we found the highest LDHA
expression levels in small metastases during the first 2 weeks
of brain metastasis formation, and all tumor cells displayed
strong LDHA positivity (Fig. 1A). Expression levels thereafter de-
clined as the tumors grew larger, and later increased again with
a regionally distinct pattern in large, macroscopic tumors. Ac-
cordingly, there was a significant correlation between LDHA
score and brain metastasis size (Fig. 1B), as well as a significant
difference in LDHA scores between small (≤305 mm) and large
(.305 mm) brain metastases (Fig. 1C).

LDHA Expression in Human Brain Metastases Was Not
Predictive of Survival but Associated With Tumor Size

To assess the clinical importance of LDHA expression, we studied a
large cohort of patients with melanoma brain metastases
(Fig. 2A). Notably, 48.75% of the tumors (n¼ 39 patients) had
the BRAFV600E mutation. Twenty-eight patients had more than
one brain metastasis, including 3 patients with ≥10 brain metas-
tases (Fig. 2B). The median LDHA score was 4 (Fig. 2C). Important-
ly, there was no association between LDHA score and BRAFV600E

expression status (Fig. 2D). Similarly, we did not observe an asso-
ciation between LDHA score and patient age, or between LDHA
score and number of brain metastases (Pearson chi-square test,
P¼ .376 and P¼ .643, respectively; data not shown). However,
we observed a significant association between LDHA score and
brain metastasis size, with higher LDHA scores in larger tumors
(Fig. 2E); brain metastasis size was available for only 56 patients.
Correspondingly, histological sections showed a clear association
of LDHA expression with perinecrotic areas in large tumors, where-
as perivascular cells showed almost no LDHA expression (Fig. 2F).
As expected, co-optive, more diffusely infiltrating tumor cells
showed low LDHA expression. Lastly, survival distributions were
equal between patients with high versus low LDHA scores (Fig. 2G).

LDHA Knockdown Was Effective and Stable In vitro

To functionally evaluate the potential implications of our preclinical
findings (high LDHA expression in microscopic tumors) in contrast
to our clinical findings (no clinical impact of LDHA expression in
macroscopic tumors), we constructed and validated a stable
LDHA knockdown cell line (H1_LDHA_KD). Notably, and in accor-
dance with the Warburg hypothesis,5 H1_WT cells displayed high
LDHA expression in hypoxia (Fig. 3A). Transfection efficacy was
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validated in 3 different metastasis cell lines (Fig. 3B). Quantification
of LDHA mRNA levels in transduced H1 cells showed more than a
6-fold reduction (Fig. 3C). We confirmed effective and stable LDHA
knockdown at the protein level under normoxic and hypoxic con-
ditions (Fig. 3D) and in long-term cell culture (Fig. 3E). LDHB or PDK1
expression was not affected by LDHA knockdown or by hypoxia,
whereas HIF1a expression was induced upon hypoxia (Fig. 3D).

LDHA Knockdown Did Not Affect Cell Growth but Induced
a Metabolic Shift

We assessed the impact of reduced LDHA levels on cellular pro-
liferation and growth. Monolayer cultures proliferated with similar
rates in both normoxia (Fig. 3F) and hypoxia (Fig. 3G). Correspond-
ingly, under normoxic conditions, there was no convincing differ-
ence in tumorsphere growth over time albeit mean values were
higher for H1_shCtr cells at 10 days (Student t-test, P¼ .037; data
not shown) and for H1_LDHA_KD cells at 17 days (Fig. 3H).

We then investigated the impact of LDHA knockdown on gly-
colysis and mitochondrial respiration. We performed a glycolyt-
ic stress test and observed significantly reduced basal glycolysis
and glycolytic capacity in H1_LDHA_KD cells compared with
H1_shCtr cells (Fig. 3I). Interestingly, a mito stress test showed
significantly increased respiratory capacity in LDHA knockdown
cells (Fig. 3J).

LDHA Knockdown Did Not Affect Brain Metastasis or
Survival in Mice

We examined the in vivo consequences of LDHA knockdown using
our highly standardized mouse model of brain metastasis.30

Automated quantification of nanoparticle-labeled cells showed
no significant differences in baseline tumor cell exposure of
mouse brains across study groups (Fig. 4A). The median
tumor volumes at 6 weeks were equal, with 0.044 mm3

(IQR¼ 0.096) for the H1_WT group, 0.045 mm3 (IQR¼ 0.089)
for the H1_shCtr group, and 0.044 mm3 (IQR¼ 0.061) for the
H1_LDHA_KD group (Fig. 4B). There was no difference in the
mean number of brain metastases at 6 weeks between groups
(Fig. 4C). Neither total cerebral SUVmax values of 18F-FDG PET
images (Fig. 4D) nor cerebral tumor-to-brain ratios of 18F-FLT
PET images (Fig. 4E) showed any difference in tumor burden be-
tween the H1_WT and H1_LDHA_KD groups at 6 weeks. For
18F-FDG PET, there was a significant difference between healthy
mice and the H1_WT and H1_LDHA_KD groups (Student t-test,
P¼ .011 and P¼ .014, respectively). Survival distributions were
similar across groups (Fig. 4F).

Analyses of Mouse and Human Melanoma Brain
Metastases Showed Stable LDHA Knockdown and
Hypoxia-Dependent Expression

We next examined the stability of LDHA knockdown, compen-
satory mechanisms, and specifically the relationship between
LDHA and HIF1a expression in tumor xenografts and human
TMAs. Mouse brain metastases displayed stable and efficient
LDHA knockdown (Fig. 5A). In agreement with our in vitro
data, there was no increased LDHB or PDK1 expression in
H1_LDHA_KD tumors (Fig. 5A). Moreover, immunohistochemis-
try of other mouse organs (ovaries, adrenals, femurs) validated
a temporal stability of the LDHA knockdown (Fig. 5B) and showed

Fig. 1. LDHA expression levels of melanoma brain metastases in mice displayed a biphasic pattern over time. (A) LDHA immunohistochemistry of
brain metastases of increasing size (diameters provided) over 4 wk post intracardiac injection (n¼ 3 per wk). Inset displays representative staining
pattern within the largest metastasis. (B) LDHA score vs brain metastasis size (n¼ 59; Spearman correlation). No metastases got an LDHA score
1–3. (C) LDHA scores of small (≤305 mm; n¼ 30) vs large (.305 mm; n¼ 29) brain metastases (median split; Pearson chi-square test, P¼ .038).
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equivalent metastatic patterns between the H1_LDHA_KD and
H1_shCtr cell lines. We observed sporadic small colonies of cells
still expressing LDHA in some of the H1_LDHA_KD mice. However,
a more prevalent observation was that of a perinecrotic regulation
with increased LDHA expression in large H1_LDHA_KD tumors of
all organs, suggestive of a micromilieu-dependent upregulation
(Fig. 5B). Ki67 and LDHA immunostainings of tumor xenografts
displayed a mutually exclusive pattern, and Ki67 indices were sim-
ilar across groups (Fig. 5C).

Immunohistochemistry of human melanoma brain metas-
tases showed a spatial association of LDHA and HIF1a expres-
sion in perinecrotic regions and in tumor cells far from

CD31-positive vessels (Fig. 5D); double immunohistochemistry
confirmed the spatial coexpression of LDHA and HIF1a (Fig. 5E).

Proteomic and Genomic Landscapes of LDHA and
Prognostic Potential

We explored the proteomic and genomic landscapes of LDHA
across publicly available and state-of-the-art data series. In-
deed, most normal and cancerous tissue samples in the
Human Protein Atlas displayed moderate cytoplasmic and nu-
clear LDHA positivity (data not shown). Moderate degrees of
LDHA staining could be seen in 11 of 12 melanoma samples

Fig. 2. LDHA expression levels of human melanoma brain metastases was not predictive of tumor burden or survival but increased with tumor size.
(A) Cohort characteristics. (B) Number of brain metastases. (C) LDHA scores. (D) BRAFV600E expression status vs LDHA score (Pearson chi-square test,
P¼ .221). (E) LDHA score vs brain metastasis size (n¼ 56; Spearman correlation). (F) LDHA immunohistochemistry of diffusely infiltrating tumor
cells (left) and micromilieu-dependent expression in the tumor core (right). (G) Kaplan–Meier survival plot of low vs high LDHA score (median split;
Mantel–Cox log-rank test). Five patients in the low group and 7 patients in the high group were still alive or lost to follow-up.
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Fig. 3. Cellular LDHA knockdown was effective and stable but did not affect cellular proliferation or tumorsphere growth. (A) Western blots of
H1_WT cells in hypoxia and normoxia (48 h) with corresponding LDHA immunocytochemistry. (B) Western blots of control (sh_Ctr) and LDHA
knockdown (LDHA_KD) derivatives of H1 and 2 other human metastasis cell lines (MELMET5 [MM5]/melanoma and PC14-PE6_Br2 [PC14]/lung
cancer). (C) LDHA mRNA levels in H1 derivatives. Mean knockdown efficiency was 83+3% (n¼ 3; mean+SEM; Student t-test). (D) Western
blots of H1_LDHA_KD and H1_shCtr cells in normoxia (48 h) and acute (48 h) and chronic (120 h) hypoxia (second passage after green
fluorescent protein –positive fluorescence activated cell sorting). (E) Western blot of cells cultured continuously for 2 months with
corresponding LDHA immunocytochemistry. (F) Proliferation assay in normoxia (n¼ 6 per cell line per time point; Kruskal–Wallis test). (G)
Proliferation assay in hypoxia (n¼ 12 per cell line per time point; Student t-test). (H) Tumorsphere assay in normoxia (n¼ 36 per cell line;
Student t-test). (I) Glycolytic stress test in normoxia (n¼ 3 per cell line per time point; mean+SEM; Student t-test). (J) Mito stress test in
normoxia (n¼ 2 per cell line per time point; mean+SEM; Student t-test). (A, D, and G) Hypoxia (1% O2).
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(primary and metastatic; no brain metastases). Interestingly,
the most prevalent primary malignant brain tumors—malignant
gliomas—were generally weakly stained.

LDHA was genetically altered in 5% of 375 available TCGA
melanoma samples, with 2 cases of amplification, 4 cases of
mutation, and 13 cases of mRNA upregulation; manual review

Fig. 4. LDHA knockdown did not affect brain metastasis or survival in mice. (A) MRI-based automated quantification of nanoparticle-labeled melanoma
cells in mouse brains 24 h post intracardiac injection of 5×105 cells (Student t-test). Typical brain MRI T2*-weighted images with an overlay of detected
signals. (B) Volumes of individual brain metastases at the 6-wk MRI (Mann–Whitney U test, H1_WT vs H1_shCtr, P¼ .413; H1_WT vs H1_LDHA_KD,
P¼ .715; H1_LDHA_KD vs H1_shCtr, P¼ .475). (C) Number of brain metastases at the 6-wk MRI (T1-weighted images with contrast; Student t-test).
(D) Maximum standardized uptake value (SUVmax) on 18F-FDG PET cerebrum at 6 wk (n¼ 3 per group; Student t-test). Note the high signal intensity
in the frontal (Harderian glands) and cerebellar regions in healthy control mice in the combined PET and CT maximum intensity projection (MIP)
images. (E) Tumor-to-brain ratio (TBR; SUVmax tumor/SUVmax normal brain) on 18F-FLT PET cerebrum at 6 wk (combined PET and CT MIP images; n¼ 2
per group; Student t-test). Note the lack of signals in healthy mice, as 18F-FLT does not cross an intact blood–brain barrier (hence, not applicable). (F)
Kaplan–Meier survival plot (Mantel–Cox log-rank test). (A–C and F) H1_WT group, n¼ 5; H1_shCtr group, n¼ 8; and H1_LDHA_KD group, n¼ 13.
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of the featured pathology reports revealed no altered cases
originating from brain metastases (cBioPortal, data not
shown). The frequency of LDHA mutations, deletions, or ampli-
fications ranged from 0% to 3.8% across 69 available cancer
studies; 19 studies did not report any LDHA alterations
(Fig. 5A). LDHA alterations were infrequent in all melanoma
series: 0% in the Broad/Dana Farber study of 25 cases,32

0.8% in the Broad study of 121 cases,33 1.1% in the Yale
study of 91 cases,34 and 2.3% in TCGA data of 262 cases
(Fig. 5A).

Finally, we investigated the prognostic potential of LDHA ex-
pression levels using the PROGgene database. We did not find
statistically detectable associations with overall survival in
TCGA melanoma patients (Fig. 5B) or with brain metastasis–free

Fig. 5. LDHA knockdown was stable in vivo and hypoxia dependent in human melanoma brain metastases. (A) Western blots of brain metastases
(mets) in mice with corresponding LDHA immunohistochemistry. (B) LDHA immunohistochemistry of ovarian metastases in mice with inset
showing perinecrotic regulation. (C) Ki67-positive cells in brain and adrenal metastases in mice (n¼ 5; mean+SEM; Student t-test) with
adjacent images showing regionally distinct Ki67 and LDHA patterns. (D) Immunohistochemistry of a human melanoma brain metastasis
displaying a spatial overlap of LDHA and HIF1a expression (arrowheads) �150 mm from CD31-positive vessels (asterisks). (B) Double
immunohistochemistry of a human melanoma brain metastasis and 2 insets showing spatial coexpression of perinuclear LDHA and nuclear
HIF1a (arrowheads).
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survival in breast cancer patients (Fig. 5C; GSE2603 was the
only available dataset with this survival measure).

Discussion
In this study, we investigated the preclinical and clinical relevance
of LDHA in melanoma brain metastasis. The temporal trends of
LDHA expression in vivo suggested that LDHA was important
early in metastasis formation, as well as later when the tumors
outgrew their blood supply (Fig. 1). LDHA expression in operated
human melanoma brain metastases was similarly micromilieu
dependent, but not a predictor of survival (Fig. 2). As LDHA expres-
sion levels are difficult to interrogate in microscopic human tu-
mors, we carried out a comprehensive in vitro and in vivo
assessment of LDHA interference (Figs. 3 and 4). In brief, LDHA
depletion did not affect cell proliferation or growth or brain metas-
tasis or survival in mice. LDHA expression was, however, strongly
associated with hypoxia both in vivo and in patients (Figs. 2, 3, and
5). Notably, integrated analyses of independent genomic and pro-
teomic data indicated that LDHA is not a driver of human mela-
noma brain metastasis or associated with survival (Fig. 6).

Animal studies have shown that LDHA inhibition, by either
RNA interference or pharmacological agents, causes beneficial
effects on tumor growth in flank models of different can-
cers,14 – 16,18,20,21 as well as on tumor growth in an orthotopic
breast cancer model,12,13 on lung metastasis in an orthotopic
breast cancer model,12 and on tumor growth and intrahepatic
and pulmonary metastasis in an orthotopic model of hepato-
cellular carcinoma.17 Notably, most in vivo models used to
evaluate novel anticancer drugs rely on s.c. flank injections of
tumor cell lines and caliper measurements of tumor size. Un-
derstandably, results from such models have limited validity
for brain metastasis (eg, one major concern being the limita-
tions given by the blood–brain barrier).

Recently, Xie and colleagues19 used genetically engineered
mouse models of KRAS and EGFR driven non–small cell lung
cancer and showed that inactivation of LDHA led to decreased
tumorigenesis and disease regression. Conversely, in a recent
study of lymphoma in mice carrying an inactivating germline
mutation of LDHA, tumor development was not affected.35

These findings, using advanced animal model systems, show
that LDHA dependency is not ubiquitous for human cancers
and that tumors can adapt to different metabolic phenotypes.
Moreover, to achieve clinical success using LDHA inhibitors, it
will be necessary to stratify cancers and patients at a more in-
dividual level and develop combinatorial regimens including in-
hibitors of other metabolic enzymes.

Furthermore, and important in the context of the animal
model used herein, the findings of Xie and colleagues and Nils-
son and colleagues also testify to the importance of robust and
predictive model systems.19,35 We recently presented a tailored
brain metastasis model where tumor cell dissemination to the
brain is automatically quantified (Fig. 4).30 This model enables
unprecedented methodological control—essential to draw reli-
able conclusions of biological differences and therapeutic effi-
cacy—and features state-of-the-art and complementary
imaging platforms (eg, MRI and PET imaging).

Strong LDH-5 expression has been found in thick primary
melanomas; LDH-5 is composed of 4 LDHA-encoded M subunits

and is the predominant isoenzyme in liver and striated mus-
cle.36 However, and consistent with our findings (Figs. 2, 4,
and 6), LDH-5 was not found to be an independent marker of
prognosis in primary melanoma by multivariate analysis.36

An elevated serum level of LDH (LDHA and LDHB) in melano-
ma is predictive of metastatic disease and reduced sur-
vival.37,38 The rise in these enzymes is probably caused by
melanoma cell death as tumors outgrow their blood supply; in-
creased levels of LDHA within cells are thought to be mediated
largely by the transcription factor HIF1a.39,40 This notion is in
accordance with our findings of hypoxia-induced HIF1a expres-
sion, a micromilieu-dependent LDHA expression in perinecrotic
areas, and increased LDHA expression with increasing distance
from tumor vessels (Figs. 1–3, Fig. 5). Furthermore, we did not
observe any compensatory increase in LDHB or PDK141 expres-
sion with LDHA knockdown or hypoxia (Figs. 3 and 5).

Anticancer drug efficacy differs by cancer type and metabolic
phenotype,7 and the organ site has an essential influence on
tumor growth and metastasis formation, particularly in the central
nervous system.27–29 Intriguingly, we observed increased respira-
tory capacity in LDHA knockdown cells (Fig. 3), and brain metasta-
sis–free survival in breast cancer was independent of LDHA
expression (Fig. 6). Evidence from preclinical work with breast can-
cer has indeed suggested that brain metastatic cells use enhanced
mitochondrial respiratory pathways for energy production, possi-
bly reflecting a predisposition or an adaptation to the high-energy
demands of the brain microenvironment.27 In fact, it has been
shown that the brain microenvironment can induce a complete re-
programming of breast cancer cells in brain metastases whereby
tumor cells acquire neuronal expression patterns.28,29 Given these
perspectives, and that gliomas seem to be largely independent of
LDHA activity (H. Espedal et al, “LDHA in glioblastomas,” unpub-
lished manuscript; Fig. 6; www.proteinatlas.org), it is perhaps not
surprising that there was no functional effect of LDHA inhibition in
this study. Moreover, it is also reasonable to relate the missing ef-
fect of monotargeting within the metabolic network to its com-
plexity, compensatory trajectories, and heterogeneity across and
within various cancers.26 Finally, there is a substantial degree of
mutational heterogeneity within cancers, and the most heteroge-
neous of them all is melanoma.42

In this study, we used a low-generation, human melanoma
brain metastasis cell line for all in vitro and in vivo experiments.
To some extent this limits the generalizability of our results, in
particular the in vitro findings. However, robust in vivo data and
comprehensive human data fully supported our in vitro find-
ings. Regarding the human data, it is important to be aware
that only patients operated on for melanoma brain metastases
were included. Patients without diagnoses and patients not el-
igible for surgery due to multiple or deep-seated tumors or un-
controlled systemic disease were not included. This clearly
introduces a bias that is not easy to circumvent, as such
tumor material is difficult to obtain and will require a different
study design. Nonetheless, both tumor-bearing mice and
tumor-bearing humans were symptomatic and hence compa-
rable when sampled for analyses of LDHA expression and
tumor burden; and animal and human survival data were
fully concordant (Figs. 2, 4, and 6).

In summary, our results from a large patient cohort and a
robust animal model show that LDHA expression varies during
melanoma brain metastasis formation and, most importantly,
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indicate that initiation and progression of tumors as well as pa-
tient and animal survival seem to be functionally independent
of LDHA. In this context, we propose that the Warburg effect,

increased LDHA expression levels, and increased serum levels
of LDH are more likely consequences of than contributors to
this detrimental disease.

Fig. 6. Genomic alterations of LDHA were infrequent in human melanomas and other cancers, and LDHA expression was not predictive of survival.
(A) Histogram showing a summary of LDHA mutations, deletions, and amplifications across 40 of the 69 studies from the cBioPortal (19 studies did
not report any alterations). Three melanoma series are featured here: TCGA (provisional), Broad,32 and Yale.33 Abbreviations: CNA (copy number
alterations), CCLE (Cancer Cell Line Encyclopedia), SC (small cell), adeno (adenocarcinoma), CLCGP (Clinical Lung Cancer Genome Project), MSKCC
(Memorial Sloan Kettering Cancer Center), JHU (Johns Hopkins University), ACC (adrenocortical carcinoma), GBM (glioblastoma multiforme), NCI-60
(National Cancer Institute panel of 60 cell lines), CS (carcinosarcoma), ACyC (adenoid cystic carcinoma), Squ (squamous cell carcinoma), and AMC
(Asan Medical Center). (B) Overall survival between low and high LDHA expression groups in 163 TCGA melanoma patients. (C) Brain metastasis–
free survival in 82 breast cancer patients from the GSE2603 dataset. (B and C) Cohorts were divided at median of gene expression. Cox proportional
hazard ratios (HR) (with CIs) are provided with log-rank test P-values.
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