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BACKGROUND: Lactate dehydrogenase (LDH) is a critical metabolic enzyme. LDH A (LDHA) overexpression is a hallmark of
aggressive malignancies and has been linked to tumour initiation, reprogramming and progression in multiple tumour types.
However, successful LDHA inhibition strategies have not materialised in the translational and clinical space. We sought to develop a
rational strategy for LDHA suppression in the context of solid tumour treatment.

METHODS: We utilised a doxycycline-inducible short hairpin RNA (shRNA) system to generate LDHA suppression. Lactate and LDH
activity levels were measured biochemically and kinetically using hyperpolarised '*C-pyruvate nuclear magnetic resonance
spectroscopy. We evaluated effects of LDHA suppression on cellular proliferation and clonogenic survival, as well as on tumour
growth, in orthotopic models of anaplastic thyroid carcinoma (ATC) and head and neck squamous cell carcinoma (HNSCC), alone or
in combination with radiation.

RESULTS: shRNA suppression of LDHA generated a time-dependent decrease in LDH activity with transient shifts in intracellular
lactate levels, a decrease in carbon flux from pyruvate into lactate and compensatory shifts in metabolic flux in glycolysis and the
Krebs cycle. LDHA suppression decreased cellular proliferation and temporarily stunted tumour growth in ATC and HNSCC
xenografts but did not by itself result in tumour cure, owing to the maintenance of residual viable cells. Only when chronic LDHA
suppression was combined with radiation was a functional cure achieved.

CONCLUSIONS: Successful targeting of LDHA requires exquisite dose and temporal control without significant concomitant off-
target toxicity. Combinatorial strategies with conventional radiation are feasible as long as the suppression is targeted, prolonged

and non-toxic.

British Journal of Cancer (2021) 124:1670-1679; https://doi.org/10.1038/s41416-021-01297-x

BACKGROUND

The Warburg effect, first described nearly a century ago, consists
of an abnormal metabolic phenotype inherent to many solid
malignancies in which glycolytic activity persists at a high rate
regardless of the presence or absence of oxygen.' Although
energetically inefficient at face value, this altered tumour
metabolism has been shown over the intervening decades to be
critical for rapid tumour growth, metastasis and even develop-
ment of treatment resistance.>™ Therefore, understanding the
driving forces and critical metabolic chokepoints that define
tumour metabolism could not only impact our understanding of
cancer biology but also lead to the development of novel

treatment strategies predicated on a therapeutic index generated
by differential metabolic activity between tumour and normal
tissue. However, efforts to date to translate our knowledge of
basic metabolic pathways into effective anti-metabolic strategies
have had limited success.>™'° In large part, this lack of translation
reflects our incomplete understanding of the variable role that
metabolic enzymes, even critical ones, play in tumour cell survival
under baseline and treatment-induced stress conditions.

Lactate dehydrogenase (LDH) is an essential enzyme that
converts pyruvate into lactate'' and is highly active in tumour
cells, which rely on glucose conversion into lactate under both
anaerobic and aerobic conditions, in contrast to normal eukaryotic
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cells."? Thus, this enzyme is one of the quintessential metabolic
drivers of the Warburg effect. The LDH protein is composed of the
subunits LDHA and LDHB, generating several isoforms.'* The
LDHA gene, encoding the LDH-M protein, has been linked to
tumour initiation and growth in multiple tumour types.'*'® High
expression of LDHA has been associated with aggressive features
in multiple malignancies.'>'”"'®

We previously showed that the conversion of pyruvate into
lactate by LDH represents a critical metabolic nexus that
contributes to tumour cell management of oxidative stress.'”
Both conventional chemotherapy (e.g. cisplatin, doxorubicin) and
external beam radiotherapy (EBRT) generate transient fluctuations
in cellular oxidative stress that are balanced through differential
metabolic flux through LDH.*° This phenomenon suggests that
LDHA plays a critical role in not only tumorigenesis but also
treatment response. In this study, we evaluated the impact of
LDHA suppression on tumorigenesis and EBRT response in two
aggressive malignancies, namely anaplastic thyroid carcinoma
(ATC) and head and neck squamous cell carcinoma (HNSCC),
which we have previously shown to demonstrate the basic
aspects of the classical Warburg effect.'® Rather than using LDH
inhibitors, which can be non-specific and generate off-target
effects, or constitutive knockdown of LDHA, which can result in
aberrant and non-representative clonal expansion, we used an
inducible knockdown approach, which provided the most precise
window into the effects of differential LDH function in the context
of tumour growth and treatment response.

METHODS

Note: For ease of reference, in the current manuscript we will
maintain the LDHA/LDHB designation for both the gene-mRNA
and resulting protein. When referencing the gene-mRNA, the
notation will be italicised.

Cell lines

For human papillary thyroid cancer cell lines, K2 cells were
maintained in Dulbecco’s modified Eagle’s medium/Nutrient
Mixture F-12 (Sigma-Aldrich, St. Louis, MO), and TPC-1 cells were
maintained in Roswell Park Memorial Institute-1640 medium
(Sigma-Aldrich), along with 10% foetal bovine serum (Sigma-
Aldrich), 2 mM L-glutamine, and non-essential amino acids, in a
37 °C incubator supplied with 95% air and 5% CO,. For the ATC
cell lines, Hth83 cells were maintained in Roswell Park Memorial
Institute-1640 medium, and SW1736 and Hth7 cells were
maintained in Minimum Essential Medium (Cambrex BioScience,
Walkersville, MD), along with 10% foetal bovine serum, 1 mM
sodium pyruvate (Thermo Fisher Scientific, Waltham, MA), 2 mM
L-glutamine, and non-essential amino acids (Cambrex
BioScience), in a 37 °C incubator supplied with 95% air and 5%
CO,. HNSCC cell lines (HN31, HN30, OSC-19, UM-SCC-17A
[referred to as 17A], UM-SCC-17B [17B], UM-SCC-11A [11A],
FaDu, Detroit 562, UM-SCC-22A [22A]) were maintained in a
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich), containing
10% foetal bovine serum, 1mM sodium pyruvate, 2mM
L-glutamine and non-essential amino acids. Cell line identity
was confirmed using short tandem repeat profiling at the
Cytogenetics and Cell Authentication Core at The University of
Texas MD Anderson Cancer Center (Houston, TX). Cell lines were
confirmed to be mycoplasma free using MycoAlert PLUS kit
(Lonza, Alpharetta, GA). TPC-1 cells were kindly provided by Dr.
Jerome Hershman (VA Greater Los Angeles Healthcare System,
Los Angeles, CA). K2 cells were kindly provided by Dr. D.
Wynford-Thomas (Cardiff University, Cardiff, UK). Hth83, Hth7,
SW1736, HN31, HN30, OSC-19, 17A, 17B, 11A, FaDu, Detroit 562,
and 22A cells were kindly provided by Dr. Jeffrey Myers (MD
Anderson, Houston, TX). Each cell line was maintained for ten
passages at most, following genotyping.
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Generation of cell lines with inducible LDHA knockdown

Cells with inducible LDHA knockdown were generated using a
lentiviral system (pINDUCER20; Thomas F. Westbrook Laboratory,
Baylor College of Medicine, Houston, TX). First, we generated a
PCDNAG6.2-EmGFP-shLDHA to overexpress shLDHA (5-GAACTG-
CAAGTTGCTTATTGT-3), then transferred the expression cassette
into a single inducible lentiviral vector (pINDUCER20) to create a
pINDUCER-EmMGFP-shLDHA expression vector. Using a previously
described protocol,?’ we successfully generated doxycycline
(DOX)-inducible LDHA knockdown in the ATC cell line Hth83 and
the HNSCC cell line 22A.

The Cancer Genome Atlas analysis

We analysed a dataset of 528 patients with a diagnosis of HNSCC
from The Cancer Genome Atlas. RSEM-normalised gene expression
files, as well as clinical parameters, including tissue histology and
survival data, were downloaded directly from the Broad Firehose
site (https://gdac.broadinstitute.org/).

Western blot analysis

Western blotting for proteins of interest using anti-LDHA
(@ab101562, 1:1000, Abcam, Cambridge, UK), anti-LDHB (ab53292,
1:1000, Abcam), anti-B-actin (1:5000, BD Biosciences, San Jose, CA)
and B-tubulin (9F3; 1:1000, Cell Signalling Technology, Danvers,
MA) was performed as previously described by our group.®

Cell proliferation and viability assays

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide, VWR, Radnor, PA) assay was used to measure proliferation as
previously described by our group under varying experimental
conditions.?? Briefly, cells were cultured in 96-well plates for 24 h
and then treated with DOX (Thermo Fisher Scientific) for 24-96 h.
MTT (5 mg/mL) was added to the wells and incubated for 4 h;
the cells were lysed with dimethyl sulfoxide (Sigma-Aldrich), and
the release of formazan was quantified with an ELx808 96-well
plate reader at 570 nm absorbance (SPECTROstar Nano, Cary, NC).

Clonogenic survival assay

Clonogenic  survival assay was performed as previously
described.?® Cells were plated at low density, treated with DOX
(0.1, 0.5, 1 and 2 ug/mL) for 24 h and incubated for 9-11 days for
colony formation. For experiments involving EBRT, cells were
treated with 0.1 pg/mL DOX for 24 h prior to irradiation (0, 2, 4 or
6 Gy). Two hours after irradiation, fresh media plus 0.1 pg/mL DOX
were placed in each well, and cells were incubated for 9-11 days
for clone formation. Cells were then stained with 0.5% crystal
violet and colonies that consist of at least 50 cells were counted
using a colony counter pen. Plating efficiency (PE) was determined
in each experiment for normalisation. PE = number of colonies
formed/number of cells seeded x 100%. Surviving fraction (SF)
was calculated by the formula [SF = number of colonies formed
after treatment/(number of cells seeded x PE)1.?* Clonogenic
survival curves were constructed from three independent experi-
ments using the GraphPad Prism 8.0 software (GraphPad Software
Inc., San Diego, CA).

Biochemical analyses

Cells were plated in 12-well plates for 24 h and then treated with
DOX (0, 0.1 and 1 pg/mL) for 24 and 96 h, respectively. LDH activity
(Sigma-Aldrich) and lactate (BioVision, Milpitas, CA) levels were
measured according to the manufacturer’s instructions.

Hyperpolarised magnetic resonance spectroscopy (HP-MRS)

HP [1-'3C]-pyruvate was prepared as previously described by our
group.>* Briefly, 8-mg aliquots of [1-'>C]-pyruvic acid (Cambridge
Isotopes Laboratories, Tewksbury, MA) containing 1.5 mmol/L
gadoteridol (Bracco Diagnostics, Monroe Township, NJ) and 15
mmol/L OX63 (GE Healthcare, Chicago, IL) were polarised using a
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HyperSense dissolution dynamic nuclear polarisation system
(Oxford Instruments, Abingdon, UK). Aliquots were cooled to
145K in a 3.35-T magnetic field and irradiated at ~94.13 GHz for
45 min or until solid-state polarisation levels plateaued. The frozen
substrate was then dissolved in 4 mL of distilled water at ~180 °C,
which also contained 20 mmol/L NaOH, 50 mmol/L NaCl, 0.1 g/L
ethylenediaminetetraacetic acid (EDTA) and 40 mmol/L Trizma
pre-set crystals (pH 7.6). The final dissolution results in a 37 °C
isotonic solution containing 20 mmol/L HP [1-'3C]-pyruvate.
Hth83-shLDHA cells were treated with DOX for 48 h to activate
the shLDHA construct. Cell suspensions were prepared in parallel,
during the wait for polarisation to plateau. Approximately 30 x 10°
cells suspended in 900 pL of normal media were supplemented
with 100 pL of DO in a 10-mm Shigemi tube and loaded into a
Spectrospin DPX-300 nuclear magnetic resonance (NMR) spectro-
meter (Bruker, Billerica, MA). Samples were allowed to reach an
equilibrium temperature of 310 K over an ~10-min interval, during
which automated NMR calibrations, including locking, tuning, and
shimming, were carried out. After dissolution, 161 pL of the HP
solution was delivered to cell suspensions at the isocentre in the
NMR system, using a custom catheter setup, followed by 15 mL of
air that was bubbled through to ensure that the entirety of the HP
pyruvate bolus was delivered and well mixed to a final HP
pyruvate concentration of ~1.8 mmol/L. Dynamic '*C spectra were
initiated just prior to the addition of HP pyruvate and acquired
using a simple pulse-acquire sequence with an excitation angle of
15° and a repetition time of 2 s. Dynamic signals for HP pyruvate
and lactate were calculated using the area of Lorentzian functions
fit to their respective peaks, and normalised lactate was calculated
as the ratio of the area under the lactate curve to the sum of areas
under the pyruvate and lactate curves, divided by the number of
cells in each suspension and normalised again to a relative value
of 100% in Hth83-shLDHA cells that were not exposed to DOX.

Analysis of tricarboxylic acid and glycolysis pathway metabolites
by ion chromatography and high-resolution accurate-mass mass
spectrometry (HRAM-MS)

To determine the incorporation of pyruvate carbon ("3Cs-
pyruvate) into intracellular tricarboxylic acid cycle and glycolysis
pathways, extracts were prepared and analysed by HRAM-MS.
Following exposure to DOX for 48 h, cells were incubated in fresh
medium containing 1 mM [U-"3C;]-pyruvate (Cambridge Isotopes
Laboratories) for 0, 5, 15, 30, 45, 60 and 120 s. Metabolites were
extracted using cold 90:10 (v/v) acetonitrile:water and detected on
a Thermo Fisher Scientific Dionex 1CS-5000" capillary ion
chromatography system containing a Dionex lonPac AS11-HC
250 X 2 mm? 4 pm column. Data were acquired using an Orbitrap
Fusion Tribrid Mass Spectrometer (Thermo Fisher Scientific) under
electrospray ionisation in negative mode. The raw files were then
imported into the Trace Finder software (Thermo Fisher Scientific)
for analysis.

Targeted metabolomics

To evaluate the impact of LDHA suppression on tumour
metabolism, we generated measurable (~5x5mm?) 22A-
shLDHA-5 tumours in the orthotopic of mice as described below.
LDHA suppression was induced using DOX for 24 h. DOX-treated
tumours (n=3) and control, untreated tumours (n=3) were
harvested and snap frozen in liquid nitrogen. Metabolites were
measured by a targeted approach as described earlier.>>?¢
Metabolites were extracted from the samples and liver and used
as quality controls. The extraction procedure was described
earlier.’®% Briefly, the extraction step involved the addition of
750 pL of ice-cold methanol:water (4:1), containing spiked internal
standards, to each tissue sample. Ice-cold chloroform and water
were added in a 3:1 ratio for a final proportion of 1:4:3:1 water:
methanol:.chloroform:water. The extracted samples were then
dried and deproteinised prior to mass spectrometry analysis. The

data were log2 transformed and normalised with internal
standards on a per-sample, per-method basis. For every metabo-
lite in the normalised dataset, two-sample t tests were conducted
to compare expression levels between different groups. Differ-
ential metabolites were identified using p values adjusted for
multiple testing at a false discovery rate threshold of <0.25.

Mitochondrial respiration

Oxygen consumption rates (OCRs) were assayed under basal
conditions (25 mM pb-glc, 1 mM pyruvate, 4 mM glutamine, 0%
serum) and following administration of various drugs using a
Seahorse Bioscience XF96 Extracellular Flux Analyser (Billerica, MA)
as previously described by us and others.?®?° Using the 22A-
shLDHA #5 clone, we tested 2 conditions: control cells (no
treatment) and cells treated with DOX for 48 h (100 ng/mL) prior
to OCR measurements. Each experiment was performed in
triplicate. ATP production was determined by comparing OCR
prior to and following oligomycin treatment. Coupling efficiency
was determined by dividing the ATP production rate by the basal
respiration rate.

Reactive oxygen species (ROS) measurement

ROS were measured according to the manufacturer’s instructions.
Briefly, Total ROS levels were measured using the CellROX Deep
Red oxidative stress reagent (Life Technologies, Carlsbad, CA),
which are fluorogenic probes designed to reliably measure ROS in
live cells. Hth83-shLDHA-4# and 22A-shLDHA-5# cells were pre-
treated with DOX (0, 0.1 and 1 pg/mL) for 24 and 48 h to suppress
LDHA activity. Fluorescence was measured using flow cytometry
according to previously published and validated protocols.>

Orthotopic murine model and treatment

Female immunodeficient athymic nu/nu mice (age 6-8 weeks,
weight 20-25 g) were obtained from Envigo (Indianapolis, IN). The
mice were fed irradiated mouse chow and housed in laminar flow
cabinets under specific pathogen-free conditions. All procedures
and care were reviewed and approved by our Institutional Animal
Care and Use Committee. The murine orthotopic model of thyroid
carcinoma has been described previously by our team.>'>2 Hth83-
shLDHA-4 and Hth83-shLDHA-31 clones were infected with
retrovirus carrying the luciferase gene and injected orthotopically
into the thyroid of each mouse (2.5 x 10° cells/mouse). Prior to any
surgical procedure, all mice were given intraperitoneal injection of
ketamine/xylazine (75 mg/kg; Sigma-Aldrich) as anaesthesia. Mice
were randomised to receive control (n=9) or DOX-containing
water (n = 9). Five days after the injection of cells, mice were given
DOX-containing water (2 mg/mL) daily to induce LDHA knock-
down. The mice were monitored for bioluminescence activity
twice a week to assess tumour growth using the IVIS 200 Imaging
System (Xenogen Corp., Alameda, CA) with Living Image 3.2 soft-
ware. For the HNSCC model, 22A-shLDHA-5 and 22A-shLDHA-23
clones were injected into the lateral tongue (5 x 10* cells/mouse)
as previously described.®®* Mice were randomised to receive
control (n =9) or DOX-containing water (n =9). Six days after the
injection of cells, mice were given DOX-water (2 mg/mL) daily to
induce LDHA knockdown. To study the radiosensitisation effect of
LDHA suppression, we again injected the 22A-shLDHA-5 clone into
the lateral tongue (5 x 10* cells/mouse). Mice were randomised to
receive control (n =8), EBRT (5 Gy x 2) alone (n =8), DOX-water
alone (n=28) or DOX combined with EBRT (5Gyx2) (n=38).
Tumour growth was monitored using a digital Vernier calliper
three times a week, and the volume was calculated as 71/6 X
length x width x height. Mice were sacrificed using the CO,
Euthanex system when loss of body weight reached 20% or
when the experiments required termination based on tumour
size/burden, consistent with institutional policies. Following
mouse euthanasia, xenograft tumours were harvested for
subsequent analysis.
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Generation and functional validation of LDHA knockdown constructs. a, b Representative Western blot analysis of clones for LDHA,

LDHB and p-actin. Hth83 and 22A cell lines were infected with lentivirus containing shLDHA constructs. Clones were isolated from the parental
population and expanded. LDHA was suppressed by DOX for 48 h. ¢ Following exposure to DOX for 24-96 h, LDHA and f-actin levels were
evaluated using Western blot. Activation of shLDHA constructs suppressed LDHA protein levels within 24 h of exposure. d LDH activity
continued to drop significantly at both 24 and 96 h after activation, but lactate levels equilibrated at 96 h after activation. All experiments
were performed at least triplicate, and every condition was tested at least in triplicate. Error bars represent standard deviation. *P < 0.05

compared with control condition.

Statistical analysis

All in vitro experiments were performed at least triplicate, and
every condition was tested at least in triplicate. All statistical
analyses for in vitro and in vivo experiments were conducted
using the two-tailed Student’s t test, with a p value of 0.05
considered statistically significant. Statistical analysis was con-
ducted using SPSS Statistics 25 (IBM, Armonk, NY). The
Kaplan-Meier and Cox regression methods were used to estimate
overall survival (0OS), while the log-rank test was used to
analyse the impact of gene expression on OS and progression-
free interval (PFI).

RESULTS

Generation and metabolomic profiling of inducible shLDHA
suppression

Using the entire cohort of patients, we performed Cox regression
of clinical outcomes as a function of LDHA expression (using log 2-
transformed RSEM values) and found a significant inverse
correlation between LDHA expression and OS (p =0.017; Exp(B)
1.234, 95% confidence interval (Cl) 1.038-1.476) and PFI

(p =0.045; Exp(B) 1.208, 95% CI 1.003-1.455), but not between
LDHB expression and OS or PFl (p = 0.125 and 0.685, respectively).
After conversion of RSEM values into Z-scores, patients with a
higher Z-score (=1.0) had decreased OS compared with patients
with a lower Z-score (<—1.0), although this difference did not
reach statistical significance (p = 0.051), and patients with a higher
Z-score (=1.0) had significantly decreased PFlI compared with
patients with a lower Z-score (<—1.0) (p = 0.021). Using Z-scores
of —1.5 and 1.5 to assess the impact on survival, results
approached significance for OS (p=0.051), but were not
significant for PFI
(p =0.641) (Supplemental Fig. S1). Consistent with the human
data, LDH activity was highly variable in both HNSCC and thyroid
cancer cell lines (Supplemental Fig. S2A). However, LDH activity
did not correlate with tumorigenesis in the orthotopic murine
models of thyroid cancer (Supplemental Fig. S2B) or HNSCC
(previously published data).>

Since LDH is an essential metabolic enzyme present in
numerous cell types, constitutive overexpression or knockdown
is likely to generate complex and non-physiological metabolic
phenotypes. To evaluate the interaction between LDHA,

1673



Development of a rational strategy for integration of lactate...

1674

Y Chen et al.
a Hth83-shLDHA b Hth83-shLDHA-control Hth83-shLDHA-DOX (1 pg/mL)
150 - "
1
S ) .
=3 100 1 —-—EE—.— . S £
23 D £ £
g 2 50 EE' [ ] § -‘S
= - - c =
2% “ o2 -®- '3C-Pyruvate &
-+ 3C-Lactate
0 T T 0.0 T T T 1 0.0 T T T 1
Control  DOX (1 pg/mL) 0 15 30 45 60 0 15 30 45 60
Time (s) Time (s)
¢ Hth83
ADP e * [ Hth83-CON
w 2-Hydroxyglutarate (2HG) e~ * (111 Hth83-DOX (1 ug/mL)
[] —
= 2,3-Diphosphoglyceric acid Fieeev N Hth83-shLDHA-CON
'Q —— - -
g 2-Phospho-p-glyceric acid oo . Hth83-shLDHA-DOX (1 pg/mL)
E ———
L-Malic acid V== %
Phosphoenolpyruvic acid (PEP) 5o~ *
—— r .
0 2 4 6

Enrichment (% of 13C)
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condition.

tumorigenesis and treatment response, we applied an inducible
targeted knockdown system to two representative cell lines.
Hth83 and 22A cells were infected with a lentiviral system
(pINDUCER20) containing an overexpressed shLDHA cassette.
Single clones were isolated from the parental population and
expanded. Following exposure to different DOX doses (0, 0.01, 0.1,
0.5, 1 and 5 pg/mL) for 48 h, protein levels of LDHA, LDHB and (3-
actin were evaluated using Western blot (Fig. 1a, b). As expected,
shLDHA was induced by DOX following doses as low as 0.01 pg/
mL in Hth83 cells and 0.1 ug/mL in 22A cells, resulting in
decreased LDHA protein levels and no change in LDHB protein
levels (Fig. 1b). Following exposure to DOX for 24-96 h of 22A-
shLDHA cells, LDHA protein level significantly decreased within 24
until 96 h (Fig. 1¢). Reduced LDHA expression led to decreased
LDH activity and lactate production within 24 h of activated
suppression. However, although LDH activity remained sup-
pressed, lactate levels re-equilibrated at later time points,
consistent with the regeneration of metabolic equilibrium (Fig. 1d).
We confirmed this phenomenon in the Hth83 cell line (Supple-
mental Fig. S3).

To confirm that LDHA suppression resulted in a direct decrease
in the conversion of pyruvate to lactate, we analysed the kinetics
of this inducible suppression model using real-time non-invasive
measurements  including HP-MRS imaging and mass
spectrometry-based analysis (Fig. 2). DOX-induced (1 pg/mL)
shLDHA activation led to the inhibition of LDH activity and
resulted in a 31.9% reduction in the HP lactate signal, compared
with lactate levels in control Hth83 cells (Fig. 2a). To confirm our
findings, we examined the effect of LDHA knockdown in Hth83
cells using '*C-labelled pyruvate to assess the intracellular
pyruvate pool and the release of lactate through mass

spectrometry-based analyses. High fractional enrichment after as
little as 5's of exposure indicated that [U-'3Cs]-pyruvate is rapidly
taken in by cells (Fig. 2b). Similar fractional enrichment for both
pyruvate and lactate indicated that these pools remain close to
isotopic equilibrium in Hth83-shLDHA cells and that inhibition of
LDHA by exposure of Hth83-shLDHA cells to DOX (1 ug/mL for 48
h) disrupts that equilibrium (Fig. 2b) and reduces the rate at which
the mass label is incorporated into the lactate pool. Taken
together, these HP-MRS and mass spectrometry observations
confirm inhibition of LDHA in this model system. Inhibition of LDH
activity resulted in shunting of labelled carbon into secondary
pathways, resulting in the enrichment of labelled malate and 2-
hydroxyglutarate (no significant shifts were detected in citrate,
isocitrate and fumarate levels; data not shown). Increased labelling
of 2,3-diphosphoglyceric acid, 2-phospho-p-glyceric acid and
phosphoenolpyruvic acid was also detected, consistent with
glycolytic backup and shunting of excess pyruvate into secondary
pathways (Fig. 2c).

Given the shunting noted following inhibition of LDH activity,
we sought to determine whether tumour cells would generate a
higher rate of OCR to compensate for decreased LDH activity
(Supplemental Fig. S4). Cells with suppressed LDH activity
demonstrated a minimal increase in basal respiration and ATP
production, but no significant change in maximal respiration and
coupling efficiency compared to cells with normal LDH activity
levels.

LDHA suppression decreases cellular proliferation and increases
EBRT response

LDHA suppression via short hairpin RNA (shRNA) significantly
inhibited the proliferation of 22A (Fig. 3a) and Hth83
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Fig. 3 LDHA is required for viability and survival. a Suppression of LDHA triggered a time- and dose-dependent decrease in viability.
b Clonogenic surviving fraction. ¢ Suppression of LDHA modestly increased radiation effectiveness, measured using clonogenic surviving
fraction. d Suppression of LDHA increased intra-cellular ROS level. Activation of shLDHA constructs by DOX increased ROS level in 22A-shLDHA-
5 clone at 24 and 48 h. All experiments were performed at least triplicate, and every condition was tested at least in triplicate. Error bars
represent standard deviation. *P < 0.05 compared with control condition.

(Supplemental Fig. S5A) cells following induction with DOX in a
dose-dependent manner. Treatment with DOX resulted in a dose-
dependent increase in intracellular ROS at 24- and 48-h post-
treatment initiation (Fig. 3d and Supplemental Fig. S5D). Suppres-
sion of LDHA activity also significantly decreased the clonogenic
surviving fraction of 22A-shLDHA clones 5 and 23 (Fig. 3b), as well
as Hth83-shLDHA clones 4 and 31(Supplemental Fig. S5B),
suggesting that LDHA is essential for cell survival. To determine
whether suppression of LDHA sensitises cells to radiation, we
performed clonogenic survival assays with radiation doses of 0, 2,
4 or 6Gy in combination with 0.1 uyg/mL DOX (Fig. 3¢ and
Supplementary Fig. S5C). (DOX treatment alone did not affect
radiosensitivity in the parental cell line; data not shown.) Low-dose
DOX (0.1 ug/mL) induced suppression of LDHA, which resulted in
increased radiation effectiveness in both 22A-shLDHA (p < 0.05)
and Hth83-shLDHA clones.

LDHA is required for maximal tumour growth but not essential for
tumour persistence

Hth83-shLDHA clones 4 and 31 were used to generate orthotopic
xenografts. Tumour growth was monitored by bioluminescence
activity (Fig. 4a). Suppression of LDHA significantly decreased
bioluminescence activity and suppressed tumour growth in both
Hth83-shLDHA clones compared with growth in control mice.
Western blot analysis confirmed decreased tumour LDHA protein
levels (Fig. 4c), and biochemical analysis confirmed decreased LDH

activity in the tumours undergoing LDHA suppression (Fig. 4d).
LDHA suppression significantly inhibited tumour growth in
tumours from both 22A-shLDHA clones, 5 and 23, compared with
growth in control mice. DOX-induced LDHA suppression was
associated with increased median survival in mice with 22A
tumours; the control group (n=9) had a median survival of
36 days, while mice treated with DOX-water (n =9) survived for
80 days after cell injection and were subsequently euthanised to
complete this study (Fig. 4f).

To determine whether LDHA suppression was required for
viability in addition to maximal tumour growth, we withdrew DOX,
halting LDHA suppression, in 22A-shLDHA clone 5, which
demonstrated near-complete abrogation of tumour growth at
day 41. As shown in Fig. 4e, removal of suppression allowed for
tumour growth resumption, indicating that cell viability was
maintained, despite extensive LDHA suppression.

Consistent with the disruption of basic metabolic pathways
detected at a cellular level following LDHA suppression (Fig. 2),
we detected diffuse metabolic shifts in 22A tumours. Tumours
were generated using 22A cells expression shLDHA. Measurable
tumours (5 x 5 mm?) were then exposed to DOX for 24 h. Steady-
state metabolomics analysis was performed as detailed above,
and those individual metabolites that were statistically signifi-
cantly altered by DOX expose are listed in Supplemental Table S1.
Increased levels of pyroglutamic acid, homovanillic acid, n-acetyl-
L-aspartic acid are consistent with overall metabolic stress and
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Fig. 4 LDHA is required for maximal tumour proliferation and survival. Hth83 (a) and 22A (b) clones demonstrated significant tumour
growth inhibition following LDHA suppression at day 5 post injection, compared with the control, which is consistent with relative LDHA
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standard deviations. *P < 0.05 compared with control condition.

oxidative stress. Higher levels of spermidine and hydroxyproline
were detected, which has putative implications for tumorigenesis
(Supplemental Table S1). The remaining metabolites demonstrate
fluctuations in amino acid, purine and pyrimidine, as well as fatty
acid metabolism, consistent with our conclusion that suppression
of LDHA rapidly cascades through cellular and tumour
metabolism.

LDHA activity is required for neutralisation of EBRT effects

We evaluated the effect of LDHA suppression on relative EBRT
sensitivity in vivo. Mice treated with EBRT alone (n = 8) showed no
significant inhibition of tumour growth compared with the control
group (n=28), consistent with the relative radiation resistance
seen in 22A cells. Suppression of LDHA (n=28) resulted in
significant tumour growth delay. When combined with radiation,
suppression of LDHA activity resulted in significant tumour growth
inhibition (n=8). When LDHA suppression was stopped (by
withdrawal of DOX treatment) at day 83, tumour volumes
remained stable (no tumour growth or shrinkage).

The median survival of mice with 22A tumours was 34 in the
control group and 35 days in the radiation-alone group (Fig. 5a).
Suppression of LDHA alone significantly prolonged the median
survival to 85 days. Combined LDHA suppression and radiation
resulted in even longer mouse survival, with 75% of mice
remaining alive at day 145 (Fig. 5b). Furthermore, a decrease in
tumour volume was observed in mice with LDHA knockdown
alone as well as in the combined treatment group at the
completion of the experiment at day 145. Specifically, a total of
11 mice remained alive at the end of the study, and six of them
had no evidence of disease (two in the LDHA knockdown group
and four in the combined treatment group), while the remaining
five mice with potential submucosal lesions were histopathologi-
cally evaluated and showed no viable residual tumour (Supple-
mental Fig. S6). LDHA protein levels were confirmed to be
suppressed following DOX treatment in the xenograft tumours
using Western blot analysis (Fig. 5e). A significant decrease in LDH
activity and lactate levels was also measured in the tumour tissue
following LDHA suppression in the presence or absence of
radiation, but not following radiation treatment alone (Fig. 5¢, d).

DISCUSSION

Effective cancer treatment is predicated on a therapeutic index
generated by differential biological activity in tumour cells
compared with normal tissue. Targeting of tumour metabolism is
similarly grounded in a differential metabolic phenotype that is
unique to tumour cells and amenable to manipulation without
significant normal tissue toxicity. Since Warburg first described the
metabolic activity of tumour cells, a multitude of “biomarkers” of
altered tumour metabolism have been described, including both
metabolic enzymes (i.e. LDH, isocitrate dehydrogenase, pyruvate
kinase) and metabolic regulators (i.e. AMPK, mTOR, LKB1).3*3* In
some cases, investigators have correlated differential expression
and protein levels with tumorigenesis and treatment response,
while in a few select cases, mutations in metabolic enzymes and
regulators have been linked to differential tumour activity.'”'836-38

Drawing from canonical cancer studies in which mutations and
differential expression served to generate targets for directed
manipulation of cellular signalling (i.e. tyrosine kinase inhibitors),
the discovery of metabolic biomarkers led to an initial hope that
targeted metabolic inhibition could be used to suppress tumour
growth and/or enhance response to conventional therapeutics.3%™'
Unfortunately, with the distinct exception of isocitrate dehydro-
genase, which remains under active investigation, targeted
metabolic inhibition has failed to materialise in the translational
and clinical space**** In the current study, we developed a
systematic approach to investigate a critical metabolic enzyme that
is essential to the Warburg effect in order to identify some potential
limitations to our current metabolic targeting approaches.

LDH is a primary metabolic enzyme that catalyses the
conversion of pyruvate and lactate, thereby playing an essential
role in regulating cellular energy metabolism and nutrient
exchange. LDHA expression varies across cancer cell lines and
tumours and may be highly variable, as seen in our large cell line
panel. Furthermore, LDHA expression has been shown to correlate
with differential tumorigenesis, progression and metastasis in
multiple tumour types'>'>'7184446 3nd has also been associated
with resistance to chemotherapy®’ and radiotherapy*® and with
survival, as shown in the current HNSCC The Cancer Genome Atlas
dataset. Because of its central role in metabolism, LDHA has been
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considered a promising potential target for metabolic inhibition
and has been investigated in multiple tumour types®'649-52
However, LDHA inhibition has not yet translated into the
clinical space.

Data from this study can serve as a useful guide for: (1) how
manipulation of critical metabolic enzymes should be undertaken
and (2) how manipulation of metabolic enzyme activity must be
approached in the translational setting. Since LDHA is an essential
enzyme for eukaryotic cells, systematic deletion of LDHA is
embryonically lethal.>® Targeted, permanent deletion of LDHA (i.e.
via CRISPR/Cas-9 techniques) in tumour cells can give rise to
aberrant clonal expansion, which may or may not mimic the
effects of transient inhibition; furthermore, deletion cannot
generally be titrated.> Knockdown of LDHA using short interfering
RNA has limited application, especially for long-term studies,
owing to transient and unpredictable effects.>

To overcome these limitations, we employed an inducible
shRNA lentiviral Tet-On system to regulate shRNA expression by
DOX.2' Using this system, we successfully established stable
HNSCC and ATC cell lines with inducible downregulation of LDHA
expression. This novel inducible system provides a number of
significant advantages for studies targeting LDHA. The Tet-On-
mediated suppression of LDHA is tightly regulated by DOX in a
dose- and time-dependent manner. Suppression of LDHA can be
fully reversed by DOX withdrawal, which allows us to maintain the

transformed phenotype in the LDHA knockdown-stable cell lines.
Furthermore, this unique feature also provides a powerful tool to
study the function of LDHA in metabolic reprogramming by
regulating LDHA expression at different stages for in vivo tumour
xenograft models, allowing us to control the temporal component
of suppression. The primary limitation of the current model
stems from the potential metabolic modulatory effects of
DOX tself, which have been previously described in cancer cell
lines>® This limit necessitates extensive utilisation of control
conditions for metabolic experiments (Figs. 2 and 3 Supplemental
Fig. 4), with the use of DOX in non-infected cell lines and,
potentially, scrambled shRNA constructs along with low dosing
(0.1-1 mg/mL).

Our results demonstrate the inherent difficulties associated with
conventional chemical approaches to the suppression of meta-
bolic enzymes. First, near-complete suppression of LDHA expres-
sion does not completely impede LDH activity, as would be
expected, since the enzyme is a tetramer of multiple subunits.
Second, despite a dramatic drop in LDH activity, lactate levels in
tumour cells can re-equilibrate at later time points after
suppression, and suppression of the enzyme does not result in
comprehensive cell death but, rather, decreased proliferation. This
result is explained by the rebalancing of cellular carbon and
energetic flux under stress conditions, which would be expected
since metabolic flexibility is preserved in tumour cells, as
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previously demonstrated by our group and others.'® There appear
to be inherent limits to this metabolic adaptation as demonstrated
by the fairly consistent rates of mitochondrial respiration
measured in cells with suppressed LDH activity. This finding
highlights two important issues: (1) cells are likely unable to
rapidly increase the expression of genes involved in the electron
transport chain in order to take advantage of the measured
carbon shunting resulting from LDH inhibition and (2) the
inducible model can be used to separate metabolic adaptation
immediately available to cells upon LDH targeting versus
metabolic adaptation, which would require extensive rewiring of
cellular metabolism and might be encountered in the context of
permanent LDH inhibition/knockout (i.e. stable shLDHA inhibition,
CRISPR knockout).

The relatively subtle difference between decreased prolifera-
tion and increased cell death generates profound and clinically
relevant consequences. As shown in Fig. 4, prolonged LDHA
suppression can completely suppress in vivo tumour growth in
the HNSCC model. However, removal of the suppression allows
for resumption of tumour growth, suggesting persistence of
viable tumour cells. Clinically, if LDHA suppression were
accomplished chemically, this method would be problematic
because of the potential toxicity associated with continued,
chronic chemical inhibition and reconstitution of tumours
following cessation of treatment. Only when combined with
radiation did long-term LDHA suppression result in actual cell
death and tumour cures.

Although inhibition of critical metabolic enzymes such as LDHA
can generate meaningful antitumour effects and may result in
substantial sensitisation to conventional treatments such as
radiation, our data demonstrate critical issues related to the
efficacy and timing of this inhibition, which can be expected to
generate different and translationally relevant results. In addition
to relative expression levels and intrinsic dependencies on specific
enzymes and pathways, the timing and extent of metabolic
targeting, and its integration into translationally relevant algo-
rithms, will be critical to actual clinical efficacy.
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